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Dedication 


With deep admiration for his countless contributions to the field of industrial minerals, 
we dedicate this 7th edition of Industrial Minerals and Rocks to the memory of 
our friend and colleague, Albert Francis Alsobrook, 1942-2004. 


Frank was an industrial minerals geologist who was widely respected by his peers 
and admired by his colleagues throughout an illustrious career that spanned 35 years. 
He was a Distinguished Member of SME and received the Hal Williams Hardinge Award 
in 2003. He served with us as a senior editor in the early stages of the 
multiyear effort to publish this 7th edition. 


As the inspirational force behind this endeavor, 
Frank is truly most deserving 
of this dedication. 
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Preface 


The vision for the 7th edition of Industrial Minerals and Rocks is to build on the strengths of the 
previous editions while adding significant new content to ensure utility and relevance to readers 
for years to come. The success of previous editions made this book a widely read global refer- 
ence that serves as one of the most authoritative single sources for timely information on indus- 
trial minerals, their uses, and the markets where they find myriad applications. 

We recognize that since the publication of the 6th edition in 1994, changes in the global 
economy have had a significant impact on mining, processing, and marketing industrial miner- 
als. The challenge for this edition, then, was to capture the substantial and wide-ranging changes 
and their complex ramifications for the industry. For example, numerous mergers and acqui si- 
tions within the minerals and mining industries, consolidations am ong con suming industries, 
and the emer gence of China and India as major players in industrial minerals markets have 
altered the landscape in which the industry operates. At the same time, development of new 
technologies and globalization of the customer base ha ve driven fast-paced innovation in pro- 
cessing, packaging, transportation, and end use. 

Growing emp hasis on sustai nable development and _ increasing concerns for the environ- 
ment and health and safety have also affected the industry in many ways. In one positive exam- 
ple, we now have a common platform for advancing environmental stewardship and a universal 
goal to use mineral resources wisely. Rapidly rising energy costs will also shape the future of 
industrial minerals. Higher fuel prices affect mining, process ing, and transportation, and push 
the industry to discover innovative ways to reduce energy consumption and to process minerals 
more efficiently. Increasingly, industrial minerals are an in tegral part of the solution to rising 
energy costs because the y serve as raw materials for products such as s olar panels designed to 
conserve or generate energy. 

As in previous editions, we divided the book into three parts. The first part contains stand- 
alone introductory chapters focusing on topics relevant to the industry as a w hole: industrial 
minerals transportation, marketing, sustainable development, health and safety, and mining and 
environmental law. Chapters covering more than 60 individual industrial minerals, rocks, and 
materials make up the second part. Where appropriate, a fe w chapters in this part include 
updated statistics, but otherwise retain most of the content from the previous edition. In the third 
part, readers can find information or ganized by m arket or end use. Here, information is pre- 
sented on industrial minerals used in various applications such as construction and metallurgy, 
among many others. The 7t h edition also offers app endixes con taining frequently referenced 
information as well as a comprehensive index. 

To ensure the publication of a complete and accurate reference that readers can depend on 
for many years, an international group of volunteer authors, coauthors, and associate editors—all 
recognized experts and leaders in their fields—was assembled. Drawing on experts from around 
the world has given the 7th edition a m ore global perspective than pre vious editions. Ne xt, an 
exhaustive review process was implemented that included five stages of content and technical 
editing and at least one peer re view. Finally, an outstanding group of professional copy editors, 
proofreaders, graphic designers, and inde xers worked to bring clarity, readability, and visual 
appeal to Industrial Minerals and Rocks. 
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In Appreciation 


The authors, editors, and publisher of Industrial Minerals and Rocks: Commodities, Markets, 
and Uses express appreciation to the Robert M. Dreyer Fund and AIME’s Seeley W. Mudd 
Memorial Fund for support in the publication of this 7th edition. 


Robert M. Dreyer Fund 


Proceeds from the trust established by the late Robert M. Dre yer are used to fund the Dre yer 
Award, to recognize outstanding achievement in applied economic geology, and to support the 
professional development of geologists in the field of nonmetalliferous geology. Robert Dreyer 
received his BS degree from Northwestern University, and an MS and Ph.D. in geology and geo- 
physics from the California Institute of Technology. Dreyer’s professional career was extensive 
in scope: he was employed as minerals manager for Associated Oil and Gas Co., served as assis- 
tant chief geologist for Reynolds Metals Co ., and was employed as chief geologist for K err- 
McGee Oil Corp. and for Kaiser Aluminum Co. Additionally, Dr. Dreyer was a professor and 
department chair for the University of Kansas and served as president of Western Mineral Asso- 
ciates. Dreyer retired in 1984. Dr. Dreyer was a former chair of the SME Industrial Minerals 
Division and an SME board member. 


Seeley W. Mudd Memorial Fund 


The Seeley W. Mudd Memorial Fund w as entrusted to AIME by his f amily in 1929. Proceeds 
from the fund are intended to perpetuate Mudd’s lifelong interest in the mining industry. Mudd 
graduated from Washington University in St. Louis, Missouri, in 1883, and served as a colonel 
during World War I. Seeley W. Mudd gained lasting recognition in the mining profession for the 
discovery and development of extensive mineral deposits. He is still widely known for his con- 
tributions to the growth of mining enterprises such as Ray Consolidated Copper Co., Texas Gulf 
Sulphur Co., and Cyprus Mining Corp. Colonel Mudd was a member of AIME for 43 years and 
during that time served as vice president and director. 
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DE A 





Toe A ere 


Characteristics of the 
Industrial Minerals Sector 


Kip Jeffrey 


INTRODUCTION 


If DNA is the b uilding block of life, then industrial minerals and 
rocks are literally the building blocks of our way of life. Industrial 
minerals and rocks are an e xceptionally diverse and vital gr oup of 
raw materials that underpin almost all aspects of human activity, 
infrastructure, and standard of living. More than 60 commodities 
are commonly considered industrial minerals and rocks, and they 
provide myriad products used by e very co nceivable industry . 
Although industrial minera Is permeate e very as pect of daily life, 
their presence and their role are often invisible. 

In certain respects, the production of industrial minerals and 
rocks constitutes one of the most intimate and familiar of industries 
because few domestic or industrial products do not contain indus- 
trial minerals and rocks or require them at some point in their man- 
ufacture. To use a popu lar slogan, “If it’s not grown, it’s mined.” 
This applies to all mining but particulary to the larger and more 
diverse industrial minerals and rocks sector. Add to t his that most 
crops could not be grown, harvested, or transported to market with- 
out industrial minerals-based fertilizers, equipment, and infrastruc- 
ture, and the all-pervading presence of industrial minerals and rocks 
comes into sharper focus. 


DEFINITION 


The precise def inition of industrial minerals and r ocks is far from 
straightforward. Ho wever, a widely used def inition is “any rock, 
mineral, or other naturally occurring substance of economic value, 
exclusive of me tal ores, mineral fuels, and g emstones: one of the 
non-metallics” (Bates 1975, p. 3). 

This definition includes the hugely important construction 
materials sector as well as specialized industrial minerals, but com- 
plex interactions between consuming industries produce a number 
of apparent anomalies (and, as such, would not be regarded as fall- 
ing under this definition). Bauxite, for example, is the main ore of 
aluminum, but it is also used to manufacture alumina and other alu- 
minum compounds that have applications in the refractories, abra- 
sives, and f illers mark ets. T itantum metal is prod uced from th e 
mineral rutile, but the bulk of this mineral is mined to produce tita- 
nium dioxide (T iO2), one of the most important white pigments. 
Similarly, sulfur is still widely produced from the metallic mineral 
pyrite (iron bisulf ide) produced as the by-product of copper-lead- 
zinc min ing in v olcanic massive sulf ide de posits. Su ch de posits 
containing metallic minerals are therefore also important nonmetal- 
lic industrial minerals sources. 


3 


The position of g emstones is much debated, b ut the y are 
included in th is book because of their importance as high- value 
minerals. Diamonds and garnets, for example, are not just gems but 
also important industrial abrasives, and beryl can be both an ore of 
beryllium and the gemstones emerald or aquamarine. In man y 
respects, gemstones are the ultimate industrial minerals, exhibiting 
the highest quality, perfect crystal form, and which, with minimal 
processing, can command the extremes of value. Most fall firmly in 
the nonmetallics camp. 

Waste products of se veral bulk industrial processes are also 
included, because the y are impor tant industrial raw materials in 
their own right. Pulverized fuel ash from power stations may not be 
a natural raw material, but it is an im portant pozzolan used in the 
cement or constru ction indu stry. Sulfur isno wdo minantly 
extracted as a by-product of cleaning natural gas, one of the world’s 
major mineral fuels. On reflection, perhaps oils used for lubricants 
or petrochemicals sho uld be c onsidered industrial minerals and 
rocks under the preceeding definition. 

Industrial minerals and rocks are use d in the manufacture of 
many products, from ceramics to plastics and refractories to paper. 
This book could ne ver encompass all the do wnstream industries. 
The mining and extraction of ceramic clays, for example, is sensibly 
within this edition of Industrial Minerals and Rocks, whereas the fir- 
ing of ceramics is no t (Bates 1994). Even this has its exceptions, 
because the manufacture of cement is typically included. Equally, at 
a brine chlorine or rare earth processing plant, it is difficult to define 
when the raw materials cease to be an industrial mineral or rock and 
become an industrial chemical. 

Clearly defining the exact extent of this industrial sector is dif- 
ficult, and it is frequently easier to highlight the differences among 
the commodities than what they have in common. Lines must be 
drawn, and the contents of this book represent a consensus of many 
professionals in the field as to what defines the scope of industrial 
minerals and rocks. Nevertheless, the debate will continue, particu- 
larly as new applications and mark ets develop. An account of the 
attempts to produce classification systems for ind ustrial minerals 
and rocks is given in the chapter on the classification of industrial 
minerals and rocks. 


HISTORY 


The history of industrial minerals and rocks can quite literally be 
traced back to the Stone Age; indeed, it defines the development of 
humankind through time (K uzvart 1984). Perhaps the scale of use 
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was preindustrial, but the materials and technical requirements at 
that time were not dissimilar to some present-day natural stone and 
abrasives industries. The total amount and_ diversity of industrial 
minerals and construction materi als used by a soci ety are always 
closely linked to, and a measure of, its o verall economic strength 
(Noetstaller 1988). Some minerals are used more as an industrial 
society develops, whereas others are more characteristic of postin- 
dustrial, service- dominated economies. Asa country develops, 
however, the per capita use of minerals inevitably increases. Domi- 
nance of industrial minerals and rocks production over metal min- 
erals production has been a measurement of economic development 
and a def ining characteristic of ade veloped country (Bristo w 
1987). Gi ven a still-r ising w orld population, dominantly with in 
developing countries, which ha ve a justified aspiration to higher 
standards of living, the future demand for industrial minerals is 
certain to increase. 


SCOPE 


The industrial minerals and rocks sector operates worldwide, and 
no nation on earth does not in some way use the natural raw materi- 
als at it sdis posal. The motivation for and magnitude of _ this 
resource utilization, however, varies widely from local subsistence 
activity to global-scale trade. Unlike other types of manufacturing, 
minerals canbe w orked only where the y are found. Min eral 
resources are also a “w asting asset,” so eventually an indi vidual 
deposit becomes depleted and new ones must be found or the busi- 
ness will close. Mines and quarries will therefore always open and 
close, and new deposits will constantly be sought. 

Natural geological endo wment dictates that some count ries 
or r egions ha ve ce rtain min erals th ey need but not ot hers, and 
linked to the varying requirements for industrial raw materials, this 
sets up a driver for both interregional flow and international trade 
in industrial minerals. On a more local scale, villages, towns, and 
cities all need t hese important produc ts, so an infrastructure of 
companies de velops to work, distribute, and upgrade the mined 
materials to products that are in demand. Industrial minerals key in 
to the manufacturing ba se of each area, promoting the de velop- 
ment of downstream industries where commodities are abundant. 
They drive development of road, rail, and other infrastructure to 
allow their extraction and transport to market, and to facilitate their 
import if there are not indigenous supp lies. Industrial growth is 
almost impossible without them (Noetstaller 1988). As new uses 
for minerals develop or markets disappear, the demand for specific 
minerals fluctuates. 

The range and diversity of ma terials are enormous, and this 
can be illustrated by describing two end members. Aggre gates are 
the classic low-value, high-bulk material and are the largest sector 
by volume produced. Strength and ot her ph ysical prop erties are 
important, but their value is la rgely in their ability to reduce the 
need for expensive components such as cement or bitumen in con- 
struction ma terials. The ir m ain a sset is that the y occ upy space. 
They ha ve signi ficant “place v alue”; thatis, the loc ation of th e 
deposit is vitally important because the cost of transportation is a 
large proportion of the delivered price (Bates 1969). Deposits near 
markets have major cost advantages, and most extraction sites are 
close to the urban centers the y supply. Although often assumed to 
be common to the point of ubiquity , industrial minerals and rocks 
still need to meet strict standards or specifications, and the amount 
of unsuitable material alw ays massively outweighs those deposits 
that can be used. F_ or higher qua lity products, the specif ications 
become tighter and the proportion of available material that can be 
used rapidly decreases. 


At the other end of the spectrum are the high-value, low-bulk 
materials such as gemstones, iodi ne, bromine, and rare-earth ele- 
ments. Ina lar ge diamond mine, for example, 50 percent o f the 
annual revenue could be generated from only half a dozen individ- 
ual lar ge stones easily held in one hand. Deposit location is less 
critical and product quality will often be significantly improved by 
complex processing. Low-cost rocks such as aggr egates and brick 
clays may be economically sold over only a 3 0- to 6 0-km radius, 
whereas borates an d phosphates, fore xample, are truly glob ally 
traded. Between these two extremes are the majority of industrial 
minerals and rocks commodities such as kaolin and salt that service 
local, national, and international industries. 

The industrial minerals and rocks sector embrac es scales of 
activity from artisanal mining of gems thro ugh f amily-operated 
gravel or building stone quarries (so-called Ma and P a operations) 
and limestone quarries supplying construction materials to a large 
region, and ultimately to some of the world’s largest mining and 
processing plants. Mo st industrial minerals operations, however, 
are small- to medium-sized and play a major role in local economic 
development. 

Because good transport infrastructure is required, and trans- 
shipment of minerals is costly, deposits located near existing ports, 
railways, waterw ays, and major roads aret he most im portant. In 
many larger, low-population countries, plans showing the distribution 
of industrial minerals deposit s often mirror the road and rail net- 
works. In other words, only deposits that have the potential to be eas- 
ily accessed ha ve been identified; the rest of the deposits a —_ wait 
expansion of transport netw orks bef ore the y are so ught in earnest. 
Even more than metal resources, a new road or railway can transform 
the economics of an industrial minerals deposit, making it feasible. 


PRODUCTS AND SPECIFICATIONS 


Many industrial minerals are usedinan __ essentially ra w form 

whereby m uch of th eir intrinsic cha racteristics re main. Sp ecific 
companies, deposits, and e ven sections of a dep osit therefore sup- 
ply materials of varying qualities, and these may also change over 
time. Quality and competitive advantage are therefore crucial issues 
imbued by t he depos it it self. This is again completely unlike the 
metals industry, where copper metal from Chil e is little different 
from copper from Zambia or the United States. 

Industries using industrial mi __nerals androcks gener ally 
demand tight specifications based on a wide range of physical and 
chemical criteria, often uniq ue to particular applic ations or pr od- 
ucts (Harben and Bates 1984); the clump factor for bentonite used 
in pet litters is one that immediately comes to mind. These specifi- 
cations have tended to become more stringent over time as more 
advanced manuf acturing meth ods ha ve lo wer tolerance of ra. w 
material variation. 

As a consequence, mineral processing has increased consider- 
ably to meet these specifications, and the full range of mineral sep- 
aration methods used in metals and other mining industries is no w 
deployed (Harben and Bates 1990). Almost all operations w orking 
solid minerals involve excavation, comminution, sizing, and pack- 
aging. To ensure high-p urity products, other plants rely on using 
flotation, density, magnetic, chemical, electrostatic, and other tech- 
niques to remove potentially deleterious components. A vast array 
of commodity-specific techniques has also been developed to opti- 
mize product qualit y and perfor mance. Some industrial minerals 
and rocks are processed to highly refined forms, e ven to their 
elemental chemical components. 

Even today, inexpensive, low-technology methods that will 
still meet stringent quality requirements are needed for many 
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internationally traded industrial mineral commodities. In Turkey and 
the Middle East, han d-sorting of K-feldspar is essential to produce 
the high-quality products used in the European ceramics and glass 
industries. In China, magnesite, mica, and several other commodi- 
ties are hand-sorted and exported worldwide. By contrast, industrial 
minerals p roducts are b ecoming increasingly so phisticated, and 

kaolin used in paper manufacture is typically tightly sized at the sub- 
micron le vel, and thenc hemically brightene d, delamina ted, and 

theologically modified. Carbonate fillers for t he plastics industry 

have their naturally hydrophilic calcite surf aces modified so that 
they are more easily wetted by organic-based formulations. Minerals 
are increasingly at the cutting edge of materials science. 

Because of their generally low value, most industrial minerals 
and rocks are worked from open-pit operations. Depending on scale 
and location, the degree of mech anization varies from a multimil- 
lion-ton surface mine using large excavators to a hand-dug pit with 
product transportation by wheelbarrow. Only for higher-value com- 
modities, or when essential chea per commodities are in extremely 
short supply, can underground mining usually be justified. There is, 
however, a trend toward more underground extraction due to per- 
ceived environmental benefits anda market for lo w-cost products 
such as aggre gates and limestone, which are now worked this way 
in some countries. 

Although deposits are generally exploited for single minerals, 
a significant number are worked together as coproducts, such as flu- 
orite and barite from Mississippi Valley-type lead-zinc deposits, or 
quartz, feldspar, and mica from pegmatites. In even more cases, by- 
products such as dimension stone are recovered during aggregate 
production. This makes the supply-and-demand relationship of these 
minerals complex because fluctuations in the market for the domi- 
nant product will dictate supply of by-product minerals independent 
of their own demand. 

Most industrial minerals and rocks commod ities also ha ve 
multiple uses. For instance, a pure limestone dep osit could supply 
material for 1 ime, aggre gate, and cement produ ction, in granular 
form for flue-gas desulfurization, and in a range of powders for fill- 
ers, soil stabilization, and agricultural use. Each of these can com- 
mand very different prices per ton, so assessing the overall value of 
the deposit is dif ficult and in volves assessing for mul tiple quality 
requirements and variable product splits. In many cases, the evalua- 
tion process for an industrial minerals res ource is considerab ly 
more technically complex than that for metal deposits. 


ECONOMICS 


Metals and petroleum are largely sold thr ough international 
exchanges, whereas industrial minerals and rocks producers have to 
compete directly with each other to gain contracts and develop rela- 
tionships with customers. Comp etition be tween companies is fre - 
quently ferocious. I tis ultimately the same supply-and-demand 
market app roach of o ther manufacturing industries b ut with v ery 
different constraints. Without a market for the products, a mineral is 
effectively w orthless. Explora tion for ne w indus trial minerals 
deposits is often initiated because a new niche or emerging market 
has been identified (Coope 1982; Bristow 1987). 

Prices fo r in dustrial minerals an d ro cks generally e xhibit 
greater stability than prices for the more cyclic metals and oil. The 
growth in the use of most industrial minerals has been accompa- 
nied by a decrease or pl ateau in prices because competition is so 
intense. It is now technically possible to work at larger scales with 
consequently lower production costs. More important, over the last 
10 to 20 years, the development of exporting capacity from East- 
ern Europe and especially China, with its massive resources and 
aggressive pricing policies, has led to cutthroat pricing in the rest 


of the world in an a ttempt to compete. This has ult imately led to 
import quotas and tariffs being applied to some Chinese products 
to protect other international sources. 

Globalization is an important economic driver in the world 
industrial minerals sector. Large international corporations such as 
Imerys of France and Sibelco of Belgium have formed by consoli- 
dation and acquisition of smaller companies. This process has led, 
in some cases, to one or two corporations having dominant control 
over individual mineral commodi ties such as diamonds, borates, 
nepheline syenite, garnet, and talc. 

Some parts of the industr y simply produce the ra w minerals 
and sell these products to consuming industries, whereas others are 
more vertically integrated to process a range of intermediate or end- 
user products. Minerals-producing companies rarely provide miner- 
als to suppliers without a raft of technical support, often involving 
in-house R&D facilities. To sell their products, larger mineral com- 
panies frequen tly undertake specific or comparati ve testing for a 
potential customer to e valuate the impact of changing materials. 
This often feeds through to improved (tailored or bespoke) products 
that fit the needs of individual users. This “partnership” approach to 
industrial minerals supplies is a gain different from that of other 
mining sectors. 


SYNTHETICS AND SUBSTITUTION 


As the technical demands on specific minerals increase or supplies 
are restricted, companies explore the possibilities of making syn- 
thetic mineral products. This is especially true for gemstones, b ut 
major industries are making synthetic zeolites f or use in washing 
powders, as intermediates such as synthetic rutile for TiO2 manu- 
facture and in pigments, and in b ulk materials such as magnesite, 
gypsum, and so da ash. In some applications, the boundaries with 
materials science become blurred, such as in industries making syn- 
thetic corundum and silica for laser, military, and electronics appli- 
cations. Here the mineral structure has been perfected to a point not 
found in nature. Some of these synthetic minerals are also produced 
as by-products of upgrading other mineral products, but all af fect 
the demand for primary industrial minerals from ne w or existing 
deposits. 

More often, a shortage of suit able minerals supplies, or the 
possibility of cost savings, leads to substitution by function. Other 
minerals that can perform the same role in a product are then used 
instead. The increased use of fine-ground or precipitated calcium 
carbonate at the expense of kaolin in paper coating is a good exam- 
ple. Natural stone b usinesses also have to consider cultural and 
architectural trends, whe reas c olored gemstone demand is con- 
trolled by whims and c ycles of fashion, which can change rapidly 
and in ways that are hard to predict. 

So in the industrial minerals and rocks supply game, minerals 
producers must not only strive to supply the best product they can 
but also must keep ane ye ont heir own market, their cust omers’ 
markets, and overall product cost structure if they do not wish to be 
“substituted.” 


ENVIRONMENTAL CHALLENGES AND CONTRIBUTIONS 


Environmental challenges and re gulation are ane ver-increasing 
issue that now frequently dictates where deposits can be e xplored 
for and developed. This can distort the market. In many countries, it 
seems less important where the deposits are as opposed to where 
permission may be obtained for a deposit to be w orked. With that 
said, the industry does “borrow” the land on which the deposits are 
located, sometimes for considerable periods of time while minerals 
are worked, and therefore has an important obligation to do this in a 
sensitive and responsible manner. 
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Sustainable development and wh at that means for the indus- 
trial minerals sector is still a major area of debate. On a local scale, 
some deposits will be exhausted, but how does this square with a 
sustainable mineral supply and environment? Clearly, today’s needs 
for industrial ra w materials must be balanced with the needs of 
future generations to obtain th e ma terials the y re quire (WCE D 
1987). Despite depletion of deposits, future industrial minerals pro- 
fessionals will, of cour se, have improved technology and knowl- 
edge in exploration, development, and remed iation to guide them, 
but the en vironmental consequences of resource u se must not b e 
allowed to prejudice the environment that the next generation inher- 
its. This certainly does not mean that natural resources should n ot 
be mined and used. The fact that commodity prices are at such low 
levels strongly indicates that there is no impending shortage of any 
major industr ial minerals and rocks commodity . Altho ugh ne w 
sources can currently be found apace with consumption rates, this 
might not always be the case. 

Despite centuries of mineral exploitation, only one industrial 
mineral has actually “run out” (in commercially extractable terms): 
cryolite, a rare fluoride mineral used in smelting aluminum (and 
there may well be commercial deposits yet to be found). Cryolite is 
now made sy nthetically. Mark et- and technology-dri ven substitu- 
tion has actively prevented exhaustion of individual commodities, 
and the ability to replace reserves continues to outstr ip demand. 
Because industrial minerals resource depletion is not imminent, the 
major challenge for the future is the increasing environmental cost 
of sustaining a gro wing industrial minerals and rocks supply. Full 
life-cycle impact analysis, particularly examining the environmen- 
tal fate of industrial minerals in the consumin g industries, is a 
growing practice. 

The indust rial minerals and roc ks sec tor ac tually produc es 
many minerals that are widely used in en vironmental pr otection 
and cleanup, such as bentonite landfill seals, limestone for flue-gas 
desulfurization, zeolite molecular sieves, and garnet and lime for 
water treatment. Some notorious enforced reduc tions in mi neral 
use also occurred in this sector when the health concerns on asbes- 
tos emerged, and fluorspar production saw significant reductions 
in gro wth when chloro fluorocarbons were remo ved from man y 
aerosols because of their ozone depletion potential. 

Because of their relatively low value and the consequent need 
for low transport costs, “near market” depo sits are req uired. In 
practice, this means that many deposits are close to residential cen- 
ters, and, o ver time , buildings encroach on and e ven sur round 
extraction sites. This leads to inc reasing problems of com petition 
for land use and the environmental impact; the industry continues 
to make major efforts to be a “good neighbor.” 


FUTURE TRENDS 


Both costs and environmental pressures will ensure more recycling 
of end products. This will have significant impact o n some com- 
modities, but less so than on metals. Higher world population and 
rising standards of living in the de veloping countries will drive up 
demand. Growth rates in China and increasingly in India, Russia, 
and the Far East have driven markets. Multinational companies will 


make greater investment in these areas, and signs ar e that China 
will increasingly become a net impor ter of some of the minerals it 
formerly aggressively exported. 

In recent years, some minerals have gained greater im por- 
tance, such as t he rare earth elements in electronics and mobile 
phones, and o thers may fade away because of market changes or 
environmental problems. No one can predic t which will be the 
growth mi nerals of this century as ne w pr oducts and mar kets 
develop and new raw material challenges are set. Growth of Inter- 
net mark eting will give gl obal access to small-scale producers 
capable of supply niche markets. 

More waste products, however, will find uses. In the United 
Kingdom, steel slag and pulverized fly ash are wastes used widely 
in the construction and cement industries that are, at least in some 
locations, in short supply. In these cases, the primary products are 
being made in a way that improves the qualities of the wastes or, 
more accurately, coproducts. 

More “smart” ma terials te chnically mo dified for more effi- 
cient use in each application will be developed. Tailoring products 
using microstructural and su rface modification will be more com- 
monplace. Hybrid w aste-mineral mixtures will increasingly be 
exploited and new processing methods, such as microwave-assisted 
firing, will be perfected to improve energy efficiency. 

Whatever the future of the sect or, the di versity of industrial 
minerals and rocks presents a si gnificant challenge for profession- 
als, consumers, educato rs, and ot her interested practitioners. It is 
hoped that the distillation of kno wledge and experience presented 
by the many authors in this book will serve as a useful reference for 
anyone wishing to learn more about these fascinating industries. 
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INTRODUCTION 


In the chapter on characteristics of the industrial minerals sector, a 
broad definition of in dustrial minerals and rocks is discussed—a 
definition that must embrace solids, liquids, gases, minerals, rocks, 
gems, glasses, wastes, and some manufactured products—each cat- 
egory with its o wn range of uses. Clearly, industrial minerals and 
rocks do their utmost to defy simple def inition and are linked as 
closely by their differences as by their similarities. 

To bring some order to this disparate field, a classification sys- 
tem is needed to highlight the | commonalities and contrasts in a 
structured way. Any robust classification must address the needs of 
a wide range of po tential users that may include (but is not limited 
to) academics, industr ial geologists, ind ustrial raw material users, 
specifiers, product formulators, technologists, engineers, managers, 
and financiers and investors. Given their different priorities, focus 
of attention, and backgrou nds, it is no t surprising th at no single 
approach is universally adopted. 


CLASSIFICATION SCHEMES 


A range of classifications based on a variety of commodity criteria 
has been used over the past 50 year s or more as tools for under- 
standing the geological context, market uses, def ining properties, 
economic co ntribution, and statis tical sign ificance of ind ustrial 
minerals and rocks. Each approach has its strengths and weak- 
nesses, and any durable scheme in such a dynamic industrial sector 
will inevitably present only part of the picture. Bates (1975) exam- 
ined a number of th ese schemes, and more extensive comparisons 
have been undertaken by K uzvart (1984), Noetstaller (1988), and 
Smith (1999) . All of these were drawn one xtensively for this 
review. 


Berzelian 


The world of systematic mineralogy has a number of classification 
systems that have also been applied to industrial minerals. Most 
museum mineral collections are catalogued by the Berzelian classi- 
fication system, which is based on elements, ions, ionic groups, and 
compounds such as halides, oxi _des, carbonates, and silicates, 

among others. This system was used in early accou nts of the non- 
metallics (such as in Merrill 1904 ) and also h ydrocarbons, but not 
industrial rocks other than some siliceous and calcareous examples 
under silica and calcium carbonate, respectively. The classification 
did not cover waste materials, brines, or most manufactured prod- 
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ucts because many of these were yet to be recognized as important 
raw materials or products. 


Alphabetic 


The simplest approach, and certainly the most intuitive and accessi- 
ble for those from out side the su bject seeking commodity-spec ific 
information, is not hing more complex than the alphabetica | listing 
of commodities. T his has been adopted for systematic commodity 
reviews in earlier editions of this book (e.g., _Lefond 1975 ; Carr 
1994). Indeed, as noted by Harben and Bates (1984), the “alphabetic 
treatment neatly sidesteps the vexatious matter of classification.” 
This edition in part adopts the same approach as it lends itself 
to simple encyclopedic interrogation once a mineral or commodity 
is identified. Approximately 60 commodities are typically included 
in such a listing, but these are always under review. This simplistic 
compositional approach works reasonably well for industrial min- 
erals but requires a degree of clarification and consistency because 
subdivisions are often necessary. For example, clays can be divided 
into bentonites, which can in turn be di vided into sodium or cal- 
cium smectites. Nomenclature for industrial rocks and other raw 
materials can also be v ariable; for example, brick clay, common 
clay, structural clay , and hea vy clay are all co mmon pseudonyms 
and are based more on application than composition. 
Unfortunately, the al phabetica pproach to classi fication 
obscures man y important links between commoditie _ s, including 
similar properties they possess, geological processes that led to their 
formation, or applications in which they are used. For this reason, 
the alphabetic classif ication emplo yed in this ed ition is supple- 
mented by important reviews of major markets and uses for indus- 
trial minerals and roc ks. Althou gh this approach may su_ it those 
using a book format, other forms of classification have been devel- 
oped that may be more useful for the consumer or the geologist. 


Geological Processes 


From the geologist’s perspective, there is much to be gained by try- 
ing to place a genetic classification on such a wide variety of materi- 
als (Bates 1960; Harben and Bates 1984). Th ere are well-def ined 
categories of geological processes responsible for the formation of 
all minerals and rocks, and industrial minerals and rocks encompass 
the complete spectrum. Such a classification parallels standard geo- 
logical understanding and has exploration relevance because a com- 
modity may be found again in other places where these processes 
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Figure 1. Industrial mineral deposits found in active continental margins 


dominate. Because particular geological processes often result in a 
range of similar products, there is also some natural grouping of 
physical properties, although this is far from uniform. 

The dominant di visions ha ve been igneous, sedimentary , 
metamorphic, and surficially al tered minerals and rocks (Harben 
and Bates 1984). Ig neous subdivisions were intrusive, e xtrusive, 
pegmatitic, and hydrothermal; sedimentary was divided into clastic, 
biogenic, and chemical. Because this is principally a geological cat- 
egorization, w aste and processed materials were not spe cifically 
addressed. In their follow-up account of world deposits (and after 
much deliberation; P. Harben, personal communication), the same 
authors re verted to an alphabetic arr angement of commodities, 
allowing very different deposit types to be discussed under individ- 
ual commodity headings (Harben and Bates 1990). 

Lorenz (1991) produced a more detailed tabulation of geolog- 
ical origins for industrial minera 1s depo sits, along with a similar 
analysis of deposit si zes and many other ec onomic, technical, and 
end-use parameters. 


Tectonic Models 


Although mainly developed as exploration models, these block dia- 
grams have, in effect, produced a tectonic classification of dep osit 
types for particular commodities (Figure 1; Anon. 1994; Highley 
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1994). They are therefore a d evelopment of the geological process 
classifications and have the major advantage of allowing analysis of 
the potential spatial, as well as geological, relationship between dif- 
ferent industrial minerals. This makes the approach an ideal one for 
industrial minerals exploration and parallels the earlier work under- 
taken for metal deposits (e.g., Mitchell and Garson 1981; Sawkins 
1984). 


Important Properties 


As the phrase “industrial minerals and rock s” implies, each com - 
modity has some commercially significant composition or property 
on which its use is based. Kline (1970) devised a simple tw ofold 
division: chemical miner als, where their main purpose is as the 
source of important elements (e.g. industrial minerals and ro cks 
used in the fer tilizer, chemical, ceramics, and metallurgical indus- 
tries); and physical miner als, where the minerals do not signif i- 
cantly change in composition during use. Important features of this 
latter group, which include many construction materials, abrasives, 
foundry supplies, gems, and fillers, would be their physical proper- 
ties such as particle-size distribution, brightness, and surface area. 

These considerations have become central to many later clas- 
sifications but usually as one part of a more complex set of classifi- 
cation criteria. 
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End-Use Classifications 


It is acommon saying in the industrial minerals and rocks sector that 
“exploration begins with markets” (Coope 1982). This highlights the 
essential importance of understanding that the mineral or rock has 
value only if there is a customer willing and able to pay for it. Min- 
erals are, however, capable of being utilized in many different end 
uses; limestone, for example, can provide more than 100 separate 
products that are used in very different applications. Equally, some 
consuming industries require a suite of different industrial minerals, 
each of which alone would not meet the needs of the manufacturing 
process. For these reasons, many classifications have concentrated 
on either the end uses for minerals and relationships between them, 
or combined end uses with other important parameters of the indus- 
trial minerals and rocks industry. 

Following the work of Bates (195 9) and Wright and Burnett 
(1962), Fisher (1969) conducted a detailed analysis and defined six 
major end-use groupings that were characterized by variation in 
unit value, production volume, and associated parameters: 


1. Bulk construction and building materials 


2. Bulk ceramic raw material (in addition to lime and diversified 
industry raw materials or products) 


Specialty building products and principal refractories 
Major industrial chemicals and fertilizer raw materials 


Sons oe 


Industrial minerals and rocks 
6. Specialty-grade and precious minerals and rocks 


For each group, Fisher also presented a series of graphs showing the 
typical levels of capital and plant cost, place value, resource spread, 
enrichment ratios, and fiscal treatment, based on deposits and compa- 
nies in the United States. Although the groupings are defined on end 
uses, this represents one of the earliest and most rigorous attempts at 
a multifaceted classification for industrial minerals and rocks. 

Ina major review of nonmetallic mineral deposit ass essment 
criteria, Lorenz (1991) produced a detailed tabulation of commodity 
uses in some 38 products or inte rmediate products. Highley (1994) 
adopted a more straightforward graphical attempt to illustrate impor- 
tant se ctors wi th a hi erarchical chart of major end users. Chang 
(2002) also produced an account of the industrial processes and end 
uses for the main industrial minerals and rocks and noted that they 
could be allocated into 16 groupings based on their function or final 
product. 

Although not an attempt at a rigorous classification, the end 
uses for ground (filler and extender) minerals are examined from a 
“formulator’s” viewpoint in Ciullo (1996). Although this represents 
only a section of both consuming industries and industrial minerals 
and rocks, it pro vides a useful way of examining the diverse roles 
that different minerals play in products and their ability to substi- 
tute for each other. 


Economic 


As part of their objecti ve to inform Californians about their state’ s 
geology, mineral dep osits, and general usefulness of minerals and 
rocks, Wright and Bur nett (1962) proposed a threefold “commer- 
cial” classification of industrial minerals and rocks. Based on unit 
price and production volumes, the groups were 


1. Low price—large volume: materials used in construction such 
as aggregates, gypsum, and common clay 


2. High price—high volume: borates, potash, and salt 
3. High price—low volume: barite, kyanite, beryl, mica, and talc 


Each group was also identified as having a number of common fea- 
tures in te rms of their de posit size, dis tribution, loc ation, mining 
methods, and treatment. 





Table 1. Industrial minerals and rocks classification based on end 
use and genetic subdivision 

Aspect Group 1 Group 2 

Bulk Large Small 

Unit value Low High 

Place value High Low 

Imports and exports Few Many 
Distribution Widespread Restricted 
Geology Simple Complex 
Processing Simple Complex 


Industrial Rocks 


Industrial Minerals 





Igneous Rocks 


Igneous Minerals 


Basalt and diabase Beryl 

Granite Feldspar 
Perlite Lithium minerals 
Pumice and Mica 

pumicite 


Metamorphic Rocks 


Nepheline syenite 
Vein and Replacement Minerals 


Marble Barite 
Slate Fluorspar 
Magnesite 


Sedimentary Rocks 


Quartz crystal 


Clay Metamorphic Minerals 
Gypsum Asbestos 
Limestone and Graphite 
dolomite Talc 
Phosphate rock Vermiculite 
Salt Sedimentary Minerals and Sulfur 
Sand and gravel Borates 
Sandstone Diamond 
Diatomite 
Nitrates 


Potash minerals 
Sodium minerals 
Sulfur 





Adapted from Bates 1969. 


Bates (1969) developed his own twofold subdivision based on 
an analysis of similar high and low unit-value commodities. This 
also involved examining the bulk, place value, imports and exports, 
and distribution and geological or processing complexity that typi- 
fied each group. He conc luded that because most industrial miner- 
als fell into the high unit-value group, while industrial rocks mainly 
fell in the low unit-value group, these should form the basis of a 
simple classification. In this scheme, rock salt is regarded as a rock, 
while potash a mineral—a slightly arbitrary attribution that fits bet- 
ter with the typical characteristics of other commodities within each 
group (Table 1). 

From a systematic economic perspective, Noetstaller (1988) 
produced a hig hly illuminating anal ysis of the industrial minerals 
and rocks sector in his report for the World Bank. Although again 
not principally for classification purposes, the lists and graphs pro- 
duced for ranking and economic co _mparisons offer much insigh t 
into the ranges and clustering of industrial minerals and rocks com- 
modities under many economic, trade, technical, and even geologi- 
cal parameters. Examples include commodity lists by unit value, 
concentration of production in cert ain countries, the proportion of 
each commodity’s production that is traded internationally , and a 
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contrast of commodity pr oduction and consumption between the 
developing and developed world. An update of this W orld Bank 
report would be of great service to the industry. 


Hybrid and Combined Methods 


Bates (1960, 1969) produced a combined end-use and genetic clas- 
sification in corporating a si mple i nitial di vision into ind ustrial 
rocks or industr ial min erals, wi th duplicated geological subdi vi- 
sions denoting the origin within each (see Table 1). 

To attempt to rela te geological and ec onomic factors, Dunn 
(1973) developed a matrix classification in the form of a chart with 
one axis as uses and processes, and the other as rock types and min- 
erals. The matrix inc orporates the split by imp ortance of either 
physical or chemical property (similar to Kline 1970), with 23 gen- 
eral end-use subdi visions, ag ainst wh ich are indicated specif ic 
rocks or minerals used and their geological origins (similar to Bates 
1969). The main strength of this chart was to visually highlight the 
versatility of some r ock or mineral products, the geological envi- 
ronments that pro vided a range of economically interesting prod- 
ucts, and theen d uses that exploit man y alternati ve or 
complementary mineral raw materials. 

Kuzvart (1984) undertook a thorough comparison of different 
principles on which classif ications ha ve been constructed. He 
favored a classification system based on a combination of genetic, 
end-use, and economic aspects of industrial miner als. This w as 
achieved despite the observation that an understanding of the gene- 
sis, end uses, an deconomics of deposits de velops con tinually, 
requiring frequent revision of a classif ication based on these f ac- 
tors. He did, however, organize his work to encompass the twofold 
economic classification of Bates (1969), with an alphabetic subdi- 
vision of commodities supplemented by separate chapters address- 
ing genetic, prospecting, and technological factors. 

As a tool to assist in teaching about industrial miner als and 
rocks, Smith (1999) developed a cl assification that def ined seven 
groups of commodities based on the relative importance of physical 
and chemical applications or a combination of the two. The classifi- 
cation is constructed using a matrix of commodities and uses that 
are grouped according to applicat ion. Clustering of commodities 
reveals the following groupings: 

1. Principal abrasives—diamond, alumina, garnet, and pumice 

2. Principal refractories—pyrophyllite, sillimanite group, magne- 
site, and graphite 

3. Principal fillers—wollastonite, titanium minerals, mica, barite, 
and iron oxide 


Principal physical and chemical minerals—feldspar and zeolite 

5. Mixed-application physical minerals—silica, perlite, clay, and 
talc 

6. Principal chemical minerals—phosphate, salt, and sulfur 

7. Mixed-application physical and chemical m inerals—olivine, 
chromite, fluorspar, gypsum, and limestone 


The matrix was also supplemented by a schematic representa- 
tion of the groupings in the form of a set of intersecting circles. 


Other Classifications 


Industrial minerals are included an d subd ivided in all manner of 
other classifications, from depletion allowances to tax rates, under 
import duties and Bureau of Statistics classifications, and in a mul- 
titude of econ omic cate gories. These generally do li ttle to illumi- 
nate industrial miner als andro cksasagroup and willnotb e 
considered in any further detail here. 


LIMITATION OF THESE APPROACHES 


To exploit an industrial mineral deposit successfully, all factors need 
to be consider ed, inclu ding dep osit lo cation, quality , processing 
amenability, othe r essential ra w materials, po wer, infrast ructure, 
human resourc es, competiti on, mark eting, packaging, transporta- 
tion, technical support, prices, and contractu al agreements. It is 
therefore unreasonable to expect any cla ssification scheme to 
address the full range of factors that are intrinsic to or affect each 
commodity or grouping. The industry is dynamic; commodities rise 
and fall as ne w applications develop or cheaper and better alterna- 
tives surface. Technological adv ances improve bottom-line per for- 
mance. A classification system must adapt to the se changes. A 
robust classification system must address the geological, composi- 
tional, economic, and end-use properties of each commodity. 
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Peter W. Harben 


Although the crust makes up only 0.5% of the earth’s total mass, it 
is obviously where humans li ve and mine and are in contact with 
surface waters and the atmosphere, all of which are the reservoirs 
and production sites for rocks and minerals. Industrial minerals are 
extracted in commercial quantities from th e earth’s silicate crust, 
the biosphere (w ater, organic substances, and skeletal matter) on 
land and in the sea, the hydrosphere (fresh and salt water, snow and 
ice), and even the atmosphere, which contains mainly nitrogen and 
oxygen as gases plus smaller quantities of hydrogen, carbon diox- 
ide, and inert gases such as argon and helium. 

Several methods of classifying mineral deposits have been 
developed, including a simple al phabetical list of the more than 
2,000 identified minerals. This list can be reduced to th ose nonme- 
tallics that are commercially significant, perhaps 50 industrial min- 
erals from asbestos to zircon. Mineralogically, these can be divided 
into different groups based on their chemical components, broadly, 
silicate minerals such as quartz, feldspar, and mica, and nonsilicate 
minerals such as oxides, sulfides, sulfates, halides, carbonates, and 
native elements (see Table 1). For the purpose of this chap ter, how- 
ever, classification according to geological and tectonic settings and 
subdivision by a genetic and mineral classification provides a more 
practical geographical flow that eliminates interference from politi- 
cal boundaries and oceans. 


NATURAL DISTRIBUTION 


With almost three quarter s of the earth’ s crust comprising oxygen 
and silicon (Table 2), it stands to reason that minerals based on the 
SiO4 tetrahedron—the silicates—dominate most of our surf ace and 
near-surface geology. In fact, silicates account for about 30% of all 
minerals and form an estimated 90% of the earth’s crust. These com- 
plex silicates, many of which have commercial significance, can be 
subdivided based on their structures: 
¢ Nesosilicates (single tetrahedrons) that include andalusite, sil- 
limanite, and kyanite; forsterite and olivine; datolite; garnets; 
staurolite; and zircon 
¢ Sorosilicates (double tetrahedrons) that include bertrandite 
¢ Inosilicates (single an d double chains) that include jadeite, 
spodumene, rhodonite, and wollastonite (all single chain); and 
actinolite, anthoph yllite, riebeckite, and tremolite (double 
chains) 
* Cyclosilicates (rings) that include beryl and cordierite 


Table 1. Classification of minerals 





Class Type of Mineral 

Elements Metals and their alloys and the nonmetals 

Sulfides Sulfides, the selenides, the tellurides, the arsenides, the 
antimonides, the bismuthinides, and the sulfosalts 

Halides Fluorides, the chlorides, and the iodides 

Oxides Oxides and the hydroxides 

Carbonates Carbonates, the nitrates, and the borates 

Sulfates Sulfates, the sulfites, the chromates, the molybdates, the 
selenates, the selenites, the tellurates, the tellurites, 
and the tungstates (or the wolframates) 

Phosphates Phosphates, the arsenates, the vanadates, and the 
antimonates 

Silicates Silicates (the largest class) 

Organics Minerals composed of organic chemicals 


Mineraloids Minerals that lack crystal structure 





Table 2. Abundance of elements in the earth’s crust 





Approximate % Cumulative 
Element by Weight Percentage 
Oxygen 46.6 46.6 
Silicon 27.7 74.3 
Aluminum 8.1 82.4 
Iron 5.0 87.4 
Calcium 3.6 91.0 
Sodium 2.8 93.8 
Potassium 2.6 96.4 
Magnesium 2.1 98.5 
All others 125 100.0 





¢ Phyllosilicates (sheets) that include the clay group (chlorite, 
kaolinite, pyrophyllite, talc), the mica group (muscovite, phl- 
ogopite, lepidolite, and zinnwaldite), and serpentine 

¢ Tectosilicates (frameworks) that include the feldspar , felds- 
pathoid, quartz, and zeolite group of minerals 
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Among the nonsilicates, the most common classes are as 
follows 


¢ Carbonates with commercial mi nerals such as calcite, dolo- 
mite, and magnesite; trona, nahcolite, and bastnasite; and the 
various nitrates, borates, and iodates 

¢ Oxides such as anatase, brookite, ilmenite, and rutile; chryso- 
beryl, corundum, hematite, and magnetite; periclase, p yro- 
chlore, and pyrolusite; stishovite, spinel, and chromite 

¢ Hydroxides such as brucite, gibbsite, goethite, and limonite; 
and manganite and psilomelane 


Sulfides like pyrite and stibnite 


Sulfates like alunite, anhydrite, and gypsum; barite, celestite, 
epsomite, kieserite, mirabilite, and thenardite 


Phosphates lik e th e apatite gr oup, brushite, crandallite, 
amblygonite, montbrasite, wavellite, monazite, and xenotime 


¢ Halides and chlorides like carnallite, cryolite, fluorite, sell- 
aite, and sylvite 


* Organics ran ging from graphite thr ough co al and amber to 
diamond 


Mineraloids that include limonite and obsidian 


The relatively few elements that occur in pure or native form 
include gold, silver, and copper. Overall, more than 2,000 natural 
minerals have been identified in the earth’s crust, yet only about 20 
can be regarded as common, with less than a handful accounting for 
more than 90 % of the crust by mass (Shipman, Wilson, and Todd 
2003). 

Continuing with the obvious theme, Stanton (1972) concluded 
that most ore deposits appear to be closely related to their geologi- 
cal environments, and since these geological en vironments v ary 
over time, it follows that particular ores should have been conspicu- 
ously concentrated in certain places at certain times during geologic 
history. In the metallic world, these places are known as metallo- 
genic provinces (Govett and Govett 1976), a concept that can b e 
applied to a more limited degree to nonmetallics. Consequently, the 
basic distribution pattern of mineral resources is obviously deter- 
mined by geology, a premise that forms the basis for this chapter. 


ANTHROPOGENIC INFLUENCES 


There is, however, another layer of classification because the distri- 
bution of commercial produ ction—that is, reserves as opposed to 
resources—is influenced by a diverse host of factors that include 
mineral grade and consistency, amenability to mineral beneficiation, 
geographic location, demographics, labor rates, tax and investment 
incentives, pol itical stability, entrepreneurial skills, transportation 
options, market demands, research and development, price competi- 
tiveness, economic climate, environmental regulations, government 
intervention, and timing. As aresult , natural and ant hropogenic 
factors have combined to produce the distribution pattern. 

The industrial minerals category includes almost 50 highly 
diverse, commercial, nonmetallic and nonfuel m aterials ran ging 
from sand, gravel, and crushed stone (silicates) u sed in lar ge ton- 
nages and sold for a few dollars per ton (and so must be produced 
close to the point of use, i.e., low unit value but a high place value), 
to ground calcium carbonate (GCC) serving regional markets and 
sold at midle vel prices, to industrial diamond (specialized carbon) 
the occurrence of which in minute quantities that are thousands of 
kilometers from markets is no deterrent to com mercial exploitation 
(i.e., a high unit value but a low place value). The majority of indus- 
trial minerals fall between these extremes of unit and place value— 
some will be able to service local, regional, and even world markets. 
As previously outlined, the distribution pattern of the se industrial 


minerals is highly skewed, reflecting the dominance of silicates and, 
to a lesser e xtent, carbonates. The distribution of supply is further 
reduced because commercial extraction is restricted to the land area 
of the continents or at most the near-shore seawater (even this conti- 
nental area is distributed rather unevenly: some 65% of the total land 
area is in the Northern Hemisphere). The chemistry of the rocks that 
make up the continents and the ocean floor also dif fer: the m ean 
composition of continents is close to that of granite (acid) whereas 
the ocean basins are formed mainly of rocks of gabbroic or b asaltic 
(basic) composition. The seawater and atmosphere are a relatively 
minor but critical source of some industrial minerals such as iodine 
and magnesia fro m seawater and ammonia from the atmosphere 
(Dott and Batten 1988). 

Just as significant today is that human resources, and therefore 
markets, are not distributed equally over the world. This gives rise 
to some in teresting commercial incongruities. In certain regions, 
raw materials are plentiful b ut consumers are not, and without a 
market, a mineral de posit is me rely a geological curiosity. El se- 
where, there may be a market but no local raw material supply. For 
example, despite a huge market, there is no—or virtually no—com- 
mercial production of chromite, diamonds, and manganese in the 
United States and Canada, or phosphate rock, diamonds, rutile, and 
zirconium minerals in Western Europe. In contrast, Australia with 
its small domestic market is the world’s largest supplier of bauxite, 
diamonds, ilmenite, natural and synthetic rutile, and zircon. The 
same is true for South Africa, a leading producer of chromite, man- 
ganese, diamonds, andalusite, ilme nite, rutile, and zircon. North 
America, Western Europe, and parts of Asia, including Japan, 
Korea, and Taiwan, continue to be the largest consumers of indus- 
trial minerals. These regions completely dominate the consumption 
of high-technology products such as beryllium a ndrare earths, 
often im porting the raw materials for conversion into spe cialized 
products that are then consumed in a local manufacturing process. 
On the other hand, as manufacturing activity transfers to de velop- 
ing countries, so too does the demand for commodity industrial 
minerals. Consequently , these conventional industrial minerals 
markets ha ve be come sa turated wi th flat gro wth prospects com- 
pared with the rapid rate of gro wth in developing regions like parts 
of Asia, Latin America, and, to a certain degree, the Middle East. 

Nature’s uneven distribution of minerals is counterbalanced in 
the commercial world by the conti nuing growth of deep-sea inter- 
national trade. More highly developed techniques of materials han- 
dling and transportation have been a contributing factor, as has the 
demand by consumers for materials with special or unique proper- 
ties, irrespective of where these materials are found. Wyoming ben- 
tonite is delivered to oil rigs in the U.S. Gulf Coast region; soda ash 
from the western Unite d States is transported via dedicated unit 
trains, port facilities, and ships to glass plants in the Middle East; 
and caustic soda from the U.S. Gulf Coast region is exported to alu- 
mina plants in Australia. Low production costs or exceptional qual- 
ity products cano vercome distance from mark et and comp ete 
successfully with more local products. 


PRODUCTION PATTERNS 


Contrary to the common concept of being widespread, three quar- 
ters of the worldwide supply of industrial miner als and r ocks is 
derived from five or fewer countries (Figure 1). Cu riously, even 
materials that appear to be virtually ubiquitous—like silica sand, 
gypsum, and common salt—have significant production vacuums 
where more than half of the world production comes from a mere 
handful of countries. For example, common solar salt is produced 
cheaply on a massive scale for export in Australia, Chile, and Mex- 
ico, where cargoes of almost 100,000 t cross thousands of miles of 
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Figure 1. Percentage of world production from five countries or fewer 


ocean. The low cost of production and access to deep-water trans- 
portation allow silica sand to be exported from Queensland, Aus- 
tralia, to Asian markets. The most often cited example is the use of 
large-scale pr oduction and backha ul transporta tion to de liver 
crushed aggre gate from Scotla nd to markets along the U.S. Gulf 
Coast. The recent period of rationalization has tended to reduce the 
number and increase the size of some suppliers. A prime example 
in the second half of the 1990s was when lithium, as the low-cost 
production of lithium c arbonate from bri nes in Chi le, replaced 
hard-rock min ing operations in the United States and therefore 
severely restricted production elsewhere. Exports from China have 
forced pro ducers of mag nesia and magnesium, barite, fluorspar, 
and many other minerals, metals, and c hemicals to shut do wn 
operations be cause co nsumers sho pped base don pr ice. More 
recently, China’s domestic consumption has increased to the point 
where China has to import large quantities of cel estite, iron ore, 
potash, and various potassium chemicals. 

These examples all underline and expand on the obvious, but 
acute, truism that “t he single most importa nt fact about min eral 
resources is that they are not distributed equally over the w orld” 
(Flawn 1966). On ce considered the “country cousins” of those 
glamorous metallics, industrial minerals are she dding their image 
of being common. 

The industrial minerals can be broadly placed into geol ogi- 
cal pigeon holes (Table 3), although a number reside comfortably 
in several slots. 


IGNEOUS INTRUSIVE 
Chromite 


Both oli vine and chromite depos its a re c losely assoc iated wi th 
ultramafic plutonic rocks. The bulk of chromi te reserves occur in 
the la rge, lat erally e xtensive stra tiform or Bushv eld-type for m 
occurring in sta ble shield areas as exemplified by the Bushv eld 


Titanium Conc. (rutile) —— | 
Shon DDO 
Bogie OEE 
Zirconium Mineral Co eee eee eZ] 
loding FREE OOEJ 
Atty == 
Fulle’s Eat) eee 
gh Lee eZ 
lron Oxide Pigments hh”) —— SS 
Pete eee ew 
No eee 
Asbestos, (= 
Potash eee 
Chonite ~x;;_=Z_ ZZ XZ _n_@_anam__ ooo 
Fluorspar _——— | 


oar nS eszes » 
c+ 5 oO = = 5 < 
oS GERa2 35 D 3 
=) > r= ‘EB £ = 
28 2° 2 a = g 
Eg 2 225 > 5 8 
= § SES 
= 5 5 
& a 3 £ oO so) 
co 2. o Ee 3 

> oO 5 E 

‘= 5 

ce & = 

2 4 

RS) = 

4 


Igneous Complex in South Africa , the Great Dyke of Zimbabwe, 
northern Finland, and Ba hia State, Brazil. In contrast, the smaller 
podiform or Alpine-type deposits occur in mobile belts such as the 
Urals of the former U.S.S.R.; the Tethyian mountain chain of the 
Balkans, Turkey, and Iran; and the Circum-Pacific belt. Ov erall, 
significant chromite reserves and production are restricted to fewer 
than 10 countr ies, and no nmetallurgical grades to still fe wer, 
namely South Africa, the Phi lippines, T urkey, Greece, Finland, 
Albania, and India. 


Olivine 

Commercial olivine and dunite deposits are common in alpine-type 
ultrabasic terrains. A limited market restricts production to Norway, 
with 80% of world production; smaller producers are Sp ain, Italy, 
Japan, and the United States. The modest U.S. production is from 
North Carolina and Washington. 


Nepheline Syenite 


Nepheline syenite isa relatively common, sili ca-deficient, ma g- 
matic intrusive rock. Commercial production, however, is limited to 
large operations in Canada, Norway,andthe former U.S.S.R. 
because of the limited market size, competition from feldspar, and 
the requ irement for acon sistently lo w iron content. Production 
from Canada and Norway is virtually all exported; this accounts for 
70% and 30%, respecti vely, of w orld pro duction, e xcluding the 
former U.S.S.R. 


Diamonds 


The primary geological habitat for natural diamond is kimberlite, an 
ultrabasic intrusive rock associated with stable shield regions. Dia- 
mondiferous k imberlites are concentrated in southern Africa, the 
Siberian Platform, Brazil, and Western Australia. Ages range from 
Precambrian in South Africa to R ecent in Tanzania. Diamonds are 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


16 


Table 3. Geological classification of industrial minerals 


Industrial Minerals and Rocks 





Primary Commercial Environment 


Alternative Sources 





Igneous 


Intrusive 
Olivine 
Chromite 
Nepheline syenite 
Granite 

Pegmatitic and hydrothermal 
Feldspar 
Mica 
Quartz crystal 
Lithium minerals 
Beryllium minerals 
Fluorspar 

Extrusive 
Basalt and related rocks 
Pumice, pumicite, and scoria 
Perlite 


Sedimentary (placer) 
Sedimentary (placer) 


Alteration/sedimentary (sand) 


Synthetic 
Evaporate 





Sedimentary 


Clastic 
Sand and gravel 
Sandstone 
Clays 
Titanium and zirconium minerals 
Rare-earth minerals 
Diamonds 

Biogenetic 
Limestone and dolomite 
Diatomite 
Phosphate 
Sulfur 

Chemical (evaporate) 
Barite 
Salt 
Sodium carbonate 
Sodium sulfate 
Nacholite and dawsonite 
Gypsum 
Potassium minerals 
Borates 
Celestite 
Nitrates 
Bromine 
lodine 


Intrusive 
Intrusive 
Intrusive/synthetic 


Hydrothermal/by-product 
Alteration/sedimentary 


Synthetic 
By-product 


By-product 


Synthetic 





Surficially altered 


Chemical (evaporate) 
Vermiculite 
Manganese minerals 
Bauxite 
Iron oxide 
Tripoli and novaculite 
Zeolites 


Sedimentary 





Metamorphic 





Chemical (evaporate) 
Marble 
Slate 
Asbestos 
Magnesite and magnesia 
Graphite 
Corundum and emery 
Garnet 
Wollastonite 
Sillimanite minerals 
Pyrophyllite 


Igneous/sedimentary/synthetic 
Synthetic 

Synthetic 

Sedimentary (placer) 

Synthetic 





Source: Adapted from Harben and Bates 1984. 
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also produc ed commerc ially fro m place r de posits such as in 
Namibia (see Sedimentary section in this chapter). Overall, Africa is 
a prime region for diamond production, in particular So uth Africa, 
Botswana, Namibia, Lesotho, Swaziland, and Angola. 


Lithium 

Lithium tends to co ncentrate in silicic rocks and pegmatites con- 
taining feldspar, quartz, and mica in places suchas Bernic Lake, 
Manitoba, Canada (spodumene, lepidolite); Greenbushes, Western 
Australia (spodumene) ; and Biki ta, Zimbabwe  (petalite, spo- 
dumene, lepidolite, eucryptite). Although lithium-ri ch pe gmatites 
are separated to form a lithium concentr ate plus by- product feld- 
spar, quartz, or mica, these pegmatitic sources of lithium have been 
strongly challenged by lithium e xtracted from brines in Chile and 
Argentina (in fact, the availability of lithium from brines forced the 
closure of a hard-rock 0 peration in the Kings Mountain area of 
North Carolina). 


Beryllium 


Although beryl] is also associated with pegmatites in locations such 
as Brazil, the former U.S.S.R., and western Canada, production of 
bertrandite in Utah now accounts for 80% of the world’s beryllium 
supply. 


Fluorspar 


Fluorspar is a “persistent” mineral occurring in various ore depos- 
its, including Mississi ppi Valley (lead/zinc ) type deposits, h ydro- 
thermal veins, stratabound or Manto deposits, contact metamorphic 
terrains, and alkali rock complexes. More than 50% of world pro- 
duction comes from China, with Mexico, Mongolia, South Africa, 
and Russia adding another 30%. Much of this production _ is 
exported, and the availability of attractively priced e xports has 
forced t he cl osure of smaller operations in North America and 
Europe. Other producers, largely for export, include Brazil, Kenya, 
Morocco, and Uzbekistan. 


SURFICALLY ALTERED 
Feldspathic and Silica Sands and Kaolin 


Feldspar-rich deposits subject to weathering break down to form 
feldspathic sand de posits such as tho se exploited in the wester n 
United States and in Spain. Further weathering forms a mixture of 
feldspar, silica, and kaolin such as that mined in Bavaria. Still fur- 
ther decomposition through weathe ring or hydrothermal activity 
eliminates much of the mica and silica and yields premier-quality 
deposits of kaolin such as those mined in Cornwall in the United 
Kingdom, Georgia and the Carolinas in the southe astern Un ited 
States, and the Amazon Basin of Brazil. These areas produce virtu- 
ally all the coati ng-grade material. Other suppli ers of quality 
kaolin include Franc e, Germany, the Czech Republic, Malaysia, 
and Australia. 


Vermiculite 


Vermiculite is a supergene alteration product form ed by the com- 
bined effects of weathering and circulating groundwater. Large-scale 
commercial production is confined to South Carolina and Virginia in 
the United States and the P alabora Complex in South Africa, which 
contributes 70% of w orld supplies. Minor quantities come from 
China, Russia, Brazil, Zimbabwe, Japan, Australia, and Egypt. 


Bauxite 


Because residual bauxite deposits result from the tropical weather- 
ing of a variety of source rocks, their distribution is based on clima- 


tology rather than lithology. F ormation is encouraged by long 
periods of tectonic stability permitting deep and thorough weather- 
ing. Most bauxite deposits are post-Cretaceous in age and many 
occur in modern trop ical re gions. Baux ite pro vinces ha ve been 
defined as follows: 


* Guiana Shield of South Amer ica ( Venezuela, Guyana, Suri- 
nam, Guiana, and parts of Brazil and Colombia) 


Northern Brazilian Shield Province 


Caribbean Shield Province (Costa Rica, Jamaica, Dominican 
Republic, Haiti, and Puerto Rico) 


Guinea Shield Province (Guinea-Bissau to Togo) 


Cameroon Province (Cameroon, Zaire) 


Australian Province 


European Province (France, Greece, Hungary, and Yugoslavia) 


Others (United States, Chi na, forme r U. S.S.R., Indi a, and 
Malaysia). 


A dozen countries contribute 95% of world production, with 
more than 75% coming from Australia, Guinea, Jamaica, China, and 
Brazil. Nonmetallurgical grades used for refractories, abrasives, 
chemicals, and aluminum cement are confined to specific deposits 
in China, Australia, Guinea, Brazil, Guyana, and Suriname. 


Manganese 


Manganese is found in most geological environments; the commer- 
cially more important being sedi mentary and residual. Large sedi- 
mentary marine deposits of mang anese are e xploited in Ukraine, 
the former U.S.S.R., the Kalahari Basin of South Africa, Groote 
Eylandt in Australia, and Mexico. Residual deposits are important 
in Ghana and Gabo n in West Africa and in Amapa, Brazil. More 
than 90% of world production comes from eight countries—China, 
South Africa, Ukraine, Brazil, Gabon, Australia, India, and Kaza- 
khstan. Nonmetallur gical grades constitute a relatively small per- 
centage of output from these major suppliers, plus smaller tonnage 
producers such as Ghana, Morocco, and Greece. 


Iron Oxides 


Iron oxides are generally associated with volcanic activity and sul- 
fide deposits combined with s ubsequent leaching and diagenic 
alteration. India is the world’s largest supplier with more than 70% 
of prod uction, follo wed by the Un ited S tates with an additional 
10%. European prod uction is centered in Spain, United Kin gdom, 
France, Italy, and Austria (the last being the main source of natural 
micaceous oxide). Cyprus is noted for its v ariety of iron o xides, 
including ocher and umber. 


Tripoli 

Tripoli is a microcrystalline, friable, high-silica (98% to 99%) mate- 
rial formed from the we athering of silice ous limestone. The only 
large-scale commercial producers are in the United States, specifi- 
cally the southwestern Missour i-northeastern Oklahoma region, 


southern Illinois, and the Ouachita Mountain re gion of Ar kansas. 
Deposits in the latter region are associated with novaculite. 


Zeolites 


Natural zeolites are formed through the reaction of pore water with 
volcanic glass, clay, feldspar, and a variety of other rocks and min- 
erals. Although zeolites have been recognized in v irtually all parts 
of the world, large-scale commercial production is restricted to the 
western United States, Cuba, Japa n, and several eastern European 
countries, including Bulgaria. 
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VOLCANIC EXTRUSIVE 
Perlite 


Because of susceptibility to devitrification and alteration, commer- 
cial deposits of extrusive volcanic rocks like perlite and pumice are 
generally confined to younger geological terrains. Perlite deposits, 
which are rarely older than Oligocene, are exploited in the western 
United States, Mexico, Greece, Turkey, Italy, western Russia, Hun- 
gary, the Czech Re public, and Japan. Among them, the Uni ted 
States (pa rticularly Arizona, New Me xico, and Ne vada) a nd 
Greece ac count for more t han 60% of w orld produc tion and, in 
fact, Greece exports product to eastern U.S. markets. 


Pumice 


Pumice is common on volcanic islands such as Lipari near Sicily, 
Yali and Nisisros in Greece, and the Canary Islands of Spain. Italy, 
Greece, and the United States control more than 50% of the world’s 
pumice sup ply. Sma ller tonnag es come from Chile, German y, 
Spain, Turkey, Italy , Ne w Zealand, France, Ecuador , Ethio pia, 
Guadeloupe, Iran, Martinique, Ar _gentina, and the Dominican 
Republic (production from some ar eas may include volcanic tuff, 
ash, pumiceous lapilli, or scoria). 


SEDIMENTARY 

Silica 

Sedimentary deposits ar e formed through the erosion , transporta- 
tion, and redeposition of minerals that can survive the rigor s of 
transportation. The most common is silica, which forms a number of 
materials, including silica sand, sand and gravel, and flint. The pre- 
cursor is igneous quartz (e.g., in granite), and then the sedimentary 
deposit may undergo metamorphism and recem enting to produce 
quartzite. Sand and gravel for construction use is extremely com- 
mon, and production is more dependent on local markets than avail- 
ability. Certain areas are, however, noted for producing in dustrial 
sand that is sufficiently pure to be used in the manufacture of glass, 
ceramics, sodium silicate, and the like. Examples include the mid- 
western United States; Badgeley Island, Ontario, Canada; Cheshire 
in northwest England; certain areas of Belgium and the Netherlands; 
Cape Flattery Island, Queensland, Australia; and Sara wak, Malay- 
sia. In many cases, the use of local sand is based on price rather than 
quality. The United States is the 1 argest producer of industrial sand , 
accounting for more than one quarter of world production. Produc- 
tion of flint i s much more restricted, based largely on the chalk 
deposits of southern England and northern France. 


Clays 


Several clays composed mainly of kaolinite are of sedimentary ori- 
gin. Premier deposits of ball clay, the carbon content of which indi- 
cates that it w as deposited in swampy conditions, o ccur in th e 
Kentucky—Tennessee area of the United States, Devon in southwest 
England, and the Czech Republic. Flint clay, as produced commer- 
cially in the United States, China, Australia, and Argentina, is gen- 
erally derived from the weathering of soil and deposition in shallow 
basins. Fire clay or refractory kaolin is a kaolinite material common 
in many parts of th e world, particularly in association with coal 
deposits. A 400-km belt of kaolinite-rich rocks extends from Aiken, 
South Carolina, to Eufaula, Alabama, and includes areas supplying 
high- and medium-q uality kaolin and refract ory kaolin. Another 
belt of kaolin, b auxite, and bauxitic and_kaolinitic clays extends 
from western Tennessee into northeastern Mississippi. Other areas 
include southwest England and _ over the Engl ish Channe | in to 
France (kaolin and ball clay); various parts of the Czech Republic 
(kaolin and ball clay); Spain; the Amazon Basin in Brazil (bauxite, 


kaolin); Japan ( kaolin, r efractory clay , roseki, and tosek 1); and 
Queensland, Australia (bauxite, kaolin). 

Volcanic ash deposited as part of asedimentary sequence 
eventually forms sodium or calcium bentonite. Important bentonite 
deposits occur in the United St ates in the W yoming—Montana 
region (so dium-based bentonite ) and in the Mississippi-T __exas 
region (calcium-based). Almost 40% of the w orld’s bentonite pro- 
duction is from these and som e sma ller de posits in the Un ited 
States. More modest tonnages are produced in Mexico and Canada. 
In Europe, bentonite is mined on Milos Island in Greece, Turkey, 
Sardinia inI taly, Ba variain Germany, southwestern England, 
Ukraine, and Spain. In Asia, production is centered in Japan, India, 
and China. Attapulgite and sepi olite (full er’s ea rth) are more 
restricted, being p roduced in Ge orgia and Florida in the Un ited 
States (75% of w orld production), Germany, the United Kin gdom, 
Senegal, and Spain. 


Titanium and Zirconium Minerals (and Rare Earths) 


Placer and palaeo-placer mineral deposits are important sources of 
heavy minerals such as ilmenite, rutile, and zircon. The rare earth 
sources mona zite and x enotime are invariably associated with the 
mineral sands deposits. Man y titanium/zirconium/rare earth min- 
eral deposits are Tertiary and Quaternary in age because this was a 
period of geological uplift that provided the correct conditions for 
accumulation, pl us the factth atoldere xamples ha ve been 
destroyed. Most placer deposits are in marine sand deposits along 
or near present coastlines, where they are concentrated by a combi- 
nation of tidal action, longshore currents, waves, winds, and natural 
traps such as ac ape. Most commercial placer de posits are recent 
beaches and dunes along coastlines, with some older deposits being 
stranded by land ele vation or ocean withdrawal. Important areas 
include the east and we st coasts of Australia, parts of Florida and 
Georgia in the southeastern United States, around Richards Bay in 
South Africa, Sierra Leone in Af rica, the coastal areas of T amil 
Nadu and Kerala states in southern India extending into eastern Sri 
Lanka, and the coastal areas of Brazil. Consequently, supplies are 
dominated by Australia with 45 % of the ilmenite supply, 100% of 
the leucoxene, and more than 50% of the rutile, followed by South 
Africa, the United States, Ukraine, and India. Hard-rock ilmenite 
deposits are exploited in Quebec, Canada, and Norway. Except for 
the United States, most of the production is exported for use in the 
production of titanium dioxide pigment. 


Diamonds 


Major diamon diferous beach pl acers e xtend along th e southwest 
coast of Africa and are exploited in South Africa and Namibia. 


BIOGENIC 
Limestone and Dolomite 


Limestone is an extremely common rock formed as shell beds on a 
shallow sea floor. Purity depends on the environment of deposition 
and the subsequ ent mineralogical and tecton ic hi story that may 
include metamorphism to marble. Limestone is exploited for uses 
ranging from construction aggregates and railroad ballast to cement 
and lime manufacturing, and glassmaking to GCC used as func- 
tional fillers in pape r, plastics, and paint. The relati vely modest 
price even for the high-calcium and high-brightness grades of GCC 
(less than $200/t) means that consumption is generally close to the 
point of production (i.e., a local or regional market). In the United 
States, fore xample, cru shed limes tone is produced in all states 
except for Louisiana (which does produce shell), includes more 
than 2,500 quarries, and accounts for two thirds of the nation’s 
crushed stone output. High-quality , filler-grade GCC produced in 
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Vermont, Massachusetts, and Ontario in Canada serves many parts 
of the United States, including the Northeast, Maryland, the mid- 
Atlantic states, Georgia, Alabama, Illinois, Texas, California, and 
Washington. In Western Europe, chalk is important in the United 
Kingdom, France, and Belgium, wh ereas crushed marble is often 
used in Italy and Greece. 

Dolomite has many of the uses outlined for limestone, plus 
several others, includ ing in refract ories, in seawater magnesia and 
magnesium metal production, and as a dimension stone. Although 
less common than limestone, do lomite production, particularly for 
aggregates, is extremely widespread. In the United States, nonag- 
gregate production is concentrated in California, Ohio, Michigan, 
Alabama, Texas, Connecticut, a nd Pennsylvania. Europe has an 
active dolomite industry where it is used extensively as a raw mate- 
rial for refract ories and sea water magnesia production. The main 
producers are Spain, the United Kingdom, Belgium, Fran ce, Ger- 
many, Norway, Sweden, and Finland. 


Diatomite 


Diatomite deposits are formed through the accumulation of the 
frustules of diat oms, small animal s that thri ved after t he Cre ta- 
ceous period. Diatoms require marine or freshwater rich in nutri- 
ents li ke phosphat es, nitrates, and silica, and relatively free of 
sediment. In many cases, the diatomite is associated with volcanic 
activity, which may be the source of silica. Impor tant diatomite 
production si tes include t he western United Stat es—especially 
California, Nevada, Washington, and Oregon. Almost three quar- 
ters of the world’s production comes from t he Uni ted St ates, 
China, Jap an, and Denmark (alt hough the last p roduces mainly 
moler, an im pure diatomite product). Other producers are Spain, 
Germany, Italy, Iceland, and Korea. 


Phosphate Rock 


The bulk of commercial phosphorus-based compounds are derived 
from marine sedimentary phosphate rock deposits, with mu ch of 
the rest deri ved from igneous deposits. Sedimen tary phosphate 
deposits are concentrated in two main belts, the trade-wind belt that 
is aligned north-south from the equator to 50° latitude, and th e 
equatorial belt, oriented west to east in low latitudes. In the trade- 
wind belt, deposits are located in the southeastern and northwestern 
United States (Florida, North Carolina, and Idaho); Baja Califomia, 
Mexico; Sechura Desert, Peru; and the Caribbean Sea. In the equa- 
torial belt, deposits are found in North Africa (Morocco, Tunisia, 
Algeria, Togo); the Middle East (Jordan, Israel, Syria, Sene gal, 
Iran); the former U.S.S.R.; Venezuela; and Colombia. 

More than 80% of the world’s phosphate r ock prod uction 
comes from the United S tates, Morocc 0, China, Russia, Tunisia, 
and Jordan. Morocco is par ticularly important because it the lead- 
ing exporter. A series of middl e-range producers include Brazil, 
Israel, Togo, and South Africa. The production in R ussia, Brazil, 
and South Africa is largely derived from igneous deposits that may 
also yield rare earths, vermiculite, or copper. 


Sulfur 


The discretionary extraction of sulfur has declined as more and 
more production is based onnondiscretionary by- product sulfur 
extracted to comply with environmental regulations at nonferrous 
smelters and ro asters, natural g as and crude petroleum processing 
plants, coking plants, and the like. Native sulfur associated with the 
cap rock of salt domes and in sedimentary deposits is still mined by 
the Frasch hot-water method (mainly in Poland but no longer in the 
United States), and the mining of pyrite as a source of sulfur is 
restricted to China. 


CHEMICAL (EVAPORATE) MINERALS 


Certain minerals are fou nd dissolved in sea water and various other 
brines; evaporate deposits form when the concentration reaches sat- 
uration and pr ecipitation o ccurs. This process requires favorable 
conditions such as a barred basin or broad shelf environment, plus a 
hot, dry climate that encourages evaporation. Once formed, the frag- 
ile deposit needs to be preserved in subsequent geological e vents 
such as burial. Halite, gypsum, and anh ydrite, often interbedded 
with limestone and dolomite, are the most common minerals present 
in marine e vaporates, which often e xtend over hundreds of square 
kilometers and attain a thi ckness greater th an several thousand 
meters. In rarer cases, other evaporate minerals are present, such as 
potassium minerals, borates, and strontium minerals. 


Salt 


Common salt lives up to itsna me by being ubiquitous in most 
brines and man y evaporate deposits. It is exploited commercially 
from seawater where the modern climate allows evaporation (e.g., 
in W estern Austra lia, Me xico, Bahamas, Nethe rlands Antil les, 
Chile, India, Brazil, Italy, and Spain). Large, buried rock sa It and 
salt dome deposits are important in the northeastern, southern, and 
midwestern areas of North America; central and northern Europe; 
parts of the former U.S.S.R.; and the Middle East. Saline lakes are 
worked in t he western United States, for e xample, the Great Salt 
Lake in Utah (which yields or has yielded sodium sulfate, potas- 
sium minerals, magnesium chloride, bromine, and lithium as well 
as salt) and Searles Lake in California (sodium sulfate and borates). 
Despite the wid espread p roduction of salt, three qu arters of the 
world’s production is accounted for by the United States, China, 
Germany, India, Canada, Mexico, Australia, France, Brazil, Chile, 
and the United Kingdom. 


Other Sodium Minerals 


In addition to salt, ot her sodium-rich minerals are concentrated in 
modern brines ore vaporate deposits. V ast deposits of natural 
sodium carbonate or trona around Green Ri ver, Wyoming, y ield 
more than 10 Mtpy of refined soda ash and form a soda feedstock 
for a variety of chemical products. Smaller deposits are kno wn in 
China and Turkey. Sodium carbonate is also extracted from saline 
lakes in the west ern Unit ed S tates, Mexico, China, Russia, and 
Africa. Lake Ma gadi, K enya, which has been produ cing sodium 
carbonate for most of the last century, is one of numerous sodium- 
rich lak es inthe 6,030-km riftv alley stretching from T urkey 
through Ar abia and East Africato T anzania. This valley also 
includes the Dead Sea (dividing Israel and Jordan), which currently 
produces salt and potash and has _ the potential to produce sodium 
carbonate, magnesium oxide, and br omine. Natural soda ash _pro- 
duction constitutes almost 30% of total world production (virtually 
all from the United States), with the balance pro duced in Solv ay 
plants using a salt and limestone feedstock. 

Sodium sulfate is a common co-product in brine-based opera- 
tions. In addition, natural sodium sulfate is exploited from lakes in 
western Canada, in California in the United St ates, and in Mexico, 
Russia, and Turkey. Buried deposits are mined in Spain. Sodium sul- 
fate is also a by -product of several industrial processes, including 
rayon manufacture. Although production is broad based, more than 
50% is in China, the United States, Spain, Mexico, and Belgium. 

There are three important commercial sulf ate minerals— 
gypsum (calcium), cele stite (strontium), and barite (barium). In 
North America, lar ge deposits o f gypsum occur in the Northeast 
(New York in the United States and Ontario and the Maritime prov- 
inces in Canada), Midwest (Michigan, Iowa, and Indiana), and the 
Southwest and West (Oklahoma, Texas, Kansas, New Mexico, and 
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California). In the U.S. Gulf Co ast re gion, accumulations of salt, 
gypsum, and sulfur stretch into Mexico. Overall, the three countries 
in North America account for a third of world gypsum production. 
In Australasia, China, J apan, Thailand, and Australia contribute 
more than 20% of world production; and in Eur ope, the lar ge 
evaporate deposits pre viously outlined also contain gypsum, with 
the main suppliers bei ng France, Spain, Germany, and the United 
Kingdom. Production in the Middle East is dominated by Iran. Sev- 
eral countries su ch as Germany produce gypsum as a_ by-product 
from flue-gas desulfurization (FGD) or phosphoric acid plants com- 
peting with the natural product in the marketplace. Despite its low 
unit value, gypsum is often e xported on a lar ge scale from coastal 
locations in Mexico, Canada, and Spain to the United States. 


Potassium Minerals 


In some cases, potassium minerals are found associ ated with salt. 

During the Permian period in Europe, for example, the Zechstein 
Basin extended from northern Britain through the Netherlands, Den- 
mark, and Germany to Poland. This was a shallow stable sea that 

allowed t hick evaporate sequences to accumulate, resulting in t he 
large potash and salt deposits that are exploited today. To the east, 
three basin s contain v ast r eserves of po tash—Stebnik/Kalush i n 
Ukraine near the bord er wit h Poland, Soligorsk near Minsk in 
Belarus, and Solikamsk/Berezniki west of the Urals. In western Can- 
ada during the Silurian to mid-Devonian period, the land subsided to 
form a lar ge basin stretch ing southward into the United States. This 

allowed vast thicknesses of e vaporates to be formed, including the 
potash resources of Saskatchewan, Canada. A large potash/salt-rich 
basin identified in Thailand has potential for commercial production. 
Despite its strategic importance as a fertilizer, large-scale potash pro- 
duction is fairly restricted with just 10 count ries—Canada, Russia, 
Germany, Belarus, Israel, the United States, Jordan, the United King- 
dom, Spain, and Brazil—accounting for 97% of world production. 


Celestite 


Virtually all the world’s celestite is mined in just six countries— 
Mexico, Spain, Turkey, Argentina, Iran, and P akistan. In northern 
Mexico, the o utput from se veral mines accounts for half of the 
world’s production; Spain contributes an additional 40%. 


Barite 


As mentioned pre viously, barite can be as sociated with evaporate 
minerals such as cele stite and gypsum. In ad dition, barite is also 
found as a hydrothermal vein filling associated with stratiform mas- 
sive sulfide deposits and as a residual deposit. China has emerged 
as the world leader in barite production, accounting for more than 
50% of the world total. In contrast, barite production in the United 
States has declined to 6% of world production because of the avail- 
ability of im ports from China and, to a lesser extent, Mexico and 
Morocco. Other suppliers are India, Iran, and Turkey. 


Borates 


About 60% of the w orld’s borate production is controlled by th e 
United States and Turkey, with Argentina, Chile, and Russia sup- 
plying most of the balance. Part of the production is based on brines 
and encrustations in Searles Lake, California, and from small con- 
centrations along a stretch of the Andes Mountains encompassing 
Argentina, Bolivia, Chile, and Peru. The majo r source of borate 
minerals is a buried mass of sodium borate at Boron in the Mojave 
Desert of California. Other buried and surface borate deposits occur 
in Death Valley, including the Billie colemanite deposit, which was 
mined until the mid-1 980s. In Turkey, borates are concen trated in 


six areas—the most important being the Emet and Kirkaareas (both 
sodium borate) and the Bigadig¢ area (calcium borates). 

Lithium 

In addition to hard-rock deposits already described, lithium may be 
enriched in some geothermal waters (for example, Imperial Valley, 
California, United States; Reykjanes Field, Iceland; and Wairekei, 
New Zealand) and oil-field brines (Paradox Basin, Utah; Smack- 
over Formation, Arkansas; and Texas—all in the Unit ed S tates). 
Brines may be further concentrated in saline lakes or salars if given 
an enclosed basin close to Tertiary or Recent volcanoes, a desert 
environment, and t ime for ac cumulation a nd e nrichment. Ma jor 
lithium-producing sa lars include the Salar de Ata cama in Chile 
(which contributes more than 50% of world production); Salar del 
Hombre Muerto in Ar gentina; and Silv er Peak, Ne vada, in the 
United States. 


Magnesia 


In addition to magnesite, dolo mite, and olivine, magnesia is con- 
centrated in subterranean and _ seawater b rines. Magn esium-rich 
brines are exploited onacom mercial scale in Mi chigan in the 
United States, and in Me xico, the Netherlands, and Israel. Magne- 
sia is al soe xtracted from se awater in Japan, S outh K orea, the 
United States, Mexico, the United Kingdom, France, Italy, Ireland, 
Norway, and Russia. 


Nitrates 


Natural nitrate pro duction is now confined to an area of northern 
Chile that has an annual rainf all of less than 1 cm. In addition, 
iodine is co-produced from the caliche ore and accounts for more 
than 50% of world production. Elsewhere, commercial iodine pro- 
duction is based on brines lar gely found in Jap an (35% of w orld 
production), the Un ited States (O klahoma), China , Az erbaijan, 
Russia, and T urkmenistan. Bromine is also extracted from well 
brines in Arkansas and Michigan in the United States, the Dead Sea 
in Israel, potash brines in Germany and France, and seawater in the 
United Kingdom, France, Spain, and Japan. The United States and 
Israel combine to account for 75% of world production. 


METAMORPHIC 


Metamorphism produces a range of minerals, many of which have 
unique properties that are used commercially. 


Asbestos 


Asbestos is f ound in several me tamorphic en vironments usu ally 
associated with ultramafic rocks and serpentinization. Large depos- 
its are exploited in Qu ebec, eastern Canada; in the Transvaal and 
Cape Province of South Africa and in Swaziland and Zimbabwe in 
Africa; Russia, Italy, and Gree ce in Eur ope; New South Wales in 
Australia; Brazil; Kazakhstan; and India. 


Talc 


China produces about 50% of the world’s talc and is a major 
exporter. The United States and Canada account for about 12% of 
world talc pr oduction with output from V ermont, upstate Ne w 
York, Montana, Texas, and California in the United States and Que- 
bec and Ontario in Canada. In Australasia, China is by far the larg- 
est producer, followed by India, North and South Korea, Japan, and 
Australia. In Europe, significant talc produc ers include France, 
Italy, Austria, Finland, and Norway, along with Russia. In South 
America, Brazil is th e largest producer. Table 4 sho ws the major 
suppliers in the world minerals market. 
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Country Mineral Total World Production, % 
Australia Titanium concentrates (leucoxene), t 27,000 100 
Titanium concentrates (rutile), t 237,000 57 
Zirconium mineral concentrates, t 353,000 46 
Titanium concentrates (ilmenite), t 2,156,000 45 
Bauxite, kt 53,802 40 
Diamond (natural industrial), thousand carats 14,684 26 
Lithium (spodumene), t 76,000 40 
Botswana Diamond (natural gem), thousand carats 19,700 31 
Canada Titanium concentrates (titaniferous slag), t 950,000 46 
Potash, kt, K2O equivalent 8,600 34 
Chile lodine, t 9,100 51 
China Antimony, kt 100,000 85 
Rare earths, #, REOt equivalent 80,600 68 
Barite, kt 3,500,000 56 
Fluorspar, kt 2,450,000 54 
Talc (may include pyrophyllite), f 3,500,000 48 
Graphite, t 220,000 37 
Nitrogen (ammonia), kt 28,000 26 
Soda ash, kt 8,343 24 
Magnesite, f 2,500,000 23 
Sodium sulfate (natural and synthetic), t 800,000 22 
Manganese, kt, gross weight 4,000 20 
Congo (Kinshasa) Diamond (natural industrial), thousand carats 14,200 26 
France Andalusite, t 65,000 26 
Greece Perlite, t 500,000 26 
India Iron oxide pigments (natural ocher), ¢ 365,000 72 
Sillimanite, ¢ 12,000 60 
Graphite, t 140,000 23 
Rare earths, t, REO equivalent 27,000 23 
Israel Bromine, kt 185,000 34 
ltaly Pumice (may include volcanic tuff, ash, pumiceous lapilli, scoria, etc.), t 4,000,000 33 
Feldspar, kt 2,600,000 28 
Japan lodine, ¢ 6,100 34 
Mexico Strontium, kt 157,420 50 
Russia Asbestos, kt 750,000 39 
Mica, t 100,000 34 
Borate minerals, kt 1,000 24 
Diamond (natural industrial), thousand carats 11,600 21 
South Africa Andalusite, t 185,055 73 
Titanium concentrates (titaniferous slag), t 1,120,000 54 
Chromite, t, gross weight 6,620,754 46 
Vermiculite, t 208,835 4] 
Zirconium mineral concentrates, t 270,000 36 
Titanium concentrates (rutile), t 100,000 24 
Spain Strontium, kt 130,000 Al 
Turkey Borate minerals, kt 1,400 33 
United States Kyanite, t 90,000 94 
Beryllium minerals, kt 4,510 80 
Fuller’s earth (attapulgite), t 2,910,000 75 
Diamond (synthetic) thousand carats 248,000 50 
Bromine, kt 228,000 42 
Bentonite, ¢ 3,760,000 38 
Diatomite, kt 677 36 
Perlite, t 672,000 35 
Mica, t 101,000 35 
Soda ash, kt 10,200 30 
Vermiculite, f 150,000 29 
Phosphate rock, kt, gross weight 38,600 29 
Silica sand, kt 28,500 27 
Borate minerals, t 1,070 25 
Kaolin, t 8,800,000 21 
Salt, kt 45,600 21 
Zimbabwe Sillimanite, t 4,000 20 
Lithium, ¢ 37,000 20 





Adapted from USGS (data for 2000). 


* Data for 2000. 
t REO = rare earth oxides. 
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Wollastonite 


Wollastonite is formed thr ough the metamorphism of rocks con- 
taining silica and calcium. Major producing areas of high-quality 
wollastonite include the Adir ondack Mountains of upstate Ne w 
York in the United States, southeastern Finland, se veral provinces 
in China and India, and Russia. 


Garnet 

Garnet is associated with some wollastonite deposits, including one 
at Willsboro, New York. In the same area of the state, a large-scale 
hard-rock g arnet mine is in ope ration. Elsewhere in the Unite d 
States, although there are hard-rock garnet deposits in Maine and 
Nevada, the most im portant commercially are placer deposits in 
Idaho. Garnet is also produced as a by- product of mineral sand 
operations in Western Australia, India, and Sri Lanka. 


Kyanite Group 


The k yanite grou p of minerals occu rs in aluminous metamorphic 
rocks and their weathered deri vatives. Production is restricted toa 
handful of coun tries, including South Africa, Russia, the United 
States, France, India, S weden, Spain, China, and Zimbabwe. Like 
garnet, some are found associated with placer mineral sand deposits, 
particularly in India. 


Pyrophyllite 

Weathering may form sericite or pyrophyllite, the h ydrous alumi- 
num silicate. The main pyrophyllite deposits, however, are formed 
through the hydrothermal alteration of acidic volcanic rocks. This is 
particularly well de veloped in areas of Japan and the R epublic of 
Korea—accounting for 85% of w orld production between them. 
Smaller producers include Canada, the United States, India, China, 
Thailand, Australia, Brazil, and Argentina. 


Corundum 


Natural corundum is another alumina-rich mineral formed through 
metamorphism. The main producers ar e Zimbab we and Sou th 
Africa, the former U.S.S.R., a nd India. Production of the impure 
form, emery, is restricted to Turkey and Greece. 


Graphite 

When certain organic matter is metamorphosed, deposits of graphite 
can form. Although world production is concentrated in f ewer than 
20 countries, more than 60% is pr oducedin Asia—China, the 
Republic of Korea, Sri Lanka, and India. In the Americas, Mexico 
and Brazil are well-established p roducers, and Canada is emer ging 
as a major supplier. The main producers are Germany, Austria, the 
Czech Republic, Norway, Romania, Turkey, and Russia in Europe, 
and Zimbabwe and Madagascar in Africa. 


THE EMERGING PATTERN 


The uneven distribution of industrial minerals and roc ks and their 
production counters the concept of a group of common, low-priced 
commodities destined for local markets (see Tables 5 and 6). Local 
markets are the most important for some industrial minerals, espe- 
cially for de veloping countries, which should adop t_ simpler 
approaches to exploiting their domestic resources. Nevertheless, the 
overall view of industrial minerals is an international one of intrigu- 
ing complexity. 

For instance, production of borates, beryl, iodine, nepheline 
syenite, celestite, and v ermiculite is restricted to just af ew coun- 
tries, and essential materials such as titanium, zirconium, rare earth 
minerals, sulfur, grap hite, phospha tes, and potash are extremely 


active in dee p-sea trade. Even rel atively common materials enter 
international trade as consumers demand higher and more _consis- 
tent quality (feldspar and silica sa nd) or find it more cost-ef fective 
to import (soda ash, salt, barite, gypsum, and fluorspar). The inter- 
national supply-and-demand pattern is dynamic as new producers 
and markets come and go. Twenty years ago, Australia’s diamond 
industry was a kimberlite pipe dream; today it accounts for 20% of 
gem quality and 30% of industrial quality diamonds. A generation 
ago, ce lestite w as use ds olely for p yrotechnics; today the much 
larger market is dominated by glass for color television screens. 

Substitution has always been an important aspect of the indus- 
trial minerals scene and continues to be critical for suc cess. For 
example, in the paper industry, calcium carbonate is a major chal- 
lenger to kaolin as a filler and coater, and precipitated calcium car- 
bonate competes with GCC in many applications. In certain parts of 
the world, most notably in Scandinavia, talc is a potential substitute 
for both carbonate and kaolin. Re gional bans on the use of phos- 
phates in detergents encouraged the use of synthetic zeolites that in 
turn aided sodium silicate producers and therefore silica sand and 
chloralkali suppliers. Substitution offers opportunities and dangers 
for potential ne w suppliers, although regional differences in use 
patterns need to be considered. 

Increasingly, environmental considerations influence the sup- 
ply of miner als—prime examples include sulfur and sulfuric acid 
recovered during the refining of crude oil and sour natural gas and 
gypsum precipitated from an FGD plant attached to a coal-burning 
power plant or the neutralization of acid in a titanium dioxide pig- 
ment plant. By-prod uct minerals are produced as the result of a 
manufacturing process itself, such as sodium sulfate derived from 
rayon spinning or calcium chloride from the Solvay soda ash manu- 
facturing process. The need to _— dispose of these miner als ina 
responsible and cost-effective manner encourages sale on the mer- 
chant market at low prices that in turn depress the price of any com- 
mercial equivalent or rival. By-product-generating processes driven 
more by economics than by environmental concerns include the 
electrolysis of salt, which produces equ al parts of chlorine and 
caustic soda irrespective of the market conditions; similarly, when 
feldspar is separated from a gra nite or alaskite by flotation, silica 
and mica are produced and sold as-is ore ven upgraded to value- 
added products. Another example would be the extraction of tita- 
nium minerals like ilmenite and rutil e from mine ral sands, which 
invariably yields monazite, garnet, zircon, and other heavy miner- 
als. Re venues from these copro ducts can be critical for t he eco- 
nomic feasibility of the opera tion, e ven though the rate of 
production is not influenced b y demand. It is difficult to comp ete 
with a by-product or coproduct mineral based on price alone. 

Mineral-related environmental and health issues range from 
simple mineral dusting problems at ports to the need to label min- 
eral content and use spec ialized containers to address the alle ged 
health hazards associated with certain minerals and mineral-related 
products. At the very least, these issues can result in additional han- 
dling or transportation costs, create barriers to sales, impinge on the 
prospects for future growth, and even pose a long-term threat to the 
financial stability of the producing company because of the poten- 
tial for litigation. Several minerals have been singled out for scru- 
tiny—in particular, silica, as bestos, fluorspar, and b romine. Both 
recycling and material conservation have reduced the demand _ for 
virgin raw materials used to make everything from alumin um and 
glass containers, paper, and plastics to refractories, steel, and even 
roadbeds. 

The pattern can be influen ced by political e vents such as the 
opening of trade with China, which promptly became a dominant 
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Table 5. Distribution of world industrial minerals production by commodity 











Mineral and World World Production Mineral and World World Production 
Country Production Production, % Cumulative, % Country Production Production, % | Cumulative, % 
Andalusite, t 252,555 United Kingdom 70,000 ] 92 
South Africa 185,055 73 73 Russia 60,000 ] 93 
France 65,000 26 99 Algeria 50,000 ] 94 
Spain 2,500 ] 100 Thailand 49,220 ] 94 
Antimony, kt 118,000 Brazil 45,000 ] 95 
United States w* Belgium 30,000 
China 100,000 85 85 Burma 29,200 
South Africa 5,000 4 89 Spain 26,000 
Russia 4,500 4 93 Italy 25,000 
Bolivia 2,800 2 95 Pakistan 21,234 
Tajikistan 2,000 2 97 Australia 20,000 
Australia 1,800 2 98 Canada 20,000 
Peru 460 Georgia 15,000 
Guatemala 450 Romania 15,000 
Canada 364 Slovakia 15,000 
Turkey 360 Kazakhstan 14,000 
Kyrgyzstan 150 Malaysia 13,500 
Morocco 150 Peru 11,403 
Thailand 84 Laos 9,000 
Mexico 52 Saudi Arabia 8,000 
Asbestos, kt 1,900,000 Bolivia 6,000 
Russia 750,000 39 39 Nigeria 5,000 
Canada 340,000 18 57 Argentina 4,400 
China 260,000 14 71 Tunisia 3,702 
Brazil 170,000 9 80 Guatemala 2,800 
Kazakhstan 125,000 7 87 Afghanistan 2,000 
Zimbabwe 110,000 6 92 Bosnia and Herzegovina 2,000 
Greece 50,000 3 95 South Africa 1,628 
Swaziland 25,000 ] 96 Chile 900 
India 21,000 ] 97 Greece 800 
South Africa 18,909 ] 98 Colombia 600 
Japan 18,000 ] 99 Kenya 10 
United States 5,260 Bauxite, kt 135,000 
Iran 2,000 United States NAt 
Egypt 2,000 Australia 53,802 40 40 
Serbia and Montenegro 550 Guinea 15,000 11 51 
Bulgaria 350 Brazil 14,000 10 61 
Argentina 350 Jamaica 11,127 8 70 
Barite, kt 6,200,000 China 9,000 7 76 
China 3,500,000 56 56 India 7,366 5 82 
India 550,000 9 65 Russia 4,200 3 85 
United States 392,000 6 72 Venezuela 4,200 3 88 
Morocco 350,000 6 77 Kazakhstan 3,727 3 91 
lran 185,000 3 80 Suriname 3,610 3 93 
Turkey 130,000 2 82 Guyana 2,404 2 95 
Mexico 127,688 2 84 Greece 1,991 ] 97 
Bulgaria 120,000 2 86 Indonesia 1,200 ] 98 
Germany 120,000 2 88 Hungary 1,047 ] 98 
France 75,000 ] 90 Iran 1,000 ] 99 
North Korea 70,000 1 91 Serbia and Montenegro 630 
Adapted from USGS (data for 2000); Harben 2002. (Table continued next page) 


*W = Withheld to avoid disclosing proprietary data. 
t Not available. 
t Rare earth oxides. 
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Table 5. Distribution of world industrial minerals production by commodity (continued) 











Mineral and World World Production Mineral and World World Production 
Country Production Production, % Cumulative, % Country Production Production, % Cumulative, % 
Bauxite (continued) Beryllium minerals, kt 5,650 
Ghana 504 United States 4,510 80 80 
Turkey 459 Russia 1,000 18 98 
Malaysia 123 Kazakhstan 100 2 99 
Bosnia and Herzegovina 75 Madagascar 30 1 
Pakistan 9 Brazil 10 
Mozambique 8 Portugal 4 
Bentonite, t 9,860,000 Borate minerals, kt 4,220 
United States 3,760,000 38 38 Turkey 1,400 33 33 
Greece 950,000 10 48 United States 1,070 25 59 
Former U.S.S.R. 750,000 8 55 Russia 1,000 24 82 
Turkey 560,000 6 61 Argentina 360 9 91 
Germany 500,000 5 66 Chile 200 5 95 
Italy 500,000 5 7 China 105 2 98 
Japan 445,115 5 76 Peru 40 ] 99 
Ukraine 300,000 3 79 Kazakhstan 30 ] 
Brazil 275,000 3 82 Bolivia fe 
Mexico 269,730 3 84 Iran 4 
Australia 180,000 2 86 Bromine, kt 542,000 
Argentina 150,000 2 88 United States 228,000 42 42 
Bulgaria 150,000 2 89 Israel 185,000 34 76 
Czech Republic 150,000 2 91 United Kingdom 55,000 10 86 
Spain 150,000 2 92 China 45,000 8 95 
Zimbabwe 140,000 ] 94 Japan 20,000 4 98 
Cyprus 126,313 ] 95 Ukraine 3,000 ] 99 
South Africa 85,187 ] 96 Azerbaijan 2,000 
lran 70,000 ] 96 France 2,000 
Egypt 50,000 1 97 India 1,500 
Turkmenistan 50,000 1 97 Italy 300 
Romania 35,789 Turkmenistan 150 
Macedonia 30,000 Spain 100 
Pakistan 27,700 Chromite, t, gross weight 14,400,000 
Algeria 22,708 South Africa 6,620,754 46 46 
Morocco 21,352 Kazakhstan 2,067,000 14 60 
Peru 21,059 India 1,500,000 10 7 
Mozambique 16,144 Turkey 1,000,000 7 78 
Hungary 15,000 Finland 640,000 4 82 
Georgia 12,000 Zimbabwe 640,000 4 87 
Croatia 10,013 Brazil 400,000 3 89 
New Zealand 10,000 Iran 310,000 2 92 
Indonesia 6,000 Australia 130,000 ] 92 
Poland 6,000 Madagascar 100,000 ] 93 
Guatemala 3,800 Russia 100,000 ] 94 
Armenia 2,807 Albania 70,000 
Philippines 2,000 United Arab Emirates 60,000 
Chile 1,314 Vietnam 55,000 
Bosnia and Herzegovina 800 Cuba 40,000 
Burma 600 Pakistan 26,643 
Serbia and Montenegro 75 Oman 15,110 
Tanzania 75 Philippines 15,000 
Adapted from USGS (data for 2000); Harben 2002. (Table continued next page) 


*W = Withheld to avoid disclosing proprietary data. 
t Not available. 
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Mineral and World World Production Mineral and World World Production 

Country Production Production, % Cumulative, % Country Production Production, % | Cumulative, % 

Chromite (continued) Japan 33,000 7 85 
Greece 12,000 Belarus 25,000 5 90 
Sudan 10,000 Sweden 20,000 4 94 
Indonesia 6,400 China 16,800 3 98 
Macedonia 5,000 Ukraine 8,000 2 99 
Burma 3,000 France 3,000 ] 

Diamond (natural gem), 62,600 Greece 750 

thousand carats Diatomite, kt 1,890 
Botswana 19,700 31 31 United States 677 36 36 
Australia 12,014 19 51 China 350 19 54 
Russia 11,600 19 69 Japan 190 10 64 
Angola 5,400 9 78 Denmark 185 10 74 
South Africa 4,300 7 85 Former U.S.S.R. 80 4 78 
Congo (Kinshasa) 3,500 6 90 France 75 4 82 
Canada 2,000 3 93 Mexico 75 4 86 
Namibia 1,520 2 96 Peru 35 2 88 
Sierra Leone 450 ] 97 Spain 35 2 90 
Guinea 410 1 97 Republic of Korea 32 2 92 
Central African Republic 400 1 98 Romania 30 2 93 
Brazil 300 Iceland 26 ] 95 
China 230 Italy 25 ] 96 
Céte d'Ivoire 200 Australia 20 ] 97 
Ghana 178 Chile 15 ] 98 
Liberia 120 Brazil 14 ] 99 
Venezuela 60 Argentina 9 
Zimbabwe 7 Iran 5 

Diamond (natural 55,600 Macedonia 5 

industrial), thousand carats Colombia 4 
Australia 14,684 26 26 Algeria 3 
Congo (Kinshasa) 14,200 26 52 Costa Rica 2 
Russia 11,600 21 73 Poland 2 
South Africa 6,480 12 84 Portugal 2 
Botswana 4,950 9 93 Feldspar, kt 9,280,000 
China 920 2 95 Italy 2,600,000 28 28 
Ghana 712 ] 96 Turkey 1,200,000 13 4] 
Angola 600 1 97 United States 790,000 9 49 
Brazil 600 ] 98 France 600,000 6 56 
Central African Republic 150 Thailand 542,991 6 62 
Sierra Leone 150 Germany 460,000 5 67 
Guinea 140 Spain 425,000 5 71 
Céte d'Ivoire 100 Mexico 334,439 4 75 
Liberia 80 Egypt 330,000 4 78 
Namibia 80 Republic of Korea 250,000 3 81 
Venezuela 40 Brazil 240,000 3 84 
Zimbabwe 13 Iran 240,000 3 86 

Diamond (synthetic), 495,000 Venezuela 160,000 2 88 

thousand carats Portugal 120,000 ] 89 
United States 248,000 50 50 India 110,000 ] 91 
Russia 80,000 16 66 Norway 75,000 ] 91 
Ireland 60,000 12 78 Uzbekistan 70,000 ] 92 








Adapted from USGS (data for 2000); Harben 2002. 
*W = Withheld to avoid disclosing proprietary data. 
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Mineral and World World Production Mineral and World World Production 
Country Production Production, % Cumulative, % Country Production Production, % | Cumulative, % 
Feldspar (continued) Turkey 5,000 
South Africa 66,774 ] 93 Thailand 4,745 
Argentina 61,000 ] 93 Kyrgyzstan 3,000 
Greece 60,000 ] 94 India 850 
Colombia 55,000 ] 95 Pakistan 700 
Ecuador 55,000 ] 95 Egypt 500 
Japan 52,000 ] 96 Fuller's earth (attapulgite), # 3,870,000 
Poland 50,000 ] 96 United States 2,910,000 75 75 
Russia 45,000 Germany 500,000 13 88 
Sweden 45,000 United Kingdom 140,000 4 92 
Finland 40,000 Spain 90,000 2 94 
Romania 35,000 Senegal 80,000 2 96 
Pakistan 32,000 Mexico 51,685 ] 97 
Sri Lanka 26,500 Morocco 30,665 ] 98 
Philippines 25,000 Italy 30,000 ] 99 
Australia 20,000 Pakistan 15,288 
Burma 12,000 South Africa 7,337 
Guatemala 11,000 Australia 5,000 
Macedonia 10,000 Algeria 3,431 
United Kingdom 8,000 Argentina 1,500 
Peru 5,600 Graphite, t 602,000 
Morocco 5,000 China 220,000 37 37 
Algeria 3,000 India 140,000 23 60 
Serbia and Montenegro 3,000 Brazil 56,000 9 69 
Zimbabwe 2,250 Mexico 30,330 5 74 
Uruguay 1,600 Canada 25,000 4 78 
Chile 1,500 Czech Republic 25,000 4 82 
Nigeria 600 North Korea 25,000 4 87 
Kenya 100 Turkey 15,000 2 89 
Fluorspar, kt 4,520,000 Madagascar 13,000 2 91 
China 2,450,000 54 54 Austria 12,000 2 93 
Mexico 635,000 14 68 Zimbabwe 12,000 2 95 
South Africa 212,355 5 73 Ukraine 7,500 ] 96 
Mongolia 198,843 4 77 Russia 6,000 ] 97 
Russia 160,000 4 81 Sweden 5,000 ] 98 
Spain 125,000 3 84 Sri Lanka 4,600 ] 99 
France 100,000 2 86 Norway 2,500 
Morocco 100,000 2 88 Romania 1,500 
Kenya 90,000 2 90 Germany 1,000 
Uzbekistan 80,000 2 92 Republic of Korea 60 
Brazil 72,000 2 93 Uzbekistan 60 
Italy 65,000 1 95 Gypsum, kt 106,000 
Namibia 58,000 ] 96 United States 19,500 18 18 
United Kingdom 45,000 ] 97 Iran 11,000 10 29 
Germany 30,000 ] 98 Canada 8,548 8 37 
North Korea 25,000 ] 98 Spain 7,500 7 44 
lran 20,000 Mexico 7,000 7 51 
Romania 15,000 China 6,800 6 57 
Tajikistan 9,000 Thailand 5,830 6 62 
Argentina 7,000 Japan 5,600 > 68 








Adapted from USGS (data for 2000); Harben 2002. 
*W = Withheld to avoid disclosing proprietary data. 
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Mineral and World World Production Mineral and World World Production 
Country Production Production, % Cumulative, % Country Production Production, % Cumulative, % 
Gypsum (continued) Azerbaijan 60 

France 4,500 4 72 Bhutan 54 

Australia 3,800 4 76 Peru 52 

Germany 2,500 2 78 Israel 46 

India 2,210 2 80 Tajikistan 35 

Egypt 2,000 2 82 Bosnia and Herzegovina 30 

Poland 1,700 2 83 Honduras 30 

Brazil 1,500 ] 85 Guatemala 29 

United Kingdom 1,500 1 86 Macedonia 25 

Italy 1,300 ] 88 Mongolia 25 

Austria 1,000 ] 88 Venezuela 25 

Uruguay 1,000 ] 89 Nicaragua 23 

Chile 890 ] 90 Tanzania 21 

Russia 700 1 91 Serbia and Montenegro 15 

Greece 600 1 91 Moldova 14 

Colombia 560 ] 92 Slovenia 10 

Argentina 514 Zambia 10 

Portugal 500 El Salvador 6 

Burma 484 Indonesia 5 

Ireland 450 Paraguay 4 

Morocco 450 Sudan 4 

South Africa A13 Afghanistan 3 

Pakistan 377 Lebanon 3 

Saudi Arabia 350 Ecuador 2 

Syria 304 Niger 2 

Nigeria 300 Somalia 2 

Switzerland 300 Kenya 1 

Turkey 300 Mali 1 

Algeria 275 Namibia ] 

Czech Republic 250 lodine, t 18,000 

Jamaica 240 Chile 9,100 51 51 

Bulgaria 180 Japan 6,100 34 84 

Hungary 180 United States 1,470 8 93 

Jordan 175 China 500 3 95 

Libya 175 Azerbaijan 300 2 97 

Laos 54 Russia 300 2 99 

Cyprus 38 Turkmenistan 150 ] 

Cuba 130 Indonesia 70 

Latvia 22 Uzbekistan 2 

Slovakia 20 Iron oxide pigments 504,027 

Ethiopia 08 (natural ocher) t 

Croatia 00 India 365,000 72 72 

Mauritania 100 United States 57,100 11 84 

Tunisia 100 Spain 15,000 3 87 

Turkmenistan 100 Iran 13,500 3 89 

Yemen 100 Cyprus 12,258 2 92 

Dominican Republic 90 Chile 10,600 2 94 

United Arab Emirates 90 Spain 7,000 1 95 

Iraq 80 Austria 7,000 ] 97 
Romania 75 Brazil 5,500 ] 98 








Adapted from USGS (data for 2000); Harben 2002. 
*W = Withheld to avoid disclosing proprietary data. 
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Mineral and World World Production Mineral and World World Production 
Country Production Production, % Cumulative, % Country Production Production, % Cumulative, % 
Iron oxide pigments (continued) Sri Lanka 12,230 
Pakistan 4,700 ] 99 Algeria 11,616 
Germany 4,000 ] Italy 10,000 
France 1,000 Bangladesh 7,900 
South Africa 569 Ecuador 7,000 
Italy 500 Hungary 7,000 
Paraguay 300 Chile 6,445 
Kaolin, f 41,200,000 Peru 6,165 
United States 8,800,000 21 21 Bosnia and Herzegovina 3,000 
Colombia 8,000,000 19 4 Denmark 2,500 
Uzbekistan 5,500,000 13 54 Ethiopia 1,654 
Czech Republic 5,200,000 13 67 Vietnam 1,200 
United Kingdom 2,420,000 6 73 Burundi 800 
Republic of Korea 2,098,499 5 78 Kenya 500 
Germany 1,800,000 4 82 Sweden 440 
Brazil 1,500,000 4 86 Eritrea 393 
Iran 800,000 2 88 Madagascar 115 
India 690,000 2 89 Guatemala 100 
Mexico 532,268 1 91 Kyanite, t 95,600 
Turkey 400,000 ] 92 United States 90,000 94 94 
Spain 365,000 ] 92 India 5,000 5 99 
Belgium 300,000 ] 93 Brazil 600 ] 100 
France 300,000 ] 94 Lithium, t 189,300 
Egypt 290,000 1 95 United States (brines) Ww" 
Malaysia 225,139 ] 95 Australia (spodumene) 76,000 40 AO 
Ukraine 225,000 ] 96 Zimbabwe 37,000 20 60 
Australia 220,000 ] 96 Chile (carbonate) 28,500 15 75 
Thailand 201,226 Canada (spodumene) 22,500 12 87 
Portugal 175,000 China (carbonate) 13,000 7 94 
Bulgaria 110,000 Portugal (lepidolite) 7,000 4 97 
Nigeria 110,000 Russia 2,000 ] 98 
Poland 99,382 Brazil (concentrates) 1,600 ] 99 
South Africa 98,897 Argentina (carbonate) 1,000 ] 
Kazakhstan 70,000 Argentina (spodumene 700 
Taiwan 68,000 and amblygonite) 
Paraguay 66,500 Magnesite, t 10,700,000 
Greece 60,000 United States Ww 
Austria 50,000 China 2,500,000 23 23 
Pakistan 49,574 Turkey 2,000,000 19 42 
Argentina 45,000 North Korea 1,000,000 9 51 
Russia 45,000 Russia 1,000,000 9 61 
Serbia and Montenegro 44,000 Slovakia 850,000 8 69 
Jordan 36,795 Austria 750,000 7 76 
Israel 26,700 Greece 650,000 6 82 
Japan 26,000 Spain 500,000 5 86 
New Zealand 25,000 India 365,000 3 90 
Slovakia 25,000 Australia 349,783 3 93 
Indonesia 22,000 Brazil 310,000 3 96 
Romania 19,007 Canada 180,000 2 98 
Slovenia 14,000 lran 141,000 ] 99 








Adapted from USGS (data for 2000); Harben 2002. 
*W = Withheld to avoid disclosing proprietary data. 
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Mineral and World World Production Mineral and World World Production 
Country Production Production, % Cumulative, % Country Production Production, % Cumulative, % 
Magnesite (continued) Trinidad and Tobago 2,686 2 68 
South Africa 74,000 ] Netherlands 2,543 2 70 
Serbia and Montenegro 40,000 Germany 2,473 2 72 
Colombia 10,500 Pakistan 1,884 2 74 
Zimbabwe 4,000 Poland 1,862 2 76 
Pakistan 3,100 Saudi Arabia 1,743 2 77 
Philippines 700 France 1,700 2 79 
Mexico 335 Egypt 1,511 ] 80 
Manganese. 20,200 Japan 1,405 | pl 
kt, gross weight Bangladesh 1,255 ] 83 
China 4,000 20 20 Qatar 1,097 84 
South Africa 3,635 18 38 Romania 1,016 84 
Ukraine 2,741 14 51 Iran 965 85 
Brazil 2,000 10 61 Brazil 925 86 
Gabon 1,743 9 70 Belgium 863 87 
Australia 1,614 8 78 United Kingdom 814 88 
India 1,550 8 86 Uzbekistan 810 88 
Kazahkstan 1,136 6 91 Belarus 730 89 
Ghana 896 4 96 Mexico 701 90 
Mexico 418 2 98 Malaysia 605 ] 90 
Mica, t 290,000 Australia 576 ] 91 
United States 101,000 35 35 South Africa 560 91 
Russia 100,000 34 69 Libya 552 92 
Republic of Korea 30,000 10 80 Bulgaria 533 
Canada 17,500 6 86 Austria 500 
France 10,000 3 89 Algeria A458 
Taiwan 7,000 2 92 North Korea 450 
Brazil 5,000 2 93 Spain 442 
Malaysia 3,700 1 95 Lithuania 420 
Argentina 3,100 ] 96 Ireland A410 
Spain 2,500 ] 96 Kuwait 410 
Iran 2,000 ] 97 Italy 408 
Sri Lanka 1,500 ] 98 Republic of Korea 400 
India 1,500 ] 98 Venezuela 377 
Zimbabwe 1,300 Hungary 352 
Mexico 1,058 Bahrain 350 
India 950 United Arab Emirates 348 
South Africa 707 Norway 334 
Madagascar A491 Croatia 325 
Argentina (sheet) 300 Slovakia 271 
Peru 100 Czech Republic 246 
Serbia and Montenegro 100 Portugal 246 
Nitrogen (ammonia), kt 109,000 Iraq 220 
China 28,000 26 26 Argentina 199 
United States 12,300 1] 37 Cuba 135 
India 10,148 9 46 Estonia 128 
Russia 8,735 8 54 Greece 121 
Canada 4,130 4 58 New Zealand 105 
Indonesia 4,000 4 62 Serbia and Montenegro 100 
Ukraine 3,577 3 65 Colombia 93 








Adapted from USGS (data for 2000); Harben 2002. 
*W = Withheld to avoid disclosing proprietary data. 
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Mineral and World World Production Mineral and World World Production 
Country Production Production, % Cumulative, % Country Production Production, % | Cumulative, % 
Nitrogen (continued) Algeria 875 ] 96 
Syria 91 Vietnam 850 ] 97 
Burma 78 Finland 700 ] 98 
Turkmenistan 75 Christmas Island 575 
Zimbabwe 58 Australia 540 
Turkey 53 Nauru 500 
Vietnam A2 Venezuela 375 
Switzerland 33 North Korea 350 
Taiwan 1] Uzbekistan 300 
Albania 10 Peru 104 
Iceland 7 Philippines 100 
Finland 6 Zimbabwe 90 
Afghanistan 5 Colombia 75 
Denmark 2 Sri Lanka 32 
Bosnia and Herzegovina 1 Chile 15 
Georgia 1 Pakistan 11 
Tajikistan 1 Thailand 3 
Perlite, t 1,910,000 Tanzania 2: 
United States 672,000 35 35 Albania ] 
Greece 500,000 26 61 Indonesia ] 
Japan 250,000 13 74 Potash, kt, K2O equivalent 25,400 
Hungary 150,000 8 82 Canada 8,600 34 34 
Turkey 130,000 7 89 Russia 3,700 15 48 
Mexico 67,001 4 93 Germany 3,409 13 62 
Italy 60,000 3 96 Belarus 3,400 13 73 
Armenia 35,000 2 98 Israel 1,710 7 82 
Slovakia 20,000 ] 99 United States 1,300 5 87 
Iran 15,000 ] 99 Jordan 1,110 4 91 
Philippines 10,000 1 United Kingdom 600 2 94 
Australia 5,000 Spain 522 2 96 
South Africa 400 Brazil 350 ] 97 
Phosphate rock, 133,000 France 32] 1 99 
kt, gross weight China 250 ] 99 
United States 38,600 29 29 Ukraine 30 
Morocco 21,568 16 45 Chile 23 
China 19,400 15 60 Pumice (may include 12,000,000 
Russia 11,100 8 68 re cit 
Tunisia 8,339 6 74 scoria, etc.), t 
Jordan 5,506 4 79 Italy 4,000,000 33 33 
Brazil 4,900 4 82 Greece 1,600,000 13 47 
Israel 4,110 3 85 United States 697,000 6 52 
South Africa 2,778 2 87 Chile 650,000 5 58 
Syria 2,166 2 89 Germany 600,000 5 63 
Senegal 1,800 ] 90 Spain 600,000 5 68 
India 1,720 dl 92 Turkey 600,000 S 73 
Togo 1,370 il 93 Italy 600,000 5 78 
Mexico 1,052 ] 94 New Zealand 500,000 4 82 
Egypt 1,020 ] 94 France 450,000 4 86 
lraq 1,000 ] 95 Ecuador 350,000 3 89 
Kazakhstan 1,000 ] 96 Ethiopia 300,000 3 91 





Adapted from USGS (data for 2000); Harben 2002. 
*W = Withheld to avoid disclosing proprietary data. 
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Mineral and World World Production Mineral and World World Production 
Country Production Production, % Cumulative, % Country Production Production, % Cumulative, % 
Pumice (continued) Argentina 1,000 
Guadeloupe 210,000 2 93 Bahamas 900 
Iran 150,000 ] 94 Thailand 892 
Martinique 130,000 ] 95 Israel 863 
Argentina 120,000 1 96 Republic of Korea 800 
Dominican Republic 100,000 ] 97 Vietnam 730 
Cameroon 90,000 ] 98 Philippines 705 
Serbia and Montenegro 70,000 ] 98 Indonesia 680 
Macedonia 60,000 ] 99 Denmark 605 
Slovenia 40,000 Portugal 600 
Iceland 25,000 Jordan 546 
Burkina Faso 10,000 Namibia 510 
Costa Rica 8,000 North Korea 500 
Guatemala 6,300 Netherlands Antilles 500 
Austria 5,000 Tunisia 481 
Cape Verde 1,000 Colombia 460 
Rare earths 119,000 Austria 40] 
t, REO* equivalent Belarus 400 
China 80,600 68 68 Senegal 350 
India 27,000 23 90 Venezuela 350 
United States 5,000 4 95 Bangladesh 350 
Kyrgyzstan 2,000 2 96 South Africa 346 
Former U.S.S.R. 2,000 2 98 Iraq 300 
Malaysia 280 Switzerland 300 
Sri Lanka 120 Turkmenistan 215 
Salt, kt 214,000 Guadeloupe 200 
United States 45,600 21 21 Martinique 200 
China 31,280 15 36 Botswana 85 
Germany 15,700 7 43 Cuba 80 
India 14,453 7 50 Algeria 165 
Canada 11,935 6 56 Greece 50 
Mexico 8,884 4 60 Morocco 50 
Australia 8,798 4 64 Syria 50 
France 7,000 3 67 Yemen 50 
Brazil 6,000 3 70 Saudi Arabia 140 
Chile 6,000 3 73 Eritrea 00 
United Kingdom 5,800 3 75 Kuwait 00 
Netherlands 5,000 2 78 Slovakia 00 
Poland 4,200 2 80 Sri Lanka 96 
Italy 3,600 2 81 Ecuador 90 
Russia 3,200 ] 83 El Salvador 90 
Spain 3,200 ] 84 Peru 80 
Bulgaria 2,500 ] 86 Taiwan 80 
Egypt 2,400 1 87 Serbia and Montenegro 78 
Ukraine 2,287 ] 88 Dominican Republic 62 
Turkey 2,200 ] 89 New Zealand 60 
Romania 2,070 1 90 Mozambique 60 
lran 1,600 ] 91 Bosnia and Herzegovina 50 
Pakistan 1,333 ] 91 Ghana 50 
Japan 1,300 ] 92 Sudan 50 








Adapted from USGS (data for 2000); Harben 2002. 
*W = Withheld to avoid disclosing proprietary data. 


t Not available. 
+ Rare earth oxides. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


(Table continued next page) 


32 Industrial Minerals and Rocks 





Table 5. Distribution of world industrial minerals production by commodity (continued) 











Mineral and World World Production Mineral and World World Production 
Country Production Production, % Cumulative, % Country Production Production, % | Cumulative, % 
Salt (continued) Czech Republic 2,000 2 82 

Guatemala 49 Canada 1,946 2 84 

Kenya A5 Mexico 1,800 2 86 

Cambodia 40 Peru 1,600 2 87 

Libya 40 India 1,350 ] 88 

Laos 40 Republic of Korea 1,300 1 90 

Costa Rica 37 Turkey 1,100 ] 91 

Tanzania 36 Eritrea 1,000 ] 92 

Burma 35 lran 1,000 ] 92 

Angola 30 Norway 1,000 ] 93 

Armenia 30 Bulgaria 900 1 94 

Honduras 25 Venezuela 650 ] 95 

Madagascar 25 Egypt 600 ] 95 

Panama 23 Malaysia 500 

Croatia 20 Sweden 500 

Guinea 15 Thailand 350 

Jamaica 15 Chile 300 

Benin 15 Cuba 300 

Nicaragua 15 Indonesia 300 

Afghanistan 13 Argentina 250 

Albania 10 Gambia 250 

Azerbaijan 6 Hungary 250 

Mali 6 Poland 250 

Mauritania 6 Israel 225 

Mauritius 6 Slovenia 200 

Nepal 6 Pakistan 162 

Burkina Faso 5 Serbia and Montenegro 100 

Uganda 5 Greece 90 

Iceland 4 Finland 70 

Lebanon 4 Philippines 70 

Cape Verde 2 Bosnia and Herzegovina 50 

Niger 2 Croatia 50 

Slovenia 2 Denmark 50 

Mongolia ] Guatemala 50 

Somalia 1 Latvia 50 

Ethiopia ] Ecuador 40 
Silica sand, kt 106,000 New Caledonia AO 

United States 28,500 27 27 Lithuania 30 

Paraguay 10,000 9 36 Estonia 25 

Germany 7,000 7 43 New Zealand 25 

Austria 6,800 6 49 Cameroon 12 

Spain 6,600 6 56 Kenya 12 

France 6,500 6 62 Ethiopia 7 

United Kingdom 4,000 4 65 Jamaica 6 

Italy 3,000 3 68 Ireland 5 

Japan 2,800 3 7 Netherlands 5 

Brazil 2,700 3 73 Portugal 5 

Australia 2,500 2 76 Iceland 4 

Belgium 2,400 2 78 Sillimanite, t 20,000 

South Africa 2,100 2 80 India 12,000 60 60 
Adapted from USGS (data for 2000); Harben 2002. (Table continued next page) 
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Mineral and World World Production Mineral and World World Production 
Country Production Production, % Cumulative, % Country Production Production, % | Cumulative, % 
Sillimanite (continued) Sweden 100,000 3 86 
Zimbabwe 4,000 20 80 Austria 80,000 2 88 
China 3,000 15 95 Turkmenistan 70,000 2 90 
Australia 1,000 5 100 United Kingdom 70,000 2 92 
Soda ash, kt 34,200 Portugal 50,000 ] 94 
United States 10,200 30 30 Chile 40,000 ] 95 
China 8,343 24 54 South Africa 30,000 ] 95 
Russia 2,199 6 61 Finland 30,000 ] 96 
India 1,500 4 65 Turkey 30,000 ] 97 
Germany 1,400 4 69 Egypt 25,000 ] 98 
France 1,000 3 72 Netherlands 20,000 ] 98 
Italy 1,000 3 75 Chile 15,000 
United Kingdom 1,000 3 78 Brazil 10,000 
Poland 950 3 81 Greece 6,000 
Bulgaria 800 2 83 Hungary 6,000 
Japan 685 2 85 Argentina 5,000 
Romania 550 2 87 Serbia and Montenegro 3,000 
Spain 500 1 88 Macedonia 1,000 
Turkey 500 1 90 Pakistan 1,000 
Ukraine 500 1 91 Strontium, kt 318,000 
Netherlands 400 ] 92 Mexico 157,420 50 50 
Republic of Korea 310 ] 93 Spain 130,000 Al 90 
Australia 300 1 94 Turkey 25,000 8 98 
Canada 300 ] 95 Argentina 3,000 ] 99 
Mexico 290 ] 96 Iran 2,000 ] 
Kenya 246 ] 96 Pakistan 600 
Pakistan 230 ] 97 Sulfur, kt 57,200 
Botswana 225 ] 98 United States 10,300 18 18 
Brazil 200 ] 98 Canada 9,900 17 35 
Austria 150 Russia 5,900 10 46 
Portugal 150 China 5,220 9 55 
Taiwan 140 Japan 3,500 6 61 
Egypt 50 Venezuela 3,200 6 66 
Bosnia and Herzegovina 15 Saudi Arabia 2,400 4 7 
Sodium sulfate 3,668,000 alan TA90 : ue 
(natural and synthetic), t Kazakhstan 1,500 3 76 
China 800,000 22 22 Iran 1,350 2 79 
United States 491,000 13 35 Mexico 1,310 2 81 
Spain 250,000 7 A2 Germany 1,240 2 83 
Mexico 200,000 5 47 United Arab Emirates 1,120 2 85 
Belgium 200,000 5: 53 France 1,110 2 87 
Japan 195,000 5 58 Chile 1,100 2 89 
Canada 150,000 4 62 Finland 850 ] 90 
Iran 150,000 4 66 Italy 693 ] 92 
Italy 125,000 3 70 Australia 689 ] 93 
Turkey 100,000 3 73 Spain 685 ] 94 
Bosnia and Herzegovina 100,000 3 75 Kuwait 675 ] 95 
France 100,000 3 78 Netherlands 512 ] 96 
Germany 100,000 3 81 Republic of Korea 490 ] 97 
Spain 100,000 3 83 Uzbekistan 460 ] 98 
Adapted from USGS (data for 2000); Harben 2002. (Table continued next page) 


*W = Withheld to avoid disclosing proprietary data. 
t Not available. 
+ Rare earth oxides. 
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Table 5. Distribution of world industrial minerals production by commodity (continued) 





Mineral and World World Production Mineral and World World Production 
Country Production Production, % Cumulative, % Country Production Production, % Cumulative, % 
Sulfur (continued) Ukraine 576,749 12 70 

South Africa 448 ] 99 United States 400,000 8 79 

Belgium 410 ] 99 India 380,000 8 87 
Talc (may include 7,244,970 Chung Loe) 4 “1 
pyrophyllite), t Egypt 125,000 3 93 

China 3,500,000 48 48 Malaysia 110,000 2 96 

United States 851,000 12 60 Vietnam 109,000 2 98 

India 460,000 6 66 Brazil 96,000 Z 

Brazil 452,000 6 73 Titanium concentrates 27,000 

Finland 360,000 5 78 (leucoxene), f 

France 350,000 5 82 Australia 27,000 100 100 

Australia 250,000 3 86 Titanium concentrates 416,600 

Austria (steatite) 150,000 2 88 (rutile), t 

Italy 140,000 2 90 United States Ww" 

North Korea 120,000 2 92 Australia 237,000 57 57 

Spain 100,000 ] 93 South Africa 100,000 24 81 

Russia 100,000 ] 94 Ukraine 58,600 14 95 

Canada 79,000 ] 05 India 17,000 4 99 

Japan 50,000 ] 96 Brazil 4,000 ] 

Egypt 40,000 1 97 Titanium concentrates 2,070,000 

Norway 27,000 (titaniferous slag), f 

Sweden 26,000 South Africa 1,120,000 54 54 

lran 20,000 Canada 950,000 46 100 

Morocco 20,000 Vermiculite, t 512,000 

Mexico 19,000 South Africa 208,835 4 Al 

Republic of Korea 16,000 United States 150,000 29 70 

Colombia 15,000 China 40,000 8 78 

Germany 15,000 Russia 25,000 5 83 

Argentina 14,600 Brazil 23,000 4 87 

Peru 13,000 Zimbabwe 18,935 4 91 

Macedonia 10,000 Japan 15,000 3 94 

Romania 8,200 Australia 12,000 2 96 

Portugal 8,000 Egypt 12,000 2 99 

South Africa 5,600 India 4,200 ] 99 

Nepal 5,500 Argentina 2,800 1 

Turkey 5,000 Kenya 165 

United Kingdom 5,000 Mexico 100 

Chile 3,850 Zirconium mineral 760,000 

Thailand 2,000 concentrates, t 

Hungary 1,200 United States WwW 

Uruguay 1,000 Australia 353,000 46 46 

Zimbabwe 1,000 South Africa 270,000 36 82 

Guatemala 740 Ukraine 75,000 10 92 

Taiwan 200 Brazil 19,500 3 94 

Zambia 80 India 19,000 3 97 
Titanium concentrates 4,747,749 China 15,000 2 99 
(ilmenite), t Russia 6,500 ] 

Australia 2,156,000 45 45 Malaysia 2,000 

Norway 610,000 13 58 Indonesia 250 








Adapted from USGS (data for 2000); Harben 2002. 
*W = Withheld to avoid disclosing proprietary data. 
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Table 6. Distribution of world industrial minerals production by country 
World World 
Country Mineral Distribution Country Mineral Distribution 
Afghanistan Barite, kt 2,000 Diamond (natural gem), thousand carats 12,014 
Gypsum, kt 3 Diamond (natural industrial) 14,684 
Nitrogen (ammonia), kt 5 thousand carats 
Salt, kt 13 Diatomite, kt 20 
Albania Chromite, #, gross weight 70,000 Feldspar, kt 2 0,000 
Nitrogen (ammonia), kt 10 Fuller’s earth (attapulgite), t 5,000 
Phosphate rock, kt, gross weight ] Gypsum, kt 3,800 
Salt, kt 10 Kaolin (includes ball clay), t 220,000 
Algeria Barite, kt 50,000 Lithium (spodumene), t 76,000 
Bentonite, t 22,708 Magnesite, f 349,783 
Diatomite, kt 3 anganese, kt, gross weight 1,614 
Feldspar, kt 3,000 Nitrogen (ammonia), kt 576 
Fuller’s earth, t 3,431 Perlite, t 5,000 
Gypsum, kt 275 Phosphate rock, kt, gross weight 540 
Kaolin, t 11,616 Salt, kt 8,798 
Nitrogen (ammonia), kt 458 Silica sand, kt 2,500 
Phosphate rock, kt, gross weight 875 Sillimanite, t 100 
Salt, kt 165 Sillimanite minerals, t 1,000 
Angola Diamond (natural gem), thousand carats 5,400 Soda ash, kt 300 
Diamond (natural industrial), 600 Sulfur, kt 689 
thousand carats Talc, t 250,000 
Salt, kt 30 Titanium concentrates (ilmenite), t 2,156,000 
Argentina Asbestos, kt 350 Titanium concentrates (rutile), t 237,000 
Barite, kt 4,400 Titanium concentrates (leucoxene), f 27,000 
Bentonite, t 150,000 Vermiculite, t 12,000 
Borate minerals, kt 360 Zirconium mineral concentrates, t 353,000 
Diatomite, kt 9 Austria Graphite, t 12,000 
Feldspar, kt 61,000 Gypsum, kt 1,000 
Fluorspar, kt 7,000 Iron oxide pigments (natural), t 7,000 
Fuller’s earth, t 1,500 Kaolin, t 50,000 
Gypsum, kt 514 Magnesite, t 750,000 
Kaolin, t 45,000 Nitrogen (ammonia], kt 500 
Lithium (carbonate), t 1,000 Pumice (trass), f 5,000 
Lithium (spodumene and amblygonite), t 700 Salt, kt A401 
Mica sheet, t 300 Silica sand, kt 6,800 
Mica scrap, t 3,100 Soda ash, kt 150 
Nitrogen (ammonia), kt 199 Sodium sulfate (synthetic), kt 80,000 
Pumice, tf 120,000 Talc steatite, t 150,000 
Salt, kt 1,000 Graphite, t 12,000 
Silica sand, kt 250 Gypsum, kt 1,000 
Sodium sulfate (natural), kt 5,000 Iron oxide pigments (natural), t 7,000 
Strontium, kt 3,000 Kaolin, t 50,000 
Talc, t 14,600 Magnesite, f 750,000 
Vermiculite, t 2,800 Nitrogen (ammonia), kt 500 
Armenia Bentonite, t 2,807 Pumice (trass), t 5,000 
Perlite, t 35,000 Salt, kt A401 
Salt, kt 30 Silica sand, kt 6,800 
Australia Antimony, kt 1,800 Soda ash, kt 150 
Barite, kt 20,000 Sodium sulfate (synthetic), kt 80,000 
Bauxite, kt 53,802 Talc steatite, t 150,000 
Bentonite, t 180,000 Azerbaijan Bromine, kt 2,000 
Chromite #, gross weight 130,000 Gypsum, kt 60 








Adapted from USGS (data for 2000); Harben 2002. 
* REE = rare earth element. 
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Table 6. Distribution of world industrial minerals production by country (continued) 





World World 

Country Mineral Distribution Country Mineral Distribution 
Azerbaijan (continued) —_lodine, t 300 Kaolin, t 1,500,000 
Salt, kt 6 Kyanite, t 600 

Bahamas Salt, kt 900 Lithium (concentrates), t 1,600 
Bahrain Nitrogen (ammonia), kt 350 Magnesite, t 310,000 
Bangladesh Kaolin, t 7,900 Manganese, kt, gross weight 2,000 
Nitrogen (ammonia), kt 1,255 Mica, ft 5,000 

Salt (marine salt), kt 350 Nitrogen (ammonia), kt 925 

Belarus Diamond (synthetic), thousand carats 25,000 Phosphate rock, kt, gross weight 4,900 
Nitrogen (ammonia), kt 730 Potash, kt, K2O equivalent 350 

Potash, kt, K2O equivalent 3,400 Salt, kt 6,000 

Salt, kt 400 Silica sand, kt 2,700 

Belgium Barite, kt 30,000 Soda ash, kt 200 
Kaolin, t 300,000 Sodium sulfate (synthetic), kt 10,000 

Nitrogen (ammonia), kt 863 Talc (includes pyrophyllite), t 452,000 

Silica sand, kt 2,400 Titanium concentrates (ilmenite), t 96,000 

Sodium sulfate (synthetic), kt 200,000 Titanium concentrates (rutile), t 4,000 

Sulfur, kt 410 Vermiculite, f 23,000 

Benin Salt (marine salt), kt 15 Zirconium mineral concentrates, t 19,500 
Bhutan Gypsum, kt 54 Bulgaria Asbestos, kt 350 
Bolivia Antimony, kt 2,800 Barite, kt 120,000 
Barite, kt 6,000 Bentonite, t 150,000 

Borate minerals (ulexite), kt 7 Gypsum, kt 180 

Bosnia and Barite, kt 2,000 Kaolin, t 110,000 
Herzegovina Bauxite, kt 75 Nitrogen (ammonia), kt 533 
Bentonite, t 800 Salt, kt 2,500 

Gypsum, kt 30 Silica sand, kt 900 

Kaolin, t 3,000 Soda ash, kt 800 

Nitrogen (ammonia), kt ] Burkina Faso Pumice, t 10,000 

Salt, kt 50 Salt, kt 5 

Silica sand, kt 50 Burma Barite, kt 29,200 

Soda ash, kt 15 Bentonite, t 600 

Sodium sulfate (synthetic), kt 100,000 Chromite, #, gross weight 3,000 

Botswana Diamond (natural gem), thousand carats 19,700 Feldspar, kt 12,000 
Diamond (natural industrial), 4,950 Gypsum, kt 484 

thousand carats Nitrogen (ammonia), kt 78 

Salt, kt 185 Salt, kt 35 

Soda ash, kt 225 Burundi Kaolin, t 800 

Brazil Asbestos, kt 170,000 Cambodia Salt, kt 40 
Barite, kt 45,000 Cameroon Pumice (pozzolan), t 90,000 

Bauxite, kt 14,000 Silica sand, kt 12 

Bentonite, t 275,000 Canada Antimony, kt 364 

Beryllium minerals, kt 10 Asbestos, kt 340,000 

Chromite (t, gross weight) 400,000 Barite, kt 20,000 

Diamond (natural gem), thousand carats 300 Diamond (natural gem), thousand carats 2,000 

Diamond (natural industrial), 600 Graphite, t 25,000 

thousand carats Gypsum, kt 8,548 

Diatomite, kt 14 Lithium (spodumene), t 22,500 

Feldspar, kt 240,000 Magnesite, t 180,000 

Fluorspar, kt 72,000 Mica, f 17,500 

Graphite, t 56,000 Nitrogen (ammonia), kt 4,130 

Gypsum, kt 1,500 Potash, kt, K2O equivalent 8,600 

Iron oxide pigments (natural), t 5,500 Salt, kt 11,935 








Adapted from USGS (data for 2000); Harben 2002. 
* REE = rare earth element. 
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Table 6. Distribution of world industrial minerals production by country (continued) 
World World 
Country Mineral Distribution Country Mineral Distribution 
Canada (continued) Silica sand, kt 1,946 Rare earths, t, REE* 73,000 
Soda ash, kt 300 Salt, kt 31,280 
Sodium sulfate (natural), kt 150,000 Sillimanite minerals, t 3,000 
Sulfur, kt 9,900 Soda ash, kt 8,343 
Talc, t 79,000 Sodium sulfate (natural), kt 800,000 
Titanium concentrates 950,000 Sulfur, kt 5,220 
(titaniferous slag), t Talc, t 3,500,000 
Cape Verde Pumice (pozzolan), t 1,000 Titanium concentrates (ilmenite), t 185,000 
Salt, kt 2 Vermiculite, f 40,000 
Central African Diamond (natural gem), thousand carats 400 Zirconium mineral concentrates, t 15,000 
Republic Diamond (natural industrial), 150 Christmas Island Phosphate rock, kt, gross weight 575 
thousand carats Colombia Barite, kt 600 
Chile Barite, kt 900 Diatomite, kt 4 
Bentonite, t 1,314 Feldspar, kt 55,000 
Borate minerals (ulexite), kt 200 Gypsum, kt 560 
Diatomite, kt 15 Kaolin (includes common clay), t 8,000,000 
Feldspar, kt 1,500 Magnesite, ¢ 10,500 
Gypsum, kt 890 Nitrogen (ammonia), kt 93 
lodine, t 9,100 Phosphate rock, kt, gross weight 75 
Iron oxide pigments (natural), t 10,600 Salt, kt 460 
Kaolin, t 6,445 Talc (includes pyrophyllite), t 15,000 
Lithium (carbonate), t 28,500 Congo (Kinshasa) Diamond (natural gem), thousand carats 3,500 
Phosphate rock, kt, gross weight 15 Diamond (natural industrial), 14,200 
Potash, kt, K2O equivalent 23 thousand carats 
Pumice (pozzolan), t 650,000 Costa Rica Diatomite, kt 2 
Salt, kt 6,000 Pumice, t 8,000 
Silica sand, kt 300 Salt (marine salt), kt 37 
Sodium sulfate (natural), kt 15,000 Céte d'Ivoire Diamond (natural gem), thousand carats 200 
Sodium sulfate (synthetic), kt 40,000 Diamond (natural industrial), 
Sulfur, kt 1,100 thousand carats 100 
Talc, t 3,850 Croatia Bentonite, t 10,013 
China Antimony, kt 100,000 Gypsum, kt 100 
Asbestos, kt 260,000 Nitrogen (ammonia], kt 325 
Barite, kt 3,500,000 Salt, kt 20 
Bauxite, kt 9,000 Silica sand, kt 50 
Borate minerals, kt 105 Cuba Chromite t, gross weight 40,000 
Bromine, kt 45,000 Gypsum, kt 130 
Diamond (natural gem), thousand carats 230 Nitrogen (ammonia), kt 135 
Diamond (natural industrial), 920 Salt, kt 180 
thousand carats Silica sand, kt 300 
Diamond (synthetic), thousand carats 16,800 Cyprus Bentonite, f 126,313 
Diatomite, kt 350 Gypsum, kt 138 
Fluorspar, kt 2,450,000 Iron oxide pigments (natural umber), f 12,258 
Graphite, t 220,000 Czech Republic Bentonite, t 150,000 
Gypsum, kt 6,800 Graphite, t 25,000 
lodine, f 500 Gypsum, kt 250 
Lithium (carbonate), t 13,000 Kaolin, t 5,200,000 
Magnesite, t 2,500,000 Nitrogen (ammonia), kt 246 
Manganese, kt, gross weight 4,000 Silica sand, kt 2,000 
Nitrogen (ammonia), kt 28,000 Denmark Diatomite, kt 185 
Phosphate rock, kt, gross weight 19,400 Kaolin, t 2,500 
Potash, kt, K2O equivalent 250 Nitrogen (ammonia), kt 2 








Adapted from USGS (data for 2000); Harben 2002. 
* REE = rare earth element. 
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Table 6. Distribution of world industrial minerals production by country (continued) 





World World 
Country Mineral Distribution Country Mineral Distribution 
Denmark (continued) Salt, kt 605 Fluorspar, kt 10 0,000 
Silica sand, kt 50 Gypsum, kt 4,500 
Dominican Republic Gypsum, kt 90 Iron oxide pigments (natural), t 1,000 
Pumice and volcanic ash, t 100,000 Kaolin, t 300,000 
Salt, kt 62 Mica, ft 10,000 
Ecuador Feldspar, kt 55,000 Nitrogen (ammonia), kt 1,700 
Gypsum, kt 2 P otash, kt, K2O equivalent 32] 
Kaolin, t 7,000 Pumice (pozzolan and lapilli), f 450,000 
Pumice, t 350,000 Salt, kt 7,000 
Salt, kt 90 Silica sand, kt 6,500 
Silica sand, kt 40 Soda ash, kt 1,000 
Egypt Asbestos, kt 2,000 Sodium sulfate (synthetic), kt 10 0,000 
Bentonite, t 50,000 Sulfur, kt 1,110 
Feldspar, kt 330,000 Talc, t 350,000 
Fluorspar, kt 500 Gabon Manganese, kt, gross weight 1,743 
Gypsum, kt 2,000 Gambia Silica sand, kt 250 
Kaolin, t 290,000 Georgia Barite, kt 1 5,000 
Nitrogen (ammonia), kt 1,511 Bentonite, t 12,000 
Phosphate rock, kt, gross weight 1,020 Nitrogen (ammonia), kt ] 
Salt, kt 2,400 Germany Barite, kt 12 0,000 
Silica sand, kt 600 Bentonite, t 500,000 
Soda ash, kt 50 Borate minerals (borax), kt ] 
Sodium sulfate (natural), kt 25,000 Feldspar, kt 46 0,000 
Talc (includes pyrophyllite), t 40,000 Fluorspar, kt 3 0,000 
Titanium concentrates (ilmenite), t 125,000 Fuller’s earth, t 500,000 
Vermiculite, t 12,000 Graphite, t 1,000 
EI Salvador Gypsum, kt 6 G ypsum, kt 2,500 
Salt (marine salt), kt 90 Iron oxide pigments (natural), t 4,000 
Eritrea Kaolin, t 393 Kaolin, t 1,800,000 
Salt, kt 100 Nitrogen (ammonia), kt 2,473 
Silica sand, kt 1,000 Potash, kt, K2O equivalent 3,409 
Estonia Nitrogen (ammonia), kt 128 Pumice, t 600,000 
Silica sand, kt 25 Salt, kt 1 5,700 
Ethiopia Gypsum, kt 108 Silica sand, kt 7,000 
Kaolin, t 1,654 Soda ash, kt 1,400 
Pumice, ¢ 300,000 Sodium sulfate (synthetic), kt 10 0,000 
Salt (rock salt), kt ] Sulfur, kt 1,240 
Silica sand, kt 7 T= alc, t 15,000 
Finland Chromite, #, gross weight 640,000 Ghana Bauxite, kt 504 
Feldspar, kt 40,000 Diamond (natural gem), thousand carats 178 
Nitrogen (ammonia), kt 6 Diamond (natural industrial), 712 
Phosphate rock, kt, gross weight 700 thousand carats 
Silica sand, kt 70 Manganese, kt, gross weight 896 
Sodium sulfate (synthetic), kt 30,000 Salt, kt 50 
Sulfur, kt 850 Greece Asbestos, kt 5 0,000 
Talc, t 360,000 Barite, kt 800 
France Andalusite, t 65,000 Bauxite, kt 1,991 
Barite, kt 75,000 Bentonite, t 950,000 
Bromine, kt 2,000 Chromite, t, gross weight 12,000 
Diamond (synthetic), thousand carats 3,000 Diamond (synthetic), thousand carats 750 
Diatomite, kt 75 Feldspar, kt 6 0,000 


Feldspar, kt 600,000 





Gypsum, kt 600 





Adapted from USGS (data for 2000); Harben 2002. 
* REE = rare earth element. 
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Table 6. Distribution of world industrial minerals production by country (continued) 
World World 
Country Mineral Distribution Country Mineral Distribution 
Greece (continued) Kaolin, t 60,000 Iron oxide pigments (natural ocher), t 365,000 
Magnesite, f 650,000 Kaolin, t 690,000 
Nitrogen (ammonia), kt 121 Kyanite, t 5,000 
Perlite, t 500,000 Magnesite, f 365,000 
Pumice, t 850,000 Manganese, kt, gross weight 1,550 
Pumice (pozzolan), t 750,000 Mica, t 1,500 
Salt, kt 150 Mica scrap and waste, f 950 
Silica sand, kt 90 Nitrogen (as ammonia), kt 1 0,148 
Sodium sulfate (synthetic), kt 6,000 Phosphate rock, kt, gross weight 1,720 
Guadeloupe Pumice, t 210,000 Rare earths (monazite concentrate), 5,000 
Salt, kt 200 t, gross weight 
Guatemala Antimony, kt 450 Rare earths, t, REE” 2,700 
Barite, kt 2,800 Salt, kt 1 4,453 
Bentonite, t 3,800 Silica sand, kt 1,350 
Feldspar, kt 11,000 Sillimanite, t 12,000 
Gypsum, kt 29 Soda ash, kt 1,500 
Kaolin, t 100 Talc, t 460,000 
Pumice, t 6,300 Titanium concentrates (ilmenite), t 380,000 
Salt, kt 49 Titanium concentrates (rutile), t 17,000 
Silica sand, kt 50 Vermiculite, f 4,200 
Talc, t 740 Zirconium mineral concentrates, t 19,000 
Guinea Bauxite, kt 15,000 Indonesia Bauxite, kt 1,200 
Diamond (natural gem), thousand carats 410 Bentonite, f 6,000 
Diamond (natural industrial), 140 Chromite, , gross weight 6,400 
thousand carats Gypsum, kt 5 
Salt, kt 15 lodine, t 70 
Guyana Bauxite, kt 2,404 Kaolin, t 22,000 
Honduras Gypsum, kt 30 Nitrogen (as ammonia), kt 4,000 
Salt, kt 25 Phosphate rock, kt, gross weight 1 
Hungary Bauxite, kt 1,047 Salt, kt 680 
Bentonite, t 15,000 Silica sand, kt 300 
Gypsum, kt 180 Zirconium mineral concentrates, t 250 
Kaolin, t 7,000 Iran Asbestos, kt 2,000 
Nitrogen (as ammonia), kt 352 Barite, kt 18 5,000 
Perlite, t 150,000 Bauxite, kt 1,000 
Silica sand, kt 250 Bentonite, t 70,000 
Sodium sulfate (synthetic), kt 6,000 Borate minerals (borax), kt 4 
Talc, t 1,200 Chromite, #, gross weight 310,000 
Iceland Diatomite, kt 26 Diatomite, kt 5 
Nitrogen (as ammonia), kt 7 Feldspar, kt 24 0,000 
Pumice and scoria, t 25,000 Fluorspar, kt 2 0,000 
Salt, kt A ypsum, kt 1 1,000 
Silica sand, kt 4 Iron oxide pigments (natural), t 13,500 
India Asbestos, kt 21,000 Kaolin, t 800,000 
Barite, kt 550,000 Magnesite, f 141,000 
Bauxite, kt 7,366 Mica, t 2,000 
Bromine, kt 1,500 Nitrogen (as ammonia), kt 965 
Chromite, #, gross weight 1,500,000 Perlite, t 15,000 
Feldspar, kt 110,000 Pumice, t¢ 150,000 
Fluorspar, kt 850 Salt, kt 1,600 
Graphite, t 140,000 Silica sand, kt 1,000 
Gypsum, kt 2,210 Sodium sulfate (natural), kt 15 0,000 








Adapted from USGS (data for 2000); Harben 2002. 
* REE = rare earth element. 
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Table 6. Distribution of world industrial minerals production by country (continued) 





World World 
Country Mineral Distribution Country Mineral Distribution 
Iran (continued) Strontium, kt 2,000 Perlite, t 250,000 
Sulfur, kt 1,350 Salt, kt 1,300 
Talc, t 20,000 Silica sand, kt 2,800 
Iraq Gypsum, kt 80 Soda ash, kt 685 
Nitrogen (as ammonia), kt 220 Sodium sulfate (synthetic), kt 19 5,000 
Phosphate rock, kt, gross weight 1,000 Sulfur, kt 3,500 
Salt, kt 300 Talc, t 50,000 
Ireland Diamond (synthetic), thousand carats 60,000 Vermiculite, t 15,000 
Gypsum, kt 450 Jordan Gypsum, kt 175 
Nitrogen (as ammonia), kt 410 Kaolin, t 36,795 
Silica sand, kt 5 hosphate rock, kt, gross weight 5,506 
Israel Bromine, kt 185,000 Potash, kt, K2O equivalent 1,110 
Gypsum, kt 46 Salt, kt 546 
Kaolin, t 26,700 Kazakhstan Asbestos, kt 12 5,000 
Phosphate rock, kt, gross weight 4,110 Barite, kt 1 4,000 
Potash, kt, K2O equivalent 1,710 Bauxite, kt 3,727 
Salt, kt 863 Beryllium minerals, kt 100 
Silica sand, kt 225 Borate minerals, kt 30 
Italy Barite, kt 25,000 Chromite, , gross weight 2,067,000 
Bentonite, t 500,000 Kaolin, t 70,000 
Bromine, kt 300 Manganese, kt, gross weight 1,136 
Diatomite, kt 25 Phosphate rock, kt, gross weight 1,000 
Feldspar, kt 2,600,000 Sulfur, kt 1,500 
Fluorspar, kt 65,000 Kenya Barite, kt 10 
Fuller’s earth, t 30,000 Feldspar, kt 100 
Gypsum, kt 1,300 Fluorspar, kt 9 0,000 
Iron oxide pigments (natural), t 500 Gypsum, kt ] 
Kaolin (kaolinitic earth), t 10,000 Kaolin, t 500 
Nitrogen (as ammonia), kt 408 Silica sand, kt 12 
Perlite, t 60,000 Soda ash, kt 246 
Pumice and pumiceous lapilli, t 600,000 Vermiculite, t 165 
Pumice (pozzolan), t 4,000,000 Salt, kt 45 
Salt, kt 3,600 North Korea Barite, kt 7 0,000 
Silica sand, kt 3,000 Fluorspar, kt 2 5,000 
Soda ash, kt 1,000 Graphite, t 25,000 
Sodium sulfate (synthetic), kt 125,000 Magnesite, t 1,000,000 
Sulfur, kt 693 Nitrogen (as ammonia), kt 450 
Talc, t 140,000 Phosphate rock, kt, gross weight 350 
Jamaica Bauxite, kt 11,127 Salt, kt 500 
Gypsum, kt 240 Talc, t 120,000 
Salt, kt 15 Korea, Republic of Diatomite, kt 32 
Silica sand, kt6 Feldspar, kt 25 0,000 
Japan Asbestos, kt 18,000 Graphite, t 60 
Bentonite, t 445,115 Kaolin, t 2,098,499 
Bromine, kt 20,000 Mica, t 30,000 
Diamond (synthetic), thousand carats 33,000 Nitrogen (as ammonia), kt 400 
Diatomite, kt 190 Salt, kt 800 
Feldspar, kt 52,000 Silica sand, kt 1,300 
Gypsum, kt 5,600 Soda ash, kt 310 
lodine, t 6,100 Sulfur, kt 490 
Kaolin, t 26,000 Talc, t 16,000 


Nitrogen (as ammonia), kt 1,405 





Kuwait 


Nitrogen (as ammonia), kt 410 





Adapted from USGS (data for 2000); Harben 2002. 
* REE = rare earth element. 
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Table 6. Distribution of world industrial minerals production by country (continued) 
World World 
Country Mineral Distribution Country Mineral Distribution 
Kuwait (continued) Salt, kt 100 Barite, kt 12 7,688 
Sulfur, kt 675 Bentonite, t 269,730 
Kyrgyzstan Antimony, kt 150 Diatomite, kt 75 
Fluorspar, kt 3,000 Feldspar, kt 33 4,439 
Laos Barite, kt 9,000 Fluorspar, kt 63 5,000 
Gypsum, kt 154 Fuller’s earth, f 51,685 
Salt (rock salt), kt 40 Graphite, t 30,330 
Latvia Gypsum, kt 122 Gypsum, kt 7,000 
Silica sand, kt 50 Kaolin, t 532,268 
Lebanon Gypsum, kt 3 agnesite, t 335 
Salt, kt A anganese, kt, gross weight A18 
Liberia Diamond (natural gem), thousand carats 120 Mica, t 1,058 
Diamond (natural industrial), 80 Nitrogen (as ammonia), kt 701 
thousand carats Perlite, t 67,001 
Libya Gypsum, kt 175 Phosphate rock, kt, gross weight 1,052 
Nitrogen (as ammonia), kt 552 Salt, kt 8,884 
Salt, kt 40 Silica sand, kt 1,800 
Lithuania Nitrogen (as ammonia), kt 420 Soda ash, kt 290 
Silica sand, kt 30 Sodium sulfate (natural), kt 20 0,000 
Macedonia Bentonite, t 30,000 Strontium, kt 15 7,420 
Chromite, #, gross weight 5,000 Sulfur, kt 1,310 
Diatomite, kt 5 alc, t 19,000 
Feldspar, kt 10,000 Vermiculite, f 100 
Gypsum, kt 25 Moldova Gypsum, kt 14 
Pumice (volcanic tuff), t 60,000 Mongolia Fluorspar, kt 19 8,843 
Sodium sulfate (synthetic), kt 1,000 Gypsum, kt 25 
Talc, t 10,000 Salt, kt ] 
Madagascar Beryllium minerals, kt 30 Morocco Antimony, kt 150 
Chromite, #, gross weight 100,000 Barite, kt 35 0,000 
Graphite, t 13,000 Bentonite, t 21,352 
Kaolin, t 115 Feldspar, kt 5,000 
Mica (phlogopite), t A491 Fluorspar, kt 10 0,000 
Salt, kt 25 Fuller’s earth (smectite), t 30,665 
Malaysia Barite, kt 13,500 Gypsum, kt 450 
Bauxite, kt 123 Phosphate rock, kt, gross weight 21,568 
Kaolin, t 225,139 Salt, kt 150 
Mica, ft 3,700 Talc, t 20,000 
Nitrogen (as ammonia), kt 605 Mozambique Bauxite, kt 8 
Rare earths (monazite concentrate), 1,000 Bentonite, t 16,144 
t, gross weight Salt (marine salt), kt 60 
Rare earths, f, REE™ 450 Namibia Diamond (natural gem), thousand carats 1,520 
Silica sand, kt 500 Diamond (natural industrial), 80 
Titanium concentrates (ilmenite), t 110,000 thousand carats 
Zirconium mineral concentrates, t 2,000 Fluorspar, kt 5 8,000 
Mali Gypsum, kt 1 ypsum, kt ] 
Salt, kt 6 Salt marine alt), kt 510 ( s 
Martinique Pumice, t 130,000 Nauru Phosphate rock, kt, gross weight 500 
Salt, kt 200 Nepal Salt, kt 6 
Mauritania Gypsum, kt 100 Talc, t 5,500 
Salt, kt 6 Netherlands Nitrogen (as ammonia), kt 2,543 
Mauritius Salt, kt 6 alt, kt 5,000 
Mexico Antimony, kt 52 Silica sand, kt 5 








Adapted from USGS (data for 2000); Harben 2002. 
* REE = rare earth element. 
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Table 6. Distribution of world industrial minerals production by country (continued) 








World World 
Country Mineral Distribution Country Mineral Distribution 
Netherlands (continued) Soda ash, kt 400 Bentonite, t 21,059 
Sodium sulfate (natural), kt 20,000 Borate minerals, kt 40 
Sodium sulfate (synthetic), kt 15,000 Diatomite, kt 35 
Sulfur, kt 512 Feldspar, kt 5,600 
Netherlands Antilles Salt, kt 500 Gypsum, kt 52 
New Caledonia Silica sand, kt 40 Kaolin, t 6,165 
New Zealand Bentonite, t 10,000 Mica, t 100 
Kaolin, t 25,000 Phosphate rock, kt, gross weight 104 
Nitrogen (as ammonia), kt 105 Salt, kt 80 
Pumice, t 500,000 Silica sand, kt 1,600 
Salt, kt 60 Talc, t 13,000 
Silica sand, kt 25 Philippines Bentonite, t 2,000 
Nicaragua Gypsum, kt 23 Chromite, #, gross weight 15,000 
Salt (marine salt), kt 15 Feldspar, kt 2 5,000 
Niger Gypsum, kt 2 M agnesite, t 700 
Salt, kt 2 P erlite, t 10,000 
Nigeria Barite, kt 5,000 Phosphate rock, kt, gross weight 100 
Feldspar, kt 600 Salt (marine salt), kt 705 
Gypsum, kt 300 Silica sand, kt 70 
Kaolin, t 110,000 Poland Bentonite, t 6,000 
Norway Feldspar, kt 75,000 Diatomite, kt 2 
Graphite, t 2,500 Feldspar, kt 5 0,000 
Nitrogen (as ammonia), kt 334 Gypsum, kt 1,700 
Silica sand, kt 1,000 Kaolin, t 99,382 
Talc, t 27,000 Nitrogen (as ammonia), kt 1,862 
Titanium concentrates (ilmenite), t 610,000 Salt, kt 4,200 
Oman Chromite, #, gross weight 15,110 Silica sand, kt 250 
Pakistan Barite, kt 21,234 Soda ash, kt 950 
Bauxite, kt 9 S ulfur, kt 1,700 
Bentonite, t 27,700 Portugal Beryllium minerals, kt 4 
Chromite, t, gross weight 26,643 Diatomite, kt 2 
Feldspar, kt 32,000 Feldspar, kt 12 0,000 
Fluorspar, kt 700 Gypsum, kt 500 
Fuller’s earth, t 15,288 Kaolin, t 175,000 
Gypsum, kt 377 Lithium (lepidolite), t 7,000 
Iron oxide pigments (natural ocher), t 4,700 Nitrogen (as ammonia), kt 246 
Kaolin, t 49,574 Salt (rock salt), kt 600 
Magnesite, t 3,100 Silica sand, kt 5 
Nitrogen (as ammonia), kt 1,884 Soda ash, kt 150 
Phosphate rock, kt, gross weight 11 Sodium sulfate (synthetic), kt 5 0,000 
Salt, kt 1,333 Talc, t 8,000 
Silica sand, kt 162 Qatar Nitrogen (as ammonia), kt 1,097 
Soda ash, kt 230 Romania Barite, kt 1 5,000 
Sodium sulfate (synthetic), kt 1,000 Bentonite, t 35,789 
Strontium, kt 600 Diatomite, kt 30 
Panama Salt (marine salt), kt 23 Feldspar, kt 3 5,000 
Paraguay Gypsum, kt 4 Fluorspar, kt 1 5,000 
Iron oxide pigments (natural ocher), t 300 Graphite, t 1,500 
Kaolin, t 66,500 Gypsum, kt75 
Silica sand, kt 10,000 Kaolin, t 19,007 
Peru Antimony, kt 460 Nitrogen (as ammonia), kt 1,016 
Barite, kt 11,403 Salt, kt 2,070 





Adapted from USGS (data for 2000); Harben 2002. 
* REE = rare earth element. 
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Table 6. Distribution of world industrial minerals production by country (continued) 








World World 

Country Mineral Distribution Country Mineral Distribution 
Romania (continued) Soda ash, kt 550 Sierra Leone Diamond (natural gem), thousand carats 450 

Talc, t 8,200 Diamond (natural industrial), 150 
Russia Antimony, kt 4,500 thousand carats 

Asbestos, kt 750,000 Slovakia Gypsum, kt 120 

Barite, kt 60,000 Barite, kt 1 5,000 

Bauxite, kt 4,200 Kaolin, t 25,000 

Beryllium minerals, kt 1,000 Magnesite, t 850,000 

Borate minerals, kt 1,000 Nitrogen (as ammonia), kt 271 

Chromite (t, gross weight) 100,000 Perlite, t 20,000 

Diamond (natural gem), thousand carats 11,600 Salt, kt 100 

Diamond (natural industrial), 11,600 Slovenia Gypsum, kt 10 

thousand carats Kaolin, t 14,000 

Diamond (synthetic), thousand carats 80,000 Pumice (volcanic tuff), t 40,000 

Feldspar, kt 45,000 Salt, kt 2 

Fluorspar, kt 160,000 Silica sand, kt 200 

Graphite, t 6,000 Somalia Gypsum, kt 2 

Gypsum, kt 700 Salt, kt 1 

lodine, t 300 Silica sand, kt 100 

Kaolin, t 45,000 Sodium sulfate (synthetic), kt 3,000 

Lithium, ¢ 2,000 South Africa Andalusite, t 185,055 

Magnesite, t 1,000,000 Antimony, kt 5,000 

Mica, t¢ 100,000 Asbestos, kt 1 8,909 

Nitrogen (as ammonia), kt 8,735 Barite, kt 1,628 

Phosphate rock, kt, gross weight 11,100 Bentonite, t 85,187 

Potash, kt, K2O equivalent 3,700 Chromite, #, gross weight 6,620,754 

Salt, kt 3,200 Diamond (natural gem), thousand carats 4,300 

Soda ash, kt 2,199 Diamond (natural industrial), 6,480 

Sulfur, kt 5,900 thousand carats 

Talc, t 100,000 Feldspar, kt 66,774 

Vermiculite, t 25,000 Fluorspar, kt 212,355 

Zirconium mineral concentrates, t 6,500 Fuller’s earth (attapulgite), t 7,337 
Saudi Arabia Barite, kt 8,000 Gypsum, kt 413 

Gypsum, kt 350 Iron oxide pigments (natural), t 569 

Nitrogen (as ammonia), kt 1,743 Kaolin, t 98,897 

Salt, kt 140 Magnesite, ¢ 74,000 

Sulfur, kt 2,400 Manganese, kt, gross weight 3,635 
Senegal Fuller’s earth (attapulgite), f 80,000 Mica (ground and scrap), f 707 

Phosphate rock, kt, gross weight 1,800 Nitrogen (as ammonia), kt 560 

Salt, kt 350 Perlite, f 400 
Serbia and Montenegro Asbestos, kt 550 Phosphate rock, kt, gross weight 2,778 

Bauxite, kt 630 Salt, kt 346 

Bentonite, t 75 Silica sand, kt 2,100 

Feldspar, kt 3,000 Sodium sulfate (natural), kt 30,000 

Gypsum, kt 15 Sulfur, kt 448 

Kaolin, t 44,000 Talc, t 5,600 

Magnesite, t 40,000 Titanium concentrates (rutile), t 100,000 

Mica, ft 100 Titanium concentrates 1,120,000 

Nitrogen (as ammonia), kt 100 (titaniferous slag), f 

Pumice (volcanic tuff), t 70,000 Vermiculite, t 208,835 

Salt, kt 78 Zirconium mineral concentrates, t 270,000 

Silica sand, kt 100 Spain Andalusite, t 2,500 

Sodium sulfate (synthetic), kt 3,000 Barite, kt 2 6,000 





Adapted from USGS (data for 2000); Harben 2002. 
* REE = rare earth element. 
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Table 6. Distribution of world industrial minerals production by country (continued) 








World World 
Country Mineral Distribution Country Mineral Distribution 
Spain (continued) Bentonite, t 150,000 Taiwan Kaolin, t 68,000 
Bromine, kt 100 Mica, t 7,000 
Diatomite, kt 35 Nitrogen (as ammonia), kt 11 
Feldspar, kt 425,000 Salt (marine salt), kt 80 
Fluorspar, kt 125,000 Soda ash, kt 140 
Fuller's earth (attapulgite), t 90,000 Talc, t 200 
Gypsum, kt 7,500 Tajikistan Antimony, kt 2,000 
Iron oxide pigments (natural ocher), t 7,000 Fluorspar, kt 9,000 
Iron oxide pigments (natural red iron 15,000 Gypsum, kt 35 
oxide), t Nitrogen (as ammonia), kt ] 
Kaolin, t 365,000 Tanzania Bentonite, t 75 
Magnesite, t 500,000 Gypsum, kt 21 
Mica, t 2,500 Phosphate rock, kt, gross weight 2 
Nitrogen (as ammonia), kt 442 Salt, kt 36 
Potash, kt, K2O equivalent 522 Thailand Antimony, kt 84 
Pumice, t 600,000 Barite, kt 4 9,220 
Salt, kt 3,200 Feldspar, kt 54 2,991 
Silica sand, kt 6,600 Fluorspar, kt 4,745 
Soda ash, kt 500 Gypsum, kt 5,830 
Sodium sulfate (natural), kt 250,000 Kaolin, t 201,226 
Sodium sulfate (synthetic), kt 100,000 Phosphate rock, kt, gross weight 3 
Strontium, kt 130,000 Salt, kt 892 
Sulfur, kt 685 Silica sand, kt 350 
Talc (steatite), t 100,000 Talc, t 2,000 
Sri Lanka Feldspar, kt 26,500 Togo Phosphate rock, kt, gross weight 1,370 
Graphite, t 4,600 Trinidad and Tobago Nitrogen (as ammonia), kt 2,686 
Kaolin, t 12,230 Tunisia Barite, kt 3,702 
Mica (scrap), ¢ 1,500 Gypsum, kt 100 
Phosphate rock, kt, gross weight 32 Phosphate rock, kt, gross weight 8,339 
Rare earths (monazite concentrate), 200 Salt (marine salt), kt 481 
t, gross weight Turkey Antimony, kt 360 
Rare earths, t, REE” 120 Barite, kt 13 0,000 
Salt, kt 96 Bauxite, kt 459 
Sudan Chromite, #, gross weight 10,000 Bentonite, t 560,000 
Gypsum, kt A B orate minerals, kt 1,400 
Salt, kt 50 Chromite, #, gross weight 1,000,000 
Suriname Bauxite, kt 3,610 Feldspar, kt 1,20 0,000 
Swaziland Asbestos, kt 25,000 Fluorspar, kt 5,000 
Sweden Diamond (synthetic), thousand carats 20,000 Graphite, t 15,000 
Feldspar, kt 45,000 Gypsum, kt 300 
Graphite, t 5,000 Kaolin, t 400,000 
Kaolin, t 440 Magnesite, t 2,000,000 
Silica sand, kt 500 Nitrogen (as ammonia), kt 53 
Sodium sulfate (synthetic), kt 100,000 Perlite, t 130,000 
Talc, t 26,000 Pumice, f 600,000 
Switzerland Gypsum, kt 300 Salt, kt 2,200 
Nitrogen (as ammonia), kt 33 Silica sand, kt 1,100 
Salt, kt 300 Soda ash, kt 500 
Syria Gypsum, kt 304 Sodium sulfate (natural), kt 10 0,000 
Nitrogen (as ammonia), kt 91 Sodium sulfate (synthetic), kt 3 0,000 
Phosphate rock, kt, gross weight 2,166 Strontium, kt 2 5,000 
Salt, kt 150 Talc, t 5,000 





Adapted from USGS (data for 2000); Harben 2002. 
* REE = rare earth element. 
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World World 
Country Mineral Distribution Country Mineral Distribution 
Turkmenistan Bentonite, t 50,000 Diamond (synthetic), thousand carats 248,000 
Bromine, kt 150 Diatomite, kt 677 
Gypsum, kt 100 Feldspar, kt 79 0,000 
lodine, t 150 Fuller’s earth, t 2,910,000 
Nitrogen (as ammonia), kt 75 Gypsum, kt 1 9,500 
Salt, kf 215 lodine, t 1,470 
Sodium sulfate (natural), kt 70,000 Iron oxide pigments (natural), t 57,100 
U.S.S.R., former Bentonite, f 750,000 Kaolin, t 8,800,000 
Diatomite, kt 80 Kyanite, t 90,000 
Rare earths (t, REE*) 2,000 Lithium (brines), t Ww 
Uganda Salt, kt 5 agnesite, t WwW 
Ukraine Bentonite, t 300,000 Mica (scrap and flake), ¢ 101,000 
Bromine, kt 3,000 Mullite, (synthetic), t 40,000 
Diamond (synthetic), thousand carats 8,000 Nitrogen (as ammonia), kt 1 2,300 
Graphite, t 7,500 Perlite, t 672,000 
Kaolin, t 225,000 Phosphate rock, kt, gross weight 38,600 
Manganese, kt, gross weight 2,741 Potash, kt, K2O equivalent 1,300 
Nitrogen (as ammonia), kt 3,577 Pumice, ft 697,000 
Potash, kt, K2O equivalent 30 Rare earths, #, REE” 5,000 
Salt, kt 2,287 Salt, kt 4 5,600 
Soda ash, kt 500 Silica sand, kt 2 8,500 
Titanium concentrates (ilmenite), t 576,749 Soda ash, kt 1 0,200 
Titanium concentrates (rutile), t 58,600 Sodium sulfate (natural), kt 20 0,000 
Zirconium mineral concentrates, t 75,000 Sodium sulfate (synthetic), kt 29 1,000 
United Arab Emirates = Gypsum, kt 90 Sulfur, kt 1 0,300 
Chromite, #, gross weight 60,000 Talc, t 851,000 
Nitrogen (as ammonia), kt 348 Titanium concentrates (ilmenite), t 400,000 
Sulfur, kt 1,120 Titanium concentrates (rutile), t WwW 
United Kingdom Barite, kt 70,000 Vermiculite, t 150,000 
Bromine, kt 55,000 Zirconium mineral concentrates, t Ww 
Feldspar, kt 8,000 Uruguay Feldspar, kt 1,600 
Fluorspar, kt 45,000 Gypsum, kt 1,000 
Fuller’s earth, t 140,000 Talc, t 1,000 
Gypsum, kt 1,500 Uzbekistan Feldspar, kt 7 0,000 
Kaolin, t 2,420,000 Fluorspar, kt 8 0,000 
Nitrogen (as ammonia), kt 814 Graphite, t 60 
Potash, kt, K2O equivalent 600 lodine, t 2 
Salt, kt 5,800 Kaolin, t 5,500,000 
Silica sand, kt 4,000 Nitrogen (as ammonia), kt 810 
Soda ash, kt 1,000 Phosphate rock, kt, gross weight 300 
Sodium sulfate (synthetic), kt 70,000 Sulfur, kt 460 
Talc, t 5,000 Venezuela Bauxite, kt 4,200 
United States Antimony, kt wt Diamond (natural gem), thousand carats 60 
Asbestos, kt 5,260 Diamond (natural industrial), 40 
Barite, kt 392,000 thousand carats 
Bauxite, kt NA t Feldspar, kt 16 0,000 
Bentonite, t 3,760,000 Gypsum, kt 25 
Beryllium minerals, kt 4,510 Nitrogen (as ammonia), kt 377 


Borate minerals, kt 1,070 
Bromine, kt 228,000 





Phosphate rock, kt, gross weight 375 
Salt, kt 350 





Adapted from USGS (data for 2000); Harben 2002. 
* REE = rare earth element. 


t W = Withheld to avoid disclosing proprietary data. 


+ NA = not available. 
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Table 6. Distribution of world industrial minerals production by country (continued) 





World World 

Country Mineral Distribution Country Mineral Distribution 
Venuzuela (continued) — Silica sand, kt 650 Chromite, #, gross weight 640,000 

Sulfur, kt 3,200 Diamond (natural gem), thousand carats 7 
Vietnam Chromite, #, gross weight 55,000 Diamond (natural industrial), 13 

Kaolin, t 1,200 thousand carats 

Nitrogen (as ammonia), kt 42 Feldspar, kt 2,250 

Phosphate rock, kt, gross weight 850 Graphite, t 12,000 

Salt, kt 730 Lithium, ¢ 37,000 

Titanium concentrates (ilmenite), t 109,000 Magnesite, t 4,000 
Yemen Gypsum, kt 100 Mica, t 1,300 

Salt, kt 150 Nitrogen (as ammonia), kt 58 
Zambia Gypsum, kt 10 Phosphate rock, kt, gross weight 90 

Talc, t 80 Sillimanite minerals, t 4,000 
Zimbabwe Asbestos, kt 110,000 Talc, t 1,000 

Bentonite, t 140,000 Vermiculite, t 18,935 








Adapted from USGS (data for 2000); Harben 2002. 
* REE = rare earth element. 


force in world mark ets fo r magn esite, talc, barite, bauxite, rare 
earths, and graphite. This shif ting pattern of supply and demand 
will continue to offer future o pportunities and challenges to th e 
increasingly sophisticated industrial minerals industry. The streets 
of the 21st century are paved with industr ial minerals, not gold. 
There will be more of them, and the traffic promises to be heavy. 
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INTRODUCTION 


From the outset, any analysis of the definition of industrial minerals 
at once reveals the essential dynamic that drives trade in industrial 
minerals; that is, market demand = mineral supply. As a consultant 
in the field once said, ““W ithout a mark et, an indu strial min eral 
deposit is merely a geological curiosity.” So, put simply, no market 
demand = no mineral development = no mineral trade. 

According to statistics published by the United Nations (Anon. 
2004), the t otal value of world minerals and metal e xports in 2001 
was US$166,631 mil lion; fori mports,the total value was 
US$191,032 million. Industrial minerals trade contained within these 
figures can be roughly calculated as US$36,452 million for world 
exports and US$42,160 million for imports. These figures underline 
the importance and value of international minerals trade, but why are 
industrial minerals traded, and what influences that trade? 

Industrial minerals can be defined as minerals mined and pro- 
cessed (either from natural sources or synthetically processed) for 
the v alue of their non metallurgical prop erties, whic h de termine 
their use in ane xtremely wide range of in dustrial and domestic 
applications. In essence, wherever there is demand for these indus- 
trial and dome stic applications (i.e., a ma rket), this will create a 
trading business specific to that market. The crucial point is that the 
pattern of industrial mi nerals trade is dictated by the needs of th e 
population and the performance of the economy __, and then com- 
bined with mineral availability. 

This chapter considers the overall nature of international trade 
in industrial minerals by examining the economic importance of 
industrial minerals, market geography, the structure of the mine-to- 
market supply route, pricing, and the main factors influencing min- 
eral trade today. 


THE ECONOMIC IMPORTANCE OF INDUSTRIAL MINERALS 


If demand is the dri ver of industrial minerals trade, one must ask: 

Why are industrial minerals so important and where do they go? 
Certain industrial minerals may have 1,2, or maybe up to 1 0 
domestic or industrial applications; others such as lime may have 
more than 50 uses. To bring some coherence to industrial minerals 
markets, the main consuming mineral mark et sectors that require 


industrial minerals as raw materials are summarized as 
¢ Abrasives * Cement 
¢ Absorbents ¢ Ceramics 


¢ Agricultural ¢ Chemicals 
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* Construction ¢ Metallurgy 

¢ Drilling mud ¢ Paint 

¢ Electronics ¢ Paper 

¢ Filtration ¢ Pigments 

¢ Flame retardants * Plastics 

¢ Foundry ¢ Refractories 

* Glass ¢ Synthetic fibers 


The in dividual m ineral cha pters de tail each mineral’s m ain 
application and use, but for co mpleteness, it should be noted that 
the trade route of a mineral from mine to market can involve more 
than one stage (i.e., its consumption in manufacturing an intermedi- 
ate mineral or end product), which is then consumed in the manu- 
facture of another end product, whic his then sold to an end- use 
market (for examples, see Figure 1). 

The other aspect of many industrial minerals—that the y can 
serve a range of markets—also affects the pattern of minerals trade, 
in that a single mineral source can supply several different custom- 
ers because of market type and geography. For example, bentonite 
sourced in W yoming travels to domestic and o verseas population 
centers because of it s widespread use as an abs orbent in cat litter 
products. Its equally important use as a major component in drilling 
fluids, however, means that it is also freighted to centers of oil and 
gas drilling activity (e.g., the Gulf of Mexico). 


MARKET GEOGRAPHY 


Some of these mineral-consuming market sectors represent certain 
heavy industries responsible for products fundamental to a modern 
lifestyle. These markets can easily be identified as those that thrive 
in developed economies serving their populations. So, no matter 
where industrial minerals occur, there is a natural geoecono mic 
trend as to where industrial minerals are destined to be shipped and 
traded for use because of thei r economic imp ortance. Thus, the 
major post-World War II modern industrial centers of North Amer- 
ica and Europe, followed later by Japan and Republic of K orea, 
have been well-established market centers for minerals trade for the 
last half century or so. 

Where there is e vidence of a growing population combined 
with a developing economy hosting such mineral-consuming mar- 
kets, these countries and regions become earmarked as growing and 
future markets for industrial minerals, and th erefore beacons for 
minerals trade. 
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Figure 1. Examples of the trade routes for selected industrial 
minerals 


In the 1980s and 1990s, the established markets for minerals 
were joined by the emerging “Asian Tiger” and Pacific Rim econo- 
mies o f Indon esia, Malaysia, Singapore, T aiwan, and Thailand. 
Since the mid-1 990s, China has all b ut dominated world trade in 
commodities. India and East Asian eco nomies, and now Vietnam, 
continue to grow in stature. Elsewhere, despite conflict in the Mid- 
dle East, countries such as Iran are becoming stabilized as its econ- 
omy flourishes and fore ign investment increases. In Europe, with 
the breakup of the Soviet Union, it is the central and eastern Euro- 
pean countries that are now showing good prospects for growth and 
demand for industrial minerals. 

Once the widespread use and economic importance of indus- 
trial minerals are appreciated, it is possible to understan d the chief 
and overriding principle o f indus trial minerals tr ade: mineral- 
consuming ma rket e xistence and it s p erformance dire ctly a ffect 
demand and, therefore, trade for mineral raw materials. 

Therefore, demand feeds back from the end-use market to the 
end product, to the intermediate end product, and finally back to the 
mineral supplier. Thus, the performance of the industrial minerals 
industry and inter national trade in industrial minerals is inextrica- 
bly linked to three related factors: (1) centers of high population— 
the consumers; (2) their economies—the driver; (3) availability and 
occurrence of mineral resources—the source. 


STRUCTURE OF MINE-TO-MARKET SUPPLY ROUTE 


Once a market is established, the mineral must be sourced, a supply 
route can be enacted, and intern ational tra de, if appropriate, is 
engaged. The best way to see what really makes mineral trade func- 
tion is to look at who isin volved in the mine-to-mark et supply 
chain of industrial minerals. 

All industrial minerals are mi ned (surface and under ground) 
and then undergo processing to refine the crude mineral ore into a 
processed grade or range of grades for sale to the desired market. 
The minerals are then transported from their source, sometimes to 
another plant for further processing, possibly via a complex freight 
route emplo ying araft of services, or directly to the consuming 
markets. In general, three broad sectors facilitate the route of a min- 
eral from mine to market: (1) the supply sector, (2) the logistics sec- 
tor, and (3) the consuming market sector. 

Within each of these sectors are subsectors that have specific 
functions in the supply chain, emplo y certain typ es of businesses, 
and are influenced by different factors. Figure 1 illustrates these sec- 
tors and subsectors, and the overall mine-to-market supply ch ain. 
Take note of the influential dir ection of supply from th e top and 
demand from the bottom. Other key notes to highlight are the activi- 
ties and objectives of the main players in the industrial minerals 
market: 


¢ Mineral producers seek to main tain supply to current mar- 
kets and, where possible, diversify into new markets. 


Mineral pr oducers/processors seek to emplo y and de velop 
new processing methods to economically produce su perior 
products for new market applications. 

Traders, logistics companies, and consuming market min- 
eral buyers se ek to source | ow-cost, high-quality minerals 
and alternative or new suppliers. 


Freight and logistics costs can b e 50% to 70 % of delivered 
cost of mineral to customer; therefore, suppliers and custom- 
ers strive to secure the most cost-effective and -efficient logis- 
tics systems and companies. 


The mine-to-market supply route described in Figure 2 is tai- 
lored to suit different mineral types for a range of different markets. 
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INDUSTRIAL MINERALS PRICING 


Another important aspect of industrial minerals that requires appre- 
ciation when discussing international trade is the trade value of the 
minerals. Mo st industrial minera Is ar e essentially high-v olume, 
low-value c ommodities, where as metals, fo re xample, are th e 
reverse, especially precious metals. Table 1 com pares current 
(2005) prices. 

Apart from the ob vious difference in scale of v alue between 
the two sets of commodities, a key issue is the fact that unlike the 
metal markets whose prices are set by an exchange system (London 
Metal Ex change), no such facility operates for in dustrial m iner- 
als—despite a few ill-fated attempts made by various organizations 
in recent years, particularly with the advent of the Internet and 
e-commerce. For the reasons outlined here, itis unlikely that any 
kind of industrial minerals pricing exchange will be created in the 
foreseeable future. 

Basically, the price of an industrial minerals shipment is nego- 
tiated between the mineral buyer (trader/consumer) and the seller 
(trader/producer). Although that might seem to be a simple concept 
at the outset, there is far more to industrial minerals pricing than 
meets the eye, and it is subject to a complex mosaic of interchange- 
able forces. A range of highly influential factors come into play that 
can affect this negotiated price and contribute to the difficulties of 
structuring a price exchange for industrial minerals: 


Source of mineral 


Cost of processing 
Market destination 


Volume of shipment 


Bulk or bagged 


Grade of mineral and its end use—i.e., quality of mineral, dic- 
tated by desired end use of the mineral (some minerals boast 
up to 50 or more grades for as many end uses; e.g., limestone 
used in cement is much cheaper than limestone used in paper, 
by approximately >$150/t) 


Any further processing required between source and customer 


Freight and shipping—can be up to 50% to 70% of final deliv- 
ered cost of mineral 


Port handling (at loading/discharge) 


Warehousing and storage 


Mineral inspection (at loading/discharge) 


Insurance 


Currency exchange rates 


Spot or long-term contracts 


Relationship between buyer and seller 


There are simply too many variables to indicate a set price per 
grade. That said, with research and investigation, it is possible to 
calculate an average range of pric es that largely indicate current 
market trading prices. For these reasons, industrial minerals prices 
quoted in Industrial Minerals and Mineral P riceWatch, for exam- 
ple, are a range of mi nimum to ma ximum prices currently traded 
for certain mineral grades. Minerals prices are not normally as vol- 
atile as metals prices, and price changes may be more subtle and 
infrequent. 

The desired end use of the mineral really underlines the differ- 
ence in price between gr ades of asin gle mineral. T his | argely 
reflects the de gree of comple xity, cost of processing, and perhaps 
storage of the mineral grade. Three of the examples in Table 2 (for 
calcium carbonate, kaol in, and zircon ) illustrate the differences in 
pricing that result from market application. 


Exploration 
Mineral finance 
Plant engineering 
Mining 
Processing 


EELEISA supply 


Logistics Trading 
Port handling 
Mineral inspection 
Freight/shipping 
Warehousing/distribution 
Market 


Direct market mineral consumer 

Intermediate market mineral consumer Eo 
End market mineral consumer 

Figure 2. Anatomy of industrial minerals trade by route of mineral 


from mine to market 


Table 1. Price comparison of metals and industrial minerals, in 
US$/t, unless otherwise indicated 











Metals Price Industrial Minerals Price 
Gold 426.3/oz Salt 15-18 
Silver 6.78/oz Silica sand 14-25 
Aluminum HG 1,827 Olivine 50-117 
Copper A 3,228 Dead-burned magnesia 157-210 
Zinc SHG 1,271 Zircon 420-600 

Source: Metal Bulletin 2005. 
Table 2. Industrial mineral grade price comparisons 
Mineral Grade Price 
Ground calcium _ f.0.b.* United States, US$/st 
carbonate 5-7 pm 110-160 
1.5 pm, high brightness for paper 170-180 
Kaolin United States, EXW,t US$/st 
Filler bulk 80-100 
Paper coating 85-185 
Calcined bulk 320-375 
Sanitaryware grade, bagged 65-75 
Tableware grade, bagged 125 
Magnesite Greece, raw <3.5% SiOz, f.o.b. 50-55 
Eastern Mediterranean, Euro/t 
European caustic calcined, CIF,+ Euro/t, 145-160 
agricultural grade 
China, f.0.b.t.,8 US$/t 
Dead burned, 94-95% MgO, refractory 195-210 
grade 
Caustic calcined, 90-92% MgO 140-165 
Perlite Turkey, f.0.b., US$/t 
Raw, crushed, graded, bulk/big bags 32-60 
Raw, bulk 14-17 
United States, EXW, US$/t 
Expanded, filter aid grade 210-410 
Zircon Australia, bulk, f.o.b., US$/t 
Ceramic grade 490-600 
Refractory grade 430-525 
Foundry sand grade 420-530 





Source: Industrial Minerals 2005. 
* f.0.b. = free on board; see Table 3. 
t EXW = ex works; see Table 3. 
+ CIF = cost, insurance, and freight; see Table 3. 
§ f.0.b.t. = free on board truck; see Table 3. 
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Table 3. Incoterms used in international minerals trade 


CFR Cost and freight: Title, risk, and insurance cost pass to buyer when 
delivered on board the ship by seller who pays the transportation cost 
to the destination port. Used for sea or inland waterway transportation. 


CIF Cost, insurance, and freight: Title and risk pass to buyer when 
delivered on board the ship by seller who pays transportation and 
insurance cost to destination port. Used for sea or inland waterway 
transportation. 


CIP = Carriage and insurance paid to: Title and risk pass to buyer when 
delivered to carrier by seller who pays transportation and insurance 
cost to destination. Used for any mode of transportation. 


CPT Carriage paid to: Title, risk, and insurance cost pass to buyer when 
delivered to carrier by seller who pays transportation cost to 
destination. Used for any mode of transportation. 


DAF _ Delivered at frontier: Title, risk, and responsibility for import clearance 
pass to buyer when delivered to named border point by seller. Used for 
any mode of transportation. 


DDP Delivered duty paid: Title and risk pass to buyer when seller delivers 
goods to named destination point cleared for import. Used for any 
mode of transportation. 


DDU Delivered duty unpaid: Title, risk, and responsibility of import 
clearance pass to buyer when seller delivers goods to named 
destination point. Used for any mode of transportation. Buyer is 
obligated for import clearance. Seller fulfills his obligation when goods 
have been made available at the named place in the country of 
importation. 


DEQ __ Delivered ex quay (duty paid): Title and risk pass to buyer when 
delivered on board the ship at the destination point by the seller who 
delivers goods on dock at destination point cleared for import. Used for 
sea or inland waterway transportation. 


DES Delivered ex ship: Title, risk, and responsibility for vessel discharge 
and import clearance pass to buyer when seller delivers goods on 
board the ship to destination port. Used for sea or inland waterway 
transportation. 


EXW _ Ex works: Title and risk pass to buyer, including payment of all 
transportation and insurance cost from the seller's door. Used for any 
mode of transportation. 


FAS Free alongside ship: Title and risk pass to buyer, including payment of 
all transportation and insurance cost once delivered alongside ship by 
the seller. Used for sea or inland waterway transportation. The export 
clearance obligation rests with the seller. 


FCA Free carrier: Title and risk pass to buyer, including transportation and 
insurance cost when the seller delivers goods cleared for export to the 
carrier. Seller is obligated to load the goods on the buyer's collecting 
vehicle; it is the buyer's obligation to receive the seller's arriving 
vehicle unloaded. 


FOB Free on board: Title and risk passes to buyer, including payment of all 
transportation and insurance cost once delivered on board the ship (or 
truck—FOBT) by the seller. Used for sea or inland waterway 
transportation. 





Aside from dif ferent units of currency and measurement 
(although most are now quoted in US$/t) industrial minerals prices 
are quoted with several clarifying terms to determine as precisely as 
possible on what basis the price has been calculated. These can be 
taken from a plethora of abbreviated shipping terms or standardized 
Incoterms. 

Incoterms are standard trade definitions most commonly used 
in international sales contracts. Devised and published by the Inter- 
national Chamber of Commerce (ICC), Incoterms is short for Inter- 
national Commercial Terms, which are at the heart of world trade. 
ICC introduced the first version of Incoterms in 1936. Since then, 
ICC expert lawyers and trade practitioners have updated the terms 
six times to keep pace with the development of international trade; 
the last update w as on January 1, 2000. EXW, f.o.b., and CIF are 


among the most frequently used Incoterms in minerals trade; Table 
3 defines these and other applicable terms. 
In terms of nomenclature for industrial miner als q uotes, 

consider the following examples of price quotes: 

¢ Bentonite, Wyoming, EXW, USA per short ton, r ail hop per 
cars, crude, bulk all grades US$26-$63 details the source of 
the mineral, its price in U.S. dollars per short ton as it stands 
ready to leave the plant (i.e., ex-works, indicating no cost yet 
included for freight, insurance, etc.) as a crude raw material to 
be shipped in bulk by rail hopper cars by the buyer. 
Chromite, T ransvaal, 4 6% Cr 203 wet bulk, f.o.b., chemical 
grade US$12 5—150/t indicates c hromite from Transvaal in 
South Africa, possessing a minimum chromia content as wet 
bulk material, free on board, and for chemical applications in 
U.S. dollars per metric ton. 


Fluorspar, acidsp ar filtercake, Chin ese, dry basis, CIF , US 
Gulf Port US$200-21 0/t indicates fluorspar from China p ro- 
cessed as dry f iltercake, wi th cost, insurance, and freight 
included in the price, delivered to a U.S. Gulf port in U.S. dol- 
lars per metric ton. 


Refractory bauxite , Chinese, minimum 87% AlO3, f.o.b.t., 
(0-50 mm, undried), Shanxi, rotary lump, BD 3.25 US$150- 
160/t indicates refractory grade bauxite sourced from Shanxi 
Province, China, calcined in a rotary kiln with a minimum 
alumina content (in percent) and bulk density v alue (nor- 
mally expressed as grams per cubic centimeter), undri ed at 
specified lump size, free on board truck, at U.S. dollars per 
metric ton. 


The point to note is that each mineral has its own particular set 
of pricing criteria that characterize a specific grade for a particular 
market. Often the price quote will include minimum chemical or 
physical pr operties required, depen ding on the mineral an_ d its 
desired end use, such as the percentage content of the key perform- 
ing chemical compound (as in the chromite and bauxite examples) 
and perhaps the bulk density (e.g., bauxite) or brightness (e.g., cal- 
cium carbonate used in paper). The price quote is normally one that 
is commercially recognized as standard in that specific market but 
may not be tr ansferable across different grades and even less so 
across minerals in general. 

In international mine rals trade, then, each industrial mineral 
has not only its own tailored mine-to-market supply chain structure 
but also its own specific pricing criteria. Above all, because of the 
significance of the dynamic relationship between industrial miner- 
als and the economy, any change in the perfor mance of the latter 
can have a very strong effect on prices. 


MINERALS MOVEMENT 


The physical movement of minerals across the globe is naturally 
determined by the location of t he mineral source and that of the 
consuming market. As has been es tablished, market demand is a 
key factor in the exploitation of an industrial mineral. But because 
freight logistics account for such a large proportion of an industrial 
mineral’s price tag, it is econ omically unfeasible for many indus- 
trial minerals to be shipped long distances. This is especially so for 
low-value minerals required in very large volumes (e.g., carbonate 
rocks for con struction materials, roadstone, and cement, and the 
main batch materials for gla ss making, such as _ silica sand, soda 
ash, and limestone). Asa result, man y consuming markets adapt 
their raw material needs to the mineral sources in closest proximity. 

The exception to this rule is when there are limited sources of 
a particular mineral in demand and few substitute materials (e.g., in 
early 2005, refractory-grade bauxi te could only be sourced from 
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Shanxi and Guizhou provinces in China, and from Guyana, and the 
main sources of celestite are only in Mexico, Spain, and China). 

Industrial mineral occurrence and distribution are co vered in 
detail in the chapter titled World Distribution of Industrial Mineral 
Deposits, and indi vidual mi neral c hapters h ighlight the main 
sources of minerals supply. It is not always possible to have mineral 
resources near centers o f mark et demand, sin ce nature and eco- 
nomic de velopment unfortunately do not al ways coexist to ea ch 
other’s benefit. Because of this, th ere will al ways be international 
trade in i ndustrial minerals. Table 4 gives examples of industrial 
minerals that are in constant demand worldwide but that have lim- 
ited sources and thus enter the global trade network on are gular 
basis. The source countries, as major exporters, are highly influen- 
tial in the trade of these minerals. 

The one country that cr ops up the most is of course China, 
which ho sts vast mineral resour ces and is self-sufficient in most 
industrial minerals; exceptions include zircon and chromite. Supply 
of minerals from China to world markets increased markedly dur- 
ing the 1980s and into the 1990s. Therise of China and East Asia as 
a major consuming mark et center in its own right, however, some- 
what slowed this trade flow since about 2002. 

There is another e xception to the rule regarding a number of 
important industrial minerals that are fairly widespread in occur- 
rence and, although produced to serve local and re gional markets, 
still maintain a significant level of international trade. This is fre - 
quently the result of their low production costs, low labor rates, and 
cheap ener gy, which can translate to alo w price per ton of final 
product, and thus is still competitive to ship overseas. Solar-dried 
salt produced in Australia isa good example. Some of the other 
minerals in this category are feldspar, gypsum, refractory clays, sul- 
fur, and certain grades of calcium carbonate and silica sand. 

Fused minerals such as fused alumina, fused silica, and silicon 
carbide are processed from natural feedstock minerals by fusion in 
high-temperature electric arc furnaces that co nsume vast amounts 
of electrical energy. Asa result, fused mineral prod ucers locate 
themselves close to low-cost sources of electrical energy, such as 
hydroelectric power stations. Thus, Washington Mills Electro Min- 
erals Co rp. (f used al umina, fused m agnesia, sil icon ca rbide) is 
based at Niagara Falls, and C-E Minerals (fused silica) and Minco 
(fused magnesia) are based in Tennessee. Fused materials are high- 
value minerals that can be shipped great distances to their end-use 
markets but are still profitable. 


INFLUENCING FACTORS AND TRADE TRENDS 


We have already highlighted some major influencing f actors that 
affect the mine-to-market supply route and mineral pricing in inter- 
national trade. In this final section, we look at some specific issues 
and trends that illustrate examples of interrelated factors that have 
had and continue to have a direct effect on industrial minerals trade. 


Changing Supply Sources 


If minerals are in sh ort supply or have few worldwide sources of 
supply, conditions of high demand for a mineral will normally stim- 
ulate exploration and development of alternative sources, especially 
if older sources ha ve matured and become e xhausted or uneco- 
nomic. Once these new sources have been established, new trading 
routes will open. 

Recent examples have included the e valuation and de velop- 
ment of th e Seqi oli vine deposit in Greenland by Cre w De velop- 
ment Corp. and Minelco AB. Interestingly, Crew already had a gold 
mine up and running in Greenland—a simple example of the differ- 
ence in “value” between metals and minerals, whereby the price of 
gold ensured the success and sw ift fruition of the gold mining 


Table 4. Examples of industrial minerals in global trade with limited 


sources of supply 





Mineral Source Country" 
Andalusite France, South Africa 

Attapulgite Greece, Senegal , Spain, United States 
Baddeleyite Russia 

Barite China, Morocco, Turkey 

Bentonite Greece, India, Turkey, United States 
Bauxite, refractory China, Guyana 

Borates Argentina, Chile, Turkey, United States 
Chromite South Africa 

Fluorspar China, Mexico, South Africa 

Garnet Australia, China, United States 
Graphite China 

Halloysite New Zealand 

Hectorite United States 





Huntite-hydromagnesite 
Kaolin, refined 
Kyanite 

Lithium minerals 
Magnesite 

Mica 

Mullite, sintered 
Nepheline syenite 
Nitrates 

Olivine 

Perlite 
Phosphates 
Potash 

Pumice 

Rare earths 
Sepiolite 

Soda ash 

Tale 

Titanium minerals 
Wollastonite 
Vermiculite 


Zircon 


Greece, Turkey 

Brazil, United States 

India, United States 

Australia, Canada, Chile, Zimbabwe 
China 

China, India 

China, United States 

Canada, Norway 

Chile 

Norway 

Greece 

Jordan, Morocco, Russia 
Belarus, Canada, Israel, Jordan, Russia 
Greece, Italy, Spain, Turkey 
China 

Spain 

United States 

China, France 

Australia, Canada, South Africa 
China, Finland, India 

China, South Africa 

Australia, South Africa 





* Main supply sources and exporters of industrial mineral grade that influence 


global trade in that mineral. 


project, whereas Cre w’s olivine project required more thoughtful 
evaluation of its market value (i.e., Was it economically viable? 
Where is the market?). With only a single major commercial source 
of olivine for markets in North America and Europe (i.e., A/S Olvin 
in Norway) and declining or small-scale production else where, 
Crew considered that its high-quality oli vine deposit might well 
have a chance. 

Evaluation of Seqi olivine began in early 2003, and before the 
year was out, Minelco AB—the minerals arm of Swedish iron ore 
giant and large olivine user LK AB—had commissioned a bankable 
feasibility study from Crew and signed an agreement for an option 
to buy 51% of the project by funding capital development. A min- 
ing license w as granted in early 200 5, and mining is set to com- 
mence to bring a 1- to 2-Mtpy olivine project onstream. The site of 
the oli vine source in Greenland means that Minelco can ship a 
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range of olivine grades to both European and North American mar- 
kets. The European mark ets ha d been relianton Norway (and 
served to a lesser extent by Italy and Turkey), whereas in the United 
States, in the absence of a major olivine source, iron ore pelletizing 
and steelmaking had sw itched to using dolomit e as a sla g condi- 
tioner. The opening and shipping of Seqi olivine is likely to change 
these market climates. 

Elsewhere, other examples include andalusite deposits being 
evaluated and developed in western China and Peru as an alterna- 
tive to the dominance of F rance and South Africa. Canadian gold 
miner Cambior Inc. has re vived refractory-grade baux ite produc- 
tion in Guyana, once the leader in the field. Cambior’s timing in 
2004 was ideal in that the new millennium witnessed the market 
being hit by the double impact of _ refractory bauxite prod uction 
ceasing in Brazil in 2003 and Chinese suppliers suffering shortages 
and price hik es during 2003-2005. Outside of China, Guyana is 
now the only other source of refractory-grade bauxite. 

Zircon is another mineral whose development worldwide will 
create ne w supp ly routes across the globe by 2006-2010. Asa 
high-value coprodu ct to titanium minerals mining, zircon is nor- 
mally held hostage to the fortunes of the titanium dioxide pigment 
market, for which titanium minerals are supplied as ra w material 
feedstock and thus the dri ver for mineral sands de velopment. 
Growth in zir con markets, ho wever, espe cially in ceramics, have 
sparked a raft of zircon-rich deposit evaluations and developments, 
with proje cts set toc ome on-stream in Au stralia, India, Kenya, 
Mozambique, the Gambia, and Senegal. 


Economy and Market Performance—the China Factor 


As e ver, industrial minerals demand is shaped by n ational and 
regional economic performance. Without a doubt the dominant fac- 
tor affecting industrial minerals supply and markets since the early 
1990s has been China. With its opening up to the world market in 
1978, the country h as never looked back, and within just 25 years 

has evolved from a leading supplier of industrial minerals for world 
markets to a leading consumer and supplier of minerals. China has 
had a momentous ef fect on international trade of industrial miner- 
als. The market growth of China and East Asia superbly illustrates 
the influence of new consuming mar ket de velopment on min eral 
trade routes. 

Key minerals with which China bangs the w_ orld-trade drum 
include bauxite, bar ite, fused alumina, flu orspar, sili con c arbide, 
flint clay, graphite, magnesite, talc, and wollastonite. Initially, dur- 
ing the mid- to late 1980s, China started to dominate world supply 
in these minerals, frequently triggering antidumping duties with its 
low-cost exports (discussed in the section on Antidumping Duties 
in this chapter). In the early years, Chinese minerals were not only 
low cost but also ra ther inconsistent in q uality, often leading to 
insurance claims. This quality problem was mainly a function of 
outdated mineral processing equipm ent and techniques, a lack of 
independent inspection procedures, and an unstructured minerals 
industry that was ignorant (wittingly and unwittingly) of the risks 
of mixing and matching material from different sources for a single 
shipment. This was a gamble that consumers in the West had to 
take, and many, but not all, did. In the meantime, Western minerals 
producers w ould focu s on main taining customers by supplying 
quality-consistent, high-purity grades, but could do little about the 
low prices of Chinese material. 

The early 1990s—with the Asian Tiger economies in full 
swing (albeit temporarily stalled by the financial crash of 1997)— 
saw a major shift in minerals-consuming manufacturing centers to 
East Asia. Refractories, foundry, steel, ceramics, glass, paper, paint, 
and plastics mark ets were all de veloping rapidly (b ut, at least to 


begin with, at a slower pace in China itself). Leading Western man- 
ufacturers in t hese sectors be gan to set up joint-venture plants to 
serve these growth markets. Chinese minerals soon began to supply 
these East Asian count ries in addition to the Western developed 
countries. At the same time, W estern mineral companies, trader s, 
and entrepreneurs be gan to esta blish th emselves i n Ch inaa nd 
Southeast Asian countries to secure an d de velop ra w material 
sources to feed these markets. 

The mid-1990s also witnessed a significant change in China’s 
mineral exports in that minerals were now being exported as semi- 
processed or processed materials—ad ding value to the exports and 
meeting customers’ requirements bef ore ship ping. This w as 
enabled b y the gr owthof foreign-owned minerals processors 
located at or near the main Chinese ports, guaranteeing Western 
standard processing and quality controls and minimizing the prob- 
lems of inconsistent sourcing _ of ra w material (_ this tr end also 
greatly af fected the tra ders and processors located at ports in 
Europe, who were used to handl ing and treating imports of crude 
material from Chin a before distributing to customers). The emer- 
gence of Western minerals inspection companies allowed to operate 
independently in China also greatly facilitated the increase in qual- 
ity of China’s mineral exports. China’s central go vernment also 
introduced controls on export prices and v olumes, which had an 
immediate and lasting effect on minerals trade from China. 

By the start of the ne w millennium, China’ s economy was 
starting to take of f. Pri vate mi ning enterprises we re a llowed to 
flourish, Chinese minerals producers (and end-product manufactur- 
ers) were operating with imported technology and equipment, over- 
seas companies could run whol ly owned operations in China, 
foreign in vestment increased, and the Chin a tr ading outpo st of 
Hong K ong became _ redundantas Shanghai, Dalian , T ianjin, 
Zhangjian, and Qingdao became the trading hubs of modern China 
and welcomed overseas businesses. 

The result was that Chinese minerals supply increased in qual- 
ity as well as quantity , and Western minerals producers were no w 
being squeezed out. This w as no be tter e xemplified than in the 
magnesite market, where Western and East Asian refractory p ro- 
ducers were ab le to substitute Western high-purity , dead-b urned 
magnesia supplied with lo wer-cost fused magnesia from China. 
This caused Western producers to rethink their grade portfolios and 
prompted the e xit of some big na mes in magnesia (and fu sed alu- 
mina) in the West and in Japan. China was all dominant. 

In early 2005, China’ s econo my was growing at 9.5% per 
annum (in spite of ef forts to coolitdo wn). But in 2003-2004, 
China’s soaring market growth triggered a major shift in w orld 
minerals trade. Although China will remain an important exporter 
of industrial minerals, its ravenous domestic cons uming mark ets 
became the priority for China’s minerals producers. The incentive 
to export raw material became le ss attractive (and was replaced by 
the incentive to export lower-cost finished products such as refrac- 
tories and ceramics). In fact, the Chinese government took formal 
steps to conserve its mineral resources, such as reducing mineral 
export v olumes. This prompted amajor sh ortage of Ch inese- 
sourced minerals w orldwide. High domestic mark et demand, lim- 
ited energy sources, and rising costs, plus a creaking internal freight 
network, all contributed to a major increase in Chinese minerals 
prices. As a result of this, Western minerals producers became very 
much in demand to f ill the gap left by Chinese suppliers, and the 
pattern of mine-to-market supply swung yet again. 

Elsewhere, other regions of market growth include central and 
eastern Europe, where former Ea stern Bloc countries and former 
Soviet Union republics are stabilizing their economies and develop- 
ing industry and infrastructure. These countries are new targets for 
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Table 5. Industrial minerals incurring European Commission (EC) antidumping duties, 1996-2005 





Mineral Origin EC Duty’ Imposed Expiration Date 
Dead burned magnesite China Min. CIF € 120 February 2000 January 2005 
ADVt 63.3% 
Caustic calcined magnesite China Min. CIF 112 August 1999 July 2004 
ADV 27.1% 
Fused alumina China Min. CIF € 204 October 1997 October 2002 


Commonwealth of Independent States 
Ukraine 

Hungary 

Poland 

Czech Republic/Slovakia 

Brazil 


Former Yugoslavia 


Silicon carbide China 
Russia 
Ukraine 
Poland 

Fluorspar China 

Chamotte China 


ADV 9.8% of CIF price 
ADV 9.8% 

Min. price undertaking 
Min. price undertaking 
Min. price undertaking 
Min. price undertaking 
Min. price undertaking 
ADV 52.6% of CIF price 
ADV 23.3% of CIF price 
ADV 24% of CIF price 
ADV 3.8% duty 

Min. CIF € 113.50 

Min. CIF €75 


Expired October 1997 
Expired October 1997 
Expired October 1997 
Expired October 1997 
Expired October 1997 
Expired October 1997 
Expired October 1997 
June 2000 

June 2000 

June 2000 

Expired June 2000 
November 2000 
January 1996 


May 2005 
May 2005 
May 2005 


October 2005 
January 2001 





* Prices in euros per ton; when a minimum price is stipulated, this indicates that the antidumping duty has been determined as the difference between this minimum 


price of the mineral (as stipulated by the EC) and the net free-at-EU-frontier price of imported mineral from country of origin. 


t ADV = ad valorem duty expressed as a percentage duty. 


industrial minerals supply and in certain cases hosts to new mineral 
sources themselves. 


Government Trade Policies 


A major infl uence in trade is the role of n ational go vernments, 
which continually strive to encourage investment in their economy 
and defend their industries from unfair trade practices. A number of 
particular issues have directly affected industrial minerals trade. 


Antidumping Duties 


Perhaps the issue most frequently mentioned in terms of trade prac- 
tice and government influence is dumping, which refers to the prac- 
tice of selling goods 0 verseas (exports) below their normal mar ket 
value or below the price charged for the same goods in the domestic 
market of the exporting country. Dumping can be a predatory trade 
practice wher eby the in ternational mark et, or a certain national 
market, is flooded with dumped goods to force competitors out of 
the market and establish a monopoly position. 

Reactions to dump ing bythe importing go vernment can 
include government subsidies to the threatened domestic in dustry 
to temporarily help absorb the losses caused—although this can 
lead to friction among trade part ners. Dumping and predation are 
considered to be unfair trade practices and, as such, are prohibited 
under many national tr ade laws. Although there are variations on 
this the me, the most common antidumping measure is an added 
import duty (an antidumping duty) calculated to offset the dumping 
margin, tha tis, the discre pancy between home mark et price 
(importer’s market) and the export price. 

Regarding industrial minerals trade, China has been at the 
center of many dumping issues involving magnesite, fluorspar, sili- 
con carbide, fused alumina, barium carbonate, and titanium dioxide 
pigment (and, more recently, mineral end products such as magne- 
sia-carbon refractory bricks) exported to European Union ( EU) 
countries, the United States, andthe Republic o f K orea. Other 


countries accused of dumping minerals are Russia and Ukraine for 
silicon carbide. Table 5 summarizes EU antidumping measures that 
were in place in early 2005. 

India has been the target of dumping for many minerals; those 
from China include borates, soda ash, fused magnesite, barium car- 
bonate, strontium carbonate, and hydrofluoric acid. In 2003, India 
instigated antidumping duties on borates from Turkey. 

Dumping issues normally tak e several months to a year to 
resolve (and longer in some cases), involving investigation by the 
importing country or trade coalition (e.g., the EC for EU countries) 
in response to a f iled complaint from one or more members of an 
industry sector (e.g., magnesite producers of Europe, or fused alu- 
mina producers of the Un ited States, or a trade association repre- 
senting its members). The allegation is investigated, including visits 
to the sources of the e xports; a similar market in an unconnected 
third country may also be evaluated as an example of a typical mar- 
ket for reference; and all parties concerned have an opportunity to 
comment by a given deadline. A decision is then made to establish 
if an industry has been materially injured and, if so, what measures 
should be tak en and when. Th ese are then implemented and 
reviewed, normally after 5 years. The main types of antidumping 
duties and tariffs can be summarized as follows: 


* Countervailing duty differs from antidumping duty because it 
is applied in situ ations where foreign governments subsidize 
their industries by providing financial assistance to benefit the 
production, manufacture, or export of goods. These subsidies 
can take many forms, such as direct cash payments, cre dits 
against taxes, and loans at terms that do not reflect market 
conditions. Most trade anti dumping determ ination bodies 
have standar ds for deter mining when an unfair sub sidy has 
been conferred. The amount of subsidies the foreign producer 
receives from the government is the basis for the subsidy rate 
by which the subsidy is o ffset, or “coun tervailed,” thro ugh 
higher import duties. 
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EU Refractory 
Mineral Supplier 


Non-EU Refractory 
Mineral Supplier 


EU Refractory 


BEEBE BEER 
Product Manufacturer < 


Non-EU Refractory 


EU Steel Producer Product Manufacturer 


<qmaemem 


| coccce> ; ccccce> i 


Traditional supply of domestic products to EU consumer. 


<@eeee Increasing pressure from consumer to supplier to lower prices 
owing to market competition, consolidation, and rationalization. 


<Qunue Supply of lower cost minerals from non-EU source—can be subject 
to EC antidumping duties and therefore possibly cut off or 
continued via “third” country or other means. 


=-+=-+=- Increasing trend, in light of antidumping policies, of non-EU 
mineral source supplying non-EU refractory manufacturer, which in 
turn will supply EU steel producer (although 2004 EU enlargement 
has “legalized” this route for certain countries [see text]). 


I 


Displacement of EU refractory manufacturing to non-EU countries. 


Figure 3. Interrelationships among supplier and consumer in EU 
refractories sector and influence of EC antidumping policies 


¢ Minimum import price (MIP) is one type of antidumping mea- 
sure. It has drawbacks, however, because it can become irrele- 
vant if acr oss-the-board prices for a particular prod uct area 
decrease 0 ri ncrease significantly. In addi tion, it can be 
bypassed or circumvented th rough agre ements be tween 
related exporters and importers, where the e xporter supplies 
the product at an inflated price above or equal to the MIP, then 
makes the discount after clearing customs. Circumvention can 
also occur though exporting via a third country to change the 
country of origin. There are various ways to correct this, and 
in 2003, the EC altered its policy on an MI P applied to Ch 1- 
nese magnesia imports to the EU because of these types of 
problems. 

¢ Ad valorem duty is the most common form of antidumping 
duty and is based on the dumping margin, being imposed as 
either a percentage equal to the dumping margin or a percent- 
age equal to the proportion of the dumping mar gin that is 
causing injury. It is imp osed as that percentage of the landed 
price. 


Tariffs are completely different to antidumping duties in that 
they are customs duties that are applied independently, and 
antidumping duties are applied in addition to any existing tar- 
iffs. They are either safeguards against imports that are in such 
increased quantities toca use or thre atento cause serious 
injury to domestic producers or simply a means of th e home 
government to raise fiscal revenue. Thus, they do not depend 
on dumping having been estab lished and do_ not necessarily 
apply to a specific exporting country. 


Dumping issues are perhaps the most contentious of all min- 
eral trade issues. Basic business rules dictate that as long as there is 
a free market, there will alw ays be a customer for low-cost goods. 
Moreover, spurred on by today’s increasingly competitive markets, 
in spite of the best efforts of antidumping policies, it seems there 
may always be alternative routes for such imports to reach their tar- 
get market. Unfortunately, the term free market may be the subject 
of debate for some buyers and consumers of minerals. The nub of 
the debate surrounding the dumping issue has cen tered on calling 
into question just who is being protected and whether it is to the 
greater benefit of the country or region or just for a few threatened 
producers. 

The supply chain involving the European refractories market 
may be taken as an example that highlights the issues at stake here. 
Figure 3 illustrates in crude terms the interrela tionships be tween 
suppliers and consum ers, and t he influence of EC an tidumping 
policies. 

During 2001, the end-consuming market, the steelmaking sec- 
tor, was facing increased consolidation and rationalization in the 
EU. As a result, the steel sector imposed intense pressure on refrac- 
tory manufacturers (and its other suppliers) to lower their prices. 

In turn, under pressure to meet the demands of their steel cus- 
tomers, the refractory manufacturers found ways to cut the costs of 
their raw material purchasing. For example, blast furnace runners 
are largely composed of silicon carbide (SiC) or brown fused alu- 
mina (BF A)—thus, low-cost source s of the se ma terials were 
sought. 

EC antidumping practices, however, instigated to protect the 
business of EU SiC and BFA producers, cut down the opportunity 
for EU refractory manufacturers to secure lo w-cost non-EU supply 
sources, with no option left b ut to buy domestic supplies. Further- 
more, the European supply market for certain minerals h as shrunk 
dramatically in some cases, such as with BFA and SiC, with just one 
or two producers remaining in Europe. This has been the upshot of a 
combination of mergers and strate gic withdrawals from these busi- 
nesses in recent years. Naturally, any EU buyer of these minerals is 
thus left with little alternative in terms of domestic supply. 

Therefore, the policy of antidumping duties on competitive 
materials outside the EU to protect just one or two producers might 
start to look a little hard to justify. This is not to say that European 
producers are taking adv antage of the situation, but all the same, 
this question is being asked more and more. 

Two primary consequences have resulted from this situation: 


1. Suppliers of low-cost minerals from non-EU sources may be 
encouraged to find alternative ways of getting their products 
into the EU market. 


2. EUrefractory product manufacturing may shift to non- EU 
countries o r be displaced altogether by r efractory p roduct 
supply from non -EU countries that can importlo w-cost 
minerals free from antidumping duties and use lo wer costs of 
production. 


On the first point, certain buyers and traders in the business of 
sourcing mineral imports will find ways and means, which may be 
quite le gal, to circumv ent antidumping policies. Although such 
practices are nothing new, because of the intense competition in 
mineral markets today, their implementation over the last few years 
in particular seems to have grown in frequency and profile. 

The most common method seems to be that of routing mineral 
imports through a third country that is not subject to antidumping 
duties. Each country has its o wn set of regulations governing what 
minimum treatment and enhancement in value an imported product 
must undergo in order for it to adopt a new country-of-origin label. 
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As long as traders or mineral suppliers keep within these require- 
ments, there is little to prevent their subsequent export free of anti- 
dumping duties. 

From the consumers’ viewpoint this can be an obvious advan- 
tage in reopening a source of lower cost material. It may, however, 
also make it less clear what the original source of the material is, 
and thus could be subject to possible problems of quality inconsis- 
tency if material from dif ferent sources is blended without prior 
knowledge. Examples in recent years have included EU imports of 
BFA from China via South Africa or Poland, and silicon carbide via 
Norway, Czech Republic, or Romania. 

The second point, that of the threat of increasing production of 
refractory products from non-EU countries, is indeed a v ery real 
concern for the EU refractories sector. 

Certain companies have already shifted production facilities to 
non-EU cou ntries ( e.g., Vesuvius International shifting refractory 
brick p roduction f rom Wh itecross, Unit ed King dom, to Ska wina, 
Poland). Meanwhile, it is generally considered that the first wave of 
Chinese refractory raw materials into Europe over the last decade or 
so is goi ng to be fo llowed by a secon d wave of low-cost Chinese 
refractory products, and it is on its way—indeed, in late 2004 the EC 
was investigating allegations of Chinese MgO-C brick dumping. 

So, although some EU minerals producers are being protected 
from low-cost imports, the manufacturers of the intermediate prod- 
uct (refractories) and the end consumer market (steel) appear to 
bear the cost of this policy—even though they are trying to eke out 
a living in the same geographical market (i.e., the EU). 


Export Licenses 


This initiative is unique to China but has transformed the trade in 
certain minerals from China to the West. China’s central go vern- 
ment, through the China Chamber of Commerce of Metals, Miner- 
als & Chemicals Importers & Exporters, implemen ted its export 
license system in Ap ril 1994. The mo ve was lar gely to enable 
stricter control of export volumes and prices, reduce smuggling, 
and minimize alle gations of dum ping. Althou gh initially foc used 
on magnesite and fluorspar, by early 2005 export licenses were also 
required for exports of talc, silicon carbide, bauxite, and brucite. 

The concept of the Chinese export license system is generally 
sound, even if it meant that traders and overseas consumers, having 
enjoyed re latively low-cost Chinese minerals for a decade or so, 
now have to accommodate a high er price tag. The problem, how- 
ever, has been in the administration and subsequent tinkering of the 
system’s rules and regulations on an almost annual basis, and with 
little or no consistency. 

For example, in 2004, bauxite e xports were subj ect to a flat 
fee of RMB230 (US$28)/t, but in 2005 the system changed to th e 
notorious bidding and quota system, as used for magnesite exports. 
In this procedure, suitably qualified parties (i.e., those with a stipu- 
lated past record of exporting) bid to secure a limited nu mber of 
export licenses and v olume quotas set for the year’s total e xports. 
Officially, those un successful in securing export licenses cannot 
therefore export, and those that have export licenses but fail to ful- 
fill them are subject to a penalty fee and relinquish their right to bid 
in the following year. 

In reality, an underground market for export licenses develops, 
and inevitably there is some collusion in bidding among prospec- 
tive exporters. Concerning magnesite e xports, there ha ve been at 
least five successive versions of an exporters’ syndicate since 2000, 
each with laudable aims b ut lasting on ly a fe w months to a year 
before breaking up over disagreements on prices and procedures or 
because of apath y. The magnesite export associations have gener- 
ally tended to increase the price of exported grades. 


Smuggling alsohas become a problem, with unq_ ualified 
exporters either doctoringe xport docu ments or exporting via 
“third” ports in China or Republic of Korea. Any smuggled ship- 
ments of bauxite or magnesite that are suddenly confiscated or 
impounded by the Chinese authorities naturally have a major effect 
on waiting consumers overseas. 

A very frustrated and conf used trading community has been 
trying tok eepup to date withthe continually changing e xport 
license system and its disruptive impact on prices and material 
availability. F or 2005, in its ef forts to conserve its ra w material 
resources, the Chinese government issued reduced export quotas of 
certain minerals such as bauxite and increased its prices. Although 
this disrupts supply of minerals from China, it does give impetus to 
overseas producers to plug the gap with their products. 


Other Taxes 


In addition to export taxes, countries can impose so-called resource 
taxes on certain minerals, and C hina has im plemented this wit h 
magnesite mined in Liaoning Province. The resource tax thus adds 
to the overall price of the mineral and has been approximately 
US$10 to $40/t. 

Removal and re duction of tax rebates on mineral e xports is 
another issue that has ramifications in world minerals trade. In Octo- 
ber 2003, China announced reductions or cancellations of a range of 
mineral exports, including bauxite, silicon carbide, BFA, magnesite, 
fluorspar, ta Ic, ra re earths, gra phite, an d barite. Rebates ranging 
from 13% to 17% were cancelled or reduced to 5%. For most miner- 
als exporters, this resulted in at least a $2/t increase in prices. 


Trade Bans 


One obvious measure that has a direct effect on minerals trade is any 
government or in tergovernmental ban on trade in a parti cular min- 
eral. Perhaps unsurprisingly, asbe stos has b een the mineral whose 
trade has been most affected in this way. Trade in asbestos-containing 
products has already been curbed between most developed countries, 
and in late 2003, an inter governmental committee agreed that the 
four asbestos minerals—amosite, actinolite, anthophyllite, and trem- 
olite—should be added to the Rotterdam Convention Prior Informed 
Consent (PIC ) list. In 2 004, h owever, leadi ng asbestos-producing 
countries such as Canada, Brazil, Russia, China, and Zimbabwe suc- 
cessfully challenged the addition of the asbestos mineral chrysotile to 
the PIC list. 

Initiated in th e 1980s, the v oluntary PIC procedur e required 
exporters trading in a list of hazardous substances (such as asb es- 
tos) to obtain the prior informed consent of imp orters before pro- 
ceeding with the trade. In 1998, governments decided to strengthen 
the procedure by adopting the Rotterdam Convention, which makes 
PIC legally binding. 

It is likely, however, that chrysotile will eventually meet the 
same fate as that of the other asbestos minerals, and asbestos min- 
eral trade will cease altogether. In late 2004, | Canada’s lar gest 
chrysotile p roducer, LAB Chr ysotile, indefinitely shut its Black 
Lake mine near Thetford Mines, Quebec. Among other reasons, the 
company cited e xaggerated standards set by the provincial health 
and safety board, and numerous studies about the dangers of asbes- 
tos, as issues that prompted its decision to close the mine. 


Trade Agreements 


In contrast to trade bans, there are intergovernmental initiatives on 
international trade that can greatly enhance minerals trade. There 
are basically three levels of international trade agreements: bilateral 
relationships (e.g., Ca nada—United States Free Trade Agreement); 
multilateral arrangements (General Agreement on Tariffs and Trade 
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[GATT] and the W orld Trade Organization [WT O]); and regional 
agreements (Nort h American F ree T rade Agree ment [NAFTA], 
Southern Cone Common Market [Mercado Comun del Cono Sur, 
or MERCOSUR], Caribb ean Co mmunity an d Common Mar ket 
[CARICOM], and ASEAN Free Trade Area [AFTA]). Each aims to 
generally improve and f acilitate trade among countries signed up 
for the agreement and normally will assist international trade in 
industrial minerals. The prolifera tion of re gional trade agreements 
has been instr umental in changing the framework of w orld trade; 
more than one third of global trade takes place between countries 
that have some form of reciprocal regional trade agreement. 

Two of the most signif icant de velopments in rece nt years 
include China’s accession to the WTO and the enlargement of the 
EU. By 2005, th e full impact of China’ s recent admission to the 
WTO remaine d to be see n, but one of the ma in ramifications of 
WTO membership for China will be its having to adopt WTO rules 
and regulations and the effect of this on China’s current trading prac- 
tices. For example, WTO membership might now signal the end of 
the mineral export license system that China initiated in 1994, which 
may have a profound effect on trade in certain minerals. 

At midnight on April 30, 20 04, the EU formally accepted 
10 new member states into its fold: Cyprus, Czech Republic, Esto- 
nia, Hungary, Latvia, Lithuania, Malta, Poland, Slovakia, and Slov- 
enia. Enlargement Day on May 1, 2004, concluded several years of 
tough negotiations and is one of the most important opportunities 
for the EU at the be ginning of the 21st centur y. Significantly for 
industrial minerals trade and markets, enlargement has increased 
the EU’s aggregate population from 378 million to 450 million— 
second only to China and India—and 160 million more than that of 
the United States. 

With regard to the effect on industrial minerals, there are sev- 
eral issues to keep track of: 


1. Expanded markets: An enlarged population equals expanded 
markets for industrial minerals in general. 


2. Demand for modern products: Certain countries’ markets are 
demanding Western standard manufactured products; this will 
drive e xisting EU minerals producers to supply them and 
prompt new member-state producers to de velop and supply 
required grades to manufacturing plants. 


3. New sources developed: The potential e xists to develop new 
mineral deposits wi thin new member st ates to s upply EU 
markets, with possible reduction of reliance on imports. 


4. Shiftinm  anufacturing: Poten tiali ncrease in shift of 
manufacturing plants to areas of cheaper labor could in turn 
influence development of mineral deposits, supply bases, and 
EU trade. 


Clearly, for countries like the Czech Republic, Slovakia, Slov- 
enia, Hungary, and Poland, accession to the EU has lifted any anti- 
dumping duties and other tariffs previously legislated against them 
by the EU and will be welcome by mineral suppliers of those coun- 
tries (but perhaps not by those of other EU countries). Another fac- 
tor that will influence trade relations is that many of the accession 
countries retain stron g industr ial links with Commonwealth of 
Independent States (CI S) countries, particularly Russia and 
Ukraine. These relationship s should work to the advantage of the 
EU by strengthening or opening up new trading links amon g the 
existing EU-15 and the CIS. 


Shipping and Freight Rates 


The influence of shipping and fre ight rates on gl obal trade and 
prices for industrial minerals cannot be o verstressed. One of the 
most frequently cited reasons for producers and traders increasing 


raw material prices is cost of freight, alon g with rising ener gy 
prices. Changes in the global frei ght market can ha ve a profo und 
effect on minerals trade, and this was starkly illustrated by events in 
late 2003, when a turnaround in global freight conditions hit the 
market with particular severity. 

The freight market in 2002 witnessed such historical lows that 
almost every transport user within most commodity g roups, ship- 
ping providers, and even shipbrokers had no inkling as to the sever- 
ity of ch ange that w as to occur in 2003, wh ich would h ave 
ramifications for the next few years. The significance of the turn- 
around lies in the phenomenal price increases experienced in every 
sector of the dry cargo market during the second half of 2003. 

Usually, b uyers an d sellers of higher -valued commod ities 
have not worried greatly about th e movements within the freight 
market, because these changes represented a sm all percentage of 
the delivered price (unlike for industrial minerals). The freight mar- 
ket appreciation in 2003 changed all this because lo w-value inputs 
were especially affected (i.e., such as indu strial minerals). Produc- 
ers seeking to maintain market share in an oversupplied market are 
at the mercy of these changes unless the buyer is prepared to accept 
the gravity of change and reflect this in the price. Now, more than 
ever, low-value commodity suppliers such as mineral e xporters are 
selling freight. 

The key drivers of the freight market’s strength included: 


Massive demand for ra w mate rials in China (the country 
recorded record imports of grain, coal, iron ore, and steel) 


An upturn ink ey global ec onomies (Or ganisation for Eco- 
nomic Co-Operation and Development [OECD] 5%, Europe 
1.8%, Japan 1.8%, United States 3%, and India 6% to 7%) 


Slowdown in fleet regeneration 


Increased re gional trade (s temming from the Asi an c risis, 
growing interdependence, and more efficient employment of 


shipping) 
Surge demand (resulting from unforeseen demand bubbles) 


Port congestion 


All these factors contributed to what many have considered to 
be the most significant shift ever in the bulk shipping market (con- 
tainer rates were also affected). Mainly because of a shortage of 
vessels and soaring demand for raw materials in China, freight rates 
almost doubled in just 1 month in late 2003. The effect was 
increased pricing for a number of key industrial minerals, including 
barite, bauxite, fluorspar, magnesite, and zircon. For example, Chi- 
nese barite prices (CIF U.S. Gulf Coast) rose to US$62.50 to 
$64.50/t from US$42 to $47/t. Also, because of congestion at ports, 
the cost of demu rrage (the e xtra charge levied by shipo wners as 
compensation for delays in loading/discharge) rose sharply. 

The degree of change and the inf luence of huge demand _ for 
raw materials to feed Chinese growth have made suppliers reexam- 
ine the profitability of c ompeting in distant markets where freight 
has the propensity to erode prof itability. Similarly, consumers are 
reexamining their usual sour cing of product to reduce their deli v- 
ered costs. These changes may result in a realignment of trades (as 
consumers source minerals fr om else where to reduce shipping 
costs) or simply areduction in the dependence on bulk shipping and 
increased usage of containers as amo de of transport because of 
their competitive pricing. 

In 2004 and 2005, the container market witnessed a massive 
increase in capacity with new and larger container vessels on order. 
The container lines will want to fill the slots and acquire the econo- 
mies of scale demanded by the new generation of lar ge container— 
capacity vessels (some 4,100 teu [ 20-ft equivalent unit] compared 
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to the existing fleet average of 1,900 teu). By late 2004, certain bulk 
trade routes had become so expensive that containers had been able 
to capture certain commodity trades that logically should have been 
conducted onboard Handysize or Panamax vessels. 
The changes will stimulate a reexamination of k ey elements 
within the supply chain, including: 
¢ The freight economics of variable tonnages 


¢ Storage—the abi lity tohan dle larger v olumes and attract 
economies of scale 


¢ Production scheduling 


A classic example of the influence of a combination of freight 
and tax factors on the barite market took place in mid-2004. Rising 
prices for Chine se drilling-grade barite as a resu It of high ocean 
freight rates, Chinese port congestion, hampered overland logistics, 
and the lo wering of the value-added-tax (VAT) rebate on barite 
exports from China enabled barite sourced from Nevada to be com- 
petitive again in the Gulf of Mexico drilling mud market. It became 
much more expensive and time consuming to get Chinese barite to 
key ports because trucks that previously carried 30 t were limited, 
almost overnight, to 2 0 t aftera government crackdown on over- 
loading. In many cases, this one factor increased the cost of getting 
material to the port by 10% or more. 

This had the effect of prompting key Gulf consumers to look at 
renewed investment at their Nevada barite mine and grinding plant 
operations. The long period of dominance by imported Chinese bar- 
ite in the Gulf of Mexico market began in the mid-1980s, when the 
domestic mining operations in Ne vada were cut back fro m their 
1982-1983 peak production of 5—6 million tpy to 1.5—2 million tpy, 
which is where they have stayed to date. Until mid-2004, the cost of 
shipping barite from Ne vada to th e southeastern United States by 
rail had simply priced it out of the Gulf mark et, and, incredibly, it 
was more economical to ship barite from China. This 20-year status 
quo is now changing, however, and the Gulf of Mexico drilling mar- 
ket will be seeing a n increase in supply of barite from Nevada, a 
weakening of dominance from Chinese imports, and perhaps a reju- 
venation of supply from other sources such as India and Morocco, 
which had also been priced out by the Chinese. 


OUTLOOK 


World trade growtha veraged 10.2% in 2004, _ reflecting rap id 
increases in indu strial produ ction and in vestment acti vity. More 
than 20% of the increase in world trade volumes was accounted for 
by China, whose imports increased by 30% in 2004. Although 
China’s growth economy will slacken off somewhat, the country is 
expected tor emaina strengt hening po werhouse in theo verall 
growth region of East Asia at least until 2010. Overall, world trade 
was expected to slow slightly to 8.5% growth in 2005. 


Industrial minerals trade patterns will continue to react to the 
performance of the leading world economies and the global freight 
market. The de veloping markets in China, East Asia, and eastern 
and central Europe will continue to attract minerals trade as they 
grow. In time and with conti —_nuing o verseas in vestment, these 
regions may develop their o wn mineral sources that will join the 
world export market. 

The Middle East region has very good prospects for attracting 
increasing minerals supply, b ut c ontinuing conflict and political 
uncertainty will naturally stifle any rapid growth in this re gion for 
the time being. Perhaps the great unknown market and trade influ- 
ence in waiting is Russia. At present, much of Russia’s supply and 
demand of minerals is contained within this huge country. As Rus- 
sian demand for superior end products grows and its manufacturing 
technology develops, ho wever, in creased o verseas interest and 
investment may open markets for imports and even unlock mineral 
sources for export. 
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Applying Industrial 
Marketing Concepts to 
Industrial Minerals 


Todd Harris 


Industrial products such as industrial minerals are for the most part 
distinctly different from those that consumers purchase for their own 
uses. It follows, then, that industrial marketing—which involves mar- 
keting industrial goods and services to commercial enterprises, gov- 
ernments, and other nonprof it ins titutions for resale to industrial 
customers, or for use in goods and services that they produce—is also 
different from consumer goods marketing. The distinction is that the 
latter involves the marketing of goods and services to individuals and 
families for personal consumption and to wholesalers and retailers in 
the distribution system. The k ey to industrial minerals marketing is 
identifying the intended customer and the nature of that customer. 
This gives rise to different challenges and approaches in understand- 
ing and applying marketing concepts to industrial minerals. Table 1 
illustrates some of these challenges in industrial marketing research 
compared to consumer marketing research. 


CLASSIFICATION OF INDUSTRIAL MINERALS 


Basically, all industrial minerals can be classified by their use or per- 
formance as either chemical or physical minerals. These classifica- 
tions are simplistic but often de termine how a product is mark eted: 
as ac ommodity that is sold o n price or as a specialty prod uct or 
material sold on performance in its use. Chemical products are those 
employed primarily as sources of specific che mical elements or 
compounds. Five basic end uses consume almost all chemical miner- 
als, as shown in Table 2. A major use of these minerals is as che mi- 
cal raw materials. Such minerals as salt, lime, soda ash, and fluorspar 
are primary sources of chlorine, calcium, sodium, or fluorine. 

An even larger category is fe rtilizer raw materials, of whic h 
phosphates, sulfur, and potash represent more than 90% of demand. 
A smaller category is chemical process aids, primarily water treat- 
ment minerals such as salt, lime, and caustic soda. Another smaller 
category is ceramic ra w material s, most notably industr ial sand, 
soda ash, and fire clay. The basic characteristic of all these chemi- 
cal minerals is that they are marketed onc hemical c ontent and 
specifications of purity. As a result, they tend to be more like com- 
modities, with similar products available from several sources at 
comparable prices. Minerals us ed for me tallurgical fluxes are an 
example. 

Physical minerals, the other major classification, are products 
sold to p erformance spec ifications, ma inly for their a bility to 
enhance the v alue and properties of the end product and no t as 
much for their composition (although chemical compatibility with 
the end -use product is_ essential). Similar to che mical minerals, 
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Table 1. Characteristics of industrial versus consumer marketing 
research 

Key Element Industrial Consumer 
Sample size Small Large 


Selective for largest Random sample 


consumers 80/20 rule 


Sampling method 


Sample type Consumers, competitors, Consumers only 


government, other factors 


Data processing Computer-based but often Highly structured, 


unstructured using statistical 
analysis software 
Statistical significance Low due to small sample High 
sizes 
Cross-checking Extensive Little or none 


against other factors 


Based on statistical 
selection techniques 


Key factors Based on expert judgment 





Table 2. Major types of chemical industrial minerals 


Market Segment Major Minerals 





Chemical raw materials Salt, phosphates, soda ash, sulfur 


Fertilizer raw materials Phosphates, sulfur, potash 
Chemical process aids Salt, lime, salt cake 
Ceramic raw materials Sand, soda ash, fire clay 


Metallurgical fluxes Lime, sulfur, fluorspar 





Table 3. Major types of physical industrial minerals 


Market Segment Major Minerals 





Structural minerals Sand and gravel, crushed stone 


Performance minerals Kaolin, calcium carbonate, talc, mica 


Process aids and absorbents Attapulgite, bentonite, barites, 


diatomite 


Foundry minerals Industrial sand, bentonite, zircon 





these phy sical minerals ha ve several basic end-use mar kets, as 
shown in Table 3. Important mineral properties requ ired in these 
applications ar e bright ness, part icle siz e, part icle sha pe, sp ecific 
gravity, hardness, color, absorption cha racteristics ( e.g., r anging 
from absorption of polymer resins to various fluids), and electrical 
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Table 4. Business characteristics of various types of industrial minerals 


Chemical Minerals Physical Minerals 








Chemical Raw Fertilizer Raw Ceramic Raw Performance Structural Absorbents/Process 
Characteristic Materials Materials Materials Minerals Minerals Aids 
Cyclicality High/Large High/Large High/Large Low/Small High/Large Medium/Moderate 
Company size High/Large High/Large Medium/Moderate Medium/Moderate Medium/Moderate | Medium/Moderate 
Number of customers Medium/Moderate High/Large High/Large High/Large High/Large Medium/Moderate 
Captive production High/Large High/Large High/Large Low/Small Low/Small Medium/Moderate 
Technical service Low/Small Low/Small Low/Small High/Large Low/Small Medium/Moderate 
Capital intensity High/Large High/Large Low/Small Medium/Moderate Low/Small Medium/Moderate 
Research and development Low/Small Low/Small Low/Small Medium/Moderate Low/Small Low/Small 
Marketing intensity Low/Small Medium/Moderate Low/Small High/Large Low/Small Medium/Moderate 





conductivity. Except for stru ctural minerals (e.g ., constr uction 
materials), virtually all categories of physical minerals are smaller 
markets than those listed under chemical minerals. 

Structural minerals are the lar gest subgroup in the physical 
minerals category. Sand and gravel and crushed stone are the major 
products in this market segment. Although sold to sp ecific perfor- 
mance specifications (e.g., American Society for Testing and Mate- 
rials, U.S. Depar tment of T ransportation), the mark ets for these 
materials tend to be defined regionally because of to their low unit 
value and broad availability. In addition, because of their volume, 
structural minerals often are consid ered a separate se gment of the 
industrial minerals industry. 

Performance minerals are the largest segment in terms of the 
number of different products available, with roughly 15 major sub- 
product categories. This is the group that often is associated with 
the use of mark eting practices in ind ustrial minerals b usinesses 
because of the unique nature of how these products perform and are 
sold. Key products in this se gment include kaolin, g round calcium 
carbonate, and talc. 

Process aids and a bsorbents are minerals primarily used in 
drilling fluids or as filter aids and su spension aids; b ut they also 
include such en d uses as ir on-ore pell etizing and anim al litter. 
Consequently, minerals such as attapulgite, bentonite, barite, diat- 
omite, and perlite are the major types of products sold in these 
markets. F oundry mineral s include p roducts su ch as i ndustrial 
sand, bentonite, and zircon used in castings and parts for the auto- 
motive and aerospace industries. Table 4 gi ves a comparison of 
business characteristics of various types of chemical minerals and 
physical minerals. 

If one accepts the notion that sp ecialty businesses are rela- 
tively small in volume but with high value added and good growth 
potential, then such ph ysical mineral businesses as perform ance 
minerals, process aids, and absorbents are the most specialized and 
attractive of industrial minerals from a marketing perspective. Con- 
versely, chemical and fertilizer raw materials, owing to their large 
market size and relatively low historical growth, are most like com- 
modities and therefore least likely to benefit from added marketing 
other than to promote the beneficial nature of these materials as part 
of a consumer awareness campaign. 


ADDING VALUE TO INDUSTRIAL MINERALS 


Added value is a term often associated with certain classes of indus- 
trial minerals. But what does it take to provide a value-added prod- 
uct and, equally important, how does a producer obtain the value it 
delivers to its customers? Mo st companies mistakenly look at th e 
value-added portion of a product from a cost-plus perspective, that 
is, the price that can be obtaine d above the production cost for that 


material. This approach, however, does no t ensure that a product 
can be produced or maintained profitably. It is important to under- 
stand ho w to produce av alue-added product, b ut it is equ ally 
important to appreciate how market forc es can affect the v alue 
added. Four factors generally influence add ed-value opportunities 
for industrial minerals: the mineral deposit, the processing method, 
marketing and market price, and competition. 


The Mineral Deposit 


All opportunities to add v alue to an industrial mineral begin with 
the deposit. The geologic environment determines the physical and 
chemical characteristics of a mineral, which in turn determine the 
extent that value can be added to it. If a deposit can yield unique 
products for specialty applications, then the location of that deposit 
relative to its ma rket is less critical; if, however, a deposit can be 
used only to produce commodity grades, then production cost and 
proximity to market are more critical. 

Calcium carbonate is a prime example of how quality and 
location of a deposit can affect a company’s ability to add value to 
its products. Limestone, or calcium carbonate, is one of the most 
widely occurring industrial minerals in No rth America, yet only a 
few high-quality (typically defined as high brightness) deposits are 
mined at present. The natural whiteness or brightness of calcium 
carbonate from these deposits gives producers a unique advantage 
for such color-critical markets as paper, paint, sealants, and plastics. 


Processing Method 


The second factor to consider in developing a value-added material 
is the processing method employed. If a mineral has_ the essential 
geologic characteristics and can be mined economically, then the 
next step to adding v alue is through processing techniques such as 
crushing, grinding, separation, classification, and surface treatment, 
as illustrated in Figure 1. The degree of processing will increase the 
production cost of the material as well as the value of the material, 
but not al ways in direct proportion. Reducing the particle size of a 
mineral is the most common way to derive additional value, but for 
certain performance industrial minerals, including calcium carbon- 
ate, adhe ring to stric t ph ysical para meters suc h as part icle siz e, 
shape, and distr ibution is eq ually important. These products may 
also have fairly rigorous chemical or color specifications in addi - 
tion to physical sizing requirements. The form in which the product 
is delivered (e.g., slurried, densif ied, pelletized), the package size, 
and method of delivery also can contribute greatly to the v alue- 
added benef it of the material to the consumer . In man y cases, 
through un ique or proprietary p rocessing and deli very sy stems, 
suppliers tailor their products to specific customers and end uses to 
derive the added value. 
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Figure 1. Relative value-added contribution from the processing of 
industrial minerals, by stage (unshaded portions of bars represent 
potential ranges of value that can be obtained from each process) 


Marketing and Market Price 


The industries purchasing and using these products are diverse, and 
each has its o wn specification re quirements. In general, however, 
there is some compatibility among customers within specific indus- 
try classifications. For example, paint, plastics, and rubber applica- 
tions may all use a 3.0-um gro und calcium carbonate product, but 
raw material specifications for all three industries may be different 
on several specific chemical or physical parameters. Furthermore, 
within a gi ven industry gr oup, individual customers’ sensiti vities 
relative to specification tolerances and variations from mean datum 
points can be significantly different (Freas 2002). 

The capacity to deri ve added v alue from a product often is 
determined by the market price that a firm can obtain for that mate- 
rial. The market price depends on the supplier’s ability to price the 
product on its value to the customer or end-use product, not the cost 
to produce it. An important marketing factor that affects ac om- 
pany’s ability to price for v alue is product differentiation. “S ales 
and service” is one of the key marketing tools commonly used to 
add value and differentiate a product from competitive offerings. 
Such techniques include improving packaging and handling, offer- 
ing application data a nd other technical info rmation, ad vertising, 
and providing reliable and knowledgeable te chnical se rvice and 
support. Sales and service is only one aspect of marketing. Market- 
ing value-added industrial minerals involves a strong commitment 
to research and de velopment and corporate support from the start, 
followed by the combined efforts of technical service, quality con- 
trol, sales, and customer service staff. The supplier must be able to 
demonstrate its products’ b enefits and un ique qualities, and then 
ensure support for th ose products. All this rarely is achieved over- 
night. Companies successful at de veloping value-added industrial 
minerals—for example, Nyco Minerals (wollastonite) and Suzorite/ 
Zemex (mica)—spent years researching and developing their prod- 
uct offerings for plastics and other markets before an y significant 
sales were realized. 


Competition 


Market c ompetition is t he other critical factor in the value-added 
equation. Companies must be inn ovative in their product de velop- 
ment efforts to ad d value to their products b ut also stay ahead of 

their competitors, or the “me too” suppliers. Competition from 
these in-kind suppliers, and from substitute products, is what ulti- 
mately leads to lower prices, reduced profitability, and the subse- 

quent erosion of value added. Suppliers that have the benefits of a 
quality raw material resource, a unique and cost-efficient process- 


ing technology, and a reliable sales and R&D capability occupy the 
best position to withstand any threats from these competitors. 


BUILDING AN INDUSTRIAL MARKETING STRATEGY 


The key variables in an y marketing scheme include (1) product 
planning/positioning, (2) pricing, (3) distribution, (4) advertising 
and promotion, and (5) customer relations and sales. Depending on 
the nature of the product, the market, and th e competition, there 
may be man y other strate gic variables such as resource and plant 
locations, technical service, customer service, and sa les schemes. 
Strategic planning in volves making choices in each of these areas 
and in allocating resources—labor, capital, physical assets—to such 
elements of the mark eting program as new product development, 
field sales, advertising, and inventories. 

In general, suppliers commit more resources proportionally to 
field sales and technical service elements in an industrial marketing 
campaign than to media and print advertising when compared to a 
consumer-goods mark eting campaign. This is because industrial 
customers for any given product, whether an industrial mineral or a 
piece of equipment, often (but not al ways) are small in number, 
readily identifiable, and reached directly and personally more eco- 
nomically. Another cons ideration is the nature of communications 
required. Industrial customers may need technical education in the 
use or application of th e product, and sometimes the per formance 
and benefits of that product in the customer’s final product. In addi- 
tion, suppliers need continuous and detailed feedback from their 
customers on any problems dealing with product quality and _per- 
formance in order to troubleshoot and also to of | fer new product 
innovations. 


Product Planning/Positioning 


Industrial goods producer s often f ace basic decisions re garding 
where inthe supply chain they want to position themselves and 
their products. Do they want to function as a raw material supplier, 
a supplier of components or semifinished prod ucts (e.g., master- 
batches), an end-product supplier, or all three? Pulp and paper com- 
panies, for example, often function as suppliers of pulp and timber, 
paper and w ood products, and co nverted products. The manuf ac- 
turer who operates at more than one le vel in the supply chain is 
often said to be “competing with its cu stomers.” Although this is 
not entirely an undesirable position, and in some cases can lead to 
faster market penetration, it does introduce certain co nflicts of 
interest in strategic planning between one market level and another. 
Efforts to st rengthena position inone sectorcan sometimes 
adversely affect marketing efforts in another sector. 
Pricing 
Pricing conventions used in industrial mark eting also distingu ish 
this field from consumer goods marketing. For example, competitive 
bidding is widely used in in dustrial marketing on lar ge equipment 
and raw material supply orders. Paper companies of ten will bundle 
their purchasing requirements from several plant locations to maxi- 
mize their purchasing le verage. Bids of ten are based on specif ica- 
tions issued by the purchaser , and, in a str ict situation (often with 
government agencies), may be opened p ublicly and awarded to the 
lowest qualified bidder. More often the initial bid may serve only to 
narrow the field of po tential supp liers, and ne gotiations between 
competing sellers and prospective buyers may proceed from there. 
It follows that man y contracts for industri al goods are priced 
individually. Except for commodity pr oducts ( e.g., ch emical r aw 
materials), which are relatively undifferentiated among different sup- 
pliers, orders for industrial goods have unique specifications, delivery 
terms, and quality requi rements, with pricing on an order-by-order 
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basis. This poses some problems for the marketing of the industrial 
products in both cost calcul ations and the value to the end user, and 
also in the determination of competitors’ prices. 

On many standard items, list prices are a starting point, with 
discounts offered for the size of the order and class of customer 
(e.g., distributor, end user) and with extras or marku ps for special 
packaging and freight op tions. Price ne gotiation is an important 
part of the in dustrial buying and selling process. In each case, the 
relative skill and purc hasing po wer of | arge and small ind ustrial 
customers are taken into account when dealing in the free mar ket 
environment. 


Distribution 


Characteristically, conflicts may arise when industrial goods manu- 
facturers have to sell to both a fe w very large customers and many 
relatively small accounts. This is particularly true in market seg- 
ments such as the paint and plastics industries. It is typically more 
economical for a supp lier to sell directly to a lar ge buyer. In addi- 
tion, most companies have key account programs that focus on sell- 
ing to lar ge buyers both for strategic reasons and to b uild strong 
customer rel ations. Sm all b uyers are served more ef ficiently 
through agents or distributors that carry a larger mix of smaller vol- 
umes to sup ply th ese c ustomers with less-than-truckload (LTL) 
quantities and of fer faster de livery as necessary. Bec ause some 
small accounts eventually become large accounts, and because legal 
issues prevent most suppliers from exercising domain over all the 
accounts a distributor solicits, suppliers and distributors often find 
themselves com peting with one another at various times for th e 
larger accounts. 

The basic problem ( or opportunity, depending on on e’s per- 
spective) stems from the fact that most markets are in a constant 
state of flux with growth likely to occur. A distribution system for 
one stage of market development may not be appropriate at another 
stage. In addition, the system planned for one market segment may 
not be effective in another, say, where the buying practices and the 
size and numb er of customer accounts are dif ferent. Compan y- 
owned and -operated distribution systems can be effective in certain 
sectors but often require lar ge, fixed cost or capital commitments 
(e.g., w arehousing, tr ansportation, inventory) thatcannot — be 
changed easily or adapted to shifting market conditions. 


Advertising and Promotion 


Although media or print advertising plays a smaller role in indus- 
trial marketing than in consumer goods marketing, it can contribute 
in the de velopment of a ne w product or mark et when it creates a 

favorable image with potential b uyers and the general public. In 

addition, the right use of advertising can create a favorable environ- 
ment for the company’s field sales representatives, in the ir dire ct 
dealings with potential buyers and customers, and at industry con- 
ferences and trade sh ows. Industrial marketers incr easingly use 

advertising to create product “pull through” by directing their mes- 
sage at the end user to whom the product ultimately is sold. Build- 
ing stone manuf acturers, fore xample, ha ve long promoted th e 
beauty and durability of their product thorough architectural publi- 
cations, encouraging ar chitects to specify these produ cts in their 
building designs. The purpose of this approach often is to develop 
brand recognition with the end user (in this case, the architect or 
commercial real estate developer) to influence them in the choice of 
materials that contractors will use. One of the most prominent cam- 
paigns developed by an in dustrial marketer to promote its material 
to the end u ser was by BASF, which popularized the slogan, 
“We don’t make a lot of the things you b uy, we make a lot of the 
things you buy better.” This campaign successfully created end-user 


recognition for its func tional polymers. Similar advertising strate- 
gies ultimately aimtob  uild stronger comp etitive positions and 
stronger relations with key customer accounts. 


Customer Relations and Sales 


In industrial mark eting, buyer/seller relationships tend to be both 
continuous and complex. They often go well be yond sales transac- 
tions and very often involve technical assistance to customers, joint 
product development efforts, and product service. Adv ertising on 
behalf of customers, financing their purchases, and entertaining key 
managers in customer companies are tactics intended to put sellers 
in a favorable competitive position. Alliances or customer partner- 
ships also may be formed as part of the buyer/seller relationship. 
This often involves mutual supply and purchase agreements where 
either party benef its from a pro duct that the other produces or in 
some cases where one’s by-product can be used by the other party. 
Anexample of this type o f relationship is in the fumed silica (a 

reinforcing material used in silicone rubber compounds) industry, 
where the fumed silica operator supplies a by-product acid such as 
hydrochloric acid to a neighboring silicone rubber producer, who in 
turn supplies the fumed silica producer with a chlorosilane feed- 
stock (a critical raw material) from the latter’s production process. 
In general, de veloping such a st rong mutual w orking relation ship 
with one’s customer is pivotal to industrial marketing success. 


MARKET SEGMENTATION SCHEMES 


Market se gmentation schemes are an important part of a market 
plan designed to sort customers into homogeneous grou ps accord- 
ing to their purchasing practices and product applications. This type 
of approach provides the essential framework within which market- 
ing strategies focus on the needs of different market segments. 

There are at least four ways of segmenting industrial markets 
like industrial minerals. The first is by product. A kaolin manufac- 
turer might group his customers in terms of the products they buy— 
filler, delaminated, engineered, calcined. Mark et se gmentation by 
product is especially helpful if products are highly differentiated 
technically and where conveying product knowledge to customers 
is a critical dimension of selling. 

The second scheme is by end-use application. Again, using 
the kaolin manufacturer example, this type of supplier might se g- 
ment its markets into groupings such as ceramic, paper, and spe- 
cialty (e.g., paint, rubber, plastics). This segmentation distinguishes 
customers by the way each uses kaolin and the type of delivery sys- 
tem that each typically requires. This approach can v ary greatly 
from one customer grouping to another. The most critical aspect of 
selling is to understand the custom er’s business and the w ay the 
product (in this case, k aolin) serves the customer’s ne eds. The se 
types of classification schemes al so are important in promoting 
manufacturing f acilitiesin ane fficient manner to meet v arious 
grade requirements of end-use industries and customers. 

The third segmentation scheme is to classify by geogr aphy. 
This sc heme recognizes the broadly diverse charac ter of ma rket 
environments w orldwide. Market ing industria 1 minerals to food 
and healthcare markets in Europe, for example, requires adhering 
to different standards than those promulgated in the United States 
or elsewhere in the world. The differences may arise from govern- 
ment con trols, mo netary co nditions, and the wide variances in 
marketing and supply infrastructures (agents, distribution termi- 
nals, etc.). Under these circumstances, coping effectively with the 
local market environment may be the critical dimension of suc- 
cessful market development. 

Finally, markets can be segmented by the way its customers 
buy. Government agencies buy products and services d ifferently 
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than commercial enterprises do. As mentioned, go vernment agen- 
cies typically require that suppliers submit bids and, depending on 
the product, a number of different people may be in volved in the 
buying decision. Large companies buy differently than small com- 
panies do: large companies often employ more structured purchas- 
ing procedures than do smaller companies and are characteristically 
more price sensitive. 

Which scheme for classifying industrial customers is appro- 
priate for each b usiness enter prise will v ary from on e ind ustrial 
market to another. Moreover, the scheme that may be appropriate at 
one stage of market development may be ou tmoded at another. In 
general, se gmenting the market by product is useful in the early 
stages when custo mers need product education; the most essential 
factor in competitive effectiveness is tech nical product knowledge 
and the ability to communicate it to one’s customers. In the later 
stages of mark et development, a se gmentation scheme by product 
tends to e volve in to se gmentation by end-use application, when 
product uses have been identif ied and pr oduct knowledge has 
advanced to the point that much can be sy stematized by type of 
application. At this stage, competitive strengthin the m arket is 
based on understanding the technical aspects of the customer’s 
business and of the use of their product in its production system. In 
the more ma ture sta ges of market de velopment, when cust omer 
education in product and application knowledge are no longer pri- 
mary concerns, and when ma jor competitors are equals in the ser- 
vices tha t they pro vide, buyer se gmentation schemes tend to 


predominate. The cri tical element in marketing succ ess at thi s 
stage, therefore, is kno wing the customer’s purchasing procedures 
and the emphasis placed on f actors such as price, availability of 
supply, product consistency, and quality. 

Although the timing and appropriateness of geo graphic se g- 
mentation schemes vary by product and su pplier, the conventional 
application of this me thod tends to b e earlier rather than later in 
market development. This assumption is based on recognizing that 
markets in different parts of the world become more alike with time 
for any given product. Common patterns of product use and of gov- 
ernment influences on product forms, pricing, and promotion begin 
to emerge along with the marketing infrastructure. Most suppliers 
tend to subordinate geographic distinctions in developing a market 
strategy and emplo y a framework for strategy based on end-use 
application and b uyer criteria. The purpose in co nsidering market 
segmentation schemes is primarily to help understand the man y 
possible approaches along which market information may be gath- 
ered, customers classified, and strategies developed. For each par- 
ticular market served, suppliers should have subordinate strategies 
for individual customers. 
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Due Diligence and Financial Valuation 
of Industrial Mineral Assets 


Ken Santini, James M. Barker, and Edwin H. Bentzen III 


INTRODUCTION 


A due diligence investigation of an industrial mineral asset may be 
requested for multiple reasons. For example, the buyer will require 
it before taking title oralender will require it before pr oviding 
financing. There ar e also dif ferent levels of due diligence. A du e 
diligence investigation of an asset could cover all aspects including 
reserves, mine, p rocess plant, en vironmental i ssues, markets and 
sales, and financials, amon g othe rs. Another in vestigation could 
focus on a single issue such as reserves. Due dili gence investiga- 
tions of industrial mineral assets identify risks (failure and impact) 
and assess the facts and factors related to those risks. The due dili- 
gence investigation provides competent backup data for a business 
decision and must be completed before upper management makes a 
commitment (Santini and Hammond 2000). 

Financial valuation may also be part of the due diligenc e pro- 
cess. One of the commonly used standards of value is fair market 
value, defined as the cash or cash equivalent price at which property 
would change hands between a will ing buyer and a willing sel ler, 
both b eing adeq uately informed of the relevant facts and neither 
being compelled to b uy or se ll. In a ssessing an asset’s fair market 
value, the three gene rally acc epted approaches to v alue—market, 
income, and cost—c an be employed. These approaches are based, 
respectively, on market exchanges for comparable business interest 
or assets, the cap italization of income, and the cost to reproduce 
assets (Santini and Hammond 2000). 

No set stan dard on ho w to design and co mplete a due dili- 
gence investigation exists (O’Driscoll 1999). Each due diligence 
team should know the key issues from their per spective and focus 
on those and perhaps exclude others. The discussion in this chapter, 
although not all-inclusi ve, does hig hlight the comple x nature of a 
due diligence investigation. 

Industrial minerals are wide ranging, comprising at least 
50 major commodities and thousands of products. Classification of 
industrial minera Is is dif ficult (Austin 1999), so time should b e 
spent developing an understanding of the industry before venturing 
forth. 

This chapter is presented as an outline be cause a narrative 
would be extremely long; each section could be a book on its own. 
It is not the authors’ intention to describe how to conduct an investi- 
gation, but rather to dem onstrate what could be in vestigated for 
each due diligence case. The outline will aid the due diligence team 
in en suring comp lete coverage. It will also aid management in 
gauging the specific knowledge needed by the due diligence team. 
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DUE DILIGENCE INVESTIGATION 


A due diligence investigation ranges from the very specific, such as 
a reserve audit, to a complete audit of all phases of an asset (Santini 
1999a, 1999b; Toll 1999). 


Due Diligence—What Is It? 


It is a process of evaluating a company or asset from a buyer’s 
perspective and preparing to transition it to new ownership. 


It is a process of preparing a company or asset fo r sale from 
the se ller’s pers pective and i dentifying how and when data 
should be provided to potential purchasers. 


Due Diligence—Why Do It? 


Addresses the basic law of business: caveat emptor 


Risks of the business rest on the buyer 


Representations and warranties in the selling documents can 
address only a limited number of risks 


Identifies risks and assesses f acts and factors related to th ose 
risks 


Confirms value and investigates upside potential and synergies 


Provides competent backup data for business decisions 


Required by a lender before funds are released 


Due Diligence—Who Does It? 


Company management/employees 


Financial advisors 


Consultants/attorneys/accountants/other specialists 


Type and number of people depend on size of the deal, com- 
plexity of the asset, and _ time available for conducting the 
investigation 


Due Diligence—When Is It Done? 


Typically within a spec ified time period designated by the 
seller 


Often in a very limited time period 


After signing of a confidentiality/nondisclosure agreement 


Could involve initial phase before submission of an indicative 
or qualifying bid 


Should always include a detailed in vestigative phase prior to 
closing of the transaction 
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Economic, mining, processing, 
marketing, environmental, and 
social/governmental factors may cause 
material to move between resources and reserves 


| 


Measured = <————_> Proven 
Indicated =< Probable 
Increasing level 
of geological 
knowledge 
Inferred 


and confidence 


Resources —_—_—————> Reserves 


Exploration Data 


Figure 1. Hierarchy of resource and reserve terms showing rela- 
tionship among geological knowledge, economics, and other factors. 
The key point is that resources move into reserves and back to 
resources depending on nongeologic forces that allow a profit to be 
made (reserve) or not (resource). 


Due Diligence—How Is It Done? 
¢ Visits to data room/seller’s office 
¢ Mine/plant/warehouse/terminal site inspections 
¢ Inquiries with regulatory agencies 
¢ Check of court records 


¢ Discussions with suppliers, cu stomers, distrib utors, agents, 
seller staff, etc. (if allowed) 


¢ Formal report of findings that includes the following: 


— Proof that assets exist as represented by seller who has the 
right (title) to sell 


— Identification, description, and assessment of any risks 
— Discussion of strengths and weaknesses of the operation 
— Confirmation of value 


Seller's Due Diligence Process—Do’s and Don'ts 

¢ Use a financial advisor with expertise in industrial minerals to 
divest of the asset. 

* Have no direct contact with potential purchasers. 

¢ Inform selected company personnel of impending sale. 

¢ Arrange for key personnel to be available during management 
presentations and data room and site visits. 

¢ Prepare an information memorandum and get a confidentiality/ 
nondisclosure agreement signed. 


Control the process by setting dates and limiting visits: 


— Typically one day each 
(travel time additional) 


at data room an d at operation 


— Additional site visits as necessary 
— Typically one due diligence team per week 


Ensure that data room is well organized with e xtra copies of 
important documents available for potential purchasers. 


¢ Record any documents given to potential purchasers for return 
if they are not the successful bidder. 


* Only allow one company at a time in the data room or at the 
operation. 


¢ Make sure that all units of an operation are up and running. 


Buyer’s Due Diligence Process—Do’s and Don'ts 


Determine what is for sale, what the time constraints are for 
data room and site vi sits, when offers need to be submitted, 
and what constitutes the bidding process. 


Sign a confidentiality/nondisclosure agreement, and obtain an 
information memorandum. 


Select members of the due diligence team; use consultants 
when necessary. 


Have a defined scope of work in hand at the start. 


Distribute the information memorandum to the due diligence 
team; develop a li st of questions to ask during management 
presentations and data room and site visits. 


Never have direct contact with seller if a financial advisor has 
been retained. 


Request conversations with customers, distributors, and oth- 
ers, if required. 


Consider a preemptive offer. 


Be prepared to make a counteroffer. 


TECHNICAL DUE DILIGENCE 


Technical due diligence is focused on the reserv e, its e xtraction, 
and its processing to products. 


* Geology and reserves (Santini 1999c) 

¢ Mine plans and operation (Scriven 1999) 

¢ Process plants and facilities (Bentzen 1999) 
« Waste management 


¢ Research and development programs 


Geology and Reserves 


The reserve audit ensures a potential buyer that the reserves, as pre- 
sented, are a reasonable and accurate approximation of the tonnage 
or volume and grade/quality of the reserves present (Figure 1). The 
reserve audit verifies that the reserves may be used for mine plan- 
ning or economic analysis. 


Geology 
¢ Development of a thorough understanding of deposit geology 
¢ Mandatory field inspection 


¢ Examination of drill core/cuttings/bulk samples and review of 
analytical data 


¢ Review of geologic reports and reserve studies 


Reserve Audit 


It is extremely prudent to reestimate a portion of the reserves: 


— Reestimation area(s) must represent deposit and constitute 
a minimum of 10% to 30% of reserves. 


— Check reserve audit should be at least 90% of the reserve 
study. 


— If deviations are found in the reserve check, a total reesti- 
mation must be done. 


— It is important to determine reserve expansion potential. 
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¢ If the reserve audit is within target range (90%), accept it as 
being properly compiled. 


If audited reserve is outside target range, indicate where errors 
exist and the probable impact on overall stated reserve. 

¢ The audit report should provide independent third-party assur- 
ance to the buyer. 


Reserves that pass an audit may be used with confidence in 
preparing cash-flow projections and in deri ving net-present 
value or internal rate of return. 


¢ In performing an audit, there are four general areas of concern 
that must be checked: 


— Definitions 
— Parameters 
— Data 

— Procedures 


¢ For each of the four general areas, the auditor must be con- 
vinced that the reserve study complies with professional stan- 
dards and industry practices. 


MINING DUE DILIGENCE 


The due diligence process at a mine or deposit is best d one by an 
engineer with specific kno wledge of ore-body/deposit geology 

(Scriven 1999). For an undeveloped prospect, the investigation may 
include feasibility of open-pit, underground, or solution mining. 


Mine Data 
¢ Feasibility studies,in dependent en gineering repo rts, and 
R&D reports 
¢ Mine plans (1-year, 5-year, 10-year, life-of-mine, etc.) 
¢ Minable reserves: 
— Recovery ate 
— Dilution factors 
¢ Geotechnical issues: 
— Rock mechanics (underground) 
— Slope stability (open pit) 
— Subsidence (solution) 
¢ Production schedule: 
— Ore production and grade/quality 
— Waste production and management 
— Stripping ratios 
— Production schedule related to minable reserves (is life of 
mine accurate?) 
¢ Ore and waste haulage and transport: 
— Capacity of loaders, trucks, belts, hoists, and so forth 
— Haul distance and cycle times 
— Equipment schedule; age and condition of fleet 
— Adequacy to meet production schedules 
¢ Maintenance schedule, procedures, and policies: 
— Written policy 
— History and schedule 
— Equipment needing frequent repairs or total replacement 


— Spare parts inventory, inventory control, storage, and parts 
flow from suppliers 


¢ Manning schedule: 


— Crew size, shift schedule, tons per man-shift, and unit 
productivities 


— Age of workforce 


* Utility plan (adequate water, power, air, etc.) 

¢ Ventilation plan (new ventilation shafts, fans, etc.) 

¢ Safety and training: 
— Routine training schedule 
— Policy for obtaining and maintaining certifications 
— Policy for attending classes or technical meetings 


Mine Costs 


Fixed and variable operating costs per ton: 
— Labor 
— Equipment 


— Fuel and lubricants 
— Power and water 
— General and administrative 


Capital costs: 
— Replacement 
— Expansion 


PROCESSING DUE DILIGENCE 


Processing due diligence (Bentzen 1999) involves examining the 
plant flowsheet, bottlenecks, equipment condition, and replacement 
costs. This information helps assess how cost competitive the exist- 
ing plant is compared to similar plants. 


Processing Plant 


Flowsheet: 
— Compare original with the actual flowsheet 


— Understand the rati onale for recent changes to the 
flowsheet 


— Describe plant expansion potential and needed changes 


Production capacity: 
— Designed versus actual 
— Availability (percent operating time) 


Production schedule: 

— Production and grade/quality/specifications 
— Waste handling and quantity 

— Matching plant capacity to future production 


Consumption of reagents and other materials 


Review of research propo sals and project reports on the pro- 
cess or products 


Manning schedule: 
— Shift size and schedule 
— Age of workforce 


Maintenance schedule, procedures, and policies: 

— Written policy 

— History and schedule 

— Equipment needing frequent repairs or total replacement 


— Spare parts inventory, inventory control, storage, and parts 
flow from suppliers 


Utility plan: 
— Sources 
— Short- or long-term contracts and renewal costs 


Safety and training: 

— Routine training schedule 

— Policy for obtaining and maintaining certifications 
— Policy for attending classes or technical meetings 
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Adapted from Barker 1997. 

Figure 2. Domestic and export/import transport diagram showing 
the relationship of the end user to the mine/plant. The various trans- 
port modes commonly used at each stage of mineral supply are 
shown as major (above the line) or minor (below the line). Haulage 
(off highway) and distribution to end users (delivery) is not usually 
considered in mineral flow. 


Processing Plant Costs 

¢ Fixed and variable operating costs per ton: 
— Labor 
— Equipment 
— Fuel and lubricants 
— Power and water 
— General and administrative 

* Capital costs: 
— Replacement 
— Expansion 


TRANSPORTATION DUE DILIGENCE 


Literature reviews and fo cus on industrial minerals transport is in 
Barker and Harben (200 4), Barker (1 997, 2004), and Bark er and 
Austin (1995). Industrial minerals (IM) transport is complex, often 
covering multiple modes of transport and frequently crossing inter- 
national borders (Figu re 2). Transport due diligence is not often 
considered whene valuating other due dil igence are as (Barker 
1999). An important aspect of due diligence is to see if logistics 
could be more ef ficient for incoming raw materials, or outgoing 
products, or for both. This may bea critical part of the acquisition if 
increasing transport efficiency helps profitability. 


* Cost factors include 
— Type and duration of shipping contracts, if any 
— Mineral or rock produced and form 


— Availability, scheduling, and transit times of desired trans- 
port equipment 


— Distance from plant to por t, trans-shipper, distributor, or 
customer 


— Shipment form 


— Handling, docking, warehousing and service companies at 
each transport change 


— Demurrage exposure 


— Insurance and bonding or other risk-avoidance activities 
— Government and environmental regulation 
— Import and export tariffs and customs 


— Cultural or regional differences 


Major transport modes (Table 1): 

— Truck (highest cost, most flexible, and most used) 

— Rail 

— Barge 

— Ship (lowest cost, least flexible, least used, but very effec- 
tive if available) 


— Multimodal (use of several modes in one cargo movement) 


Minor transport modes: 


— Backpack and pack animal 
areas) 


(common in le ss-developed 


— Pipeline 
— Postal (small amounts of value-added products) 
— Airfreight 


Shipment form: 

— Bulk or packaged (bags, supersacks, cartons, barrels, etc.) 
— Dry or wet (liquid, molten, slurry) 

— Containers 


Transportation is more than simp ly putting products on one 
mode or another: 


¢ Use of containers and multim 
standard. 


odal t ransport i s becoming 


¢ As shipment size or complexity rises, greater care needs to be 
exercised and use of brokers may be required to lessen risk. 


¢ The buyer must be convinced that the current logistics frame- 
work is acceptable or must have a clear idea of the changes 
needed before acquisition. 


MARKETING DUE DILIGENCE 


Above all, industrial minerals are market driven, so marketing due 
diligence is critical (Santini 1999d). Most i ndustrial minerals are 
sold as raw materials to industry, construction, and agricultural mar- 
kets. Few (salt, cat litter) are sold directly to consumers. Many indi- 
vidual industrial minerals, through processing differences, yield a 
variety of produc ts with v ery different specifications that are sold 
into v ery dif ferent m arkets, e ven when produced from the same 
deposit with the same mineralogy. For example, glass sand, spe- 
cialty optical silica, and silica flour for rubber tire manufacture may 
all come fr om the same source ( Holmes and Santini 1985, 1987 
unpublished). Some marketing factors are su mmarized in Table 2 
and in Barker, Austin, and Santini (1999), which includes a detailed 
outline of an advanced marketing study. 


Marketing Categories 


Captive production for use by owner to make a finished prod- 
uct (think internal use) 


Commodity minerals produced in bulk to general specif ica- 
tions (think quantity and low price) 


Specialty minerals produced to meet rigid specif ications 
unique to each customer (think quality) 


Many product lines encompassing both commodity and spe- 
cialty minerals 


Awareness of where the seller sits in relation to market trends 
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Table 1. Selected characteristics of transport modes 


Characteristics 


Barge 


71 


Ship 





Typical U.S. cents/ton-mile 
Rates and regulation 
Flexibility 

Capacity, typical (U.S.) 
Capacity, typical (Europe) 
Subsidy type 

Haul containers 


Negotiations (mostly 
confidential) 


Negotiated (partly regulated) 


Truck Rail 
10-25 (high) 2-4 (moderate) 
Negotiated (partly regulated) 
Very high Moderate 
25t 100 t 
Varies Varies 
Roadway Track; land (past) 
Yes Yes 


Easy; often via regional 


dispatcher or owner/driver responsive 


Hard; railroad often not 


0.75-1 (low) 

Negotiated (low regulation) 
low 

1,200 t 

1,500 t 

Locks, waterway 

Yes 


Easier with broker, harder 
without 


0.1-0.5 (very low) 
Negotiated (free market) 
Very low 

60,000 dwt" 

150,000 dwt 

Ports, navigation 

Yes 


Less hard with broker, very 
hard without 





Adapted from Barker 1999. 
* dwt = dead weight tons. 


Table 2. Selected characteristics of marketing commodity versus specialty industrial minerals 


Market Characteristics 


Commodity Minerals 


Specialty Minerals 





Place value 

Volume 

Specifications 

Sample evaluation 
Properties and uniformity 
Testing 

Substitution 


Marketing and management style 


Main sales basis 
Time to first sale 


Rate of market change 


Need for in-house labs and R&D 


High (transport sensitive) 
Large 

Industry standard 
Short 

General 

Standard 

Easy 

Business 

Price (undifferentiated) 
Short 

Slow to moderate 


Low 


Low (transport insensitive) 


Small 

End-user customized 
Long 

Highly controlled 


Specific or customized 


Hard 


Technical 


Performance (differentiated) 


Medium to long 
Rapid to moderate 


High 





Adapted from Barker, Austin, and Santini 1999. 


Marketing 


¢ Market areas served and market share 


¢ Market studies (company and consultant generated) 


¢ Marketing promotion: 


— Planned and active; results of past efforts 


— Product brochures 


— Trade shows 


— Membership in professional organizations 


Technical sales support: 


— Research and development 


— Technical support offered compared to competitors 


¢ Marketing strengths and weaknesses for each product or line 


¢ Marketing/sales costs 


Customers and Distributors 


¢ List of customers 


¢ List of distributors/agents and terms of agreements 


¢ Direct c ontact with 


selected customers, dist ributors, a nd 


agents (get approval of seller) 


¢ Volume of sales for compan y sales staff versus distrib utors/ 


agents 


Customer service organization and “style” 


Assessment of the company as engineering- or customer - 
oriented (and whether it should stay that way?) 


Customers satisfaction with products and delivery 


Customers who require I SO (International Or ganization for 
Standardization) certification (retain or gain certification?) 


Products and Product Lines 


¢ Product types, names, and descriptions 


— Most industrial minerals are marketed by trade name (e.g., 


Topcoat 90 rather than talc). 


— Consistency and reliable delivery are key success factors. 


— Value-added products have upgraded quality or function- 


ality and thus a higher price. 


— Competitiveness against other producers must be evaluated. 


Quality specifications 


Volume of actual versus budgeted sales 


Annual growth rate (historical/projected) 


Bulk or packaged 


Potential for product substitution 
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Product Pricing 


¢ Actual versus budgeted 

* Pricing structure (contract, spot, list) 

¢ Discounts 

¢ Pricing basis (i.e., f.o.b. or CIF [free on board or cost, insur- 
ance, and freight]) 

¢ Historical trends 

¢ Forecasts 


Sales and Supply Contracts 
¢ Term 
¢ Volume 
¢ Price 
¢ Specifications 
* Penalties 
¢ Payment schedule 
¢ Sales revenue 


LEGAL AND REGULATORY DUE DILIGENCE 


Laws affect every area of an i ndustrial minerals operation, making 
legal andr egulatory due diligence wide ranging (Hayes 1999). 
These laws affect corporate, tax, environmental, land status, con- 
tractual, and a myriad of other functions and factors associated with 
the asset in questi on. The various agreements and contractual or 
regulatory documents uncovered during other portions of the due 
diligence process will be reviewed by the legal team. Due diligence 
is seldom purely legal, so consultation is normally done with v ari- 
ous appropriate experts. 


Legal and Regulatory Due Diligence 


¢ Does the seller own the asset, and have the right to sell it? 
¢ Will the buyer be able to 
desired? 


Will the buyer be able to co mply with all regulatory con- 
straints to which the asset is subject? 


occupy and oper ate the asset as 


¢ What current or potential claims exist against the asset? 
¢ Are there guarantees from the seller? 


Investigation Effort Required Depends 
on Nature of Transaction 
¢ Stock acquisition: 
— Buyer acquires the entire entity with all of its asset s and 
liabilities. 
— “Corporate liabilities” include all contract, tort, and statu- 


tory claims, even if onl y remotely related to the desired 
assets. 


— Such acquisitions typically trigger securities 1 aw/regula- 
tion issues. 


« Asset purchase: 


— It may be possible to separate many of the corporate lia- 
bilities from the asset. 


— Itis critical to identify those that are attached to asset. 


Key Legal Due Diligence Concepts 
¢ Title/limitations on transfer or use: 


— Mining claims, leases, conce ssions, mining rights, severed 
rights, water rights, surface access, mill site claims, and so 
forth. 


— Business, personal, and operating property 


— Partner/shareholder/foreign e ntity 1 imitations on c hange 
of ownership 


— Confidentiality agreements, intellectual property 


Permits, payments, and contracts related to asset operation: 


— Prospecting and mining plans/ permits ( including lo cal 
jurisdiction), permit compliance, and performance bonds 


— Ore/waste haulage contracts 

— Supply/maintenance agreements, equipment leases 
— Royalties; production and property taxes 

— Product sales contracts 

— Distribution/agent agreements 


— Management and union contracts, health and safety plans, 
retirement obligations 


Corporate affairs: 

— Corporate governance 

— Securities issues (shareholder interactions) 
— Finance 

— Taxes 


Environmental 

— Plans and permits 

— Violations and compliance 
— Bonds 

Litigation 


— Pending lawsuits and threatened actions 


— Judgments, fines, and liens; other regulatory compliance 
actions 


Seller’s representations and warranties 


ENVIRONMENTAL SITE ASSESSMENT 


An environmental site assessment (Hammond 1999a) is a cost-effec- 
tive, preliminary, qualitative, environmental investigation conducted 
to disclose en vironmental concerns, usually re lating to the b uyer’s 
risk and liability exposure, prior to the transfer of a property: 


¢ Why: So_ that en vironmental ha zards or past en vironmental 
practices can be identified and disclosed and both the buyer 
and the seller have a clear understanding of the environmental 
risks associated with the property transfer 

¢ Where: Any mining or mineral processing prop erty where 
potential e nvironmental ha zards maye xist from past or 
present practices on or adjacent to the site 


Reasons for Conducting Environmental 
Site Assessments in an Acquisition 


¢ To find problems dictating re duction in purchase price or 
additional indemnification 

¢ To initiate operating practices review 

¢ To identify impediments to permitting/development/production 


¢ Toa void being named the Po tentially Res ponsible P arty 
(PRP) 


Phase | Environmental Site Assessments 


* Conducted to determine the presence of hazardou s or toxic 
substance contamination at a given site 

¢ Provides sufficient technical information so tha ta decision 
regarding the cost benefit of the transfer can be qualified 
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May reveal substances or waste as a result of cur rent or past 
site activities, unauthorized dumping or disposal, or migration 
of contaminants from adjacent or nearby properties 


At a minimum include: 
— A review of historical records related to site usage 
— An examination of regulatory agency files and databases 


Includes field reconnaissance of site and adjacent properties 


Characterizes the geo logical, h ydrologic, topographic, and 
population exposure setting as needed to evaluate po tential 
migration for any contaminants identified 


Normally excludes invasive investigative techniques such as 
soil sampling, drilling, or groundwater chemical analysis 


Follow formal co nduct guida nce no w pro vided by ASTM 
standards E1528-00 and E1527-00 


Environmental Site Assessments: The U.S. Regulatory Basis 


¢ Comprehensive Environmental Response Compen sation and 
Liability Act (CERCLA) 


¢ Superfund Amendments and Reauthorization Act (SARA) 
¢ Resource Conservation and Recovery Act (RCRA) 

¢ Clean Air Act 

¢ Clean Air Act Amendments 

¢ Federal Water Pollution Control Act 

¢ Surface Mining Control and Reclamation Act (SMCRA) 
* Toxic Substances Control Act 

* Occupational Safety and Health Act 

¢ Safe Drinking Water Act 

¢ Hazardous Materials Transportation Act 

¢ Atomic Energy Act 

¢ Endangered Species Act and wildlife regulations 


The Phase | Process 


¢ Examination of seller’s records and files 

¢ Assembly of maps and geologic/hydrologic information 

¢ State/federal agency interviews and file/database examination 
¢ Air photo examination 

¢ Site inspections and/or overflights 

¢ Operator interviews and document examination 

¢ Interviews with local agencies, residents, and employees 

¢ Documentation 

* Conclusions and recommendations 

¢ Business decisions 


Contact Agencies in a U.S. Phase | Assessment 


¢ U.S. Environmental Protection Agency 

¢ U.S. Forest Service, U.S. Bureau of Land Management 
¢ U.S. Office of Surface Mining 

¢ State Department of Natural Resources 

¢ State Department of Health 

¢ State Department of Environmental Protection 
¢ Public Utility Commission 

¢ County health department 

* Local fire district 

¢ County zoning and planning authorities 

¢ State Conservation Commission 


¢ Department of Public Safety 
¢ State Department of Cultural and Historic Preservation 
¢ Local libraries and historical societies 


Regulatory Agency Files and Databases 


Comprehensive Environmental Response, Compensation, and 
Liability Information System (CERCLIS) registration, assess- 
ment, and reports (site location list, event list, National Priori- 
ties List [NPL]) 


Anthropological, cultural, and historic sites 


Water dischar ge permits and violations (National Pollu tant 
Discharge Elimination System [NDPES]) 


¢ Groundwater and aquifer geology 


Air quality permits and violations 


Solid and hazardous waste disposal (RCRA notifiers, SARA 
Title III, state permits) 


Mine/operator permits and violations 
Abandoned Mine Land (AML) sites and remediation reports 


Underground stor age tank (UST) and leaking underground 
storage tank (LUST) inventories 


Phase | Site Document Review in the United States 


Mine permit or operation plan 


Reclamation plan 


Waste oil management plan 


Regulated waste management plan 


Spill prevention and control plan 


Inert waste disposal permit 
NPDES discharge permit 
Underground injection control permit 


Groundwater discharge permit 


Air emissions permit 


Polychlorinated biphenyls (PCBs) inventory 
RCRA reports 

SARA Title III reports 

Hazardous waste disposal contracts and manifests 


Phase | Site Inspections 


Fuel oil storage tanks 


Lubricant/antifreeze storage and distribution 


Maintenance buildings 


Equipment wash facilities 


Hazardous waste collection and storage facilities 


Hazardous materials storage (i.e., solvents, explosives, chemi- 
cals, etc.) 


Sewage collection and treatment facilities 


Waste oil collection and storage locations 


Reclamation practices (including what can be disposed of in 
backfill) 

Underground/surface run off water control, sediment settling 
and treatment facilities 


Tailings transport, impoundment, and control 


Laboratories 
Wells and drill holes 
Solid waste disposal sites 


Ore storage sites 
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¢ Surplus electrical equipment 
¢ “Bone yards” 


¢ Pits, sinkholes, collapse f eatures, depressions, groun d stain- 
ing, stressed vegetation, ref use piles, discarded containers, 
barrels, and so on. 


* Condition and surface use of surrounding property 


FINANCIAL DUE DILIGENCE 


Financial due dili gence, similar to legal due diligence, affects all 
areas of ano peration and henc e requir es frequent consultation 
between team members and other experts. Financial due diligence 
consists of accounting (Measom 1999), tax (Swearngin 1999), and 
finance due diligence reviews. 


Accounting Due Diligence 


* Often overlooked area 
¢ Identification of issues for future financial reporting 
¢ Primary objectives: 


— To verify the completeness, accuracy, and reasonableness 
of balance sheets 


— Tov erifyt hatit ems aren ot recorded or improperly 
recorded 


¢ Cash (who keeps it when deal closes) 


¢ Accounts receivable (may need revision language in deal for 
noncollection) 


¢ Accounts payable (check for unrecorded liabilities) 


Royalties (prepaid or accrued; transferable?) 


Inventories (agree on valuation date) 


Contracts (renewal; transferable?) 


Property plant & equipment (including development and other 
capitalized costs) 


¢ Mineral reserves (revalue if needed) 
¢ Debt (confirm with creditors; assumable?) 


Equity (stock options, ownership dilution) 


Tax Due Diligence 
¢ Tax due diligence in volves both the transaction pro posed 
today and projected profit and loss (P&L). 
¢ It focuses on three key areas: 


— Structure of the proposed tran saction (taxable or tax free 
reorganization) 


— Identification and mitigation of hidden tax liabilities 
— Identification and realization of hidden tax benefits 


Structure of the Transaction 
¢ Tax-free transactions reduce exposure to hidden tax liabilities 
and hidden tax benefits: 
— Reduce or eliminate taxes for seller 
— Pass tax attributes to buyer 
= Limitations on future u se oftax attributes canb e 
imposed by tax authorities; in the Unite d Sta tes, for 


example, through 
a. Internal Revenue Code Section 382 


b. Separate return limitation year (SRLY) provisions 


c. New regulation creating an “overlap rule” to prevent 
both Section 382 and SRLY applying to transactions 
closing after 6/25/99 


¢ Taxable transactions increase exposure to hidden tax liabilities 
as well as benefits: 


— Consideration should be given to impacts of 
= Income taxes (federal, state, provincial) 
= Sales and use taxes 
= Property taxes 


= Loss of preferred tax status or benefits (i.e., California 
Proposition 13 grandfather status) 
— Benefits can be associated with step-up in tax basis 


Assumption of Hidden Tax Liabilities 
¢ Incomplete tax filings: 


— Werification for all types of tax es related to business 


activities 
— Werification filings fo r al 1j urisdictions in whi ch se ller 
may have conducted business 
* Inconsistency in tax filings between buyer and seller: 
— Additional audit exposures 
— Limitation on future filing positions 
¢ Deferred tax liabilities recorded for buyer: 


— Benefits assigned to tax attributes acquired (i.e., net oper- 
ating loss carry-forwards, capital losses, tax credits) 


— Increase the book value of the acquired assets, therefore 
impacting future P&L, amortization rates, and so on. 


Finance Due Diligence 


¢ Understand current f inancial st ructure of the asset (assets , 
actual and contingent liabilities, shareholder e quity, options, 
etc.). 


¢ Understand deal structure (may trigger audit and other regula- 
tory requirements). 


¢ Identify policies and practices that could have an ef fect on 
valuation. 


¢ Perform cash-flow analysis 
— Ability to meet short- and long-term obligations 
— Potential for impairment of assets 
— Reasonableness of pricing and cost structure assumptions 


HUMAN RESOURCES DUE DILIGENCE 


Human resources (HR) due diligence (Humphries 1999) is a critical 
area for long-term success of a merger or acquisition. Keeping key 
personnel on board, on tar get, and happy greatly eases the almost 
unavoidable frictions of a successful acquisition. 


The Ultimate Scapegoat for a Merger or Acquisition Failure 


¢ Differences in operating style are the most frequently reported 
post-deal difficulties. 


¢ Cultural incompatibility is blamed for many failures. 
¢ Misconceptions abound: 

— Culture is an intractable force. 

— Culture can be blended gradually. 

— Culture can be changed by preaching. 


The Transition Challenge 
¢ Identify the or ganizational a nd c ultural imp ediments to a n 
accelerated transition. 
¢ Identify the or ganizational and cultural constraints on p ost- 
transition business performance. 
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Two Areas of Focus for HR Due Diligence 


¢ Big “HR”—the human resources function: 


— Traditionally, HR is look ed at only from standpoint of 
compliance, risk, and p otential ne gative im pact on bal- 
ance sheet, P&L, or cash flows. 


— It is often an afterthought 
¢ Small “hr’—the human capital of the business: 


— People are g enerally the “asset” in whic h si gnificant 
money is invested. 


— Isis essential to look at culture, structure, performance 
management, and intellectual capital. 


— What is the return on investment (ROI) on people? 


Typical HR Due Diligence Areas 
* General HR 
¢ General compensation 
¢ Pensions—actuarial 
* Compliance 


Postemployment/retirement issues 

¢ Health and welfare 

¢ Executive arrangements 

¢ Organizational and cultural concerns 


General HR 


* Organizational effectiveness and transition issues 
— HR strategy and structure 
— Efficiency of plan administration 
— Appropriateness of systems; need for new systems 
— Opportunities for outsourcing 
¢ Work force reductions, severance, and payroll tax issues 
¢ Employment compliance, HR policies and procedures 
¢ Labor relations and employee communication 


Cultural factors 


Collective bargaining and unions 
¢ Global work force issues, compensation, and benefits 


General Compensation 
« Compensation strategy 
¢ Bonus policy and accruals 
¢ Broader stock ownership 
* Competitiveness of package 


Pensions—Actuarial 
¢ Are all plans identified? 
« Are sheltered employees retirement plans (SERPs) active? 
¢ What is plan structure? Whole plan or carve out? 
¢ Are actuarial assumptions okay? 
¢ What are stand-alone expense and buyout/severance impacts? 
¢ Are there unfunded or underfunded international plans? 


Compliance 
¢ Are plans compliant with state/national regulations? 
¢ Have filings been made on timely basis? 


¢ Will Pensi on Benef it Guaran ty Corporation (PBGC) be 
interested? 


¢ Have discrimination tests been satisfied? 
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Figure 3. Hierarchy of common methods of asset valuation 


¢ Do stated plan assets actually exist? 


¢ Inthe United States, are there any Occupational Safety and 
Health Administration (OSHA) or Equal Employment Oppor- 
tunity Commission (EEOC) violations? 


Postretirement and Postemployment 
¢ If retiree medical/dental and life coverage exist, are there sim- 
ilar issues to pension actuarial? 
Is there reserve for long-term disability (LTD)? 


« Is there recurrent se verance exposure under FAS 43, particu- 
larly for international? 


¢ What is the impact of severance intentions generally? 


Health and Welfare 
¢ Current cost of medical and trend—opportunity to reduce cost 
by managed care or plan design/cost sharing 
* Cost of workers’ compensation 
¢ Reserve for workers’ compensation 


¢ Incurred-but-not-reported (IB NR) reserv e for medical and 
dental 


* Cost of insurance coverage 


Executive Arrangements 
¢ Employment contracts 
¢ Change in control payments and triggers 


¢ Loss of corporate deductibilit y and excise tax under Federal 
Statute 280G 


¢ Accelerated vesting of restricted stock and stock options 
¢ Transition retention and ongoing “incentivization” 


VALUATION OF INDUSTRIAL MINERAL ASSESTS 


No due diligence investigation is complete until the asset has under- 
gone valuation (Hammond 1999b; Hammond and Santini 1999). 
Figure 3 sho ws a comp arison of some of the common v_ aluation 
methods. 


Valuation Is Part of the Due Diligence Process 


* Confirmation of value 
¢ Assessment of risks uncovered during due diligence 
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Input for purchase price adjustments (price or deal structure) 
Provision of support for lender appraisals 


Allocation of purchase price for tax and/or accounting purposes 


Valuation Defined 


Webster’s: 

— The act or process of valuing; specifically, an appraisal of 
property 

— Estimated or determined market value of a thing 

— Judgment or appreciation of worth or character 

Informal: 

— Performed internally or by third party 

— Satisfies business objective 

Formal: 

— Performed by independent third party 

— Often called an “appraisal” 


— Increasingly subject to regulation 


Why Do We “Value” Mineral Assets? 


To make decisions (A): 

— Exploration programs 

— Project development 

— Operating strategies 

— Capital budgeting 

— Mergers and acquisitions 

To establish a price (B): 

— Exploration lease/concession bids 
— Asset selling prices 

— Acquisition offers 

— Litigation settlements 

— Financial collateral 

— Purchase price allocation for tax or accounting basis 
— Securities reporting 


For A objectives, there may be time to mitigate the impacts of 


a “bad” valuation; for B objectives, time is often not available. 


Standards of Value 


Investment value 
Intrinsic value 
Fair market value 


Fair ulue 


Approaches to Value 


Cost approach 

— Cost to reproduce assets 

— Rarely applicable to mineral reserves 

Market approach (comparable sales) 

— Difficult to identify enough comparable transactions 


— Adjustments usually required to place on truly compara- 
ble basis 


— Often best approach for undeveloped resources 


Income approach (cash-flow analysis) 


Income-Based Valuation of Industrial Minerals Assets— 
Developing the Assumptions 


Most industrial mineral valuations must be based on a solid market 
study. 


Market geography: 
— Local 

— Regional 

— Global 


Current product prices and historical trends 


Product specifications 


Impact of competitor capabilities and strategies 


Potential for product substitution 


Form in which product is sold 


Impacts of health, safety, and environmental regulation 


Product pricing projections are usually the most critical model 
component. 


Different prices for different product forms: 
— Technical specifications 


— Packaging 


Terms of sale: 
— Existence of a spot or cash market 
— Forward contracts 


— Penalties for out-of-spec material 


Delivered price and mine netback 


Transfer pricing when mineral is used as internal fe edstock 
(value-added processing) 


Export/import tariffs 


Production capacity sized to the market 
Transportation costs often exceed cost of product: 
Availability 

Local (e.g., trucking to a railhead) 


Access to the market (truck, rail, ocean) 


Transloading and storage 
Retail distribution 


Marketing costs are often significant for industrial minerals: 
Staff 
Testing and evaluation (T&E) expense 


Product quality assurance and control 


Advertising 


Inventory 


Income-Based Valuation of Industrial Minerals Assets— 
Building the Model 
¢ Set effective date of the valuation. 


¢ Evaluate le ad time for market development tha t m ay dri ve 
production schedule. 


Escalate/deflate key inputs separately: 
— Product prices 

— Transportation 

— Energy 

— Labor 


— Mine and processing equipment (size to market) 
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Include replacement capital. 


Include working capital changes and recovery. 


Include all tax obligations and benefits: 

— Federal, state/province, local 

— Property and use 

— Depreciation, depletion, and amortization shields 
— Tax credits 


Analyze packaging costs: 
— Bags and supersacks 

— Palletizing or containers 
— Quality control 

— Packaging operations 


Assess distribution costs: 
— Warehousing 


— Selling through agents/distributors 


Discount cash flows with appropriate rate for time-v alue of 
money. 


Income-Based Valuation of Industrial Minerals Assets— 
Analyzing the Results 


Sensitivity analysis may be useful but often hard to interpret: 
— Production rate 

— Product prices 

— Transportation costs 

— Operating expense 

— Capital expenditures 


As an alternative, build base, upside, and downside cases. 


Probability weight cases to generate expected value. 


Test using comparable sales if data is available. 


“Residual values” can be very important, especially when a 
low discount rate is assumed. 


Depletion allowances for industrial minerals vary widely for 
federal taxes in the United States: 


— 5% (sand and gravel) to 22% (fluorspar) 
— Sometimes depends on product form 


> 


Incorporation of financing provisions should reflect “purpose’ 
of the valuation. 


Choose corporate or “stand-alone” analysis. 


Make adjustments to the spreadsheet discounting formula: 
— Mid- or end-of-period 


— Continuous versus discrete 


SUSTAINABLE DEVELOPMENT 


Sustainable de velopment (SD) is a complex, poorly understood 

group of soc ial concepts gai ning worldwide acceptance as anew 
way to organize interactions with society. Itis discussed in more 
detail in another chapter in this book. Ben efits to mining include 
gaining and maintaining the critical social license to operate. SD is 
much more than performing legally required reclamation and calling 
it sufficient. True SD involves engaging all stak eholders in a given 
mining venture early, often, and continuously through the entire life 
of the project with the goal of leaving them with positi ve benefits 
after the postclosure activities have been completed. Mining SD is 
discussed in IIED and WBCSD (2002 ), Barker ( 2004), Langer 
(2005), and Barker and McLemore (2005), among many others. As 


Markley (2005) stated relative to the aggregate industry “[SD] activ- 
ities will move be yond something nec essary for success to some- 
thing necessary for survival.” 

A convenient way to quickly evaluate SD is to get answers to 
the seven questions (IIED and WB CSD 2002; E& MJ 2005) com- 
monly used to evaluate an SD program: 


Are engagement processes in place and working effectively? 


Will people’ s well- being be ma intained or impro ved during 
and after the project or operation? 


Will the integrity of the environment be taken care of in the 
long term? 


Is the economic viability of the company ensured; is the com- 
munity and regional economy better off not only during oper- 
ation but into postclosure? 


Is the viability of traditional and nonmarketing activities in the 
community and surrounding area maintained or impr oved 
with the project or operation? 


Are the rules, incentives, and capacities currently in place and 
will they remain as long as required to address project or oper- 
ational consequences? 


Does the evaluation show the project to be net positive or neg- 
ative for people and ecosystems; is a system in place to repeat 
the assessment from time to time? 


SUMMARY 


A thorough due diligence in vestigation before purchasing an asset 
is necessary to identify both r isks and re wards and to determine 
value. Due diligence applies to bo th the buyer and seller and has 
legal ramifications. “‘ Buyer beware” is som ewhat tempered by the 
requirement of the seller to be forthcoming. The buyer has an obli- 
gation to understand the asset, so due diligence is required. In addi- 
tion, for a successful transaction to take place, the buyer must be 
willing to pay a pri ce for the asset that is acceptable to the seller, 
under terms and conditions acceptable to both parties. 
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BACKGROUND 

The history of railroadin g be gan in En gland, in 1797, with th e 
invention of th e st eam loc omotive. U. S. railroading foll owed 
shortly thereafter, in 1827, when the first railroad was constructed 
in the United States—the Baltimore and Ohio. In 1869 the United 
States w as conn ected coast-to-coa st by _ the f irst transcontinental 
railroad. Others followed until, in the zenith of U.S. railroading in 
1916—the United States could boast of 254,000 miles of rail 
(Association of American Railroads 2004b). 

By 1980, however, U.S. railroads were in trouble. Excessi ve 
regulation by the Interstate Commerce Commission (ICC), coupled 
with onerous work rules promulgated during the period of re gula- 
tion, had driven the railr oad industry to the brink of insolvency. 
Twenty-one percent of the nation’s track mileage w as operating 
under the protection of ban kruptcy courts. Infrastructure ma inte- 
nance and improvement had been deferred or ignored. The rail- 
road’s rate of return on investment was less than 3% (Ekelund and 
Hebert 1988). 

Furthermore, the response of the railroad industry to business 
sectors that did not generate adequate rates of return was to decrease 
service, or raise prices, until they became unprofitable or were over- 
taken by another indu stry. Witness the loss of passenger service to 
the airlines, the loss of small-package delivery to intercity buses and 
parcel delivery services, and the loss of less-than-carload shipments 
to interstate truckers. 

In 1980, the U.S. go vernment passed the Stag gers Rail Act. 
This act eliminated most of the regulatory authority held by the ICC. 
The act recognized that the railroads no longer had a monopoly on 
surface transportation and that truck and ri ver transport could and 
did compete with rail. It also recognized that tw o-thirds of intercity 
freight was being moved by non-rail carriers and that if the railroads 
were unable to increase their rate of return on in vestment, then the 
rail system of the country would continue to deteriorate (Ek elund 
and Hebert 1988). 

Although Stag gers did not totall y deregulate U.S. railroads, 
the act gave the railroads the opportunity to eliminate insufficient 
revenue-producing track; enabled the rai lroads to mor e ea sily 
merge; and most i mportantly, freed the railroads to c onfidentially 
contract freight rates without go vernmental re view o r appro val. 
Deregulation h as im proved t he r ate of retur n for railroads, has 
financed deferred mainte nance, and in genera | terms, has allo wed 
the railroads of the United States to return to health. 


79 


Problems still exist, but they are now largely caused by the 
monopolistic structure of the nation’s rail network, which has con- 
centrated itself through merger from 40 Class I railroads in 1 980 
into 6 Class I railroads today. Some believe that this concentration 
has resulted in monopolistic beh avior by the r ailroads resulting in 
problems for customers as wel | as ope rating inefficiencies for the 
rail system itself. 

Most complaints involve poor se rvice, high co sts for ser vices 
rendered, or both, and_ these directly affect the industrial minerals 
industry. Incorrectly rout ed, lost, or delayed rai Icars seem to be the 
most prevalent complaint; however, the seemingly complete inability 
to reliably deliver railcars on schedule is a close second. 

Most significant is the so-called practice of “differential pric- 
ing” wherein the railroads are perceived to “price gouge” custom- 
ers served by a single railroad to make up revenue that is lo st to 
customers served by more than one railroad (Baker 2003). 

Many critics of the existing rail system feel that the best solu- 
tion for the nation’s railroads is to create unbridled competition by 
permitting “open access” or “competitive access,” wherein any cus- 
tomer served by a single carrier could receive competitive rail ser- 
vice by other rail carriers. Needless to say, U.S. railroad operators 
deny that they price g ouge some customers in f avor of others and 
argue that any system of open or competitive access would be con- 
fiscatory and not serve the public good. 

Regardless of the problems facing the rail industry today, 
when shippers have many transportation options, the railroad is, far 
and above, the most significant and economically viable transporta- 
tion means for the U.S. minerals industry. 

In 2003, U.S. railroads trans ported 958 billio n metric tons 
(1,055 billion short tons) of mine ral commodities including coal, 
metallic minerals, finished products, industrial minerals, and sand 
and gravel. In the same year, the minerals industry earned U.S. rail- 
roads revenues of $11 .8 billion, approximately 31% of the total 
revenues earned by the entire U.S. rail industry. 

In 200 4, U.S. r ailroads d elivered 1,50 9 billion metric-ton 
miles (1,663 billion short-ton miles) of freight service at an a ver- 
age cost of 2.59¢ per metric-ton mile (2.354¢ per short-ton mile) 
(Association of American Railroads 2004a). 

This average cost of 2.354¢ pe r short-ton mile demonstrates 
the importance of rail transportation to the minerals industries. Rel- 
ative to other commodities, man y minerals or mineral products 
(especially industrial minerals) are low-value commodities. Freight 
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charges are often several times greater than the cost of the mineral. 
Because of this generally low value of industrial minerals, low-cost, 
economical surface transportation is critical to the well-being of the 
minerals industry and the nation. 


THE RAILROAD AS TRANSPORTATION 


Rail transportation is one of four domestic methods for long- 
distance surface transportation of mineral commodities, the othe rs 
being over-the-road trucks and navigable river and coastal shipping. 

Rail movement of goods, like water transportation, is an inflex- 
ible method of transportation. Water transportation can se rve only 
those locations with access to navigable water. Rail delivery can only 
serve those locations that have rail access. Regardless of economics, 
or desirability of rail service, if a location is not served by a rail sys- 
tem, it cannot a vail itself of the generally lo wer prices provided by 
rail transport. Construction of new rail service is frequently not prac- 
tical because it is e xpensive and must be paid for by the customer 
The rail companies no longer pay for new rail construction. 

The inflexibility of the ra il system a ffects the shipper in tw o 
ways. First, a truck can generally load and discharge at any source or 
destination—rail cannot. Second, truck shipments can be scheduled; 
train delivery dates can only be approximated. 

Further, rail service is not time sens itive. Ana verage train 
consists of 48 cars, most carrying differing commodities, shipped 
from different origins, and consigned to different destinations. This 
heterogeneity demands that the train be assembled at some central 
point of origin, perhaps disassembled, sometimes more than once, 
at some intermediate station, and finally classified for local delivery 
to the f inal destination. A truck can be driven directly from one 
point to another and a very precise schedule can be maintained. The 
additional handling required by rail shipments creates a situation in 
which schedules are approximate at best and completely fallacious 
at worst. 


RAILROADS IN THE UNITED STATES 


Three classes of common carrier and one class of noncommon car- 
rier railroads operate in the United States as defined by the Surface 
Transportation Board (STB); the three classes are defined by annual 
gross revenues for purposes of accounting and reporting (Bureau of 
Transportation Statistics 2004): 


¢ Class I. R ail compan ies with annual oper ating re venues of 
$277.7 million or more are usua lly te rmed “mainline” rai 1- 
roads. 


* Class II. Rail companies with annual op erating re venues of 
more than $40 million but less than $277.7 million are usually 
referred to as “regional” railroads. 


¢ Class III. Rail companies with annual operating re venues of 
less than $40 million are generally called “short-line,” “local 
line-haul,” or “terminal” railroads. 


¢ Private. Rail companies that are privately owned and not com- 
mon carriers are private railroads. 


Class I—Mainline Railroads 
There are six Class I (mainline) railroads operating in the United 
States (Baker 2003): 
1. Burlington Northern Santa Fe (BNSF) 
Norfolk Southern (NS) 
Union Pacific (UPRR) 
Canadian National (CN)/IIlinois Central (IC) 
CSX Transportation (CSXT) 
Kansas City Southern (KCS) 


DN: SN Be GS 


Additionally, the Canadian Pacific Railroad, which 0 wns the 
Soo Line and two Me xican railro ads, Ferroca rril Me xicano and 
Transportacion Ferroviaria Mexicana, would be considered Class I 
railroads if they operated in the United States. 

Class I railroads are common carriers. They are interstate rail- 
roads, with BNSF and UPRR dominating the re gion of the United 
States west of the Mississippi River; the NS and CSXT monopoliz- 
ing the region east of the Mississippi; and KCS and CN Railways 
being principal players in the vital north-south corridor, more or 
less paralleling the Mississippi River. 

Each of the Class I railroads isa monopoly . Each 0 wns its 
rights-of-way and its tracks and equipment, and each maintains the 
exclusive right to opera te over its system. Each railroad has com- 
plete freedom to raise o r lower freight rates, accept or refuse ne w 
business, and den y customers competitive rail service from other 
carriers. Only when it is not advantageous to exercise their monop- 
olistic power, specifically in the area of “reciprocal switching,” will 
railroads choose not to exercise their monopolies. 

Monopolistic power was diluted by the STB as a condition of 
merger under the terms of the Staggers Act. Ifa customer was 
served by more than one rail carrier before a merger and the result 
of the merger would deny that customer access to multiple carriers, 
mergers were structured by t he federal government so that th ose 
customers having prior service from mul tiple rail carriers w ould 
still have that multiple service after the merger. “Switching rights” 
were extended to competing rail carriers so that those c ustomers 
deprived of mul tiple rail carrier service as a resul t of the merger 
would regain that multiple service. 

Furthermore, many mainline systems granted to other compet- 
ing carriers, as add itional conditions of mer ger, operating rights 
over pa rts of t heir system s. S uch grant s are te rmed “t rackage 
rights” and give the competing carrier the right to use tracks it does 
not own fora fee. Such rights usu ally prohibit the owner of those 
rights from serving any existing customers that did not have multi- 
ple rail system service before the merger. 

For example, in 1995, when the Union Pacific merged with the 
Southern Pacific, the BNSF w as granted trackage rights f rom Den- 
ver to the San Francisco Bay area and specif ically, in conjunction 
with the Utah Railroad, was granted rights to the eastern Utah coal 
fields and other Utah industries that previously enjoyed multiple rail 
carrier service. 

Mainline systems generally cooperate we Il with one another 
when cooperation suits their purposes, but the shipper cannot expect 
that cooperation to be extended to their private requirements. 

In general terms, mainline syst ems wil 1 com pete with one 
another wh en c ompetition is di rect, but no syst em, m ainline or 
regional, will reduce its rates unless it finds that rate reduction in its 
own best interests. 





Developing a totally new mine or pr ocessing facility is 
the only way to gain service using trackage rights held by an 
alternate carrier who does not own the track. The new mine 
or processing fac ility must install new rail access. Use o f 
previously existing rail access is sufficient reason for the 
track’s owner to deny use of th e alternative carrier’ s track- 
age rights. Alternatively, trackage rights can be used by an 
existing facility if that existing facility did not previously use 
rail transportation and if new rail access is constructed. 











Managerial Tip 1 
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Railroad marketing does not accept hypothetical or pos- 
sible competition as reality. A threat, written or verbal, to 
change transportation schemes is inef fective. Competitive 
pricing is spurred only by the actual commencement of ship- 
ping by an alternative method, by truck or rail, or through 
the construction and use of a trans-loading terminal. 











Managerial Tip 2 


The most eco nomical scheme of rail shipping is viaa_ single 
line. Single-line shipments are referred to as a “single-line haul” or 
“direct haul.” On occasion, single-line hauls are termed “local,” even 
when the deli very is interstate. When a direct haul is not possi ble, 
railroads will attempt to maximize the distance a shipment moves on 
its lines, e ven if ana lIternative route is more advantageous to the 
shipper. 

Rail movements using two separate carriers, end to end, will 
cost the same as if the movement were made on two separate, unre- 
lated, unconnected, and in dependent systems. Exceptions exist; if 
one of the rail systems is at tempting to increase traffic on the rail 
segment to be used, better pricing may be available. Alternatively, 
if competition exists, perhaps an alternate route using another car- 
rier, most carriers will accept some level of revenue over nothing, 
assuming that the carrier has any desire for the business. 


Class II—Regional Railroads 


Regional railroads, which can best be described as small mainlin e 
railroads, are common carriers. They are indistinguish able from 
Class I railroads except for geographic extent and total gross re ve- 
nue. Re gional railroads serve smaller geographical areas but are 
subject to the same operating rules as Class I railroads. 


Class III—Short-Line Railroads (Local Line-Haul, 
Switching, and Terminal Railroads) 


Short-line railr oads, including loca 1 line-haul and terminal rail- 
roads, are those small rail sy stems that cannot be economically 
operated by the mainline or regional carriers. They frequently con- 
sist of sections of mainlin e railroad that would have been aban- 
doned by the Class I or II railr oads ifn ot acquired by an 
independent operator. 

Most short-line railroads were created because the rail se g- 
ment had too fe w customers or lo w traffic volume and was unable 
to generate sufficient revenue to justify continued operation under 
the ownership and work rules of a mainline or regional carrier. 

Switching railroads are created to provide switching services 
to a specific area in which the Class I railroad is u nable to offer 
cost-effective service. If a switching railroad services a port, it can 
be termed a terminal railroad. The terms switching and terminal 
railroads are frequently interchanged. 

As an example, Rail Link, Inc., operates a switching, or termi- 
nal, railroad at the Port of Greater Baton Rouge in Louisiana. Orig- 
inally the port was switched by the Union Pacific, but the Union 
Pacific was una ble to e conomically p rovide the le vel of ser vice 
demanded by the port au thority (the Greater Baton Rouge Po rt 
Commission). 

Other short-line railroads were created when mergers between 
two mainline or regional railroads provided parallel service to com- 
mon destinations. One of the two parallel routes became redundant 
and was slated for sale or abandonment. 


As an example, the Atchison, Topeka and Santa Fe Railroad 
had tracks fro m F ort Worth, Texas, to Bro wnwood and T emple, 
Texas, with a line between the latter two towns. The westernmost 
route, from F ort Worth to Br ownwood, was deemed surplu s and 
was sold to the South Orient Railroad. 

Most short-line railroads are captive to the Class I railroad that 
permitted their creation. This captivity to the Class I, which created 
the short line, is termed a “‘paper barrier.’ A capti ve short line is 
“closed” to interchange wit h other carriers. F or e xample, t he San 
Luis and Rio Grande Railroad operating from Walsenberg to Anto- 
nito, Colorado, isa short line created from Union P acific assets. 
Although the San Luis and Rio Grande terminates at Walsenberg, an 
interchange point with the BNSF, it is captive to and interchanges 
only with the Union Pacific. It is closed to the BNSF. 

Exceptions do e xist. If the rail line converting to a short 1 ine 
interchanged with multip le carriers before becoming a short line, it 
will continue to interchange with multiple mainli ne systems. F or 
example, the Montana Rail Link, originally belonging to the Burling- 
ton Northern system, operates fro m Billings, Montana, to Spokane, 
Washington, and interchanges with the BNSF at four separate points; 
with the Montana Western at Garrison, Montana; and with the Union 
Pacific at Sandpoint, Idaho. 

Short lines are smaller, le ss bureaucratic, have fe wer w ork- 
tule provisions, and are often more flexible than mainline systems. 
In most cases, a short-line railroad is capable of offering more per- 
sonalized problem-solving service than the larger railroads. 


Private Railroads 


Private railroads are not common carriers, are generally dedicated 
to ser ving a single customer , and ha ve been purch ased or con- 
structed specifically to serve that customer. 

A mainline system may w ant to abandon a short, underper- 
forming, inadequate-revenue-producing branch line, perhaps a line 
serving a single customer. But the line is too short or economically 
incapable of supporting a short-line railroad. Any customer situated 
on such a branch line may be forced to acq uire the tr ack or be 
denied future rail service. 

Alternatively, a customer captive to a single carrier may find it 
advantageous to construct a private railroad to connect with a second 
carrier. Construction of the branch line creates instant competition 
and should serve to reduce freight rates. 


PRACTICAL CONSIDERATIONS OF 
THE FOUR CLASSES OF RAILROADS 


Mine operators cannot choose their rail service providers because 
mines are located where the mineral to be mined is found. Most 
mines are remote and are indeed fortunate to have any rail service 
at all. 

If a mill or processing plant is planned and precise location is 
not an issue, that facility should be constructed with direct access to 
two rail systems. As an alternative, the facility should be sited on a 
short-line railroad that provides access to multiple carriers. Compe- 
tition between two carriers will keep transportation costs lower than 
if the facility is captive to any single carrier. 

Competing railroads work well together when given no other 
choice. The originating railroad defines the route, and will attempt 
to maximize the distance that a shipment travels on its system and 
minimize the distance traveled on a competitive system. If the des- 
tination is open to reciprocal switching, the shipper will likely suf- 
fer no harm. If the destination is not open to reciprocal switching, 
however, the receiving carrier will define its portion as a line haul 
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and likely charge a disproportionately higher tariff for completing 
the shipment. 

In such a case, the shipper may be able to negotiate some other 
intermediate interchange point so that both carriers will receive a 
more proportionate share of the transportation charge. The originat- 
ing carrier has little or no incentive to shorten its share of t he route 
because its division of the total revenue is proportional to its share of 
the route. When confronted with the ch_oice to cooperate with 
another rail carrier or lose the business, railroads are likely to decide 
that a little less revenue is better than no revenue at all. 


RAILROADS AND THE INTERNET 


The Internet has radically changed the relationship between railroads 
and their customers. Be fore the Internet, al 1 business between t he 
railroads and their custo mers was conducted by telephone, fax, or 
surface mail. Surface mail was slow, faxed instructions proved to be 
unsatisfactory, and telephone instructions were often misinterpret ed. 
The computer, modem, and Internet changed e verything, making 
instantaneous communicati on possibl e and reating a permanent 
record of instructions sent and received. No longer can a verbal 
miscommunication serve as an excuse for mistaken instructions. 

All six Class I rail systems, as well as the two Canadian sys- 
tems, Canadian Pacific and the Canadian National, have Web sites. 
The two Mexican railroads do not. All Class I and II railroads ar e 
rapidly converting exclusively to Internet instructions and orders. A 
customer using verbal or written orders or in structions, for what- 
ever reason, can expect to pay a fee for such usage. 

Web sites of the various railroads and their ca pabilities are 
given in the Establish Business Relationship section of this chapter. 


RAILROAD EQUIPMENT (ROLLING STOCK) 


Railroad equipment or “rollin g stock” exists to pro vide virtually 
any service that the miner al industry requires. Operators use open- 
top cars when the cargo is not we ather sensitive, covered cars for 
weather-sensitive materials, tank cars for liquids, low-volume cars 
for dense materials, high-volume cars for low-density products, and 
specialized cars for unusual situations. 

Crude mineral transportation is most commonly accomplished 
with open-top cars, either gondolas or hoppers. Gondolas are either 
“low” or “high” sided. Hoppers are open for transport of crude, non- 
weather-sensitive prod ucts or c overed for transpo rt of processed, 
dry, or finely divided mineral products. 


Gondolas 


All gondolas are open-topped and subject to we ather, wind erosion, 
and contamination from thrown objects. There are no restrictions to 
cargo type, except that the shipment of hazardous wastes or materials 
requires special permission. 

Low-side gondolas are referred to as “scrap cars” because one 
of their primary uses is to tran sport scrap metal. Lo w-sides are 
available in two lengths, 52 ft and 65 ft, and have an overall height 
of less than 9 ft. Low-sides are often delivered contaminated or 
dirty from pre vious service. Although railroad regulations require 
that cars be returned sufficiently clean to reload with another com- 
modity, re ality dictates—particularly wh en the car has been in 
scrap se rvice—that corners, dim ples, and st ructural irre gularities 
sometimes trap contaminants. 

Low-side gondolas are most frequen tly used to ship 0 versize 
materials, such as riprap or dimension stone, and difficult-to-unload 
materials such as bauxite, clay, iron ore fines, and nonferrous metal 
concentrates. 

Low-side gondolas are frequently in poor structural condition 
with m oderate to se vere da mage to the sides and bottom of the 








Courtesy of Charles Speltz. 
Figure 1. Low-side gondolas loaded with bauxite 


cargo box from loading and unloading of scrap metals, steel, pipe, 
and other heavy materials. The side walls of the car are often bent 
outward, a condition referred to as “bowed out.” Although not spe- 
cifically harmful to the commodity being loaded, a bowed-out car 
provides an opportunity to load cargo off-center. Off-center loading 
is discussed in the Receive and Load Cars section in this chapter. 

Low-side gondolas must be loaded and unloaded from the top. 
Common machinery for unloading gondolas are crane-mounted 
clamshell buckets, hydraulic excavators operating from the side or 
above the car, and specially equi pped backhoe tractors or e xcava- 
tors mounted on top of the car (Figure 1). 

Hydraulic excavators can operate from the top of the cargo if 
the cars are loaded to full, visible capacity. If not loaded in this way, 
the excavator must op erate from m ovable decks set on to p of the 
car. Either technique is a low-to-medium-unloading system capable 
of unloading 10 to 20 cars in a single 8-hr shift. 

Specially equipp ed backhoe tr actors, riding alon g the side 
rails of gondolas, furnish avery safe, economical method of 
unloading gondolas. Because of the maximum size of the bucket on 
backhoes, ho wever, daily outpu t is less than that achieved by 
hydraulic excavators. 

Because of their inability to reclaim material from the ends 
and corners of the cars, clamshell buckets or hydraulic excavators 
working over the side of the car require additional labor, or a small 
skid-steer loader, to thoroughly clean the cars. Neither technique is 
a high-volume unloading meth od and neither is recommended _ for 
sustained operations. 

High-side gondolas, sometimes referred to as “bathtubs, ” are 
11 ft tall or higher and are normally used to transport lower density 
materials such as coal or coke (Figure 2). 

High-side gondolas are f requently unloaded by rotary dump 
wherein the entire car is turned upside down and the cargo is dis- 
charged through the top of the car .Top-mounted backhoes or 
hydraulic excavators operating from the top of the car are also used. 

Hydraulic excavators operating from alongside the car are not 
acceptable for unloading high-side gondolas because the boom on 
the excavator cannot reach the bottom of the car. 


Open-Top Hoppers 

Open-top ho ppers are the most common railcar used to transport 
crude mineral commodities (Figure 3). Frequently referred to as 

“coal cars,” open-top hoppers are mainly used to ship coal, sand 
and gravel, and crude minerals and ores. Open-tops have a volume 
between 3,610 and 4,000 cu ft and carry between 93 and 11 5 net 
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Courtesy of Charles Speltz. 
Figure 2. High-side gondola equipped with rotary couplers 








Courtesy of Charles Speltz. 
Figure 3. Open-top, cross-dump hopper 


short tons. Open-tops, like gondolas, are subject to weather , con- 
tamination fro m thro wn objects, and wind erosion o f contained 
cargo. 

Open-top hoppers are not accept able for o versize products 
such as ripr ap, mine-run, uncrushed rock or ore; non-free-flowing 
materials such as bauxite; or wet, mineral concentrates. 

Open-top hoppers are equipped with doors on the bottom of 
the car. Hoppers with do ors mounted perpendicular to the axis of 
the car are termed “cross-dump hoppers,” and those with doors par- 
allel to the axis of the car are called “side-dump hoppers. ” Side- 
dump hoppers are primarily used for ballast distribution and are not 
usually available for commercial applications. 

Some open-top hoppers are equipped with rotary couplers that 
allow the c ar to be com pletely o verturned and e mptied witho ut 
uncoupling the cars. Rota ry dump cars are usu ally identified by a 
solid color band on each end of the car (Figure 4). 

Open-top hoppers are constructed with 33- or 45-degree end 
plates. The shallower end plates are applicable to the shipment of 
gravel; clean, crushed stone; and other free-flowing materials. The 
steeper end plates should be used for coal, coke, sand, soil, and 
other no n-free-flowing materials. Railro ad me rgers ha ve created 
mainline systems with a mixture of open-top hoppers. Carriers are 
unwilling to guarant ee delivery of cars w ith a specified end-plate 
slope; the customer must use what is delivered. 








Courtesy of Charles Speltz. 

Figure 4. Bottom-dump hopper with rotary couplers (note that one 
end of the car is painted white, signifying that the car is equipped 
with rotary couplers) 





Open-top hoppers require supervision when unloading is 
complete. Railr oad r egulations require that all doors be 
closed and locked before release of empties. Although hop- 
per doors are often difficult to close and lock, level of diffi- 
culty is no excuse for leaving doors open or unlocked. Open 
doors can swing violently, snag the rail, or break loose from 
the car. They are a recognized safety hazard and have even 
caused derailments. 

Switching crews have instructions not to move cars with 
open doors. Demurr age (see Accessorial Charges section) 
incurred as a result of open doors is difficult to protest. Fur- 
ther, rail tariffs allow for extra charges if the railroad must 
close doors. 

When confr onted by door s that cannot be closed and 
locked, the car should be reported as “bad order” because 
of defective doors. The railroad is then responsible and has 
no recourse to the customer. 











Managerial Tip 3 


Covered Hoppers 


Covered hoppers are completely enclosed, sealed, weatherproof, 
windproof, and secure from thro wn objects (Figure 5). Co vered 
hoppers are loaded from the top through longitudinal or circular 
doors aligned o n both sides of the top of the car. Cargo is dis- 
charged from sliding gate doors arrayed along the bottom of the car. 

Covered hoppers range in volume from 2,000 to 5,000 cu ft 
and have capacities up to 110 net tons. They are most applicable for 
transportation of dry, fine mineral such as cement, lime, bentonite, 
phosphate, perlite, or soda ash. 


Pressure Differential (Discharge) Cars 


On first glance, pressure differential cars (pneumatic or “PD” cars) 
look like covered hoppers except for the plumbing found on the 

bottom of the cars (Figure 6). In effect, PD cars are large “pressure 
pots” from which the contents of the car are removed pneumati- 
cally. Low-pressure air, usually between 7 and 10 psi, forces the 
contents of the car downward through a metering de vice, either a 
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Courtesy of Charles Speltz. 
Figure 5. Covered hopper 


gate or arotary valve, into a high-volume stream of low-pressure air 
that delivers the product to storage, either truck or silo. 

Low-pressure air is pro vided either from a stationary source, 
usually a high-horsepower root blower, or from the delivering truck 
using a transmission-mounted “po wer-take-off.” In most cases, 
because of its higher po wer and higher air v olumes, a stationary 
source of air delivers faster, more economical delivery of product. 

PD cars are most often used for delivery of portland cement, 
fly ash, h ydrated lime, and any other dry, finely divided products. 
Although materials as coarse as 3/4 in. may be unloaded pneumati- 
cally, the efficiency of the operation is indirectly proportional to the 
size of the product. A given stream of low-pressure air will mo ve 
more finely divided than coarse material. 

Pneumatic tr ansportation shoul d not be used ~when product 
degradation is an issue. For example, oil-well proppant (frac) sand, 
even though d elivered and used pneumatically at the job _ site, 
should not be transported in PD cars because the unloading process 
will degrade particle size and generate undesirable fines. 

Rail companies rarely, if ever, have pneumatic cars available 
as part of their car fleet. In most cases, PD cars are owned or leased 
by the shipper and they are almost always dedicated to shipping a 
single product. Exceptions to this rule exist when the empty railcar 
can be completely cleaned (usually water washed), before reloading 
with a different product or where the products are mutually compat- 
ible, such as portland cement and fly ash. 


Tank Cars 


Tank cars are tanks on railway wheels and are used to transport liq- 
uids (Figure 7). Most commonly used to carry oil, asphalt, liquid 
chemicals, and other petroleum products, tank cars are also used by 
the industrial minerals industry to transport brines. 


Specialized Cars 


Bottom-Dump Gondolas 


This type of gondola (Type E-e quipped gondola) is rare, almost 
extinct. If any still exist, they are almost certainly in private fleets. 


Drop-End Gondolas 


These are available in both lo w- and high-sided configurations, and 
are equipped with a lockable door on each end of the car. Drop-ends 
allow a small tractor to enter the car from the end and unload cargo. 





Like open-top hoppers, all doors on covered-top hoppers 
must be closed and locked prior to shipment. Unlike open- 
top hopper s, co vered hoppers have door s on both the top 
and bottom; both sets must be closed and locked. Open 
doors on the top have blown of _f. Because of their cantile- 
vered construction, open doors on the bottom have become 
warped, bent, and un closable. Warped bottom door s permit 
leakage and loss of pr oduct. Shippers are responsible for 
accepting cars tendered by a railroad for loading. When a 
car is loaded and billed, the sh ipper acknowledges that the 
car was suitable for use, and any leakage or loss of product 
is the shipper’s responsibility. 
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Courtesy of Charles Speltz. 
Figure 6. Pressure differential car 











Courtesy of Charles Speltz. 
Figure 7. Tank car 
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Courtesy of Charles Speltz. 
Figure 8. Side-dump gondola 


Drop-end gondolas are most commonly used to carry wood 
products such as w ood chips or sa wdust, but they are also used to 
transport mineral products. 


Side-Dump Gondolas 


Sometimes referred to as “riprap ca rs,’ these gond olas are u sed to 
carry and dischar ge o versize mate rials, mo st commonly min e-run 
ore or riprap (Figu re 8). Side-dumps are equ ipped with pneumatic 
cylinders that rotate the entire car body while simultaneously lower- 
ing the side walls. Cars can only be discharged where high-pressure 
(100-125 psi) compressed air is available, either from a locomotive 
or from an external supply. 

Side-dumps allow cargo to be dischar ged alongside the track 
at any location serv ed by rail. Th ey are most fre quently used to 
deliver riprap or ballast to the point of use without unloading and 
trans-shipment from an intermediate location. 

Railroad companies have a limited supply of side-dump gon- 
dolas and are reluctant to allo w their use for an y nonrai lroad 
application. Most side-dumps are privately owned, available from 
rail-served open-pit mines, and generally in poor physical condi- 
tion. In addition, side-dumps are heavy with substantially higher 
tare weights than either gondolas or hopper cars. 


Iron Ore Cars 


Iron ore cars (“taconite” or “T1” cars) are manufactured to handle 
dense materials such as iron ore, taconite pellets, or metal concen- 
trates. They are short, usu ally about 33 ft long (versus 55 ft for a 
standard hopper or gondola), are mo __re hea vily constr ucted than 
other cars, and are equipped with heavy-duty doors to withstand 
dense materials. 

Taconite cars are generally not available for com mercial use 
outside the iron ore industry. 


Molten Sulfur Cars 


Molten sulfur cars are used to transport sulfur in a molten state. The 
cars are equipped with internal steam pipes to re-melt the contents 
of the car. The melting temperatur e of sulfur is 245°F, and it will 
remain molten for a considerable period after loading. The exact 
duration depends on outside temperatures. 


THE RAIL SHIPPING PROCESS 

The shipping process consists of 11 steps: 
1. Establish business relationship. 
2. Determine car type. 


3. Determine freight rates. 
4. Order cars. 

5. Receive and load cars. 
6. Release loads and bill. 
7. Monitor and trace cars. 
8. Receive loads. 

9. Unload cars. 

10. Release empty cars. 

11. Pay freight bill. 


Establish Business Relationship 


The initial step in dealing with any railroad is to establish a busi- 
ness relationship that includes credit arrangements. The initial por- 
tal into a railroad system is via the customer service department or 
the World Wide Web site for each railroad. 

Although the cu stomer serv ice departmen ts will no t actu ally 
provide such entry, they will refer the new shipper to the appropriate 
departments to discuss shipping needs, arrange credit, provide instruc- 
tions for entry into the appropriate el ectronic comm erce programs, 
and generally facilitate the creation of the business relationship. 

The customer service phone number and Web home page for 
each mainline railroad follow 


UPRR (800) 272-8777, www.up.com 
BNSF (888) 428-2673, www.bnsf.com 
CN/IC (800) 601-7630, www.cn.ca 

NS (800) 635-5768, www.nscorp.com 
CSXT (577) 744-7279, www.csx.com 
KCS (800) 282-8700, www.kcsi.com 


Akn owledgeable sales repres entative will be assigned 
depending on the size of the customer and the railroad system to be 
used. The representative will assist the customer inal 1 steps 
involved in building a business relationship with the railroad. 


Determine Car Type 


The type of railcar to be used is based on the product to be shipped 
and the method of loading and unloading. Once the car type and 
capacity is selected, determine if the originating railroad can supply 
the cars. If another railroad is involved, can the other railroad fur- 
nish the cars? Are private cars available? Should they be purchased 
or leased? What is their monthly cost? What are the lease terms? 





Railroad companies will not co nstruct or pay for new 
access to pr ojects. In the pas t, the customer desiring ne w 
access paid for the construction of that access, and the rail 
carrier offered an allowance based on tr affic actu ally 
shipped to p ay for the construction. Such an allowance no 
longer exists. There is no reference to such an allowance in 
any railroad publication. 

Such an allo wance is available, however, as part and 
parcel of any negotiations involved in ne gotiating rail ser- 
vice for anew project. Any allowance would be given as a 
freight rate reduction, not as a construction allowance. 

Sales personnel for the railroads will not voluntarily 
offer such an allowance , but if the r ailroad wants the busi- 
ness, particularly if there is competition with anoth er car- 
rier, such an allowance is available and negotiable. 
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Table 1. Types of freight pricing documents 


Characteristics 


Class of Document Type of Document of Document 





Public Public tariffs Available on Internet 
Open quotes Group rates 
Price lists Point-to-point 
Mileage rates 
Private Contracts Confidential 
Letter quotes Single-party 


Single-commodity 
One origin 


One destination 





Does the railroad provide any price relief if private cars are used? A 
full-service lease (triple net) includes lease cost, car maintenance, 
property insurance, and taxes; leases are available in any combina- 
tion. Does the movement or contract justify purchase or lease? 


Determine Freight Rates 


There are two types of pricing agreements for determining freight 
rates: public and private (Table 1). 

Public pricing documents—whether published as tariffs, price 
lists, or open quotes—are available to any rail shipper. They are not 
confidential, are open to the public, and a vailable either in hard 
copy (although hard copies are bei ng phased out) or via the Inter- 
net. Today, shippers requiring hard copies can prin t them directly 
from the W eb pages of the pub lishing railroad. Public rates ar e 
most applicable to the occasional or low-volume shipper. Whenever 
a public price is used to make a shipment, reference to the source 
document should be made on shipping documents. 

USS. railroads quote prices by commodity in three formats. 
They are 


1. Point-to-point is the most specific format and is preferred over 
other formats. The origin and destination are specified. 


2. Group-to-group rates define origins and destination s as 
geographic groups. If available, point-to-point rates supersede 
group-to-group rates. 


3. Mileage rates are determined by distance, which is found in a 
railroad publication or on the Internet. Both point-to-point and 
group-to-group supersede mileage rates. 


All railroad price quotations are commodity specific. Trans- 
porting higher -value commodities costs more than _ transporting 
lower-value commodities. 

Shipments must be properly identified for purposes of deter- 
mining freight rates. If a carrier determines th at a commodity is 
being shipped under an improper tariff (i.e., it is being shipped as a 
lower-value commodity to gain a lower transportation charge), the 
carrier may adjust the freight bill to reflect the proper commodity 
and tariff charge. Also, if a ship ment is lo st or damaged and _ was 
tendered on an improper rate, the railroad may refuse to honor any 
claim to recover the loss because the shipment was improperly ten- 
dered. In any case, the claim would be settled for the value of the 
lower-priced c ommodity, not the a ctual value of t he improperly 
tendered commodity. 

Public freight rates can be f ound on the Internet or in t he 
specific pricing publications of the rail service provider. 

If a specific rate cannot be found, requests for freight rates can 
be made to the custom er service depar tments of each railroad. In 
most cases, requests must be made via the Internet or via e-mail to 
the appropriate customer representative. At a mi nimum, a request 





Determination of a proper STCC is subjective . In many 
cases, a given commodity may fit into more than one STCC 
group. There is no prohibition against shipping on the most 
advantageous STCC number as long as that STCC number 
fairly identifies the commodity being shipped and is not sim- 
ply a subterfuge for obtaining a lower transportation rate. 
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must include the name of the shipper and receiver, the location of 
each, the commodity and its Standard Transportation Commodity 
Code (STCC), the size of shipments to be ma de, the anticipated 
annual volume, the type and owner of the cars, the name of a con- 
tact person, and the phone number and e-mail address of the contact 
person. The customer service representative will request an y other 
requirements. 

STCCs are available through most of the Web pages of the 
Class I railroads. If the railroad provides computerized freight rates, 
there is a way to look up the commodity code. 

If a public rate quote precludes a shipment, perhaps the price 
quoted is too high; private quotes might be available if the shipment 
is sufficiently large or long term. Private quotes are negotiated with 
the appropriate customer service representative or commodity spe- 
cialist for the specific commodity being shipped. Private rate quotes 
are not available for single-car or intermittent shipments. 

Letter quotes are short-form contractual freight quotes. Like full 
contracts, they are confidential and usually apply to a freight rate for 
a single commodity being transported between a si ngle origin and a 
single destination. Contractual freight rates are available if a potential 
rail movement is sufficiently large, long term, or both. Contracts are 
confidential and are distrib uted only to parties to the | movement. 
There is no set rule for the conten ts of contracts; however, railroads 
are reluctant to enter into contracts unless the v olume of the mo ve- 
ment is substantial or the duration is 1 year or more. Rail contracts 
are available only through the customer service representative. 

In some instances, the contract may specify a certain minimum 
annual volume or a percentage of total shipments to be made under 
the terms of the agreement. If so, the agreement will require the 
shipper to certify that the terms of the agreement were fulfilled and 
the railroad will reserve the right to audit the shipper’s documents to 
verify that the certificate is correct. 


Order Cars 


The next step in making a rail ship ment is to order cars. Six pieces 
of information are required: the company making the order and its 
address, the type of car, the commodity to be loaded, the number of 
cars required, the date or dates when the cars are needed, and the 
location for empty car delivery. 

The easiest way to pl ace car orders is vi a the railroad Web 
site; each carrier has an online process for ordering equipment. Car 
orders can also be placed through customer service departments. 

Ifas hipper is a volume cust omer, most rail systems will 
encourage the customer to contact the appropriate car distributor. 
Car distrib utors are usu ally a ssigned by car type, g eographic 
region, commodity, or all three. The names and phone numbers for 
car distributors are available from customer service departments or 
in some cases from the Web sites. 

If an empty car has been ordered and delivered and the car is 
not loaded but returned to the carrier empty, a switching charge will 
be assessed and collected from the party ordering the cars. 
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Empty car delivery for loading is not time specific. Railroads 
make no guarantee of delivery time or quantity of cars. Even when 
multiple cars are ordered for shipment at the same time on the same 
bill of lading, there is no guarantee that all cars will arrive at the 
same time. 

Onee xceptione xists—the Lo ading Origi n Guara nteeS 
(LOGS) program from the BNSF. This program provides a method 
to guarantee delivery of a specific number of certain types of empty 
cars ona weekly basis. The program is reciprocal, meaning that a 
failure to perform on the part of the shipper or the BNSF results in 
penalties due the other party . Other railroads a re implementing 
equivalent programs. 


Receive and Load Cars 


After empty cars are delivered, the shipper has 24 hr, beginning at 
the first midnight after delivery of the cars, to load and release the 
cars. If multiple cars ha ve been ordered for delivery at the same 
time, for shipment at one time, and all cars are listed on a single bill 
of lading, the free time for loading begins at the first midnight after 
delivery of the final car or on the date for which the multiple cars 
were ordered. If cars are held beyond the free time allowed, demur- 
rage (see the Demurrage and Furtherance section in this chapter) is 
chargeable (B NSF 2004a, 2004b, CSXT 200 1, KCS 20 00, NS 
2000, UPRC 2004a). 

If multiple cars for loading have been ordered for delivery and 
shipment at one time, all cars are on the same bill of lading, and the 
cars arrive piecemeal (i.e., one at a time) before the order date, t he 
shipper may load those cars and hold them until the final car arrives. 
There is no penalty for holding cars delivered before the order date. If 
the loaded cars are released and _ not bill ed, ho wever, f urtherance 
charges would accrue (see the Demurrage and Furtherance section in 
this chapter). 

Privately owned or leased ca rs delivered to pri vate tracks can 
be held for an indef inite period with no de murrage accrual. But if 
private cars are delivered to railroad-owned tracks or held in storage 
on railroad-owned tracks, storage charges do accrue. 

The co nsignor, o rs hipper, is responsible for inspecting 
empty railcars and for determining their cleanliness and mechani- 
cal condition. Railroads will attempt to deliver clean and mechan- 
ically sound equipment for loading but will not guarantee or offer 
a warranty that any equipment delivered is acceptable for loading. 
The acceptability or lack thereof is the responsibility of the ship- 
per. When a car is loaded and billed, that act is prima facie evi- 
dence that the car was acceptable for loading. Any damages or 
loss of lading result ing from ]eaking doors or holes in the car 
body are the shipper’s responsibility. Any contamination resulting 
from dirty cars is, lik ewise, the re sponsibility of the shipper, not 
the railroad. 

Railcars cannot be loaded to exceed their load limit, which is 
posted on the side of all railcars along with the maximum gro ss 
weight and the tare weig ht of the car. The maximum gross we ight 
of a car is determined by car construction, specifically its undercar- 
riage. Cars appearing visually identical may ha ve different max i- 
mum gross weights and consequently different load limits. 

Railroads quote freight rates in two ways: by the carload and 
by actual weight. If the rate is quoted by the carload, the railroad 
has no responsibility for weighing e xcept to check for overloaded 
cars. When the rate is based on actual weight, the shipper may spec- 
ify that weight if the shipper has a certifiable method of determin- 
ing actual weight and if the shipper has created a weight agreement 
with the railroad. If the rate is quoted by actual weight, the weig ht 
is determined by the railroad, and the railroad is responsible for 
weighing the car and determining the actual weight. 





Although there is no regulation or requirement that air 
hoses be r econnected and car s coupled, a shipper is w ell- 
advised to do so. Connecting air hoses and coupling car s 
requires time, and if the switching crew is unable to provide 
this service and complete th eir assigned work, a ship per 
may not receive the level of service anticipated. 
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When shipping open-topp ed cars, gondolas, or hoppers, 
rainfall can cause overloading. Railroads consider only the 
fact that the car is overloaded, not the reason for the over- 
loading. Con sequently, shipper s should load cars lighter 
than their mark ed capacity to al low for inc reased weight 
resulting from possible rainfall. However, if a shipper is cer- 
tain that an overweight condition is due to rainfall, a sensi- 
ble sourse of action is to call for a re-weigh, assuming that 
the water will drain or evaporate and the weight of the car 
will return to an acceptable range. An assessorial c harge 
will be made for the re-weigh unless the new weight is within 
the load limits of the car. 
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All freight rate tariffs based on actual weight will specify a min- 
imum weight. Should the railroad be unable to weigh a car, for what- 
ever reason, and cannot determine the actual weight , the minimum 
weight quoted in the tariff will be the weight for billing purposes. 

If a shipper wishes to weigh a car moving under a carload tar- 
iff, the railroad will assess a scale charge. More details are given in 
the Accessorial Charges section in this chapter. 

Railcars must not be overloaded. Should the railroad deter- 
mine from a scale weight that a car is overloaded (i.e., that the car is 
determined by scale weight to be heavier than the load limit of the 
car or the gross weight is heavier than the load limits of the track at 
any point along the route of movement), the car will be stopped and 
reduced in weight (re gardless of location) by the shipper _ or the 
shipper’s independent agent and reweighed before movement can 
continue. Penalties accrue for overweight cars (see the Accessorial 
Charges section in this chapter). 

Railcars must be load ed along their centerline with we ight 
distributed evenly along the entire length of the car . Of f-center 
loading is not permitted. Weight should be distributed evenly over 
each set of wheels. Visual inspection can determine off-center load- 
ing; the cars lean to the overloaded side. Off-center cars will derail 
on curves. When a railroad switching crew notices an impr operly 
loaded car, they will not switch it. Instead they will reject it, and the 
railroad will notify the shipper that the car is improperly loaded and 
demurrage will accrue until the off-center condition is corrected. If 
cargo shifts ina car, even if the car was initially properly loaded, 
the shipper is responsible for correcting the loading, re gardless of 
the loc ation o f the proble m. T he shipp er wil 1 i ncur d emurrage 
charges while the load is being corrected. 

Once loa ding is co mpleted, if the cars have been moved or 
uncoupled during the loading proce ss, the y should be recoupled, 
their air hoses reconnected, and their hand brakes set on every sin- 
gle car or on at least tw ocars of a multiple string of cars. Ev en 
when cars are parked on an apparen tly le vel track, h and br akes 
should be set. 
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Loaded cars should not be r eleased without billing . If a 
railroad pulls cars that have been released but for whic h 
billing has not been submitted, the cars will be declared “no 
bills” and penalties and furtherance charges can be levied. 

Regardless of which rail system is used, all acknowledg- 
ments and copies of bills of lading and way bills that ar e 
created by the railroad and generally available from the Web 
site should be printed. The person submitting the bill of lad- 
ing should date and initial all paperwork as d ocumentation 
in the event of any dispute or improper invoice. 
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Release Loads and Bill 


Two actions are required after the railcars are loaded: the railcar is 
released and the transaction is billed. 
The following terms relate to releasing and billing of railcars: 


* Consignee: The party designated on the bill of lading as th e 
entity entitled to receive delivery of the goods (KCS 2004) 


¢ Consignor: The party in whose name a railcar is ordered for 
loading and/or the party f urnishing forw arding instructions 
(CSXT 2003) 


* Commodity: STCC number or the description of the goods 
being consigned (UPRC 2004a) 


Car release consists of notifying the railroad that the car is 
loaded and ready to be shipped (pulled). The car can be released ver- 
bally, by fax to customer service, or via the Internet. In the immediate 
future, all releases must be made on the Internet; no verbal or faxed 
releases will be accepted without an additional charge. 

Car release is not the same as billing; car billing, the bill of lad- 
ing, is the documentation requi red to ship and route the car. The bill 
of lading provides t he identif ication numbers for each car _ being 
shipped, contains the name of the shipper and the receiver, identifies 
the commodity being shipped, pr _ovides fo r pay ment o f fr eight 
charges, and outlines other pertinent information about the shipment. 

Internet filing is either required or soon will be required. It is 
more secure and the shipp er can receive instant confirmation that 
the bill has been properly comple ted and accepted. Bills of lading 
cannot be verbal, but they can be faxed to customer service for an 
additional fee. 

Car release can be included with the bill o f lading. Alterna- 
tively, the bills of lading may be filed pending release of cars, or 
filed with a future effective date and time. 

Bills of ladin g should be ch ecked for errors. Any changes 
made after acceptance o fa bill of lading can result in additional 
charges to the shipper (see the Accessorial Charges section in this 
chapter). 


Monitor and Trace Cars 


After the railroad accepts the bi Il of lading, the shipper shou Id 
download and print aw ay bill from the railroad’s Web site. The 
way bill officially documents the shipment. Any changes or modifi- 
cations of the way bill can incur char ges to the shipper, even if 
changes are minor or insignificant. 

All mainline railroads are able to trace shipments on their Web 
site. There are two forms of shipme nt tracing available: public and 
private. A publ ic trace all ows the public to trace railcars b ut gives 
only the current location of that car. A pri vate trace permi ts onl y 
those party to the shipment to conduct a detailed trace that includes 


the history; the current location; the estimated time of arri val (ETA); 
and, in some cases, the future routing and schedule of the shipment. 
The ETA shown on a trace report is, as stated, “estimated.” The 
variables involved in a rail shipment c an frequently cause dela ys of 
up to several days be yond the scheduled ETA. From time to time, 
cars get lost, break down, or are bad ordered. Variability in delivery 
schedules can put the shipment receiver in a difficult situation. For 
example, should the receiver order unloading equipment in anticipa- 
tion of deli very and incur e xtra expense if the delivery might not 
arrive on schedule, or should the receiver wait until the cars arrive to 
order equipment and personnel and risk incurring demurrage if that 
equipment and personnel arrive later than anticipated? 
Alternatively, cars may be traced using www.Steelroads.com, 
a Web site spo nsored jointly by a number of U.S. an d Canadian 
railroads. The site can be used to conduct b oth public and pr ivate 
traces as well as an umber of other activities. Users must register 
with Steelroads and be sponsored by one of the supporting carriers. 


Receive Loads 


Four options for deli very of incoming railcars are available to the 
customer receiving loaded cars: order-in, spot-on-arrival, keep-full, 
and constructive placement. 


1. Order-in. Cars arr iving at the switching yard of the delivery 
carrier will be held there until the customer orders the cars to 
be deli vered. All such orders must be in writi ng (f ax or 
Internet). 


2. Spot-on-arrival. Cars arri ving ford elivery will be placed 
immediately on arri val, providing there is capacity on the 
receiving track. No order is required by the co nsignee; no 
notice is provided by the delivering railroad. 


3. Keep-full. When more cars have arrived for delivery than can 
be accommodated by the capacity on the receiving track, cars 
will be held in constructive placement by the railroad and 
delivered as spac e is available. No or der is required by the 
consignee unless consignee wishes to order-in a specific car. 


4. Constructive placement. When a railcar cannot be actual ly 
delivered because of any condition attributable to the consignor 
or consignee, the cars will beheld on thet racks of the 
delivering carrier, notice will be sent to the party entitled to be 
notified, and demurrage will be charged pending instructions. 


Immediately after the loaded cars are received, the cars and 
cargo should be inspected for damage and for inte grity of seals on 
doors and locks if sealed. If damage is found, the delivering rail- 
road should be notified before unloading. 

Initial notification may b e verbal but should be f ollowed by 
written communication asking the railroad to inspect the shipment. 
The railroad should either agree to inspect the shipment or w aive 
rights to inspection. If rights are w aived, they should be waived in 
writing. 

If the railroad agrees to inspect the damage, any demurrage 
incurred while waiting for the inspector is not chargeable to the 
consignee. 

Any notification by the inspecting party of inability or failure 
to inspect should be recor ded along with time of notif ication and 
names of the individuals giving and receiving notice. If inspection 
has not been conducted within a reasonable period, the railroad 
should be notified again. 

If the railroad waives inspection, a neu tral third party sh ould 
inspect the car and its contents, an d any report resulting from the 
inspection should be made part of any claim filed against the railroad. 
Photos should be taken of any visible damage. 
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Railcars should be tr aced daily, not only to find diver- 
sions of cars, but to maintain control of the shipment. Cars 
can be incorr ectly routed, lost, bad or dered, or simply 
delayed for a n excessive period of time . Problems can be 
addressed by creating a problem log with the customer ser- 
vice department. 
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If goods are lost from a bulk shipment in a hopper car and one 
of the doors is defective, broken, or open, the loss of goods is sub- 
ject to claim against the railroad for loss of lading. But if the door 
simply leaks because it is warped or fails to make a tight seal, any 
claim for loss of goods is credited against the shipper and not th e 
railroad. The shipper, not the railroad, is responsible for ascertain- 
ing whether ac ar is suita ble for loa ding. Determining suitability 
includes both mechanical condition of the equipment and cleanli- 
ness. The act of bi ling and releasing a ra ilcar is prima facie evi- 
dence that the car is clean and in acceptable mechanical condition 
for use (UPRC 2004b). 

Lading escaping from an unsound gondola—one with holes or 
cracks in the bottom or side w alls—is credited against the shipper, 
not the railroad, as previously described for hopper cars. 

Loss incurred from aco vered ho pper with open or leaking 
“loading doors” might be claimed against the shipper or the railroad, 
depending on whether the door was properly closed and locked or 
the locking mechanism was defective. Inspecting the car after arrival 
can usually determine culpability. 


Unload Cars 


After the cars arrive at their destination, the consignee has 48 hr of 
free time to unload the car, with time beginning at the first midnight 
after the car is received. See the discussion of demurrage for further 
details about free time and charges for holding cars. 

Cars should be completely unloaded and cleaned if the y are 
not scheduled for reloading with identical cargo from the same ori- 
gin as the shipment being unloaded. Railroad rules require that cars 
be emptied and cleaned sufficiently so that the ne xt cargo can be 
loaded without contamination. In practice, however, car distributors 
generally ask (or the shipp er should specify) if clean cars ar e 
required. If clean cars are needed and ifthereis any danger of 
cross-contamination, the railroad s usually clean the cars befor e 
delivery for loading. 

Cleaning requires time—time to deliver the car to the cleaning 
facility, time to clean the car, and time to return the car to the shipper. 
If empty cars are needed for loading and delivery time is a factor, the 
shipper should consider cleaning the cars. 


Release Empty Cars 


After unloading the railcar, the car must be “released empty” to the 
switching railroad. Although most railroads still accept car releases 
verbally, the trend, as in the case of releasing loaded cars and bill- 
ing cars, is to ward electronic release using the Internet. Extra fees 
may be incurred for verbal or faxed releases. The switching railroad 
will not remove an empty car until it has been released. The exact 
date and time of the release, not the date and time that the car is 
actually removed, is the time of record for purposes of demurrage. 
Normal operating procedure for U. S. railroads is to gi vea 
switch crew written orders based on customer requests and releases 


The imposition of demurrage charges on car s being 
unloaded is one of th e most expensive and contentious 
accessorial c harges imposed by railroads. Complete and 
detailed records are required to contest demurrage charges. 
A log book in whic h detailed records of car deliveries and 
switches is deman ded. Thatlo g book shouldr ecord the 
exact date and time of all switches performed by the rail- 
road and the e xact order in whic h cars are spotted upon 
delivery. 

If newly delivered cars are spotted in front of cars previ- 
ously delivered, whether or not the new cars impede unload- 
ing of the previously spotted cars or not, the car s delivered 
previously may be d eclared “off spot,” and demurrage on 
those previously delivered cars will not be gin until the first 
midnight after the cars have been rearranged in proper 
chronological or der. Decla ration of an of f-spot con dition 
must be made to customer service and should be followed 
with written confirmation. 

Alternatively, if a swit ch or der specif ying a delivery 
sequence for the cars has been properly given to the r ail- 
road and the cars are delivered and spotted incorrectly, all 
cars spotted incorrectly may be declared, in writing, off spot 
and demurrage will not begin until the cars are rearranged 
in the proper order as specified in the switch order 











Managerial Tip 11 


received before creating written orders. Normally these orders must 
be received by midnight, or in some cases by 6:00 AM. In m ost 
instances, a switch crew will not remove an empty car unless it has 
written orders to do so. 

If the railroad removes a loaded car in error, the railroad will 
return the car at no additional expense to the car’s consignee. Carri- 
ers will not be responsible for an y incidental expenses (for e xam- 
ple, e xpenses incurred whena plantranoutof raw materials) 
resulting from the accidental removal. 


Pay Freight Bill 

A freight bill is created by the shipping railroad on the date of ship- 
ment. Payment can be made by check, wire transf er, or, in some 
cases, by credit card. Most Clas s I and II railroads in voice and 
accept payment via the Internet. 

Payment terms vary slightly among the different carriers, but 
all demand payment regardless of whether the shipment has been 
delivered. Most railroad system s char ge interest on o verdue pay- 
ments. An unpleasant reality of — the railroad coll ection system is 
that the paym ent for s ervices re ndered is f requently due b efore 
those services have been performed. 

The due date for frei ght bills for cars that have not yet been 
delivered can be postponed until the date on which delivery is actu- 
ally accomplished. A railroad may still levy interest for late pay- 
ment of freight bills, b ut any such p ayment of interest can be 
protested, usually successfully. 

Incidental errors on freight bi lls such as erroneous weights, 
improper charges per ton, or billing based on a carload rate when a 
tonnage weight should apply can be corrected on the freight bill. 
An explanation should be attached and the pro per payment ren- 
dered in accordance with railroad payment terms. Railroad error is 
not acceptable grounds for nonpayment of freight bills. 
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ACCESSORIAL CHARGES 


Since deregulation, railroads charge for services rendered in addi- 
tion to the actual char ges of freight from point to point. These 
charges are called ac cessorial cha rges or cha rgeable services. 
“Actual placement,” for example, means the actual physical deliv- 
ery of a railcar to an accessible position for loading or unloading or 
to some other point designated —__ by the co _nsignor or consignee 
(UPRC 2004c) is an accessorial charge. 

Accessorial charges most applicable to the mining industry are 


¢ General rules and charges 

¢ Demurrage and furtherance 
¢ Storage 

¢ Weighing and reweighing 


Overloaded or overweight cars 
¢ Reconsignment and diversion 


Switching 

The monetary charges levied for various accessorial services 
vary between railroad systems and tend to escalate with time. The 
appropriate tariff for each system should be consulted to determine 
the effective charge. 


General Rules and Charges 


Each railroad maintains a set of general rules and char ges (BNSF 
2001c, CSXT 2002, KCS 2002, CN Railways 2004, UPRC 2004c) 
relating to those ru les. Inthe past, rule books were a_ vailable in 
bound form. T oday, rule bo oks are available only on the In ternet. 
The shipper, or railroad customer, who needs a hard copy may print 
a copy directly from the Web site. 
The following Web page addresses include the general rules 
and charges published by the U.S. Class I railroads: 
¢ BNSF: http://domino.bnsf.com/website/prices.nsf/ 
PriceRpt?Open&mp 
¢ CN Railways: www.cn.ca/productservices/ 
chargeableservices/en_KFCchargeableservices.shtml 
¢ CSXT: www.csx.com/index.cfm?fuseaction= 
assessorialactive 


¢ KCS: www.kcsi.com/pdf/kcs9011.pdf 
¢ NS: www.nscorp.com/nscorphtml/pdf/nsle.pdf 


¢ UPRR: www.uprr.com/customers/ind-prod/pdf/ 
6600cBook.pdf 
Of the hundreds of rules included in the above general rules and 
charges, several of the rules more specifically apply to the minerals 
industry and are discussed in detail in the following sections. 


Demurrage and Furtherance 


Demurrage is charged on empty cars being loaded or awaiting load- 
ing; on loaded cars being or a waiting unloading; and on any cars 
being stored, held, or kept out of revenue service by actions of a 
customer. Dem urrage is also charged on any cars “‘constructi vely 
placed” (i.e., cars being held on railroad property awaiting delivery 
to the customer’s facilities). 

Demurrage, furtherance, and storage char ges apply to rail- 
road-owned equipment on railroad or p rivate property and private 
equipment when stored on railroad property. Demurrage charges do 
not accrue on private equipment held on private or leased tracks. A 
track leased from the railroad is treated as a private track. 

Railroads do not compen sate owners or lessees of pri vate 
equipment held or delayed by the railroad. Because railroads do not 
guarantee an y route o r delivery date, an y e xpenses incurred by 
owners or lessees of private equipment are not reimbursed. 


Web page addresses for demurra ge and furtherance rules and 
charges follow: 


BNSF: http://domino.bnsf.com/website/prices.nsf/ 
PriceRpt?Open&mp 


CN Railways: www.cn.ca/productservices/ 
chargeableservices/en_KFCchargeableservices.shtml 


CSXT: www.csx.com/share/csx/assessorial/forms/docs/ 
CSXT_8100_Demurrage_Provisions_Section VIII_as__ 
of_122002_REF10286.pdf 


also www .csx.com/share/csx/assessorial/forms/docs/A_quick_ 
guide_for-managing demurrage-REF10310.pdf 


¢ KCS: www.kcsi.com/pdf/kcs6000.pdf 
¢ NS: www.nscorp.com/nscorphtml/pdf/demurrage_faq.pdf 


¢ UPRR: www.uprr.com/customers/demurrage.pdf 


Loading Demurrage 


Loading demurrage is char ged when a _ customer rec eives em pty 
cars destined for loading. Time starts at the first midnight after the 
cars are placed or the midnight of the date for which the cars were 
ordered, whiche ver is later . Most U.S. railroads allow 1 day for 
loading. KCS and CN Railways allow 2 days. Demurrage does not 
accrue for Sundays and listed national holidays unless demurrage 
was chargeable for the day preceding. 

Table 2 presents demurrage charges for empty cars held for 
loading or constructi vely placed awaiting d elivery for | oading 
where | day is allowed for loading. 


Unloading Demurrage 


Unloading demurrage is charged when a customer receives loaded 
cars destined for unloading. Time starts at the first midnight after the 
cars are actually delivered or when notice of constructive placement 
has been given, whichever is earlier. All U.S. railroads allow 2 days 
of free time for complete unloading of cars. 

Table 3 presents demurrage charges for loaded cars held for 
unloading or constructively placed awaiting delivery for unloading. 

Sundays and ho lidays are e xcluded from demurrage un less 
demurrage is being charged on the preceding day. A list of holidays 
exempt from demurrage charges is contained in the demurrage rules 
of each individual railroad. 


Furtherance 


Furtherance is charged when a car is released without billing by a 
customer or received by the railroad from another railroad without 
forwarding instructions. Time starts at the first midnight after the 
car is received. No free time is allowed for furtherance. 

Furtherance charges are levied at the same rate as de murrage 
charges. 

Furtherance is not le vied if billing has been properly submit- 
ted but the railroad fails to remove the cars. Likewise, furtherance is 
not levied if the shipper has prepared proper billing an d the origi- 
nating railroad fails to provide the connecting carrier with correct 
documentation. Either situation is defined as railroad error. 


Storage 


Storage is a f ee char ged when either th e consignor or consignee 
requests that an assigned car be stored for an extended period either 
on or off railroad property. Storage also applies when pri vate cars 
are held on railroad property. 

The primary application of storage is using railcars for mobile 
warehousing. Storage is common w ithin the plastics or c hemical 
industries but rare in the minerals industry. 
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Table 2. Demurrage charges for empty cars held for loading where one free day is allowed 














Spot Date Monday Tuesday Wednesday Thursday Friday Saturday Sunday Monday Tuesday 
Monday Spot Free Debit Debit Debit Debit Debit Debit Debit 
Tuesday Spot Free Debit Debit Debit Debit Debit Debit 
Wednesday Spot Free Debit Debit Debit Debit Debit 
Thursday Spot Free Debit Debit Debit Debit 
Friday Spot Free Free Debit Debit 
Saturday Spot Free Free Debit 
Sunday Spot Free Debit 
Notes: 

¢ “Spot” means the car was delivered before midnight. 

¢ “Free” means no demurrage time is charged. 

¢ “Debit” means demurrage is charged. 

© No offsetting credits are allowed for cars delivered for loading. 
Examples: 

° Cars delivered on Monday, Tuesday, Wednesday, or Thursday are allowed 1 day of free time. All additional days are charged demurrage. 

© Cars delivered on Friday receive Saturday and Sunday as free days. Monday would be a day of demurrage. 

© Cars delivered on Saturday receive Sunday and Monday as free days. Demurrage does not accrue for Sunday, and Monday is the free day. 
Table 3. Demurrage charges for loaded cars held for unloading where one free day is allowed 
Spot Date Monday Tuesday Wednesday Thursday Friday Saturday Sunday Monday Tuesday 
Monday Spot Free Free Debit Debit Debit Debit Debit Debit 
Tuesday Spot Free Free Debit Debit Debit Debit Debit 
Wednesday Spot Free Free Debit Debit Debit Debit 
Thursday Spot Free Free Free Debit Debit 
Friday Spot Free Free Free Debit 
Saturday Spot Free Free Free 
Sunday Spot Free Free 
Notes: 


¢ “Spot” means the car was delivered before midnight. 
¢ “Free” means no demurrage was charged. 
¢ “Debit” means demurrage was charged. 


¢ Ifacar is released on the day it is delivered or on the first free day, one day of credit is given against chargeable demurrage. 


© Credits are not transferable between months. 


Storage is not demurrage. Cars are stored, and released from 
storage, by written order from the party to whom the cars have been 
assigned, or in the case of private cars, the car owner or lessee. 

Storage is chargedper diem. Additionally, swi tching is 
charged for putting cars into and taking cars out of storage. 

Storage charges are not levied on private cars stored on private 
tracks although switching charges are applicable for mo ving cars 
into and out of storage. 

Storage charges are usually less than demurrage charges. 


Weighing and Reweighing 

Loaded railcars are weighed for two reasons. First, the ta riff is 
based on actual weight and the railroad must determine the actual 
weight using certified scales. Second, the cars are weighed to see if 
they are overloaded. 

If the freight rate is based on ac tual weight contained in the 
car, the carrier is responsible for determining weight. 

If the shipper disagrees with the weight determined by the car- 
rier, the shipper may request a reweigh. If the reweigh shows that 
the orig inal we ight w as within a ce rtain spec ified tol erance, the 
shipper will be assessed a reweigh charge. 


If a reweigh reveals that the original weight determined by the 
carrier was incorrect by the specified tolerance, the documentation 
and billing on the car will be corrected to reflect the ne wly deter- 
mined weigh t and the shipper wi lIlnotbe ass essedare weigh 
charge. 


Overloaded or Overweight Cars 


Overloading railcars is inherently unsafe. With the encouragement 
of the STB, railroads are assessing high monetary charges for over- 
loads or overweighs. 

An overloaded car is defined as a car loaded in excess of its 
load limit, which is stenciled on the side of the car. 

An overweight car exceeds the load limits placed on a route 
that the car is scheduled to take. 

When an overloaded or overweight car is identified, the action 
taken by the carrier will depend on the weight of the car. If the car 
is less than 2,000 Ib overweight, in most cases it will be allowed to 
continue in transit and a minimum penalty will be assessed. If the 
car is more than 2,000 Ib o verweight, the car will be stopped, an 
overweight pen alty will be assessed, and the consignor will be 
ordered to tak e corrective action, which ent ails removing e xcess 
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The excessive penalties le vied by the rail carriers for 
overloads and overweighs ju stifies whate ver action is 
required to avoid them. Open-top cars should be loaded to 
account for potential rainfall. Consider ation should b e 
given to loading cars lighter than their stenciled net weight 
to provide a safety factor against overloads. 











Managerial Tip 12 


lading. That e xcess lading may be loaded onto another railcar or 
carried to a proper disposal site. 

The railroad’s overload department can suppl y the names of 
local contractors qualified to remove the excess lading. Contractors 
exist in virtually every large city and metropolitan area. Char ges 
levied by contractors to lighten an overweight car are frequently 
exorbitant because local contractors recognize the vulnerability of 
the shipper and the high cost of mobilizing a cre w from a distant 
location. 

If the excess lading is placed in a second railcar , that second 
car may be billed at the price from the point of o rigin where the 
excess lading is loaded and may be billed as a fully loaded car. 

In addition to the overweight penalty, switching charges to 
and from the point of corrective action may be le vied, along with 
demurrage char ges for time require d to remo ve the e xcess lading. 
Finally, the railroad may levy a reweigh charge for weighing the car 
a second time. 


Reconsignment and Diversion 


A diversion is any change in any billing or shipping document that 
changes the route or destination of a previously billed railcar. 
Typical diversions are ch anges in destination, route, or loca- 
tion of consignee. A diversion requires that physical action be per- 
formedon t he railcart o alter itsro ute or destination. A 
reconsignment is a change in any billing or shipping document that 
does not change the route or destination of the railcar. 
Typical reconsignments are changes in the 
¢ Name of consignor 
¢ Name of consignee 
* Commodity code (STCC) 
¢ Party paying the freight bill 
¢ Payment method from “prepaid” to “collect” or reverse 
Typical diversions are 
¢ change of origin 


change of destination 
¢ change of route 


Reconsignments or diversions must be accomplished in writ- 
ing on company letterhead and will not be accepted if any of the 
following are true: 


¢ The railcar has reached its destination. 
¢ The railcar has been delivered to another carrier. 


¢ The railcar has been blocked (connected) into a train that will 
carry it to its final de stination or interchange poi nt wi th 
another carrier. 

Although railroads will usually make a best-effort attempt to 
execute a diversion, they will not guarantee, nor be responsible for, 
executing the diversion at a specified time or place. 

The party requesting the di version or reconsign ment is 
responsible for paying charges levied by the railroad. Normally a 


diversion charge is substantially more expensive than a reconsign- 
ment char ge, because the di version requires phy sical action on 
behalf of the railroad. 

Multiple car ship ments tendered ona single bill of lading 
from a single shipper at a single origin to a single consignee may 
not be separated by diversion. 

If a reconsignment or di version order has more than a single 
change, all changes will be executed and only one char ge will be 
levied—the highest applicable charge. 

Empty cars returning from a destination may be diverted at no 
charge if no alteration of route is required. 


Switching 


Switching is moving a railcar from one location to another. Line- 
haul or cross-country movements are excluded from the definition. 

Five types of switching are defined in railroad rules and regu- 
lations: reciprocal, intr aplant, intr aterminal, int erterminal, and 
intermediate (see, for example, UPRC 2004d). 


Reciprocal Switching 


A reciprocal switch is the delivery of railcars by a carrier that does 
not participate in the line haul and for which the switching carrier has 
agreed to provide services for a fixed price. When a carrier delivers a 
railcar to its destina tion but another carrier serv es the cust omer to 
which the car is to be delivered, the switch performed by the second 
carrier is a reciprocal switch. A reciprocal switch charge includes the 
empty delivery and the removal of the load, or the reverse. 

A reciprocal switch char ge is normally included in the rate 
quote. Public tariffs issued by each carrier specify the total sum, 
which can apply to reciprocal switching. The specified swit ching 
allowance is the total allowed for th e entire movement, including 
switching at both ends of the movement. 

Reciprocal switching is not available for all customers at every 
station. Each station will have switching limits defined by the carrier 
at that sta tion. A reciprocal switch is nota vailable to custome rs 
located outside the switc hing limits. A switch to that customer will 
require a line-haul charge. 

Some industries located within the switching limits defined by 
a carrier may be closed to reciprocal switching. A carrier uses clo- 
sure when it can perform both the line haul and the local switch and 
wishes to deny the line haul to any other carrier that could perform 
the line haul but not the local switch. 

Switching beyond the switching limits of a carrier will entail 
payment of additional switching charges. These additional charges 
can be found in the switching charges for each carrier. 


Intraplant Switching 


An intraplant switch is moving empty or loaded cars from one track 
to another, or from one po int to another on the same track, within 
the confines of the same plant or mine site , with out leaving the 
tracks of the plant or mine site. 

As an example, if a mine site had multiple tracks and needed 
cars switched from one track to an other, or needed the cars on a 
certain track rearranged, an intraplant switch would be required. 

Charges are assessed for ea ch car moved with an int raplant 
switch. 


Intraterminal Switching 


The term intraterminal switching means switching from one loca- 
tion to another, other than intraplant switching, within the switching 
limits of one station of the same railroad. 

Continuing the above example, if the mine site and prepara- 
tion plant were located on the same railroad, at the same station, but 
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at different locations, a switch between the two locations would be 
an intraterminal switch. 


Interterminal Switching 


Interterminal switching means switching between one railroad and 
another within the switching limits of the same station or industrial 
district. 

Again, as in the previous example, if the mine site and prepa- 
ration plant were located on two separate railroads but within the 
switching limits of the same station or indu strial district, a switch 
between the two locations would be an interterminal switch. 

Interterminal sw itch charges are normally mo re e xpensive 
than intraplant or intraterminal switch charges and are assessed for 
each car switched. 

Interterminal switch charges will be assessed by both railroads 
participating in the switch. 


Intermediate Switching 


Intermediate switching means a switch made by a railroad between 
the interchange tracks of one carrier and the interchan ge tracks of 
another carrier within a station’s switching limits. The intermediate 
switching railroad neither originates or terminates the shipment nor 
receives a line haul for the shipment. 

If a li ne-haul shipment was being made using tw o separate 
carriers and the two carriers did not directly connect at the inter- 
change station, an intermediate switch by a third carrier w ould be 
required. 

For example, at Baton Rouge, Louisiana, if a line haul were 
made on the KCS fo ra UPRR switch, the IC (CN Railways) rail- 
road would be required to make an intermediate switch because the 
KCS and the UPRR do not directly interchange. 

Interchange switch charges are normally included in the recip- 
rocal switch charge, which is included in the line-haul charge. 


CONCLUSION 


The importance of railroading to the industrial minerals in dustry 
cannot be minimized. Interstate railroads transport a significant per- 
centage of the mineral commodities moved in the United States. 

During the past era of regulation, railroad transport was a sim- 
ple matter. The simplicity demanded by go vernmental re gulation, 
however, almost d estroyed the railroad industry in the United 
States. Bankruptcy and insolvency were immediate threats to the 
entire industry. 

Passage of the Staggers Act in 1980 freed the railroads from 
most governmental re gulation, permitted multiple mergers of rai | 
systems, and res ulted in six mainline carriers in the United States. 
Each of the six hold s monopolistic he gemony over certain regions 
of the country. 

Antiquated work rules and inflexible management, both ves- 
tiges of the eraof g overnmental r egulation, co ntinue to hinder 
effective operation of the railroads. 

Railroads have been unable or unwilling to expand their infra- 
structure to meet a continuing expansion of business resulting from 
the general growth of the economy of the United States. Specif i- 
cally, this failure to improve infrastructure has created significant 
difficulties for the railroads and for the customers they serve as the 
United States reco vered from the recession of 2001—2 002. Many 
attribute this failure to an insufficient rate of return on investment, 
but an equal number of railroad critics claim that the failure is one 
of management and that return on investment for railroads could be 
at an all-time high. 

Unless U.S. railroads can impr ove their performance and con- 
trol costs, government re-regulation is an eventuality. Some critics of 


the railroads believe that the rights-of-way, now owned by the operat- 
ing carriers, should be separated from the carriers and turned into 

common carriers, open to any and all operators capable of meeting 

safety and operational rules and regulations. Needless to say, the U.S. 
railroad industry vehemently opposes any such re-regulation. 

Recent pri ce inc reases that e xceed t he pri ce inc reases of 
industrial or consumer goods, however, would lead the independent 
observer to conclude that the railroad industry has recognized its 
monopolistic status and that it is starting to take advantage of that 
position. The future of U.S. rail roads will depend lar gely on their 
response to the realization that they are a monopoly. 

What course the industry will take is unc ertain. Will the rail- 
roads of the United States grow and recapture much of the business 
lost to interstate trucking or will the railroads continue to transport a 
smaller percentage of general freight until they become noncompeti- 
tive and lose the general freight business completely? Abandoning 
passenger service, small-parcel delivery, and less-than-carload ship- 
ments to competitors is history. Now, railroads telegraph their disin- 
terest in single-car or occasional shipmen ts, or both, by denying a 
supply of railcars or by simply providing such poor service that the 
shipper is forced to use an alt ernative mode of transportation, 
regardless of cost. 

In any case, railroad transportation will con tinue to be over- 
whelmingly important to the industrial minerals industry. Except in 
those areas where water transport is available, rail transport is the 
only competitively priced transportation available. Whether this sit- 
uation continues into the future will depend solely on the reaction 
of the railroads to the new economics created by their monopolistic 
status. 
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Hauling bulk industrial minerals by rail and ship is unmatched for 
moving lar ge volumes over long di stances. Road transport, ho w- 
ever, remains an equally important transportation mode for mineral 
movements throughout the w_ orld. Trucking of fers co nvenience, 
flexibility, low cost, an d versatility, giving it distinct adv antages 
over rail or water transport in many situations, despite the fact that 
it lags behind in terms of fuel efficiency and emissions. 

In a 2003 report, the American Association of State Highway 
and Transportation Officials (AASHTO) stated that in 2000, trucks 
moved 78% of U.S. domestic freight tonnage (st), generated 60% of 
its short ton mileage, and accounted for 88% of its dollar value, the 
highest percentage in each category. Trucks moved 11 billion ‘st, 
valued at $9.5 trillion, o ver 2.6 trillion short ton-miles in 2000 
Trucking movements are expected to grow to 17,296 million st by 
2020, an increase of 62%. Short ton-miles by truck are predicted to 
grow to 4,174 billion in 2020, an increase of 58%. 

Rail moved 16% of total domestic freight tonnage in 2000, 
second to transporta tion by truck. Rail mo vements t ended to be 
longer in distance than truck movements and therefore accounted 
for a proportionat ely higher share (28%) of short ton-miles. Rail 
movements also tended to involve lower-value commodities tha n 
truck movements, so rail represented a proportionately lower share 
(6%) of total domestic freight value. Rail moved 2 billion st valued 
at $600 billion over 1.2 trillion short ton-miles in 2000. Water (river 
barges and coastal and lake steamers) moved 6% of tonnage, 15% of 
short ton-miles, and 1% of value. 

This truck dominance is also seen in more specific statistics for 
industrial minerals shipments. According to the U.S. Geolog ical 
Survey (USGS), of the total industrial sand and gravel produced in 
the United States in 2003, 64% was transported by truck from the 
plant to the site of first sale or use, with only 35% transported by rail 
and 1% by other methods. These figures reflect the fact that, spe- 
cialty ground silicas aside, the vast majority of the sand and gravel 
produced in the United States is used domestically at consumption 
sites located relatively close to the producer. Certain commodities, 
particularly those shipped in lar ge bulk volumes for int ernational 
export, such as borates, soda ash, and potash, are largely moved by 
rail to ports, but trucks may still form part of the logistical chain. 

Trucking co mes into itso wn when shorter distances and 
smaller volumes are in volved. Indeed, most industrial minerals 
delivery routes from a mine or plant to the final customer involve 
some kind of road transport. This covers everything from the entire 
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route to the final leg to the customer from a port or warehouse stor- 
age area or the initial journey to a po rt or rail- siding stockpile. 
Intermodal movements are also common, such as the transport of 
steel ocean containers by a mixture of road and rail. 

This is not to say that trucking is restricted to short-distance 
haulage. Some industrial minerals are trucked long distances, par- 
ticularly in developing countries and where an efficient, regular rail 
freight service does not exist. The scarcity of the occurrence of a 
particular mineral worldwide may also mean that a 500-km or even 
1,000-km truck haul is still economic. 

The challen ge for the producer and consumer is f inding out 
what works best economically for their particular lo gistical path, 
taking into account issues such as practicalities of volume, location, 
required flexibility of supply, in-place infrastructure, distance, and 
the environment. 

This chapter reviews the main reasons why trucking is still the 
mainstay of the industrial minerals industry, and gives examples of 
global trucking scenarios for a variety of industrial mineral types. 


PRACTICALITIES OF VOLUME 


The largest volumes of minerals over the longest distances move by 
ship and rail, simply because it is almost always far more efficient 
and cost-effective (particularly in terms of fuel consumption) to do 
so. A single railcar may carry 90 or 100 t and a unit train may con- 
sist of 100 railcars in some cases, such as the railing of soda ash by 
Union Pacific from Green River in Wyoming to Portland, Ore gon, 
and more recently to Longvie _w, Washington, for e xport to Asia. 
This type of v olume mo vement—up to 10,000 tin one train— 
across such a long distance is simply impractical when it comes to 
truck transport. 

Many of the world’s key industrial minerals are produced in 
small mining operations, however, with low-cost trucking the main 
form of transport. China is the key example of this, where for min- 
erals such as barite, fluorspar, magnesite, bauxite, and talc, most of 
the actual mines are very small, and their production is trucked to a 
regional stockpiling area such as a railhead for onward transport to 
a port for export. For example, much of the production of white 
filler barite is near Guiyang City in Guizhou Province. From there, 
white barite from numerous small mi nes is trucked to railheads in 
Nanning, Guangxi Province, where the material is railed to south- 
ern Chinese ports for export. Similar logistical routes are used in 
other Chinese provinces for other minerals. 
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Figure 1. Two transportation options for GCC in China—(A) Imerys uses 300-t barges for some shipments from its Nanling operation (courtesy 
of Tom Grow for Imerys); and (B) the truck tankers are loading GCC at the operations of Sunny Stone Industry Co. Ltd., also in Anhui Province. 
Sunny Stone produces a range of lump, chippings, and powders for various customers, including Asia Pulp and Paper’s Dagang mill (courtesy 


of Sunny Stone). 


Although trucking in China is cheap, it is not without its obsta- 
cles. In May 2004, the Chinese government implemented new high- 
way la ws strictly enfo rcing r estrictions on truck gross weight. 
Through the country’ s massi ve dri ve for inf rastructure impro ve- 
ments, China has discovered that the rapid deterioration of its roads 
has been partly caused by years of wear fr om overloaded trucks. To 
keep freight costs down, and swiftly move large volumes, it has been 
standard practice in China for su ppliers of materials and goods to 
exceed the designed load specifications of the trucks they use. Typi- 
cally, a 25-t truck w ould receive a load of 45 t, for a frei ght rate of, 
for example, $25/t from mid-China to Xingang port. The new load- 
limit law meant that such loads had_to be reduced, thereby increas- 
ing freight costs and sometimes delaying transport of the material to 
port. Ifa truck is detected as overloaded, it is confiscated and the 
driver is briefly jailed. This, together with railcars being tied up in 
iron ore and coke transport, has caused severe shortages of mineral 
stockpiles at ports that are alre ady seeing major delays and demur- 
rage fees because of ocean shipping congestion. 


LOCATION 


Location means everything to the economics of industrial minerals. 
Many of the world’s industrial minerals operations are in re mote 
parts of the world, far from any rail siding or port and often in hilly 
terrain. Trucking is the first and only option, whether all the way to 
the point of consump tion or to the nearest available rail or water 
transport point. 

Many examples exist of very long distance shipments of min- 
erals by truck. In Brazil, Mineracao de Amianto SA (SAMA), one 
of the world’s largest chrysotile producers, trucks its product some 
1,600 km from the Cana Brava mine to the port of Santos. New ver- 
miculite producer IBI Corp. trucks flake vermiculite some 800 km 
from t he Mba le Distri ct in Ug anda to the port of Mom basa in 
Kenya. 


For wide spread, lo wer-value min erals shipped in moderate 
volumes to local consumers, trucking is the most practical option. 
Good examples are regional lime and limestone operations trucking 
product to consumers in the same area such as carpet manufactur- 
ers, glass plants, and sugar factories. 

Other areas are simply too remote for trucking to be feasible. 
The potential for the extensive lithium, barium, strontium, potash, 
and magnesia reserves of the Qaidam Basin in China’ s Qinghai 
Province has been talked about for years, but their remoteness has 
limited development until no w. The construction of the 1,142-km 
Qinghai—Tibet Railway is sched uled for completion in 2007, and 
the Chinese government hopes it will open up the area and its min- 
eral resources. 

On the other hand, if a consumer isina_ relatively built-up 
area, often no room e xists for a ne w rail spur, even if the capital 
exists to build it. Sometimes inland waterways can be used, as in 
the case o f Imerys’s Nanling operation in Anhui Province, China 
(see Figure 1A), where barging is used to transport ground calcium 
carbonate (GCC) slurry , but generally truck is the only op tion in 
more congested re gions (Figu re 1 B). Likewise, ba rging is us ed 
extensively to transport minerals down the Rhine from the ports of 
Rotterdam, Antwerp, and Amsterdam to reach consumers in west- 
erm Germany. 


INFRASTRUCTURE 


Although it 0 verlaps, to some e xtent, with “location is important, ” 
infrastructure is concerned more with available capital and the eco- 
nomic w orth of ma king major investments when c onsidering the 
return on mineral sales. If the mine or processing plant is not located 
close to a mainline rail siding, the costs involved in constructing a 
rail spur are considerable. Similarly, smaller producers and consum- 
ers of minerals may not have the loading and unloading infrastruc- 
ture in place to handle large, bulk shipments. The a vailable silo or 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Road Transportation of Industrial Minerals 97 














Courtesy of Industrial Minerals. 


Figure 2. Trucking is widely used to transport industrial minerals in Turkey. The Calmag truck (left) is being loaded with caustic calcined 
magnesia big bags for export. This is trucked to a nearby rail siding at Tavsanli where it is transferred to railcars. The photograph on the right 
shows a truck delivering sodium feldspar to Kaltun’s bulk storage and homogenization site near Gulluk port, in southwest Turkey. 


warehouse space will also determine the nature of transport used. 
Truck transport still requires investments such as overhead bulk silos 
and a weighbridge, but the cost involved pales compared to the cost 
of a rail set-up. 

Rail systems al so v ary in e xtent, qua lity, and efficiency 
throughout the world. In France, which has limited inland water- 
ways and what some companies c_ onsider an “in convenient” rail 
freight system, tru cks dominate mineral transport. For e xample, 
leading world GCC producer Omya AG conducts virtually 100% of 
its GCC freight by truck in France. In the United Kingdom, kaolin 
shipments f or key do mestic accounts are made by rail, such as 
kaolin slurry railed to UPM’s Caledonian paper mill in Irvine, Scot- 
land. The bulk of the kaolin is exported from the Cornwall ports of 
Fowey and Par, however, so dry bulk kaolin is truck ed there from 
Irvine for stockpiling at the docks and loading onto ships. Imerys 
operates a fleet of 50-t articulated tipper trucks for this purpose. 

Inefficiencies in national rail systems may also mean rail can- 
not be used to its potential despite the existence of the basic infra- 
structure. An example of this is Turkey, now one of the world’s most 
important industr ial mi nerals pro ducers and a global player in 
sodium feldspar , bor ates, and magnesite supply. The T urkish rail 
system, de veloped under Ataturk ’s rule, ise xtensive. A lack of 
investment over the years, however, together with a powerful domes- 
tic trucking lobby, has meant that much of the country’s mineral pro- 
duction now uses truck despite th e existing rail network. Figure 2 
shows delivery of sodium feldspar from a mining operation to th e 
Kaltun processing, stor age, and blending site near Gulluk port, 
where the finished material is trucked again a short distance for load- 
ing onto bulk vessels for shipment to the Spanish and Ita lian tile 
industries. 


CONSUMER SIZE 


Just as the size of the mineral producer affects whether trucking is 
used, so too does _ the size of th e consumer. Large mineral opera- 
tions will often ship material by both truck and rail, with some of 
the larger accounts serv ed by rail and the more numerous smaller 
accounts served by truck. For example, key accounts for large, bulk 
lime oper ations su pplying the steel and _flue-gas desulfurization 
(FGD) industries may be served by multiple 100-t railcars, with the 
smaller accounts served by trucked 1-t big bags or 25-kg sacks 
wrapped in plastic on pallets. In the industrial sands market, large 


shipments to found ry and glass consumers may be made by rail, 
with materials for smaller accounts such as filtration and sports/lei- 
sure shipped by truck. 


ENVIRONMENT 


Where a _ choice e xists be tween road and rail, the impetus has 
increasingly been to move minerals traffic to rail be cause of the 
savings gained in terms of emissions, and noise, safety, and traffic 
levels on public roads. Moving to rail has the additio nal positive 
effect of impro ving the public im age of a mining _ or processing 
operation, because the mo vements become far less ob vious to the 
public if made off the roads. Equally, in terms of planning applica- 
tions for new mineral operations, getting permission to allow heavy 
mineral truck traffic on a well-u sed public road is often the most 
difficult hurdle to overcome. 

In anarticle ina Vermont newspaper (The Rutland Herald, 
August 23, 2004), Bruce Edwards reported that progr ess has been 
made for a rail spur to Omya’s marble-mining operation in Middle- 
bury, Vermont. The proposed rail spur would eliminate the marble 
trucks that currently use Route 7 between Middlebury and Florence, 
where Omya’s huge GCC plant is situated. This single, $20 million, 
3-mile rail spur between the Middlebury marble quarry and the main 
rail line would take 75,000 truck trips per year off the road. 


COST AND OWNERSHIP 


Large companies dominate rail and shipping freight services. In 
the Unite d St ates, the so-called Class 1 carri ers such as Uni on 
Pacific, CSX Transportation, BNSF Rail way, and N orfolk South- 
ern dominate. In Europe , a fe w rail freight carriers tend to domi- 
nate trade in each country, suchas Railion in Germ any, Société 
Nationale des Chemins de Fer (SNCF) Fret in France, and English 
Welsh & Scottish Railway Ltd. (EWS) in the Uni ted Kingdom. 
This si tuation is le ss marked ino cean sh ipping, wh ere of ten 
numerous brokers and options are available, but it depends on the 
particular route concerned. 

By contrast, trucking tends to suit much smaller companies 
with a small truck fleet. Mineral producers, particularly in develop- 
ing countries, often use individual private-owner operators. In the 
United States, small haulage companies that comb ine a group of 
owner-operators are the most commonly used. For example, the 
Alabama-based lime company Che ney Lime & Cement lists no 
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fewer than 12 trucking companies that handle lime from its plant in 
Shelby County. By contrast, it is served by only one rail carrier— 
CSX Transportation—which owns and operates the track rights in 
that region. 

In many cases, the industrial minerals supplier dominates the 
business of the trucking company—in contrast to rail, where indus- 
trial minerals often form only a fraction of the overall rail company 
revenues. F or e xample, th e Assoc iation of Ame rican Ra ilroads 
(AAR) lists nonmetallic min erals at 7.4% of its Class 1 tonnag e 
traffic in 2003, well behind coal at 43.6%. Th is means that th e 
industrial minerals companies are farther down the list in the priori- 
ties for the railroads, which may have only a few people responsible 
for minerals marketing in the whole group. The situation becomes 
even more complex on rail when a relatively small volume is being 
moved across an area covered by several different rail companies— 
ultimately this all adds to costs for the mineral supplier. 

Rail service and railcar reliability have become major issues 
in the U.S. industrial miner als industry in 2004-2 005, particularly 
on the West Coast, where routes have been affected by heavy rain 
and floods. In these types of situations, the versatility of the truck is 
apparent. By contrast, of ten a pa rticular minerals ope ration ma y 
represent the main business for one or several trucking companies. 
U.K. barite producer M-I Drilling Fluids UK uses B arhaul, a local 
haulage compan y, to transport its drilling -grade barite products 
from the underground mine in Aberfeldy, Scotland, to the grinding 
facility near Aberdeen. This is a symbiotic partnership in which the 
M-I contract accounts for the majority of Barhaul’s business, and it 
is useful for M-I to have a local company focused on delivering the 
best service to its main client. 

This is not to say that large trucking companies do not exist. 
For more specialized movements such as volatile and reactive mate- 
rials or fine-grained powdered materials, special vehicles are often 
needed. Exa mples i nclude Norb ert Dent ressangle, whic h ships 
large quantities of soda ash and other mineral powders in Western 
Europe using more than 900 tanker trucks. 

Larger minerals pr oducers may also o wn or long- term-lease 
their trucking fleet. Ameri-Co Carriers is a wholly owned subsidiary 
of Amcol International Corp., and the majority of its business is the 
transport of Amcol’s natural sodium bentonite—based products such 
as cat litter and en vironmental liners. The company, however, also 
has a growing base of outside customers. In Europe, silica sand spe- 
cialist SCR Sibelco an d its part ner companies throu ghout Europe 
operate large tanker truck fleets. Larger contracts may be railed to 
the customer, such as the railing of dolime from Lhoist’s operations 
in Belgium to consumer Nedmag in Veendam, the Netherlands. 


TRUCK TYPES 


The range of vehicle types used to transport industrial minerals var- 
ies by volume and the nature of the material. Simple bulk tipper 
trucks are often used for nonreactive, free-flowing materials such as 
silica sands and limestone for basic industrial uses. Slurries such as 
GCC and kaolin are transported in special tank trucks into which 
the material is pumped at a tank farm and unloaded in a similar way 
at the consumer point such as a paper mill. 








Courtesy of Triple Crown Services Company. 

Figure 3. The Triple Crown RoadRailer is one type of intermodal 
solution. The RoadRailer’s unique air-ride system lifts the trailer 
gently as it is backed over the bogie for attachment. Once the bogie 
is in place, the air system lowers the trailer and lifts the tires off the 
tracks. 


Other volatile materials such as lime or finely powdered mate- 
rials are shipped in pneumatic silo trucks equipped with a blower to 
blow the material into the consumer storage silo (e.g., at a precipi- 
tated calcium carbonate plant). Bagged minerals, including pallets 
of small bags and lar ger bulk bags, are also trucked, but generally 
on flatbed trucks or inside an ocean container. 

One trend in recent year s has been combining truck and rail 
transport in so-called intermod al routes. This more commonly 
involves transferring ocean containe rs from rail to truck or vice 
versa, but can also involve transferring loose bulk or big bags. This 
is common in situations where the mine and plant of a small pro- 
ducer are not served by rail and the re are insufficient volumes to 
justify investment in a rail spur, even though there is a rail siding 
relatively close by. Instead, material is loaded onto trucks and trans- 
ferred to the railcars at the siding. 

Larger players h ave in vested in intermodal hub s along the 
most heavily used parts of the logi stical network (Figure 3). In the 
U.S. market, S olvay serves customers requiring le ss than railcar 
volumes using 12 bulk rail-to-truck terminals. These provide a reli- 
able source for customers and a nearby supply position to deal with 
urgent product requests. 
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INTRODUCTION 


This chapter summarizes the waterway and marine transport logis- 
tics of industrial minerals. Transportation is a critical element of the 
minerals business because deposits of raw materials may be in loca- 
tions th at are widely separated from where they are processed 
(Barker and Austin 1995; Barker 1997; Barker 2004; Bark er and 
Harben 2004). Processing facilities may in turn, be oceans away, or 
perhaps miles away along a river, from industrial consumers further 
down the logistics chain. Transportation costs are often the single 
most crucial element in determining the ultimate profit or loss—the 
basic feasibility—of a specific mineral operation and associated 
transportation movement. 

Ocean transportation in deep-sea vessels is discussed in th e 
same chapter with barge transportation along U.S. inland-river and 
intracoastal-waterway systems because they are interrelated. 


Topic Definition 

This chapter covers the waterborne transportation of industrial min- 
erals in bulk (see the glossary at the end of this chapter for defini- 
tions). The focus is on international deep-sea shipping as well as on 
U.S. domestic mo vements of ind ustrial minerals by bar ge. The 
chapter also discusses fungible industrial minerals that mo ve in 
dry-bulk carriers, sometimes as full cargo and sometimes as par- 
cels. Parcels are multiple consignments tran sported on the same 
vessel, albeit with inte gral physical or suita ble artificial se grega- 
tions to prevent commingling of the shipments. 


History 


The industrial minerals business has evolved along with advances 
in transportation capabilities. The availability of economical ocean 
and barge transportation has enabled more distant sources of indus- 
trial minerals supply to be e xploited and economically transported 
to processing or consuming locations. Industrial minerals are often 
found hundreds or even thousands of miles a way from facilities 
where they are processed, and water transportation often binds the 
individual links in industrial minerals supply chains. 

Economies of scale are possible where supply chains can han- 
dle larger vessel sizes such as Capesize behemoths capable of haul- 
ing 180,000 or e ven 300,000 t of coal or iron ore. Few industrial 
minerals, however, move in vessels larger than Panamax size. F or 
this rea son, t he e mphasis in thi s c hapter is on sm_ aller v essels, 
known as Handysize or Handymax size, capable of transporting 
25,000 to 50,000 t of material. 
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Classification and Industry Structure 


Maritime transportation can be segmented very broadly according 
to trades and types of vessels: 


¢ Dry bulk: These vessels transport industrial or agricultural raw 
materials and semiprocessed materials primarily in bulk. They 
range widely in size from barge (transporting typically 1,500 t 
of materials) up to the huge Capesize ships that are too big for 
most ports. Industrial minerals typically move on dry-bulk ves- 
sels, often as parcel shipments. The service speeds of self-pro- 
pelled deep-sea vessels typically range from 10 to 15 knots. 
Within the dry-bulk category, certain vessel types and sizes 
predominate, as shown in Table 1. 


Container/liner: Goods packed in ISO standard cargo contain- 
ers, typically 20 ft (6 .058 m) or 40 ft (12.192 m) long, are 
transported by v essels specif ically c onfigured f or ca rrying 
containers. Indu strial minerals are som etimes containerized. 
Container v essels generally opera te in “l iner tra des,” wit h 
widely published re gular sched ules known well in advance. 
Rates are also ne gotiated in advance and w ould be included 
within a confidential service package. 


Liquid bulk (tanker): Tankers carry bulk crude oil, refined or 
intermediate petroleum produ cts, industrial chemicals, and 
oils derived from agricultural processing. Such vessels are not 
suitable for industrial minerals, except where grain is shipped 
in tankers (and the cargo is loaded and discharged by spout or 
pneumatic equipment). 


Specialized industrial: These are highly specialized vessels, 
built spec ifically for transporting part icular commodities. 
Examples include liquid-g as carriers, livestock carriers, and 
refrigerated cargo carriers (for meats, fruits, and v egetables). 
An overlap occurs with industrial minerals, where vessels are 
designed to transport ores or materials in self-unloading bulk 
carriers or in slurry form. 


Cruise/passenger: The passenger shipping se gmentis a 
highly visible sector of the market but is not relevant to the 
transportation of industrial materials. 

Within dry-bulk shipping , a deep-sea (ocean-going ) compo- 
nent exists along with a domestic barging component. The deep-sea 
shipping industry is mainly an in ternational business, whereas the 
U.S. inland-river—barging industry is domestic. Both are subject to 
technical regulation by the ir respective Flag State , which is the 
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Table 1. Bulk vessel types and characteristics with typical Mississippi River barge dimensions shown for comparison purposes 


Common Vessel Types _ Typical Deadweight, fons and meters of draft 


Typical Dimensions, length by beam 


Typical Cargo Handling Gear 





Barge 1,500 t on 9m 
26,000-33,000 t on 9.5-11 m 
45,000 ton 11.6m 
55,000 t on 12.26 m 
75,000 ton 14m 
172,000 t on 17.75 m 


Handysize 
Handymax 

Super Handymax 
Panamax 


Capesize 


165-185 m x 23-29 m 


59.44 m x 10.67 m None, gearless 


4 or 5 cranes at 25 t each 


186 m x 30.5 m 5 cranes at 25 t each 
190 m x 32.26 m 5 cranes at 30 t each 
225 m x 32.26 m Usually gearless 
289 mx 45 m None, gearless 





country where the ship is registered and which is therefore respon- 
sible for enfo rcing the appl icable inte rnational co nventions or 
domestic laws and regulations as they affect vessel operations. 

Most countries maintain “national flag” vessels to handle their 
domestic- and go vernment-sponsored mo vements as well as any 
military r equirements. Deep -seamanned vessels mu st meet 
requirements of the SOLAS (Safety of Life at Sea) Conventions. 
Vessels must be inspected annua lly by their Flag States. Often, 
authority for such inspections is delegated to classification societ- 
ies, which are international organizations that employ networks of 
surveyors and in spectors throu ghout the w orld who examine ves- 
sels. Vessels are also subject to detailed physical surveys, which are 
required every 5 years and u sually coincide with out-of-the-w ater 
dry dockings. 

For barges in the U.S. domestic trades, the American Bureau 
of Shipping handles technical regulation, enforcing regulations pro- 
mulgated by the U.S. Coast Guard. 

After the terrorist attacks on the United States on S eptember 
11, 2001, anew set of re gulations concerning security of v essels 
and ports or shore facilities were added to requirements facing both 
shipowners and terminals. 

Despite t he array of te chnical, safety—an d no w security— 
regulations facing the industry, the bulk-shipping se gment is not 
subject to economic regulation. Freight levels rise and fall depend- 
ing on the interaction of cargo demand and vessel supply and are 
freely negotiated. Bulk shipping is sometimes described as the last 
bastion of the free market. 

The shippers of cargo, who char ter v essels (and are thus 
known as charterers), rely heavily on the free market for their sup- 
ply of v essels. The supp lier of the shipping tonnage may be th e 
actual owner, or the supplier may be an operator who takes a vessel 
on charter from the primary o wner and then resells space on the 
vessel to cargo owners. 


Statistics 


Freighting of industrial minerals is a subset of a mu ch larger mar- 
ketplace in dry-bulk shipping. The dry-bulk marketplace comprises 
dozens of subsectors representing the market in ea ch commodity. 
The vessels in the marketplace are flexible and able to handle many 
cargo ty pes, and thus th ey canrespond to mark et opportunities 
among multiple subsectors and e valuate the most attracti ve daily 
returns. The industrial minerals trades form a sma II subset, esti- 
mated to be less than 20% of the total tonnage. 

Table 2 shows the growth of the major commodity trades ( in 
millions of me tric tons). Major bulks are iron ore, co al, grains, 
bauxite and alumina, and phosphate rock. These major bulks move 
on dry -bulk carriers, but the total tonnage incl udes c ommodities 
that may move on spec ialized vessels. Tables 3 and 4 sh _ ow the 
growth of the dry-bulk shipping fleet. 

The balance of overall suppl y and demand o ver a multiyear 
time horizon determines the overall levels of freight rates in the 
marketplace. Vessel demand is also subject to short-term economic 


influences, weather, seasonality, and market tim ing. In addition, 

technical, structural, and physical disturbances—mechanical break- 
downs, inefficiencies, or plant pro duction problems—are f actors. 
Supply chain influences to or from the plant (such as rail, truck, or 
barge shortages) can and will cause delays and congestion—which, 
in turn, will affect overall vessel supply. Demand can be very vola- 
tile, especially where a number of charterers may be competing for 
available vessels. Even in the industrial trades, schedulin g consid- 
erations can heighten this volatility. For example, where commodi- 
ties are sold under yearly contract s, there may be arushtomo ve 
material just before the end of an expiring contract. Because of the 
many raw ma terials m ovedin bulk carrier v essels, shipper s of 
industrial minerals may face rates that are determined exogenously. 

Vessel supply is less flexible, involving capital investments 
in long-lived assets. The economic life of bulk carriers is typically 
20 to 25 years. In poor freight markets, the owner may decide to 
scrap the v essel be fore the e nd of i ts e conomic li fe. In st rong 
freight markets, owners may decide to invest in extra maintenance 
and repair that will enable the vessel to continue trading be yond 
the 20-year mark. 

The interacti on of semi -fixed supp ly an drapi dly shifting 
demand brings about volatile freight markets. Strength in the sector 
from 2003 to 20 04 resulted from a sharp increase in demand in the 
face of little new tonnage on order for vessel supply. Strong demand 
from countries such as China and India (with their huge populations) 
has been and will be a major f actor that mak es demand forecasting 
difficult, if not impossi ble. The strong freight mark et did lead to 
reduced scrapping and more vessel orders, but new tonnage is typi- 
cally not delivered until 18 to 24 months after an order is placed. 


TECHNOLOGY 

Vessel Configurations 

Most of the vessels involved in the industrial minerals trades have the 
generic term of bulk carriers and are Handysize and Handymax- or 
Super Handymax-size vessels, with Panamax-size vessels used as the 
demand increases (the latter depend on port infrastructure and restric- 
tions). Unlike general cargo vessels with multiple decks and obstruc- 
tions, bulk carriers have ca vernous ho Ids and lar ge hat ches that 
provide loading and dischar ging equipment substantial access 
throughout the holds. Bulk carriers can also be strengthened so t hat 
they can tak e full loads of dense or heavy cargo in alt ernate holds 
without placing undue stresses on the vessel’s structure. As a matter 
of economic practicality , vessel owners will build versatile v essels 
that can handle a wide variety of cargoes. A few may build a vessel 
for a particular user on a particular multiyear contract. 

Many configurations of vessels exist based on intended pur- 
pose and onav_ ariety of designs. F ore xample, ce rtain v essels 
intended to be used for international trade into the Great Lakes will 
be designed to lift maximum tonnages of cargo onthe draft and 
beam constraints imposed by the Saint Lawrence Seaway. The sea- 
way restrictions are currently about 7.925 m (26 ft) freshwater draft, 
23.8 m (78.1 ft) beam, and about 22 5m (7 38 ft) lengtho verall 
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Table 2. Movement of major and minor dry-bulk materials in deep-sea trades, Mt 
Dry-Bulk Materials 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 
Major Bulks* 
lron ore 402 392 428 428 405 450 453 482 524 587 
Coal subtotal 403 425 451 453 464 514 546 568 613 658 
Steam 242 261 282 284 302 340 377 399 44] 474 
Coking 160 165 170 169 162 174 168 169 17] 184 
Grains subtotal 216 219 229 226 247 264 260 27) 264 265 
Wheat/coarse 184 185 190 187 205 214 207 214 205 206 
Soybeans 32 34 39 AO 42 50 54 58 59 59 
Bauxite/alumina §2 54 55 55 54 54 54 54 57 66 
Phosphate rock 30 31 32 31 31 28 27 26 26 27 
Major bulks subtotalt 1,103 1,121 1,195 1,193 1,201 1,310 1,340 1,402 1,484 1,604 
Minor Bulks 
Sugar 34 36 37 38 40 36 4l 44 46 46 
Agribulks 80 81 82 92 95 87 87 91 90 94 
Fertilizer 61 60 63 64 67 68 69 7) 73 76 
Scrap 46 46 49 46 45 46 44 45 48 53 
Cement 53 55 56 45 45 46 46 45 47 48 
Coke 15 13 13 11 15 19 18 14 17 24 
Pig iron 14 12 14 13 12 12 12 12 13 14 
Forest products 167 163 166 156 158 161 164 160 163 166 
Steel products 198 200 195 189 174 187 181 186 197 206 
Others 31 33 33 33 34 36 37 37 391 40 
Minor bulks subtotal 699 699 708 687 685 698 699 705 733 767 
Major and minor bulks total 1,802 1,820 1,903 1,880 1,886 2,008 2,038 2,106 2,215 2,372 





Adapted from UNCTAD 2004; Clarksons Research Services Limited 2005. 


* Major bulks totaled 448 Mt in 1970, 796 Mt in 1980, and 968 Mt in 1990. 


t Totals may reflect rounding errors. 


(LOA), but the last is usually not a serious restriction—th e beam 
and draft are the most serious. 

The vessel description is crucial for all personnel involved in 
vessel chartering. Fundamentally , the v essel mu st fit into its 
intended load and discharge ports and berths; its configuration will 
also influence how much cargo can be carried and how fast it can 
be loaded and unloaded. 

The vessel description can have legal im plications as_ well, 
when the vessel is described in the charter party between the vessel 
owner and the charterer. The charterer must exercise extreme dili- 
gence to be certain that v essels are capable of meeting the require- 
ments of sales contracts on the underlying commodities. 

Numerous vessel designs e xist within the bulk carrier c ate- 
gory. Four common designs are encountered in the industrial min- 
erals trades: TESS45 type, Federal Oshima type, Federal Shimanto 
type, and Federal Saint Laurent type. 

The TESS45 v essels (and their larger and smal ler similar 
designs), as well as similar type vessels, are workhorses trading all 
over the world. These vessels, many of which are controlled by the 
Montreal-based shipowner Fednav Ltd., are w orth noting because 
their design configuration allows them to trade into and out of the 
Great Lakes, and they are able to maximize the cargo intake on the 
draft and maximum beam restric tions of the Lakes—Seaway Sys- 
tem. A number of shipowners and vessels can and do trade into and 
out of the Great Lakes—where the typical season runs from April 
through the middle of December. After about December 15-25, the 
system is closed for the winter; any ships that are late in exiting are 
sometimes caught until the system reopens at the end of March of 
the following year. 


Numerous minerals parcels are imported through the Gr eat 
Lakes, most coming from the Far East, Australia, Ne w Zealand, 
Africa, and South America. 


Shoreside Facilities: Terminals and Equipment 


Depending on th e commercial term s of the commodity sale, the 
cargo interest may become involved with the loading and discharg- 
ing of the ca rgo. There are many terminals and facilities where 
industrial minerals can be loaded and unloaded , but the terminals 
are links in a broader supply chain. 

The choice of a terminal for use in a particular car go move 
will depend on ahost of f actors, some of wh_ ich, in tur n, will 
depend on capabilities or requirements in a pa rticular commercial 
contract. Although there ar e some exceptions (for instance, in a 
dedicated run over an extended period of time), the charterer must 
warrant to the shipowner that the port is a safe port. Shippers (and 
receivers) of minerals should require a similar w arranty from their 
business partners in the supply chain who are actually responsible 
for nominating the particular port. 

Some of the important factors to be considered in choosing an 
actual berth for cargo operations are the following: 


¢ Draft: What is the depth of water alongside the loading or dis- 
charging berth? 

¢ Airdraft: What is the height above the waterline of the highest 
point on a vessel? 


¢ Storage: Can cargo be stored without contamination or e xpo- 
sure to elements? 
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Table 3. The dry-bulk shipping fleet 





Year Existing Subtract: Tons Cues Operating 
(start) Fleet Layup Operating in Dry Dry Fleet’ 
1993 215 1.6 213.4 16.1 229.5 
1994 219 1.5 217.5 13.9 231.4 
1995 225.5 1.3 224.2 15.2 239.4 
1996 242.2 1.1 241.1 11.3 252.4 
1997 252.1 0.9 251.2 11.3 262.5 
1998 263.3 1.0 262.3 7.0 269.3 
1999 263.3 1.5 261.8 5.3 267.1 
2000 267.4 19 265.5 6.2 271.1 
2001 276.3 1.3 275.0 4.3 279.3 
2002 288.5 1.8 286.7 3.7 290.4 
2003 295.9 0.5 295.4 25, 297.9 
2004 303.3 0.5 302.8 4.0 306.8 
2005 320.8 0.6 320.2 5.3 325.5 





Source: The Platou Report 2004. 
* Operating dry fleet is equal fo the starting fleet minus tons in layup plus com- 
bination carriers in dry-bulk trades. Numbers may contain rounding errors. 


Table 4. Breakdown of the dry-bulk fleet into size categories" 








Year 10,000-60,000 60,000-79,999 80,000+ Total 
1993 103.8 51.9 99.4 215.1 
1994 103.4 53.4 62.2 219.0 
1995 104.2 56.3 65.0 225.5 
1996 108.9 59.8 73.6 242.3 
1997 112.5 60.6 79.0 252.1 
1998 115.3 64.7 83.3 263.3 
1999 116.6 65.7 81.0 263.3 
2000 117.5 68.1 81.9 267.4 
2001 118.2 71.3 86.8 276.3 
2002 1241 77.5 89.9 288.5 
2003 123.7 80.3 89.9 293.9 
2004 129.4 74.9 97.3 301.6 
2005 134.1 80.2 104.3 318.6 
Adapted from The Platou Report 2004; Clarksons Research Services Limited 


2005. 

* The end-2004 fleet of Handysize bulk carriers in the 10,000-40,000-dwt 
(deadweight ton) range comprised 2,742 vessels. The average vessel 
deadweight within the category was approximately 26,600 dwt. Within the 
Handysize fleet, 57% of the tonnage was 20 years oldor older, and 25% was 
less than 10 years of age. At the end of 2004, approximately 66.8 Mdwt of 
dry-bulk tonnage was on order, including 161 vessels comprising 4.7 Mdwt 
in the Handysize sector. Size breakdown may reflect rounding practices and 
discrepancies between sources. 


¢ Rail access: If the car go comes inbo und by rail (or is for- 
warded on to a receiver with a rail facility), does the terminal 
have rail access? 


¢ Barge access: If the cargo comes inbound via the river system 
(or is trans-shipped into a bar ge after arrival at a port) , is the 
terminal situated so that bar ges can load or unload alongside 
the vessel or at adjacent berths? Are barges available? 

¢ Truck access: For very small lot sizes, or where minerals are 
shipped in containers, can trucks easily service the terminal? 


Handling equipment: Is the type of equipment suitable for the 
cargo being shipped? Are g antries (on shor e) o r floating 

equipment (in the river) suitable for handling of the cargo? 
What rate of throughput is provided? Is the rate of throughput 
consistent with underlying commercial terms? 

Physical restrictions: Do the vessel dimensions interfere with 
quick loading and dischar ging of the cargo at the particular 
terminal? Can the cranes (shore cranes or loading equipment) 
reach into the holds of the ship? 

Waterside: Is the dock long enough to accommodate a particu- 
lar vessel? 


Hours: Does the terminal support the 24-hour work usually 
needed for minerals movements? 


Dimensions: Is the water deep enough at the dock, even at low 
tide, to accommodate the vessel? At high tides, will be the ves- 
sel dimensions enable it to remain clear of any obstructions? 
Restrictions: Clarify in a dvance that the terminal wil] allow 
normal vessel operations, which may include taking on fuel 
(by barge), delivery of supplies, or crew changes. 

Regulatory: Confirm that the terminal is in compliance with 
regulations relating to en vironmental or ma ritime security 
matters. 


MARKETING: THE MAJOR TRADES 
AND THE BROKER NETWORK 


The demand for ocean freight represents derived demand, reflect- 
ing patterns in the materials markets that underpin the demand for 
freight. As noted in the Statistics su bsection in t his chapter, the 
marketplace for freighting of industrial minerals is a subset of the 
much broader dry-bulk transportation market. 

Shipowners and cargo interests are located all over the world 
and are often represented by shipping brokers who are compensated 
by commissions that represent a small portion of the gross freight. 
The shi powner pays the commi ssion. Shipbrokers are on call 
24 hours per day ,7 days per week, throughout th e year. SHINC 
means “Sundays and holidays included,” and, because of the global 
nature of the shipping market and the fact that there may be hun- 
dreds of relationsh ips (if not thousands) that need to be managed 
continuously, SHINC is especially important during periods of high 
volatility. It is important that the “right” broker be used to suit the 
individual c lient’s needs and market c overage. H istorically, ship- 
ping brokers add value by filtering the enormous amount of market 
information generated daily and enabling charterers to minimize 
their freighting costs, subject, of course, to achieving optimal trans- 
portation coverage for their raw materials movement program. 

In today’s globalized economy, and becaus e of the intercon- 
nectivity of the relationship of ocean freight to the other demands 
of the total supply chain, the b roker must understand all f acets of 
the shipment in question. Even in today’s high-technology environ- 
ment, the broker is more valuable than ever in interpreting market 
conditions and developments while guiding their client. Brokers are 
bound by their commitment to integrity and professionalism. Thus, 
“choose your broker carefully and wisely” is sound advice. 

The role of the shipp ing brokeris paramount in arranging 
transportation of industrial minerals. Historically , brokers have spe- 
cialized in representing either shipowners or representing charterers 
of ships; with the vast improvements in communications throughout 
the 1990s and 2000s, ho wever, the lines have become increasingly 
blurred. T ypically, brok ers in Lon don, Oslo, Greece, and Hong 
Kong have specialized in representing o wners. The charterers’ bro- 
kers have clustered in business centers tied to the processing of raw 
materials. Singapore has emer ged as a shipping center, particularly 
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after reversion of control of Hon g Kong to the People’s Republic of 
China in 1997. With the ascendancy of Asian economies, Singapore, 
Seoul, and now Beijing continue to grow in importance. 


The Role of Barging in Logistics 


The m ovements of in dustrial m inerals are often part of | supp ly 
chains encompassing numerous intermediaries and multiple trans- 
portation modes. The imported raw materials may not be processed 
at or near an actual port of importation but rather at a facility on the 
U.S. inland waterway system (Figure 1). 

More than 1 billion st of materials annually move throughout 
the inland waterway system, as shown in Table 5. 

Table 6 shows the breakdown of movements on the inland 
waterway system by commodity groups and by ri ver systems. 
Industrial minerals fall within the crude minerals group. As in the 
deep-sea shi pping se gment, minerals c omprise a v ery small per- 
centage of the overall totals. Geographically, most of the trade orig- 
inates on the Mississippi River and the Ohio River branches. 

Mineral cargoes transported on the inland waterway system 
will typically move in covered barges. A to wing company will 
put together a tow consisting of up to 30 barges of various types. 
The typical covered barge, with a rake shape, has the following 
dimensions. 


Length: 59.44 m (195 ft) to 60.96 m (200 ft) 
Beam: 10.67 m (35 ft) 

Depth: 2.74 m (9 ft) 

Light draft: 0.53 m (1 ft 8 in.) 

Cargo: 


On 2.74-m (9-ft) draft 1,360 t 
On 3.0-m (10-ft) draft 1,542 t 


The 1,360-t cargo capacity of the typical barge compares with 
the 91-t capacity of a railcar and the 22.7-t size of a cargo truck, 
enabling greater economies of scale for bar ge transport over the 
other transport modes. Ine valuating the eco nomics of mo ving 
cargo originating at, or destined for, locations not directly contigu- 
ous to anavigable waterway, the cost of additio nal rail or truck 
transport must be considered. 

The overall barge fleet (Table 7) has some 24,53 0 dry-cargo 
barges that trade on the Mississippi River system and inland water- 
ways. The dimensio ns of the bar ges ha ve been standardized to 
enable the m to me et physical restri ctions on the ri ver syst em, 
including locks on the Upper Mississippi and tributaries, as well as 
draft restrictions. 

As with deep-sea shipping, bulk commodities mo ving in 
barges are not subject to rate re gulation, but the barges and to w- 
boats must c omply with safety and security regulations promu 1- 
gated by the U.S. Coast Guard. 


Economics 
Freight Rates Over Time 


The interaction of v essel s upply and demand lead s tothe time- 
charter hire rates (dollars per day) and voyage freight rates (dollars 
per ton), which are described in this section. 

The rates that are paid by shippe rs of industrial minerals ar e 
quoted on voyage terms, in dollars per ton (in worldwide trade, this 
is generally per t). The rates on a given move will depend on many 
voyage-specific criteria but also on the general levels of the freight 
market as determined by the supply and demand interaction. These 
rates reflect conditions for man y vessel types capable of hauling 
dozens of different materials throughout the world. 
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Figure 1. Map of the U.S. inland waterway system 


The general market levels are indicated by timecharter rates, 
which reflect what the charterer will pay, on a dollars-per-day basis, 
for the use of av essel. Under the timecharter contract the ship- 
owner must maintain the v essel and supply the cre w. These time- 
charter rates (sometimes called “hire” rates) are converted by t he 
shipowner into the more familiar dolla rs-per-ton ra tes quo ted to 
minerals shippers. 

Figure 2 shows the trend inhire rates from the mid-1970s 
through 2003 for two ty pes of Handysize vessels (16,000 and 
30,000 dwt). These rates represent period timecharter employment, 
meaning that they are not sensitive to geography. Six time series are 
shown; each of the two vessel types has three time series: 6-month 
charters, 1-year charters, and 3-year char ters. The graph shows the 
6-month rates to be more volatile than the longer-term rates across 
both size categories. The market’s upward spike in 2003 is visible 
on the right side of the graph. 

Figure 3 shows daily hire rates for selected Handymax time- 
charter routes for vessels of ap proximately 45,000 dwt, including 
the TESS45 types, fr om mid-2000 throu gh mid-2004. Unlik e the 
period timecharter rates in Figure 2, these hire rates are sensitive to 
geography. The rates for trips from the Atlantic Ocean to the Pacific 
Ocean (U.S. Gulf—Far East and trip out to Far East) are higher than 
those for trips where vessels remain in the Pacific. As in Figure 2, 
the market’s sharp upturn in mid-2 003, where vessels such as the 
TESS45 types could earn as much as $50,000/day, is clearly visible 
across each of the time series. 


Timecharter to Voyage Conversions 


Freight rates in the bulk trades are freely negotiated between the 
charterer and the shipowner or operator. Shipowners base f reight 
rates on prevailing market levels, as reflected in terms of dollars- 
per-day timecharters. In their conversions, shipowners begin with a 
timecharter rate that would reflect the prevailing market conditions 
at the time of the negotiation. The calculations start with a dollars- 
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Table 5. Materials moving in U.S. domestic waterborne commerce (1994-2003), millions of short tons’ 
























































1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 
inietnal 618.4 620.3 622.1 630.6 625.0 624.6 628.4 619.8 608.0 609.6 
Coastwise 277.0 266.6 267.4 263.2 249.6 228.8 226.9 223.6 216.4 223.5 
Lakewise 114.8 116.1 114.9 122.7 122.2 113.9 114.4 100.0 101.5 89.8 
Totalt 1,099.0 1,093.1 1,100.8 1,112.6 1,094.1 1,061.8 1,069.8 1,042.5 1,021.0 1,016.1 
Source: USACE Waterborne Commerce Statistics Center, undated. 
* Rounding may result in commodity tonnages that do not add up to the totals for a waterway. 
t Total includes minor trades not previously detailed. 
Table 6. Domestic U.S. waterborne traffic, annual tonnage, millions Table 7. Nonself-propelled barge and towboat fleet profile 
of short tons 
Inland 
Calendar Calendar Change, Atlantic, Waterways 
Year 2002 Year 2003 % ; __ _ Total, All Pacific, and and River Great 
Profile Characteristic | Regions Gulf Coasts System Lakes 
National Internal Commodities 
Number of dry 21,272 3,686 24,530 218 
Coal 174.6 170.7 -2.26 cargo vessels 
Petroleum 145.6 149.5 2.62 Cargo capacity,t 39,095,045 6,321,580 32,373,210 373,038 
Chemicals 47.6 51.5 8.15 Number oftowboats 5,172 1,779 3,265 128 
Crude materials 115.1 119.0 3.41 Average 1,901 2,268 1,757 1,279 
Manufactured goods 27.1 25.9 -4.35 horsepower 
Food and farm 91.0 84.0 -7.70 Source: USACE Waterborne Commerce Statistics Center, undated. 
Manufactured equipment 5.9 7.7 29.92 
Other 1.0 1.3 30.25 
20,000 
Waterways —* 16 kdwt—1 year 
Allegheny River 2.8 3.3 17.69 te009 “= 30 kdwt—I year 
i 16,000 + 16 kdwi3 years 
Atchafalaya River (Upper) 10.7 9.7 -8.87 se aa hasaveis 
Atlantic Intracoastal 1.8 1.8 2.22 geen 7 16 kdwt—6 years 
; 3 12,000 © 30 kdwi—6 years 
Big Sandy 25.1 22.6 -9.86 3 
Black Warrior River 19.0 21.0 10.43 $1008 
Columbia River* 15.5 16.0 2.87 e800 
Cumberland River 22.6 20.6 -8.73 oe 
‘i 000 
Gulf Intracoastal 107.7 117.8 9.47 ‘ 
2,000 
Illinois Waterway 43.0 45.0 4.55 
0 
Kanawha River 19.2 19.8 3.12 
McClellan-Kerr Waterway 11.9 13.0 9.12 
Mississippi River” 316.2 308.2 2.53 Source: Clarksons Research Services Limited 2005. 
Missouri River 83 81 261 fang 2. Timecharter rates for Handysize vessels (1976-2004), 
wt 
Monongahela River 38.2 27.6 -27.79 
Ohio River 243.1 228.8 -5.91 
Snake River 4.3 5.3 24.64 per-day timecharter value for the vessel, then build in other costs 
Tennessee River 43.9 49.8 13.41 of the voyage (fuel, port-related, and sometimes canal costs) based 
Tennessee Tombigbee 6.2 6.2 -0.17 on the estimated nu mber of day s inthe v oyage, which is then 
National Totalst ane by the dante of tons carried to ls at A cost per ton. 
des 1,021.0 1,016.1 Ade epending on the relative negotiating strengths of the owner ver- 
: sus the charterer, the actual voyage rate agreed-on may work back 
Lakewise 101.5 89.8 11.52 to a timecharter return to the owners that is abo ve (or belo w) the 
Coastwise 216.4 223.5 3.26 prevailing levels. 
Intraport 90.0 86.9 -3.44 The overriding factor in deter mining the final freight level 
Intraterritory 5] 6.4 25.47 paid will be mark et demand at the time of negotiation. The ship- 
owner will do their calculation, evaluate the market, and determine 
Internal 608.0 609.6 0.26 





Source: USACE Waterborne Commerce Statistics Center, undated. 


* Includes domestic coastwise tonnage. 
f All national totals exclude fish and waterway improvement materials. 


the desir ed re turn, b ut the mi nute there is com petition (bei t 
between different shipowners or different charterers), all the calcu- 
lations will become moot and the freight rate will be established 
according to final negotiations and who wants the business more. 
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Courtesy of The Baltic Exchange Ltd. © 2005. 
Figure 3. Timecharter rates for Handymax trades 


The shipowners are quite adept at evaluating different financial 
results from the thousands of messages received daily advising them 
of cargo inquiries, port congestion, costs, etc. A good broker repre- 
senting the charterer becomes invaluable, with the capability to level 
the playing field and, in most cases, bring competing shipowners to 
the negotiating table. In some cases, all that may be nece ssary for 
the charterer to benefit is for the broker to someho w convincingly 
create the perception of competition. 

The voyage rates in charter calculations are predicated on free 
in and out (FIO) te rms tothe shipowner. The cargo shipper or 
receiver rather than the shipo wner will pay for 1 oading and dis- 
charging. The do llars-per-ton cost for loading and dischar ging the 
cargo will be negotiated separately between the shipper or receiver 
and the terminals at each end. 

Shipowners and car go shippers have developed standardized 
ways of estimating the profitability of voyages, based on conver- 
sions between the shipowners’ timecharter dollars-per-day (time- 
charter) ra tes and the car go shippers’ f ocus on dollars-per -ton 
(voyage) rates. The calculations will yield unique results for each 
set of para meters entered regarding the vessel, load and dischar ge 
rates, fuel prices, voyage routing, and other factors. These calcula- 
tions are done on proprietary software. 

The act ual agree d-on rate will be the result of ne gotiations 
between owner and charterer. The shipowner will use computerized 
calculations run internally and in conjunction with a brok er to 
develop a freight quote. The cargo shipper may use similar an alytic 
tools to estimate the lik ely economic return that the shipowner is 
earning, and may use such an analysis in negotiations. Calculations 
of a freight quote contain estimates such as port costs and fuel con- 
sumption as well as miscellaneous costs and extra days to account 
for weather-related contingencies. Each participant may estimate the 
voyage costs somewhat differently. In any case, efficient operation 
is rewarded. If a number of participants are using a particular cost or 
a standard number of days for a particular activity, that time interval 
will be reflected in the prevailing dollars-per-ton rates negotiated in 
the marketplace. Ifa certain shipo wner can perform the activity 
more cheaply than others, or in a shorter time period, the timecharter 
(dollars-per-day) equi valent of the doll ars-per-ton rate will be 
enhanced. Note that market conditions that vary weekly, daily, and 
sometimes hourly determine the ultimate freight rate. 








N Nn 2 2 2 2 2 2 x x x x St 
oo 8998389999986 9 
Q 2 ¢ > Q 3 ¢ > 3 Qo 
8232278 2 8 3 FFA B 
REGULATION 


Shipping is an internatio nal business, and therefore the re gulatory 
system is international. This section has no discussion of economic 
regulations such as freight tarif fs because the bulk shipping b usi- 
ness is economically unregulated. 

Most of the regulations governing the safe operation of v es- 
sels, the handling of cargo, and the newly important maritime secu- 
rity con cerns are coordinate d thro ugh the auspices of the 
International Maritime Organization (IMO), a United Nations body 
based in London. Member co untries where v essels are re gistered 
and documented are kn own as Flag States. Flag States enact legis- 
lation that implements provisions agreed on in IMO con ventions. 
For example, in the Uni ted States, the U.S. Coast Guard promul- 
gated regulations in 2003 that reflected an IMO agreement reached 
in late 2002. Nations that interface with vessels through cargo load- 
ing or discharging operations are called Port States, and those ves- 
sels may transit the economic zones of coastal states. Table 8 shows 
leading Flag States as of March 1, 2004. Note th at the leading 
industrial countries, which generate trade, are not the leading Flag 
States. 

IMO membership comprises 160 countries that negotiate and 
agree on international diplomatic conventions. The ratification pro- 
cedure gives leading Flag States a greater weighting. The dictates 
of Flag States are very often delegated to classification s ocieties 
that examine vessels. As an example, the U.S. Coast Guard per- 
forms vessel inspections but also delegates parts of this role to the 
American Bureau of Shipping, one of the world’s leading classifi- 
cation societies. 

Some of the more important regulatory conventions, ne goti- 
ated at the IMO and enforced by flag, port, and coastal states, are as 
follows: 


¢ SOLAS (Safety of Life at S ea), an international agreement 
that covers the safe operation of vessels, and also tonnage 
measurement and certain car go-stowing practices aboard 
vessels. 


¢ MARPOL (Maritime Pollution Convention, also known as the 
International Convention for th e Prevention of Pollution of 
Ships) that covers oil or other pollution matters and compen- 
sation for pollution incidents. 
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Table 8. Leading shipping registries (Flag States) 





Number Combined Number of Total 
of Number of Combined, Bulk/Ore Bulk/Ore, Number of Total, 
Flag State Vessels Vessels, dwt Vessels dwt Vessels dwt Vessels dwt Percentage 
Panama 906 55,786,756 14 1,459,619 1,505 95,365,652 2,425 152,612,027 24.00 
Liberia 475 41,293,970 20 1,723,094 297 17,063,609 792 60,080,673 9.50 
Greece 281 31,677,832 2 130,782 287 19,149,377 570 50,957,991 8.00 
Malta 280 17,423,443 6 476,169 479 20,398,399 765 38,298,011 6.00 
Bahamas 212 24,061,782 17 1,318,136 246 12,217,292 475 37,597,210 5.90 
Cyprus 144 7,337 A97 0 0 438 21,875,867 582 29,213,364 4.60 
Hong Kong 73 7, A97 537 3 288,604 357 21,310,309 433 29,096,450 4.60 
Singapore 307 17,336,827 8 1,166,000 157 9,974,828 472 28,477,655 4.50 
Marshall Islands 180 19,015,372 8 696,530 91 5,569,009 279 25,280,911 4.00 
Norway 220 11,343,323 29 3,679,646 88 5,418,731 337 20,441,700 3.20 
People’s Republic of China 184 4,522,716 0 0 337 12,457,276 521 16,979,992 2.70 





Source: Clarksons Research Services Limited 2005. 


¢ ISM (International Ship Management) Code that covers ship- 
ping compan y management practices onshore and onboard 
vessels. 

¢ ISPS (International Ship and Port Security) Code that co vers 
security matters at port facilities, within shipping companies, 
and aboard vessels. 

This is only a partial list; there are aproximately 40 interna- 
tional conventions on m atters related to m aritime trade and s hip- 
ping. Issues of car go carriage ar e considered in both the SOLAS 
and MARPOL tules as well as the International Maritime Danger- 
ous Goods (IMDG) Code, originally a supplement to the SOLAS 
tules, which became mandatory on January 1, 2004. 

Disputes between shipowners and charterers of the vessels are 
generally settled by panels of arbitrators following well-established 
sets of precedents and industr y practices. The brok ers in most 
major shipping centers are members of industry associations that 
unofficially enforce standards of acceptable business conduct in the 
absence of formal re gulation. Arbitration pa nels are usually con- 
vened in either London or New York. Very rarely, when one party is 
not satisfied after h aving e xhausted the arbitration route, it will 
bring suit through the court syst em. Lon ger-term contracts may 
stipulate that the initial recourse will be through the courts. 


OUTLOOK AND FUTURE TRENDS 


The bulk freight mark ets represent a pure eco nomic marketplace. 
Rates are determined by the interaction of supply and demand with 
vessel charters negotiated through the broker network. The industry 
has been sub ject to dram atic increases in regulatory sc rutiny in 
recent years concentrating on safe ty and then on se curity. Follow- 
ing the advent of the ISPS Code in 2004, no economic regulation 
exists in bulk shipping. 

In the summer of 2003, freight levels across the range of ves- 
sel sizes moved sharply higher, peaking in the late winter of 2004 
before dropping slightly. After a softening of 2 months’ duration, 
rates moved sharply upward again throughout 2004, in many cases 
eclipsing the highs set earlier in the year. In the late winter and into 
the spring of 2005, the market softened, albeit to le vels that were 
very firm by historical standards. 

The mark et strength can be at tributed to de mand ste mming 
from dramatic increases in the demand for raw materials in China 
and other Asian cou ntries, especially in the iron and coal trades. 
Not only were car go tonnages up substantially, but longer hauls 
were also the norm. Incremental iron ore demand was sourced from 


Brazil rat her tha n from Austra lia, the con ventional sou rce. The 
existing fleet could deliver fe wer cargoes each ye ar be cause the 
haul from Brazil was farther, thereby putting extreme upward pres- 
sure on the available supply of vessels. The raw material move- 
ments f irst af fected t he Cape size sector , withthe tightness 
spreading to the P anamax and Handymax sector s as well. As 
China’s steel production increased, e xports of f inished products 
brought about a surge in demand for Handymax tonnage. 

As has been the case historically, expectations of future levels 
brightened in the stronger market, leading to a surge in orders for 
vessels, with deliveries scheduled for 2005 and into 2006. Analysts 
are evaluating how the interaction of volatile demand with increas- 
ing supply would play o ut. In early 2005 , spot market rates were 
much higher than forward rates as evidenced by period timecharters 
where vessels are tak en for 1,2, ore ven 3 years, or by increased 
activity in the nascent forward-freight market, a sector where finan- 
cial contracts tied to freight indices are traded. The forward discount 
suggested that m ost market participants felt that the market would 
soften. 

From the 1980s through 2003, certain ceilings on rates were in 
evidence. The market surge of 2003 broke through those ceilings. 
Generally, demand can be very volatile as charterers flood the mar- 
kets with car goes and then pull back if rates appear to be moving 
sharply upward. 

According to technical analys ts who focus on the patterns of 
rates, when rates do retrench, they settle at levels above the previ- 
ous highs. The psychology of the freight markets is no different 
than other commodity mar kets, where traders “buy on the dips, ” 
having missed a chance to buy earlier. In Figure 3, showing freight 
rates for Handymax vessels, the previous ceiling was in the re gion 
of $10,000/day. Although it is impossible to provide a precise fore- 
cast, a likely pattern for the future is that freight rates will be very 
volatile, at levels above the market highs of pre-2003. The freight 
levels will be set through continual testing of previous lows (and 
highs, when the market surges upward). 

Fundamental forecasters, who | ook at the size of the fleet in 
relation to demand, point to an increased supply of new vessels as 
they are delivered from ship yards. Most analysts, however, expect 
strong demand fr om China, I ndia, and other Asian economies, 
which may continue to fuel the market and absorb at least the initial 
new tonnage. 

A shipbroker with e xpertise in the movements of industrial 
minerals does far more than merely “fix” ships. T he broker can 
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advise opportune times to charter vessels, in addition to providing 
clients with a complete picture across the many different trades that 
comprise the charter market. 


INTERNET RESOURCES 


Clarksons Research Serv ices Limited, Lon don; http://www. 
clarksons.net 


Fearnleys, Oslo, Norway; http://www.fearnleys.com 


Informa Publications, London; http://www.informatrade.com 


Lloyd’s Re gister—Fairplay, Surrey, United Kingdom; http:// 
www.Irfairplay.com 


R.S. Platou Group, Oslo, Norway; http://www.platou.com 


Maritime-Research Inc., Parlin, New Jersey; http://www.mari- 
time-research.com and http://www.shipping-markets.com 


Witherby’s Pu blishing, London; http://www .witherbys.com/ 
homeframe.htm] 
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GLOSSARY 


All dets abt: All details about. 

Bareboat charter: A contr actual ar rangement in whichav essel 
owner pays finance costs only, but then charters the vessel out to 
a bareboat charterer that will be responsible for the actual opera- 
tion (crewing, maintenance, insurance) of the vessel. The bare- 
boat charterer will then act as an owner with respect to freight 
transactions in the marketplace. 

Barge: Nonself—pr opelled vessel generally used for transportation 
in a river and inland waterway system. 

Beam: The width of a vessel. 





Bill of lading: Document evidencing ownership of the cargo, issued 
by the vessel’s master. The bill of lading weight indicates ho w 
much cargo has been loaded aboard the vessel. 

Bulk carrier: A vessel dedicated to the transport of solid bulk cargoes. 

Bulk shipping: Shipping of materials that are not packaged. Gener- 
ally refers to industrial raw materials (e.g., coal, iron ore) and 
agricultural commodities. 

Capesize: A v essel thatis unable to transit the P anama Ca nal 
because of its size. Generally refers to dry-cargo vessels greater 
than 80,000 dwt and are typically in the size range of 130,000 to 
180,000 dwt. Such vessels typically transport iron and coal. 

Charter party: The contract between the charterer and the owner (or 
controlling party) of a vessel that outlines the terms and condi- 
tions of carriage. The terms of the contract will vary depending 
on the trade and mar_ ket circumstances. Broa dly, the c harter 
party will cover voyage freighting or a timecharter of the vessel. 

Charterer: The buyer, or user, of freight services. May also be the 
actual shipper or receiver of the cargo, but may also be an inter- 
mediary that, in turn, subcharters the vessel onward or provides 
parcel transportation. 

Class: The major classification societies are Lloyds Register (LR), 
American Bur eau of Shipping (ABS), Det Norsk e V eritas 
(DNV), Germanischer Lloyd (GL), and Bureau V eritas (BV). 
See also Classification society. 

Classification society: An inspection company, usually with survey- 
ors stationed in ports around the world, that supervises technical 
inspections of vessels, often acting in the capacity as the inspec- 
tion arm of Flag States. 

Contract of Affreightment: A timecharter agreement ca lling for 
multiple liftings of ei ther full v essel loads, or parcels, usually 
between the same loadport (or range of ports) and discharge port 
(or range of ports). 

COP/CQD: Custo m of the port/cu stomary quick disp atch. These 
terms, typically used together and in place of fixed loading and 
discharging speeds, remove a good amount of risk and exposure 
to the cargo interests, and, conversely, place a gre ater risk and 
more exposure on the shipowner. 

Deadweight tons (dwt): The carrying capacity of a ship measured in 
terms of the weight, in to ns, of the cargo, fuel, pro visions, and 
passengers that the vessel can carry. 

Deep-sea vessel: Vessels that trade between ports on voyages that 
take the vessels more than 80 km_ from shore. Generally , this 
designation refers to manned vessels of at least 500 gross tons 
that are subject to the SOLAS Convention. 

Disponent owner: The owner, in a contractual sense, of a vessel that 
is chartered in fro m the actualo wner (or another d isponent 
owner). 

Draft (or dr aught): How deepa_ vessel is submer ged belo w the 
waterline. 

DWAT: Deadweight all told. The total deadweight, including cargo, 
fuel provisions, etc. 

FFA: Forward freight agreement—a contract with a financial settle- 
ment, between a buyer and seller of forward freight, tied to lev- 
els of afr eight index or one or more routes within a freigh t 
index, used for hedging purposes. 

FIO: Free in and out, from the vessel’s viewpoint. The cargo inter- 
est(s), who may be the charterer of the vessel (or may be the 
shipper or receiver), must arrange and pay for loading and dis- 
charging of the cargo. 

FIOST: Free in and out, sto wed and trimmed—where the charterer 
is also responsible for the stowing of the cargo (typically break- 
bulk/general cargo), or, in the case of bulk commodities, where 
the charterer is also responsible for the trimming of the cargo. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


108 Industrial Minerals and Rocks 





Fixing or fixed: The process of freight negotiations that will lead to 
a binding contract between the shipowner (carrier) and the char- 
terer—that is, “we are now fixed.” 

Flag State: The country where a vessel is re gistered, responsible for 
enforcement of international safety and technical regulations. 

GR/BA: Grain/bale—the cubic capacity of the v essel’s cargo hold, 
measured in either cubic meters or cubic feet. Grain capacities— 
measuring ca pacity for freely flo wing cargo—will usually 
exceed the bale measurement, which refers to baled cargo. 

GRT: Gross register tons—a volumetric measurement (each ton = 
100 ft *) used to describe av essel, espe cially for com puting 
wharfage and port costs. 

GRT/NRT: Gross register tons/net register tons—in vessel descrip- 
tions, both are used, with the NRT measure referring to the vol- 
ume in cargo spaces. 

Handysize, Hand ymax, and Super Handymax: Handysize vessels 
are usually 15,000-35,000 dwt, Handymax vessels are typically 
37,000-48,000 dwt, and Super Handymax vessels are 50,000— 
55,000 dwt. The y take a wide range of b ulk car goes, with 
Handysize, and lately, more Handymax-size vessels, being fre- 
quently employed in the parcel trades. 

HO/HA: Holds/hatches—the number of car go holds and the num- 
ber of hatches, in ship descriptions. 

Lakes draft: Al lowable draft for v essels transiting the Saint 
Lawrence Seaway, connecting the Great Lak es with the Saint 
Lawrence River. 

Liner service: A ship ping serv ice according tof ixed schedules 
known and widely published in advance. Contrasts with tramp 
service. 

Liner terms: A ch arter contract where the shipowner, or carrier, is 
responsible for the loading and discharging of the cargo. Con- 
trasts with F/O terms. 

LOA: Length overall (of a vessel). 

Long ton (It): A unit of weight equal to 2,240 Ib. 

Metric ton (t): A unit of weight equal to 1,000 kg ( typically con- 
verted as 2,204.6 Ib). 

Operator: In the bulk shipping context, a seller of freight services 
on vessels that are chartered from the actual vessel o wner (or 
from a disponent owner). 

Owner: The se ller of freight services. May also be the carrier that 
deals with the charterers, but not in cases where the owner is 
acting as ani ntermediary (cha rtering the v essel outw ard to 
another owner who may actually be dealing with cargo owners). 
Generally the head or registered owner is the financial and legal 
owner (and ultimate controlling party) of the vessel. 

Panamax: Refers to the largest vessels that can transit the Panama 
Canal, effectively limited by the maximum breadth (beam) of 
32.26 m (just shy of 106 ft). Based on current vessel design cri- 
teria, su ch restrict ions typically equate to v essel deadweight 


sizes ranging from about 60,000 dwt (usually older vessels) up 
to amaximum of about 78,000 t (ne wer vessels). Such vessels 
carry a wide range of bulk cargoes, including grains, coal, and 
iron ore. They may also transport industrial minerals parcels. 

Parcel shipment: A shipment less than the full carrying capacity of 
avessel. Typically, multiple parcels will be handled by _ ship- 
owners and operators who typically specialize in providing such 
parcel service. 

SHEX: Sundays and holidays excluded—teferring to time allowed 
for vessel loading and discharging. 

SHINC: Sundays and holidays included—teferring to time allowed 
for vessel loading and discharging. 

Short ton (st): A unit of weight equal to 2,000 Ib. 

SOLAS Convention: Safety of Life at Sea Con vention—the body 
of international law that governs the safe operation of vessels. 
Spot charter: A charter for one lifting, typically loading within sev- 
eral days of concluding the charter (or fixture), as distinguished 
from a consecutive voyage charter, or a lifting done under a con- 
tract for mul tiple liftings. Usually refers to a v oyage arr ange- 
ment where the charterer pays anagre ed-on dollars-per-ton 

freight rate under voyage terms. 

SSW: Summer salt water—the DWAT of a vessel can vary depend- 
ing on the salinity of the water, and SSW specifies that the dead- 
weight describ ed is measured using salt w ater, with out an y 
restrictions for winter conditions. 

Stowage factor: The number of cubic feet per ton th at a sp ecific 
commodity will occupy in the vessel’s holds. Industrial minerals 
are typically dense cargoes with stowage factors in the range of 
about 15 to 40 ft?/t (as well as lower and higher). 

Timecharter: A charter contract in which the charterer pays a daily 
hire rate (do llars per day) for the use of the vessels. The char- 
terer directs the movement of the vessel and must pay fuel, port, 
and canal costs. 

TPC: Tons per centimeter immersion—the number of tons of cargo 
that will cause the vessel to draw an additional centimeter of 
draft. 

Tramp service: A trading pattern in which the v essel is no t ona 
fixed schedule, instead booking “car goes of opportunity;” that 
is, at each time of availability and after evaluating the potential 
profitability as well as projected ongoing emp loyment. This 
type of service contrasts with liner service. 

Trimming: Re fers to the arranging of b ulk material in the vessel 
hold for optimum stowage and vessel stability characteristics, 
and to minimize the possibility of cargo shifting (as may happen 
with some commodities). 

Voyage charter: A charter contract where a freight rate is quoted on 
a dollars-per-ton basis. The o wner of the v essel operates the 
vessel but also must pay for fuel and port costs. 
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Mine Safety and Health Law 
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Federal re gulation of workplace health and safety in the mining 
industry has developed as a consequence of gro wing national con- 
cern over recurring f atal accidents and mining disasters. T oday, 
safety and health in the mining industry is governed by the Federal 
Mine Safety and Health Act of 1977 (knownas the Mine Act). 
When Congress passed this legislation, it stated, “The first priority 
and concern of all in the coal o r other mining industry must be the 
health and safety of its most precious resource—the miner” (Mine 
Act, Section 2[a]). (The Federa 1 Mine Safety and Health Act of 
1977 is codified at 30 U.S.C. Section 801, et. seg. For ease of refer- 
ence, however, all subsequent citations to the 1977 Mine Act in this 
chapter will refer to the specific section of the Mine Act and not the 
U.S.C. citation.) 

The Mine Act is extremely complex with a variety of excep- 
tions and details that are beyond the scope of this chapter. Compli- 
ance with the Mine Act, and the regulations adopted pursuant to it, 
depends on the specific facts and circumstances of a given situa- 
tion. Therefore, nothing in this chapter should be considered as the 
rendering of legal advice, and readers are responsible for obtaining 
legal advice from their legal counsel with respect to any specific sit- 
uation. The information pro vided is intended for educational pur- 
poses only. 


HISTORY AND KEY COMPONENTS OF THE MINE ACT 


Mining has a long history in this country, as does the federal go v- 
ernment’s efforts to re gulate what has been perceived to be a dan- 
gerous occupation and_ workplace. R egulation of the health and 
safety of miners in the United States began in 1891 with the first 
federal statute governing mine safety, “An Act for the Protection of 
the Lives of Miners in the Territories,’ Chapter 564, 26 Stat. 1104 
(1891) (known as “the 1891 Act’). 

This legislation, which applied only to mines in the U.S. terri- 
tories, established several mandatory safety standards, including 
minimum ventilation requirements at underground coal mines, the 
construction of escape shafts, the use of safety catches, and hoisting 
equipment requirements, and prohibited operators from employing 
children less than 12 years of age. The 1891 Act authorized the 
U.S. president to appoint mine in spectors for each U.S. ter ritory. 
The inspectors were required to ch eck the mines in their territories 
annually and provide reports to the U.S. secretary of the interior. 

It was not until 1952 that Cong ress passed the first fed eral 
statute granting inspectors the authority to cite an operator for vio- 
lation of a federal safety standard. The Federal Co al Mine Safety 
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Act Amendments of 1952, Public Law 82-552, 66 Stat. 692 (1952) 
(known as “the 1952 Act’) w as designed to supplement, b ut not 
replace, existing state regulations. Applied to all coal mines with 
more than 14 miners, the 1952 Act set forth mandatory safety stan- 
dards, established en forcement procedures and review, and man- 
dated annual inspections in certain underground coal mines. 
However, the penalties au thorized by the 1952 Act were minimal 
and could only be assessed for ente ring an area closed by a wit h- 
drawal order or for refusing to admit an inspector onto mine prop- 
erty. Failure to comply with the mandatory safety standards would 
not result ina pen alty against the operator. The 1952 Act gave 
inspectors the authority to issue withdrawal orders for (1) situations 
of imminent danger or (2) where the operator had failed to abate a 
violation within the stated amount of time. These two types of with- 
drawal orders remain part of the enforcement scheme today. 

In 1 966 C ongress p assed le gislation specific to non-coal 
mines. The Federal Metal and Nonmetallic Mine Sa fety Act of 
1966, Public Law 89-577, 80 Stat. 772 (1966) (known as “the 1966 
Metal/Nonmetal Act”) provided for minimal enforcement author- 
ity in the nation’s metal and nonmetal mines. The 1966 Me tal/ 
Nonmetal Act differed somewhat from existing coal mine legisla- 
tion in that it promulgated standards, many of which were advisory 
and not mandatory. 

In 1969, Congress passed the Federal Coal Mine Health and 
Safety Act, Public Law 91-173, 83 Stat. 742 (1969) (known as “‘the 
1969 Coal Act”), which w as more comprehensi ve and stringen t 
than any previous federal legislation governing mine safety. The 
1969 Coal Act co vered surf ace and underground coal mines, 
required tw o annual inspections of _ surf ace o perations and f our 
annual inspections of under ground operations, and greatly 
increased federal enforcement powers. Violations of the 1969 Coal 
Act w ould result in monetary pe nalties, a nd criminal p enalties 
could be imposed for knowing and willful violations. With the 1969 
Coal Act, Congress e xpanded upon and strengthened pre viously 
existing safety standar ds and adopted health standards. The 1969 
Coal Act in cluded specif ic procedures for the de velopment of 
improved mandatory health and safety standar ds and pro vided 
compensation for miners who were totally and pe rmanently dis- 
abled by “black lung” disease. 

The legacy of the foregoing safety and health legislation, how- 
ever, was its inef fectiveness at making the mining industry safer, 
resulting in passage of the 1 977 Mine Act. B asically an enf orce- 
ment act, it was borne out of congressional frustration with multiple 
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mine disasters seen as aresult of operators’ indifference to safety 
and health. The mine disasters included a 1968 explosion at a coal 
mine in Farmington, West Virginia, that left 78 miners dead; a 1972 
fire at the Sunshine silver mine in Kellogg, Idaho, that claimed the 
lives of 91 miners; and two explosions in 1976 at the Scotia coal 
mine near Whitesburg, Kentucky, that left 26 dead. 

Congress noted: 


The [1976] Scotia disasters demonstrated once again that 
until Congress finally provides truly effective mine health 
and safety laws, and insists on responsive administration 
and enforcement of those laws, this problem will continue 
to occur. (Senate Committee on Human Resources, Fed- 
eral Mine Safety and Health Amendments Act of 1977, S. 
Rep. 95-181, 4-5 [1977]) 


The Mine Actrepealed the 1966 Metal/Nonmetal Act and 
amended the 1 969 Coal Act to mak e it ap plicable to all typ es of 
mines. Under the Mine Act, many functions and duties that wer e 
the responsibility of the secretary of interior under the Coal Act 
were transferred to the secretary of labor. The Mine Act pro vides 
the statutory framework for the Mine Safety and Health Adminis- 
tration’s (MSHA’s) enforcement authority and sets forth a number 
of enforcement tools. Some of th e major features of the Mine Act 
are the following: 


¢ Transferred the federal agenc y charged with enforcement of 
federal mine safety and health le gislation from the Depart- 
ment of the Interior to the Department of Labor (MSHA) on 
March 9, 1978 


Strengthened the enforcement tools that were available to the 
government 


Increased emphasis on protecting miners’ health 


¢ Allowed for greater involvement of miners or their representa- 
tives in processes affecting their health and safety 


¢ Set up procedures for assessing and collecting civil penalties 
resulting from violations of regulations 


¢ Provided broad mandatory training requirements for miners 


FEDERAL MINE SAFETY AND HEALTH 
REVIEW COMMISSION 


The Federal Mine Safety and Health Review Commission (th e 
“Review Commission’) was created by the Mine Act to provide for 
an impartial tribunal to hear contested cases. The Review Commis- 
sion and its Administrative Law Judges (ALJs), assigned to the 
Department of Labor, are responsible for reviewing the lawfulness 
of the labor secretary’s enforcement actions. In addition, th e Mine 
Act grants the Review Commission br oad autho rity to f ormulate 
national policy pursuant to the Mine Act, issue declaratory orders 
to ensure compliance with the Mine Act, and consid er c onstitu- 
tional questions. 

Created by Congress in 1977 , the Review Commission is a 
five-member panel patterned af ter the Oc cupational Safe ty a nd 
Health Re view Commission. Th e president, with the advice and 
consent of the Senate, appoints the commissioners for 6-year terms. 
The Mine Act requires that co mmissioners possess the training, 
education, or experience necessary to carry out the functions of the 
Review Commission. 

Review Commis sion ALJs ha ve jurisdiction to re view: (1) 
citations and withdra wal orders, (2) the reasonableness of ab ate- 
ment times, and (3) the modification or termination of citations and 
orders. In addition to hearin g enforcement actions, the ALJs hold 
hearings on Section 105(c) discrimination complaints and Section 


111 compensation claims. ALJs are career go vernment officials 
with lifetime appointments. 


Strict Liability 


The Mine Act states that the secretary of labor shall issue a citation 
whenever the secretary believes that a mine operator has violated its 
requirements or any of its mandatory standards (Mine Act, Section 
104[a]). In addition, the Mine Act requires that a penalty be assessed 
against “[t]he operator of a...mine in which a violation occurs” 
(Mine Act, Section 110[a]). The c ourts have interpreted these tw o 
provisions of the Mine Act to hold that a mine operator is liable for a 
violation of the act or its re gulations, even if the operator did not 
cause or create the violation. This principle of liability without fault 
for violations of the Mine Act and its r egulations means th at an 
operator can be held responsible for violations committed by either 
hourly or salaried employees and, under cer tain circumstances, for 
violations committed by independent contractors. 


Enforcement Provisions and Penalties 


Under the Mine Act, MSHA has _ at its disposal a number of 
enforcement tools, commonly referred to as citations and with- 
drawal orders. As discussed in more detail later, a citation requires 
corrective action to be taken but does not result in cessation of the 
activity or equipment at issue. In contrast, a withdrawal order 
results in halting the activity or the use of a piece of equipment sub- 
ject to the order. The MSHA inspector has a fair amount of discre- 
tion in deciding which _—_— type of enforc ement ac tiont oi ssue. 
However, the enforcement ac tion must mee t the le gal standards, 
which have been further refined by case law, in ord er to properly 
classify a violation under each provision of the Mine Act. In addi- 
tion,ak ey issue und erthe Mine Act’s e nforcement se ction is 
MSHA’s determination of special findings, which are discussed in 
more detail in the Special Findings section of this chapter. 


Citations 


The most commonly issued enforcement action is Section 104(a) of 
the Mine Act. If, as a result of ani nspection or i nvestigation, an 
inspector believes that an operator has committed a violation of the 
Mine Act or any of its implementing rules, regulations, or orders, the 
inspector must issue ac itation to the operator with “reasona ble 
promptness” (Mine Act, Section 104[a]). The citation must describe 
the particular nature of the violation and m ust allow a reasonable 
abatement period. 

The description of the violation usually consists of a summary 
of the condition or practice the inspector believes to be in violation 
of the standard and the identification of the specific area or piece of 
equipment in volved. T he c itation must a Iso ind icate the MSHA 
standard or section of the Mine Act that the inspector alleges was 
violated. The MSHA inspector also notes the date by which the vio- 
lation must be corrected or abated. Failure to comply may result in 
a withdrawal order for failure to abate. 


Withdrawal Orders 


An MS HA inspector may is sue a variety of withdra wal order s, 
depending on the circumstances. The effect of a withdrawal order is 
to immediately shut do wn the area, equipment, or practice that is 
alleged to be in violation of the standards. All personnel associated 
with the condition or practice must be withdrawn, except those nec- 
essary to correct the violation. 

Imminent Danger. Under Section 107(a), MSHA can issue a 
withdrawal order for a condition or practice “which could reason- 
ably be expected to cause death or serious physical harm befo re 
such condition or prac tice can be a bated,” re gardless of whet her 
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the condition or practice violates a st andard or rule (Mine Act, 
Section 3[j], 107[a]). A federal appellate court decision interpreted 
the Mine Act’s imminent danger language to mean that a Section 
107(a) ord eris appr opriate whenth e condition or practice 
observed could r easonably be e xpected to cause deat h or se rious 
physical harm to a miner “if norm al mining operati ons were pe r- 
mitted to proc eed in the a rea be fore the danger ous condition is 
eliminated” (Eastern Associated Coal Corp. v. Interior Board of 
Mine Operations Appeals, 491 F.2d 277, 278 [4th Cir. 1974]). A 
violation of Section 107(a) does not require a finding of violation 
of a mandatory safety or health standard. However, the imminent 
danger finding may be coupled with such a finding and result in 

increased penalty amounts. Ifa MSHA 1 nspector believes that a 
condition or practice presents an imminent dan ger, the inspector 
must determine the area affected and immediately direct the with- 
drawal of all persons, except those necessary to abate the condition 
or practice. 

Failure to Abate. A withdrawal order may be issued for the 
area or equipment affected by the violation for a failure to abate, or 
correct, the violation within the time prescribed (Mine Act, Section 
104[b]). F ailure-to-abate orders can result in penalties of up to 
$6,500 per day that the condition continues. 

As discussed, a MSHA inspector is required to establish a rea- 
sonable time for abatement of the conditions cited. On reinspection, 
the inspe ctor de termines whether the cita tion has be en corre cted 
and, if not, whether the circumstances warrant an extension of the 
abatement period. If no extension is w arranted, the inspector will 
issue a Section 104(b) withdrawal order requiring all persons in the 
area affected by t he violation to leave immediately. A failure-to- 
abate closure order prohibits all persons from entering an area co v- 
ered by the or der, except those necessary to correct the vio lation. 
Once the inspec tor determines that the violation is full y corrected, 
the closure order is terminated. 

Untrained Miner. Under Section 104(g), a withdra wal order 
will be issued for f ailure to provide mandatory training required 
under the Mine Act. When a Section 104(g) order is issued, it will 
identify the specif ic miner(s) lack ing the requir ed training and 
declare that the miner is a hazard to him self and to oth ers. The 
miner(s) identified must be removed immediately f rom the mine 
until the appropriate training is given. 

Accident and Recovery. In the event of an accident at a mine, 
the Mine Act authorizes a MSHA inspe ctor to take all appropriate 
actions, including the issuance of withdrawal orders during rescue 
and recovery operations and d uring accident investigations (Mine 
Act, Sections 103[ j], [k]). Following an accident, the most com- 
monly issued order is Section 103(k), which serves to preserve the 
accident scene while an investigation into the cause(s) of the acci- 
dent proceeds. A Section 103( k) withdrawal order is also used to 
control an operator’ s recovery operations. This is different from 
other withdra wal orders in th at no penalty is associated wi th it 
because it is not issued as the result of a violation. 

Pattern of Violations. MSHA has promulgated “patter n of 
violations” regulations pursuant to Section 104(e) of the Mine Act. 
This section requires MSHA to give written notice to a mine opera- 
tor who has a pattern of violations designated as signif icant and 
substantial (S&S) (Mine Act, Section 104[e][1]). (The concept of 
S&S is discussed in more detail later.) The regulations permit the 
issuance of withdrawal orders to operators that exhibit a pattern of 
noncompliance with a safety standard, demonstrating the operator’s 
disregard for the health and safe ty of miners. MSHA’s regulations 
are found at Part 104 of Title 30 to the Code of Federal Regulations 
(CFR). Fortunately, to date, this onerous enforcement tool has not 
been commonly used. 


Civil Penalties Issued to Operator for Violation of a Standard 


A mine operator who receives a citation or withdrawal order is sub- 
ject to a maximum civil penalty assessment of $60,000 per violation 
(Mine Act, Section 110[a]). Typically, the penalty amount is first 
proposed by MSHA’s Office of Assessments, using the six gen eral 
criteria set forth in Section 105(b)(1)(B) of the Mine Act and the 
penalty assessment formulas in 30 CFR Section 100.3(a): 

1. Appropriateness of the penalty to the size of the b usiness of 
the operator charged 
Operator’s history of previous violations 
Whether the operator was negligent 
Gravity of the violation 


SSeS 


Demonstrated good f aith of th e oper ator in attemptin g to 
achieve rapid compliance after notification of a violation 
6. Effect of the penalty on the ope rator’s ability to con tinue in 
business 
MSHA may also assess higher penalties against a mine opera- 
tor with an excessive history o f violations. An operator’ s overall 
history of violations is consid ered every time a violation is 
assessed. Penalty points are calculated on the basis of the average 
number of assessed violations per inspection day for the preceding 
24-month period. If a mine operator has an excessive history of vio- 
lations, it will affect the penalty amount assessed for all future 
enforcement actions, including those that are non-S&S. 


Special Assessments 


If MSHA determines that the re gular penalty assessment scheme 

would not yield an appropriate penalty, the Office of Assessments 
is authorized to disregard the formula and propose a special assess- 
ment. This new penalty must be supported with narrative findings 
by the Office of Assessments based on the penalty assessment crite- 
ria. The follo wing cate gories of vi olations are re viewed to deter- 

mine whether a special assessment will be proposed: 


Involving fatalities and serious injuries 


Resulting from an unw arrantable failure ( i-e., constituting 
more than ordinary ne gligence) to comply with mandatory 
health and safety standards 


Operating a mine in the face of a closure order 


Failing to permit an authorized representative of the labor sec- 
retary to perform an inspection or investigation 


Involving individuals who are personally liable under Section 
110(c) of the Mine Act 


Involving an imminent danger 


Discriminating under Section 105(c) of the Mine Act 


Involving an extraordinarily high de gree o fne gligence or 
gravity or other unique aggravating circumstances 


Special Findings 

S&S 

When investigating a possible violation, an inspe ctor will note, on 
MSHA’s enforcement action form, the level of negligence he or she 
believes attributable to the operator for the existence of the violation: 
none, low, moderate, high, or reckle ss disregard. In addition , the 
inspector is required to assess the gravity of the alle ged violation or 
the degree of hazard or risk posed by the alleged violation. The term 
S&S indicates that the alleged violation is of a more serious nature in 
terms of gravity. Because the Mine Act did not def ine S&S, it w as 
left to the Review Commission to do so in contested cases: 


[A] violation is of sucha nature as could signif icantly 
and substantially contribute to the cause and effect of a 
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mine safety or health hazard if, based upon the particular 
facts surrounding that violation, there exists a reasonable 
likelihood that the hazard contributed to will result in an 
injury or illness of a reasonably serious nature. (Secre- 
tary of Labor v. Cement Division, National Gypsum Co., 
3 FMSHRC 822, 825 [1981]). 


As a result, in order to sustain an S&S violation, the labor sec- 
retary must prove four conditions: (1) that a mandatory safety stan- 
dard was violated; (2) that a discrete safety hazard contributed to 
the violation; (3) the reasonable likelihood that an injury will result; 
and (4) that the injury will be of a reasonably serious nature. 


Unwarrantable Failure 


The term unwarrantable failure, set forth in Section 104(d) of the 
Mine Act, refers to the degree of an operator’s fault or negligence in 
causing a violation. Although the term is n ot defined in the Min e 
Act, the Review Commission has de scribed it as “aggravated con- 
duct, constituting more than ordinary negligence” (Emery Mining 
Corp. v. Secretary of Labor, 9 FASHRC 1997 [1987]). Only those 
violations of a mandatory health or safety standard characterized as 
resulting from “high” ne gligence or “reckless disre gard” can b e 
issued as an unwarrantable failure. 

A MSHA inspector may look at the following factors to deter- 
mine whether an unwarrantable failure exists: 


¢ The length of time the violation existed before it was discov- 
ered by the inspector 


Whether the violation should have been disco vered by th e 
operator during required inspec tions or routine _ travel or 
equipment use 


Whether there was a failure to report the condition as required 
by company policy 


Whether the violation w as caused by un foreseeable conduct 
on the part of a miner 

¢ Whether the facts support a conclusion of aggravated conduct 
beyond a mere finding that the operator sh ould have known 
about the violation. 


A citation fo ran S&S violatio n, cau sed by the operator’ s 
unwarrantable failure to comply with a standar d, is issued under 
Section 104(d)(1) of the Mine Act. The initial citation commences 
the “d-c hain” or “wit hdrawal order chain.” Each time thereafter, 
during the same inspection or any subsequent inspection within 
90 days that an unw arrantable f ailure violatio n is observ ed, an 
unwarrantable failure order will be issued. After the initial Section 
104(d)(1) citation is issued, the subsequent unw arrantable failure 
orders issued in the chain do not have to be S&S. The operator stays 
on the d-chain until there is an intervening “clean” inspection (i.e., 
no unwarrantable failure orders) of the entire mine. 


JURISDICTION 


The Mine Act ’s e nforcement pro visions e xtend to al most e very 
aspect of the mining industry, and its jurisdictional scope has been 
broadly interpreted by the courts. The Mine Act’ s jurisdiction 
encompasses 


Each coal or other mine, the products of which enter com- 
merce, or the operations or products of which affect com- 
merce, and each operator of such mine, and every miner in 
such mine shall be subject to the pro visions of this Act. 
(Mine Act, Section 4) 


The two key terms that must be defined when deter mining 
whether the Mine Act applies to a workplace or to an employer are 
“mine” and “operator.” 


Definition of “Mine” 


Section 3 of the Mine Act defines a mine as 


(A) an area of land from wh ich minerals are extracted in 
nonliquid form or , if in liq uid form, are e xtracted wi th 
workers underground, (B) private ways and roads appurte- 
nant to such area, and (C) lands, excavations, underground 
passageways, shafts, slopes, tunnels and w orkings, struc- 
tures, facilities, equipment, machines, tools, or other prop- 
erty including impoundments, retention dams, and tailings 
ponds, on the surface or under ground, used in, or to be 
used in, or resulting from, the work of extracting such 
minerals from their natural deposits in nonliquid form, or 
if in liquid form, with workers underground, or used in, or 
to be used in, the milling of such minerals, or the work of 
preparing coal or other minerals, and includes custom coal 
preparation facilities. 


The def inition in cludes related milling oper ations, in cluding the 
alumina refining process, mine development, rehabilitation activi- 
ties, and exploration work at an established mine. 

MSHA has jurisdic tion over lands, equipment, and structures 
used or to be used in the preparation of the coal. Congress intended 
that “what is considered to be a mine and to be regulated under this 
Act be given the broadest possible interpretation” (S. Rep. 95-1919, 
at 14 [1977], reprinted in 1977 U.S.C.C.A.N. 3401, 3414). (See also, 
Marshall v. Stoudt’s Ferry Preparation Co., 602 F.2d 589, 591-92 
[3rd Cir. 1979], cert. denied, 444 U.S. 1015 [1980.]) 

Consequently, the federal courts and the Review Commission 
have relied on the Mine Act’s legislative history to include activities 
not commonly associated with the definition of a mine. F or exam- 
ple, a mine operator’s off-mine site central supply shop that ware- 
housed materials and supplies was defined as a mine ( Jim Walter 
Resources, Inc., 22 FMSHRC 21 [2000]). 

Further interpretation and explanation of what is considered a 
mine, and therefore under MSHA’s jurisdiction, can be found in an 
interagency agreement betwee n MSHA andthe Occu _pational 
Safety and Health Adm inistration (OSHA) (OSHA/MSHA Inter- 
agency Agreement Federal Register 44, no. 22827 [April 17, 1979, 
amended February 22, 1983]). 

The OSHA/MSHA Interagency Agreement delineates areas of 
inspection responsibility, sets up a procedure for determin ing gen- 
eral jurisdictional questions, and provides for coordination between 
the two agencies in areas of mutual interest. 


Definition of “Operator” 


When Congress promulgated the Mine Act, it expanded the 1969 
Coal Act’s definition of operator to include independent contrac- 
tors. Section 3(d) defines an operator as “any owner, lessee, or other 
person who operates, controls, or supervises a coal or other mine or 
any independent contractor performing services or construction at 
such mine” (Mine Act, Section 3[ d]). Just as Congress intended a 
mine to be defined broadly, it also intended that operator be broadly 
interpreted. 

With the inclusion of independent contractors in the definition 
of operator, the courts and the Review Commission have supported 
MSHA’s author ity to cite virtually an yone w orking on the mine 
site. For example, a company that provided elevator maintenance 
services ata mine w as found to be amine operator , because its 
work was sufficiently related to the extraction of ore to qualify it as 
an operator and it had a “conti nuing presence” at the mine (Otis 
Elevator Co. v. Secretary of Labor, 921 F.2d 1285 [D.C. Cir. 1990]. 
The elevator company’s employees worked between 6 to 20 hours 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Mine Safety and Health Law 113 





at the mines and their w ork was performed in the center of mining 
activities on equipment that was essential to the mining process. 

With the Mine Act’s expanded def inition of an operator, 
MSHA has the authority to issue enforcement actions directly to an 
independent contractor for violations committed by the contractor 
or its emplo yees. According to MSHA, this authority does not, 
however, lessen the production-operator’s overall responsibility for 
compliance with the Mine Act and the standards. MSHA has taken 
the position that the pr oduction-operator is in the best position to 
coordinate the contr actor’s acti vities and monitor safety per for- 
mance, because the production-operator has the overall knowledge 
and daily control of the mine operation. (See MSHA Program Infor- 
mation Bulletin No. P94-14, May 20, 1994.) MSHA characterizes 
this as “overlapping compliance responsibility.” 

As aresult, MSHA may issue citations or orders to both the 
independent contractor and to the production-operator for a viola- 
tion. MSHA’s guide lines state that itis appropriate to issu e an 
enforcement action to the production-operator for a violation com- 
mitted by the independent contractor or its employees under any of 
the following situations: 


¢ When the production-operator has contributed by either an act 
or by an omission to a violation in the co urse of an indepen- 
dent contractor’s work 


¢ When the production-operator has contr ibuted by either an 
act or omission to a violation committed by an independent 
contractor 


¢ When the production-operator’ s miners are e xposed to th e 
hazard 


¢ When the production-operator has control o ver the condition 
that needs abatement 


PROMULGATION OF REGULATIONS 


Regulations 


The Mine Act has a complex and comprehensive structure to safe- 
guard the h ealth and safety of mi ners. One aspect is the specific 
mandatory health and safety standards that are set forth in Titles I 
and III of the Mine Act. The Mine Act refers to them as “interim 
mandatory safety and health standards,” recognizing that le gislated 
interim standards should evolve to pro vide increased safety and, 
when necessary, to address changes in mining technology. 

The Mine Act authorizes the labor secretary to use two proce- 
dures for changing the interim standards. The first is notice-and- 
comment rulemaking, through which the secretary can promulgate 
new, industry-wide safety or heal th standards, provided that an y 
new or revised standard does not “reduce the protection” af forded 
by a mandatory standard. The second procedure, discussed later in 
this chapter, allows individual mining companies or miners’ repre- 
sentatives to “petition for modification” of a particular standard. 

Procedures for rulemaking are set forth in Section 101 of the 
Mine Act. The rulemaking pro visions of the Administrative Proce- 
dures Act, 5 U.S.C. Section 553, are also applicable. Both acts set 
forth time frames to follow. Proposed rules promulgating , modify- 
ing, or revoking mandatory health or safety standards must be pub- 
lished inthe Federal Re gister. Personsi nterested in pro viding 
comments or d ata are pro vided an oppor tunity to submit written 
information and may also request a public hearing. The labor secre- 
tary is required to publish in the Federal Register notification of the 
standards for which comments werer eceived.Ifahearing is 
requested, the secretary must propose a schedule for the hearing, and 
interested persons must be allowed to present oral or wri tten com- 
ments at the hearing. In addition, the secretary is authorized to use a 
subpoena to compel the attendance of any witnesses (Mine Act, Sec- 


tion 101[a][2] and [3]). After the close of the comment period, if no 
hearing was held, the secretary is required to publish —_ what action 
will be taken regarding the standard and the reasons for the action. If 
the secretary decides to delay taking any action or making a decision 
about the stan dard, the reasons for the delay must be pub lished in 
the Federal Register. Unless another time frame is spec ified, a new 
standard is effective following publication in the Federal Register. 

Any person (or le gal entity) th at is adversely affected by a 
standard promulgated pursuant to Section 101 may file a petition 
challenging the validity of the standard. The challenge may be filed 
in either the federal district court for the District of Columbia or the 
federal court for the circuit wh ere the person who is adversely 
affected resides or has a principal place of business. Importantly, no 
objection that has not been raised with the secretary can be consid- 
ered by a court unless good cause is shown for the failure to raise 
the objection (Mine Act, Section 101[d]). 

The MSHA standards that have been promulgated are found at 
Title 30 of the CFR. The safety and health standards applicable to 
surface metal and nonmetal mines are in Part 56. Those applicable 
to underground metal and nonmetal mines are found in P art 57. 
Many of the standards in Parts 56 and 57 are identical or substan- 
tially si milar. Be cause the sta ndards ar e primarily per formance 
based, the determination of whether a standard has been violated in 
a specific situation is typically whether a reasonab ly prudent per- 
son, familiar with mining and the specific circumstance at issue, 
would f ind that a violatione xists. Other re gulatory comp liance 
standards in Title 30 include: 


¢ Part 40—Miners’ Representative Requirements 


Part 41—Legal Identity Requirements 


Part 46—T raining Requirements for Sh ell Dredging, Sand, 
Gravel, Surface Stone, Surface Clay, Colloidal Phosphate, and 
Surface Limestone Mines 


Part 47—Hazard Communication 


Part 48— Training Requir ements f or All Under ground and 
Surface Coal and Metal/Nonmetal Mines, except mines cov- 
ered by Part 46 


Part 50—Accident and Injury Investigation and Reporting 


Part 62—Noise Regulations 


Petition for Relief from Requirements 
of Mandatory Standards 


The second procedure formod __ ifying mandatory stand ards is 
through a petition for relief f rom the requirements of mandatory 
standards. An operator is not permitted to petition for modification 
of a health standard. The procedure for modifying mandatory safety 
standards is pro vided in Section 101(c) of the Mine Act, which 
allows relief from the application of a safety standard under two 
circumstances: 


1. Ift hese cretary det erminest hat an alternative m ethod 
guarantees the same measure of protection to the miners as the 
standard 


2. That the application of such standard to the mine will result in 
a diminution of safety to the miners 


Procedures governing petitions for modification are found i n 
the regulations at 30 CFR P art 44. After MSHA receives the pet i- 
tion, a not ice is published in the Federal R egister, and interested 
persons have 30 days to submit comments or information. In addi- 
tion, MSHA co nducts an investigation into the merit s of the peti - 
tion, which typically includes an on-site e xamination. MSHA 
inspectors from the local district office then prepare an investigation 
report and a draft of their proposed decision. After the investigation, 
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the appropriate MSHA official issues a proposed decision and order, 
which becomes final in 30 days unless a hearing is requested. (The 
MSHA official who issues the proposed decision and order is either 
the deputy administrator for Coa 1 Mine Safety and Health or the 
deputy administrator for Metal and Nonmetal Safety and Health.) 

Hearings are held before ALJs, not the Re view Commission. 
If no hearing is requested, the terms and conditions of the MSHA 
official’s decision and order be come enforceable as a mandatory 
standard. 

A request for a hearing must be filed within 30 days after ser- 
vice of the proposed decision and order and is forwarded to th e 
Department of Labor’s chief ALJ for assignment. The ALJ who is 
assigned to the matter holds a hearing and issues a decision. A party 
has 30 days to file a notice of appeal of the ALJ’s decision with the 
assistant secretary of labor for mine safety and health. The assistant 
secretary may affirm, modify, or set aside the decision. F or pur- 
poses of judicial re view, the decision by the assistant secretary is 
the final agency action. It may be appealed to the U.S. Court of 
Appeals in the jurisdiction where the mine is located or appealed to 
the U.S. Court of Appeals for the District of Columbia. 


Mine Site Plans 


The Mine Act requires operators to submit mine-specif ic plans 
addressing such topics as roof c ontrol and v entilation. (See, e.g., 
Mine Act, Sections 302[a], 303[0].) Mine plans are intended to be 
site-specific plans, taking into consideration the con ditions and 
mining systems of each par ticular mine, and are enforce able by 
MSHA as if they were a regulation. Some mine plans are subject to 
periodic review and/or approval by MSHA. If a mine operator fails 
to operate in accordance with a plan, the Mine Act requires that the 
mine operator be cited for that violation (Mine Act, Section 
104[a]). As aresult,a mine op — erator should be cautious abo ut 
agreeing to plan terms about which it has reservations. 

The labor secretary has promulgated standards that require a 
mine operator to develop and adopt mine plans. For example, some 
of the re gulations applicable to nonmetal mines th at require plan 
adoption are the following: 

¢ 30 CFR Section 48.3— training 

¢ 30 CFR Section 49.4—alternative mine rescue capabilities 
¢ 30 CFR Part 62—hearing conservation 

¢ 30 CFR Part 47—hazard communication 


SPECIFIC MINE ACT ENFORCEMENT TOOLS 
Enforcement Actions against Mine Operators 


The types of citations that may be issued to a mine operator include 
the following: 

* Citation for a vio lation of the Mine Act, mandatory health or 
safety standard, rule, ord er or regulation (Mine Act, Section 
104[a]). 

¢ Unwarrantable failure citation for a violation that could signif- 

icantly and substantially contribute to a health or safety haz- 
ard. This is the first link in the closure ord er chain based on 
unwarrantable failure findings (Mine Act, Section 104[d][1]). 
Citation for exceeding respirable dust standard at underground 
coal mines (Mine Act, Section 104[f]). 

The various orders of withdrawal that may be issued to a mine 
operator include the following: 


¢ Failure to abate a Section 104( a) or Section 104(d)(1) viola- 
tion in the time period given (Mine Act, Section 104[b]) 


¢ Unwarrantable failure violation issued subsequent to Section 
104(d)(1) citation during same inspection or within 90 days 


after issuance of Section 104(d)(1) citation (Mine Act, Section 
104[d][1]) 

Unwarrantable f ailure violat ion issued du ring a subsequent 
inspection, after a Section 104(d)(1) order was issued, assum- 
ing that no inte rvening inspection of the mine in its entirety 
has disclosed further u nwarrantable failure violations (Mine 

Act, Section 104[d][2]) 

Pattern-of-violations order issued within 90 days after Section 
104(e)(1) pattern notification is given to the operator if viola- 
tion is found that could significantly and substantially contrib- 
ute to a health or safety hazard (Mine Act, Section 104[e][1]) 


Pattern-of-violations order issu ed after the Section 104(e) (1) 
order is issued when a violat ion is f ound that could signifi- 
cantly and substantially contribute to a health or safety hazard, 
assuming that no intervening inspection of mine in its entirety 
has disclosed further S&S violations (Mine Ac t, Sec tion 
104[e][2]) 

Order issued when there is a failure to comply with respirable 
dust standard by th e end of ti me granted in Sec tion 104(f) 
citation atund erground coal mine( Mine Act, Section 
104[f][1]) 

Order issued when mi ners have not recei ved requisite safety 
training (Mine Act, Section 104[g][1]) 

Order issued when an imminent danger is present, defined as a 
condition or practice that can reasonably be expected to cause 
death or serious physical injury before it can be abated (Mine 
Act, Section 107[a]) 

Order that may be issued to take action deemed appropriate to 
supervise and direct rescue and recovery work following an 
accident (Mine Act, Section 103[j]) 


Order issued to ensure safety of persons following an accident 
and to preserve evidence (Mine Act, Section 103[k]) 


Civil Penalties Associated with Enforcement Actions 
against Mine Operators 


A director, officer, or agent of a corporate operator who knowingly 
authorizes, orders, or carries out a violation of a mandatory health 
or safety standard or who fails to comply with an order issued under 
the Mine Act or included ina __ final decision unde r the Mine Act 
may be subject toc ivil or criminal penalties (Mine Act, Sec tion 
110[c]). Criminal and civil penalties are ge nerally p ursued as a 
result of spe cial investigations con ducted b y MSHA to unco_ ver 
willful and kno wing violations of the Mine Act. (See the Special 
Investigations section of this chapter for more information.) 

Section 110(c) is most common] y utilized ag ainst manage- 
ment employees, including section supervisor s, mine supervisors, 
safety directors, and other managers of corporate operators engaged 
in day-to-day mining operations. For purposes of assessing a civil 
penalty against an individual, “knowingly” means knowing or hav- 
ing reason to know (Freeman United Coal Mining Co. v. FMSHRC, 
108 F.3d 358 [D.C. Cir. 1997]). 

Section 110(c) sub jects individuals to “the same ci vil penal- 
ties” that may be imposed on mine operators. Ho wever, when 
assessing civil penalties against individuals, the penalty assessment 
factors are based on the individual, not the operator; for example, in 
connection with the size criterion, the inquiry is of the individual’s 
income and net worth. 


Criminal Penalties 


The Mine Act also allows for a v ariety of criminal penalties. The 
provisions of Section 110(c) may be used to pursue either criminal 
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sanctions or ci vil f ines ag ainst age nts, officers, and directors, 
depending largely on the nature of the violation and the evidence. 
Whether a civil or cr iminal sa nction is impo sed rests with in 
MSHA’s discretion, with input from the Justice Department. How- 
ever, because conviction for a criminal act requires proof beyond a 
reasonable doubt, only those violations with evidence of intentional 
conduct are pursued criminally. 

Under the Mine Act, criminal penalties can be imposed 
against operators for knowing and willful violations of mandatory 
health and safety standards (Mine Act, Section 110[d]). In the con- 
text of cr iminal liability, “knowingly” has been def ined as an act 
done v oluntarily and in tentionally, and not because of mistake, 
accident, or other reason (United States v. Jones, 735 F.2d 785 [4th 
Cir.], cert. denied, 469 U.S. 918 [1984]). An operator who willfully 
violates mandatory health or safety standards, or who kno wingly 
violates any order issued pursuant to Section 104 or Section 107, 
faces a maximum f ine of $25,000, imprisonment up to | year , or 
both for the f irst conviction. For subsequent convictions, a max i- 
mum fine of $50,000, imprisonment up to 5 years, or both may be 
imposed. 

In addition, the Mine Act allows for criminal sanctions for any 
person who provides unauthorized advance notice of mine inspec- 
tions (maximum $1 ,000 fine, imprisonment for up to 6 months, or 
both) or who knowingly makes a false statement, representation, or 
certification in any application, record, report, plan, or other docu- 
ment filed or required to be k_ ept under the Mine Act (maximu m 
$10,000 fine, imprisonment for up to 5 years, or both) (Mine Act, 
Sections 110[e], [f]). 

Special investigations are conducted under the general inspec- 
tion authority of the Mine Act (Section 103[a]). Impeding a MSHA 
special investigation may constitute obstruction of an agenc y pro- 
ceeding and includes __ witness infl uence, intimidation, andf alse 
statements made to investigators (18 U.S.C. Section 1505 [2004)). 
Other potential criminal ac ts re levant to the spec ial investigation 
process include, but are not limited to, conspiracy (18 U.S.C. Sec- 
tion 371 [2004]), mail fraud (18 U.S.C. Section 1341 [2004]), brib- 
ery (18 U.S.C. Section 201 [2004]), concealment of material f acts 
(18 U.S.C. Section 1001 [2004]), and obstruction of a federal crim- 
inal investigation (18 U.S.C. Section 1510 [2004]). 


Contest of Citations and Penalties 


An operator may contest a citation or order, and the associated pen- 
alty, by f iling ac ontest with the Re view Commission. There ar e 
three main methods to initiate review: 


1. File a notice of contest under Section 105(d) within 30 days of 
issuance, modification, or termination of a citation or order 
issued under Section 104 


2. File an application for review pursuant to Section 107(e)(1) 
within 30 days of issuance, modification, or terminatio n of 
any order issued under Section 107(a) 


3. File acontest of a civil penalty assessment by notifying th e 
labor secretary within 30 days ofreceipt of the pro posed 
penalty assessment of the opera _tor’s i ntent to c ontest t he 
penalty 


Once an operator initiates a contest of an enforcement action 
and/or the penalty, the resulting procedures and deadlines will vary, 
depending on whether it was a prepenalty contest or a contest of the 
proposed penalties. Ther e are str ingent deadlines to follow, as set 
forth in the Mine Act and the | Review Commission’ s procedural 
tules found at 29 CFR Part 2700. 

In addition, only certain parties may file specific protests. The 
parties to a contest or penalty proceeding include the operator, the 


labor secr etary, and any parties that are pe rmitted t o i ntervene. 
Affected miners or their representatives may intervene in a hearing 
by filing a written notice with the Review Commission. A miners’ 
representative may only protest the length of the abatement time of 
a Section 10 4(a) citation and no t the issuan ce or mod ification. 
However, miners or their repres entatives may challenge the issu- 
ance, m odification, or termination o f withdra wal orders issued 

under Section 104. 

A hearing is held before an ALJ on the issues of fact and law 
raised by the parties. The ALJ adm inisters the oath to witnesses, 
issues subpoenas, rules on of fers of proof and objections, receives 
relevant evidence, disposes of procedural requests, and gener ally 
regulates the hearing. Often, the ALJ will ask questions of the wit- 
nesses for purposes of clarif ication. The parties may seek to file 
written posthearing briefs or ma y make closing ar guments at the 
hearing. The ALJ will is sue a written decision that includes find- 
ings of fact and conclusions of law. The ALJ has the authority to 
vacate or uphold a citation, modify the negligence and gravity find- 
ings, and reduce or increase the penalty amount. 

Any person adversely affected by the ALJ’s decision may file a 
petition for discretionary review with the Review Commission within 
30 da ys of the dec ision. Because th is re view is discreti onary, the 
affirmative v ote of at] east t wo of t he Review Commi ssioners is 
required within 40 days of the decision in order for the review to be 
heard by the commissi on. Alterna tively, the Re view Comm ission 
may vote to grant re view of the decision on its own motion, or sua 
sponte, within 30 days of the ALJ’s decision. If review is granted, a 
person may file a motion to i ntervene in the pro ceeding within 30 
days of the Review Commission’s direction for review. Intervention 
is also subject to the Re view Commission’s discretion. The Re view 
Commission’s rules set forth the time frames in which parties must 
file the appropriate written documents relating to the review process. 

Any pe rson adv ersely af fected by an_ order of the Re view 
Commission may file a petition to modify or set aside the order 
with the U.S. Court of Appeals for the circuit in which the violation 
occurred or with the District of Columbia Circuit Court of Appeals. 
This petition for review must be filed within 30 days of issuance of 
the Review Commission’s order. The procedural requirements for a 
petition for review are set forth in the Federal Rules of Appe Ilate 
Procedure. 


INSPECTIONS AND INVESTIGATIONS 


The Mine Act grants broad inspection powers to MSHA, essentially 
authorizing three ty pes of inspections: (1) routine or re gular, (2) 
spot, an d (3) th ose performed pursuant to a miner’ —_s complain t 
(Mine Act, Sections 103[a], 103[i], 103[g]). 

Regular inspections are conduc ted to deter mine comp liance 
with the M ine Act and MS HA regulations. MSHA is required to 
make a complete inspection of all underground mines at least f our 
times a year and of all surface mines at least two times a year (Mine 
Act, Section 103[a]). Spot inspections are conducted when a mine 
releases excessive amounts of methane, if the mine has experienced 
a methane or gas ignition that resulted in a death or serious injury, 
or when there is some other h azardous condition (Mine Act, Sec- 
tion 103[i]). Finally, a miner may request an inspection if he or she 
believes there is a condition that violates the Mine Act or MSHA 
regulations, or that an imminent danger exists. 

A common thread that runs through each type of inspection is 
the intent of Congress, declared in the legislative history o f the 
Mine Act, that the labor secretary be permitted to conduct inspec- 
tions in the absence of a se arch warrant. The U.S. Supreme Cour t 
has ruled that warrantless inspections under the Mine Act generally 
do not violate an operator’s Fourth Amendment rights (Secretary of 
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Labor v . De wey, 452 U.S. 594 [1981]). W arrantless inspection 

authority also extends to seizur e of records required to be kept 
under the Mine Act. Courts have been reluctant, however, to extend 
the inspection e xception to record s not specif ically required to b e 
maintained by the Mine Act. While an operator may make other 
records available, doing so is voluntary and amounts to a waiver of 
any privacy rights. 


Accident Investigations 


In addition to MSHA ’s broad inspection powers, the Mine Act 
requires MSHA to investigate the causes of accidents and “other 
occurrence[s] relating to health or safety’ (Mine Act, Section 
103[b]). In light of this, e very mine operator should have a plan to 
deal with a serious accident, fatality, explosion, or other disaster. 

MSHA has promulgated detailed regulations (found at 30 CFR 
Part 50) for accident investigations and record keeping in connection 
with accidents. The re gulations require immediate notif ication to 
MSHA if an accident occurs. In addition, a mine operator must pre- 
serve the accide nt scene until MSHA has completed its investiga- 
tion, “e xcept to thee xtent necessary toresc ue or recover an 
individual, pre vent or eliminate an imminent danger __, or pre vent 
destruction of mining equipment” (30 CFR Section 50.12). The Part 
50 regulations also contain detaile d requirements for the rep orting 
and record keeping of occupational illnesses and injuries. 

If an accident occurs, MSHA is required to do what is neces- 
sary to protect lives, including directing rescue and recovery opera- 
tions and issuing appropriate safe ty ord ers (Mine Act, Sections 
103[j], 103[k]). During the course of an investigation of an accident 
or oth er occurrence, MSHA, after notice,may also hold public 
hearings, administer oaths, and issue subpoenas to co mpel atten- 
dance, testimony, and the production of rele vant documents and 
items (Mine Act, Section 103[b]). However, MSHA rarely r esorts 
to these formal he aring mechanisms and prefers a m ore informal 
approach to investigations. The agency typically conducts an inves- 
tigation, issues enforcement actions, and generates a report that out- 
lines its findings and conclusions. The f ocus of MSHA ’s 
investigation is to determine the cause of an accident and prevent 
recurrences. 

The primary device MSHA uses to gather information is wit- 
ness interviews. Because the interview process is informal and non- 
custodial, MSHA is not required to inform the witness about the 
right against self-incrimination (Miranda v. Arizona, 384 U.S. 436 
[1966]). MSHA usually does not administer oaths and prefers to 
tape-record the interviews and to have the witness sign a statement. 
The decision to submit to an interview is v oluntary and a wi tness 
may refuse to be interviewed or t o per mit tape recording of th e 
interview. A witness also has the right to refuse to sig n a wri tten 
statement or summary of the interview. 


Special Investigations 
Investigations under Section 110(c) 


As discussed earlier, the Mine Act gives MSHA author ity, under 
certain circumstances, to impose civil penalties and criminal fines 
against i ndividual managers and corporate operat ors. These are 
determined througha _ processc alledas_ pecial in vestigation. 
Actions that are reviewed for possible special investigation include 
the following: 

¢ All Section 104[d] unwarrantable failures, S&S citations, and 

orders 


¢ All fatal and serious injury accidents 


¢ All Section 107(a) imminent danger orders that involve a vio- 
lation of a mandatory standard 


Each investigation case file submitted by a MSHA in vestiga- 
tor recommending indi vidual civil or criminal penalties must 
include specific evidence to support the following: 

¢ That the operator is a corporation 

¢ That the violation created was properly cited 

¢ That the violations created a hazard that posed a “high degree 
of risk” to miners 

¢ That there was an agent of the operator with knowledge of the 
violation and that persons were exposed to the condition 

Targets of special investigations are typically of ficers, direc- 
tors, and agents of the company, including supervisors, safety direc- 
tors, and others involved in the day-to-day supervision of all or part 
of the mining operations and/or miners. MSHA’s special investiga- 
tion procedures can be summarized as follows: 

¢ The qualifying enforcement actio n is re viewed in the district 
office for referral. 


The di strict manager re commends whether to refer _ the 
enforcement action for aspe cial investigation to MSHA’s 
Arlington, Virginia, headquarters. 


If a special investigation is ope ned, the special investigator 
obtains the enforcement file and/or the accident investigation 
file. 

Interviews with all involved persons, witnesses, and potential 
targets or defendants are voluntary. I nvestigators gener ally 
contact employees directly. 


Individuals are never required to talk to a special investigator 
and have the following rights during a Section 110(c) investigation: 


To counsel or other representatives prior to and during speak- 
ing with an investigator 


To speak with an investigator alone 


To refuse to answer certain questions 


To discontinue an interview at any time 


To refuse to have an interview tape recorded 


To refuse to sign a statement taken by the investigator 


Investigations under Section 105(c) 


The purpose of Section 105(c) of the Mine Act is to protect miners, 
job applicants, management level employees, and representatives of 
miners from retaliation for engaging in protected activity. Additional 
information regarding Section 105(c) is provided later in this chapter. 

Under Section 105(c), an initial complaint of discrimination 
must be filed with MSHA within 60 days after the alleged violation 
occurs. Within 15 days of receiving the complaint, MSHA spec ial 
investigators be gin rese arching t he a llegations in the com plaint. 
The MSHA spec ial investigators may interview the com plaining 
party, the operator , and others having rele vant info rmation. No 
operator can attempt to hinder any investigation of a Section 105(c) 
complaint or prevent management employees from talking with the 
special investigator. Front -line managers are the usual and likely 
targets of investigations and discrimination claims because of their 
constant interaction with miners in matt ers in volving production 
and safety. 

If MSHA determines that a complaint is valid, a formal com- 
plaint will be filed with the Review Commission within 30 days of 
MSHA’s determination. The compla int is filed on behalf of the 
miner with notification to the operator and the complaining party. 

If MSHA determines that aco mplaint is not valid, the com- 
plaining par ty ma y pursue h is or hero wnco mplaint bef ore the 
Review Commission. The complaint must be filed within 30 days of 
the complaining party’s receipt of MSHA’s written determination that 
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no violation occurred. An operator must respond to a fo rmal com- 
plaint within 30 days after receipt. Failure to answer within 30 days 
may result in the entry of a final order against the operator. 


INJUNCTIONS 


The Mine Act authorizes MSHA to pursue a civil action seeking 
relief, including tempor ary or perm anent i njunctive re lief or a 
restraining order, in federal district court (Mine Act, Section 108). 
MSHA may pursue a civil action if a mine operator does one of the 
following: 


¢ Refuses to comply with an order or decision issued under the 
Mine Act 


¢ Interferes with, hin ders, or delays MSHA fr om carrying out 
its duties under the Mine Act 


* Refuses to allow an inspection or investigation 
¢ Refuses to provide other information or access to a mine. 


However, an operator canno tseek aninju nction in adv ance of 
enforcement action. Operators are precluded from this a venue of 
relief by the Mine Act’s administrative review scheme under which 
challenges to enforcement ac tions must be re viewed first by the 
Review Commission and then by an appropriate court of appeals. 


POSTING AND RECORD-KEEPING REQUIREMENTS 
Posting Requirements 


As part of the re gulatory scheme of the Mine Act, mine operators 
are required to provide certain information to MSHA and to the 
miners. Mine operators must post on the mine b ulletin board all 
citations, orders, notices, and de cisions that are re quired b y the 
Mine Act or regulations to be given to the operator, pursuant to the 
posting requirements of Section 109(a) of the Mine Act. Mine oper- 
ators are required to maintain the bulletin board at the mine office 
or “at a conspicuous place near an entrance of” the mine; the above- 
described d ocuments are to be p osted “immediately;” a nd th e 
posted documents must be “easily visible” and “protected against 
damage by weather and against unauthorized removal” (Mine Act, 
Section 109[a]). The Mine Act do es not state how long such infor- 
mation must remain posted. Because the Mine Act does not specifi- 
cally require that deci sions and orders of the Review Commission 
or courts be given to the operator, they do not have to be posted to 
comply with Section 109(a) ( Secretary of Labor v . Thunder Basin 
Coal Co., 18 FMSHRC 582 [1996]). However, it is common that 
the decision or order requires that it be posted at the mine site. 

In addition to the requirements of Section 109, a number o f 
standards h ave specific posting requirements. F or example, the 
miners’ re presentativesm ust file speci fic informa tion with 
MSHA’s district manager and provide a copy of that information to 
the operator. The mine operator is then required to post this infor- 
mation on the mine bulletin board (30 CFR Section 40.4). Gener- 
ally, mine operators must al so post the training p lan (30 CFR 
Sections 46.3[g], 48.3[n], and 48.23[n]). A comprehensive discus- 
sion of all of the posting requirements under Title 30 of the CFR is 
beyond the scope of this chapter. Mine operators should review the 
specific regulations to determine if any document is required to be 
posted. 


Record-Keeping Requirements 


MSHA may make requests and demands for a broad range of com- 
pany records. Many of these records are written by a management 
official in an effort to analyze the cause of an event and/or prevent 
its recurrence and are expected to be private. Unfortunately, in the 
hands of an opposin g party, some records may be utilized to sup- 
port allegations against the company or individual managers. 


Records requested by MSHA inspectors may include 


Injury- and illness-related documents (workers’ compensation 
records, insurance forms, medical reports, personnel records, 
supervisory rep orts of accide nts and incidents, and safety 
department audits or evaluations) 


Operations records (production and progress reports, mainte- 
nance records,eq uipment manuals, equip ment pur chase 
orders, mine polic y or procedural memos, and mine lo gs or 
summary books used for shift-to-shift communication) 


Required records and those k ept in the ordinary course of 
business may be used to establish heightened negligence under the 
Mine Act by establishing actual or constructive knowledge of haz- 
ards and violations. Theref ore, a record retention policy should be 
considered for mine-site implem entation that ret ains re quired 
records f or mandated ti me frames and lim its retention of other 
records to their useful life.Su charecordr etention polic y will 
assure compliance with legal requirements and prevent the accumu- 
lation of old records. Such are cord retention policy will assure 
compliance with legal requirements and prevent the accumulation 
of old records, which may jeopardize the company’s interest if dis- 
covered during litigation. 


MINERS’ RIGHTS 


The Mine Act contains a wide range of protections and noncontrac- 
tual rights for miners. Some are quite complex. Following is a brief 
overview of miners’ rights under the Mine Act. 


Protection against Discrimination 


In general, Section 105(c) states that no person may discharge or 
otherwise discriminate against a protected individual who exercises 
any of the rights set forth in the Mine Act, or who files or makes a 
complaint regarding a safety or health hazard. In order to pre vail, 
the protected indi vidual must esta blish that he was discriminated 
against because he eng aged in some type of statutorily pro tected 
activity. If a finding of discrimination is made, the Mine Act autho- 
rizes the Review Commission to take whatever steps are appropri- 
ate to return the miner to his former position, including, but not 
limited to, rehiring or reinstatement with back pay and interest. 

In cases brought by the min er through his private counsel 
under Section 105(c)(3), an a ward of attorney’s fees and costs in 
prosecuting the claim may be gran ted. An award may include fees 
incurred through the appellate stage and are usually calculated by 
multiplying the prevailing rate in the community for similar work 
by the number of hours worked. 

A discrimination claim brought pursuant to Section 105(c) has 
three essential elements: (1) protected activity, (2) adverse action, 
and (3) causal nexus between the protected activity and the adverse 
action. In other words, in order to prevail, a complaining miner 
must establish that he suf fered adverse action because he eng aged 
in some type of statutorily protected activity. 

Initially, the complaining miner must make out a prima facie 
case of discrimination by establishing that the protected activity in 
some way motivated the adverse action. The burden then shifts to 
the operator to demonstrate that the activity was not protected, or 
that the activity was protected but did not in an y way lead to the 
adverse action, or that a “mixed motive” was involved. In mi xed- 
motive cases, the adverse action is ca used, at | east in part, by the 
unprotected activity which, by itself, would have caused the mine 
operator to take the alleged adverse action. The majority of discrim- 
ination cases involve such mixed-motive determinations. 

If the claim involves a dischar ge or suspension, an application 
for temporary reinstatement may be requested by the labor secretary 
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and heard, on an expedited basis, within 10 days after the request is 
filed, to determine whether the miner’s complaint w as “fri volously 
brought.” If no hearing is requested, the ALJ will re view the secre- 
tary’s application and required accompanying af fidavit supporting 
the secretary’s findings before making a decision on temporary rein- 
statement. If the ALJ concludes that the complaint is not fri volously 
brought, temporary reinstatement may be ordered. A temporary rein- 
statement order either granting or denying the relief may be appealed 
to the full Re view Commission b ut will not stay t he effect of t he 
order unless directed by the Review Commission. 


Protected Work Refusals 


Miners have the right to refuse to work in unusually hazardous con- 
ditions. Although this right is not specifically spelled out in either 
the Mine Act or MSHA regulations, its basis may be fou nd in the 
legislative history and in th e Review Commission and court deci- 
sions interpreting that history. The exercise of this right may be par- 
ticularly troublesome because of its ef fect on production and 
control of the work force. A four-part test has evolved for determin- 
ing whether a w_ ork refu sal is pr otected acti vity u nder Section 
105(c). (The right was first recognized by the Review Commission 
in Secretary of La bor ex rel. Pasula vy. Consolidation Coal Co .2 
FMSHRC 2786 [1980], rev’d sub nom. Consol idation Coal Co. v. 
Marshall, 663 F.2d 1211 [3d Cir. 1981].) 

That test requires a miner to have (1) a good faith (2) and rea- 
sonable belief (3) that a hazard e xists, (4) which is ordinarily com- 
municated to the mine management. 

Defining the e xtent or degree of the perceived hazard neces- 
sary to support a protected work refusal has proved to be an evolu- 
tionary pro cess andf act-dependent. Thef actsof each case 
obviously will vary, and whether a hazard exists sufficient to sup- 
port a work refusal is determined on a case-by-case basis. But when 
issues are raised by a miner concerning a hazard, and management 
adequately addresses the concerns , a protected w ork re fusal wi Il 
not be supported. 


Rights to Contact MSHA 


A miner has the right to request a MSHA inspection if the miner 
believes there is a violatio n of the Mine Act or a health or safety 
standard, or that an imminent danger exists (Mine Act, Section 
103[g]). MSHA is required to conduct an inspection as soon as pos- 
sible and to withh old the name of the miner who f iled the com- 
plaint. As a result of a Section 103(g) investigation, MSHA can 
issue enforcement actions. 


Transfer Rights 


The Mine Act has _ two pro visions re garding a miner ’s tran sfer 
rights, Sections 101(a)(7) and 203(b). Section 101(a)(7) addresses 
promulgation of mandatory health or safety standards for toxic sub- 
stances and warning of hazards and symptoms. If it is determined 
that “a miner may suffer material impairment of health or func- 
tional capacity by reason of exposure to the hazard covered by the 
mandatory standard,” then the miner is to be “removed from such 
exposure and reassigned” (Mine Act, Section 1 01[a][7]). MSHA 
has not promulgated any standards under this section of the Mine 
Act. 

On the other hand, Section 203 provides for medical examina- 
tions of miners working in coal mines. If a miner shows evidence of 
lung disease, the miner is to be given the option of transferring to a 
position in another area of the mine where the concen tration of 
respirable dust is lower. A miner so transferred “shall receive com- 
pensation for [work in the new area of the mine] at not less than the 
regular rate of pay recei ved by him immediately prior to his tr ans- 


fer” (Min e Act, Section 203[b ][3]). MSHA.’s re gulations that 
address miners’ transfer rights are codified at 30 CFR Part 90. 


Walk-Around Pay Rights 


The Mine Act provides that mine operators and representatives of 
miners have the right to acco mpany MSHA in spectors during 

inspections or in vestigations (Mine Act, Section 103 [f]). MSHA 
has promulgated standards regarding this issue at 30 CFR Part 40 to 
encourage miner participation in the process. Section 103(f) states 
that if a miner’s representative is an employee of the mine operator, 
the representative “shall suffer no loss of pay during the period of 
his participation in t he ins pection.” Case law addres ses the com- 
plexities under this provision, such as what the operator is required 
to do when separate MSHA inspection teams are carrying out dif- 

ferent activities. 


Compensation When Mine Is Idled by Withdrawal Order 


Under the Mine Act, miners who are idled by withdrawal orders are 
entitled to certain statutorily mandated levels of compensation. Sec- 
tion 111 of the Mine Act provides for three classes of idlement com- 
pensation. These classes are dif ferentiated by the types of closure 
orders that caused the idlement and affect the level of compensation. 


1. Miners idled by any closure order issued during their shift are 
entitled to receive pay for up to the remainder of the shift plus 
up to 4 hours into the next shift if the order remains in effect. 


2. Miners idled by a Section 104 or 107 closure order predicated 
on a violation of a mandatory he alth or safety standard are 
entitled to receive pay for the period idled for up to 1 week. 


3. Miners w orking while any closure or der is inef fect, who 
should have been withdra wn from the area af fected by the 
order, are entitled to full compensation for the time worked, in 
addition to their regular pay, from the date of the order until 
the date of compliance, vacation, or termination. 


Any o rder issued under the first o r second classif ication 
requires that miners be compensated at their regular rate of pay for 
the period idled by the order or until the end of the shift, whichever 
is shorter. If an order continues in effect on the next shift, miners on 
that shift idled by the order must be paid for the period idled, up to a 
maximum of 4 hours. According to Section 111, the right to this 
compensation accrues re gardless of whether the violation is s us- 
tained following review. 

The provision for compensation of up to 1 week described in 
the second classification is commonly referred to as “augmented” 
compensation. It is only available aft er the withdrawal order is 
final. If the order is contested and invalidated, the augmented com- 
pensation is not paid, b ut the basic compensation is still payable 
(i.e., remainder of the shift plus up to 4 hours). However, the valid- 
ity of the order of withdrawal cannot be challenged for the first time 
in the compen sation proceeding. Consequently, if an operator 
believes that an order was issued erroneously, the challenge must be 
made in a contest or penalty proceeding under Section 105(d), or, in 
the case of a Section 107(a) order, in an application for review filed 
within 30 days. 


Right to Participate in Litigation 


Miners are entitled to participate in the litigation of citations, pen- 
alty assessments, and orders issu ed under the Mine Act, Section 
105[d]. Miners may also seek and receive party status in litigation 
(see 29 CFR Section 2700.4[a][b]). However, miners and their rep- 
resentatives do not ha ve the right to contest citations (UMWA v. 
Secretary of Labor, 5 FMSHRC 8 07 [19 83], aff'd 725 F.2d 126 
[D.C. Cir. 1984]). 
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Right to Paid Training 


The Mine Act requires mandatory training of miners (Mine Act, Sec- 
tion 115). New miners who have no prior underground experience 
must receive at least 40 hours of training before they work under- 
ground. Training must include several topics, including the statutory 
rights of miners under the Mine Act, hazard recognition, and t he 
health and safety aspects of the task s to which they will be assigned. 
New miners who will work at surface operations must receive at least 
24 hours of training that covers generally the same topics covered for 
new underground miners. Newly hired, experienced miners also must 
receive training, which i ncludes mine-specific information, such as 
escape w ays, mine transportation, and emer gency medical proce- 
dures. In addition, all miners mu st receive a minimum of 8 hours of 
refresher training at least once e very 12 months. When amine ris 
assigned to a new task, he must be provided with task training. 

The training requirements are set forth in 30 CFR Parts 46 and 
48. The standards contain detailed requirements, including those for 
a training plan approved by MSHA. Part 46 requirements apply to all 
persons at shell dredging, sand, gravel, surface stone, surface clay, 
colloidal phosphate, and surf ace limestone mines. These are gener- 
ally small mi nes with fe wer employees than those co vered by P art 
48. Part 48 applies to all underground and surface coal and metal and 
nonmetal mines, except for those covered by Part 46. The st andards 
also require mine operators to maintain records of miner training. 


Additional Rights 
The Mine Act has other specific provisions for miner participation. 
Those include 

¢ The right to participate in inspections 


¢ The right to contest the reas onableness of the length of time 
for abatement specified in a citation (Section 105[d]) 

¢ The right of an y representative of miners to apply for rein- 
statement, modification, or vacation of an imminent danger 
order (Section 107[e][1]) 


SUMMARY 


The Mine Act is a complex piece of legislation that covers all mine 
operators and miners throughout the United States and that holds 
mine operators responsib le for the safety and health of miners. It 
sets mandatory safety and health standards, mandates miners’ train- 
ing requirements, prescribes penalties for vio lations, and enables 

inspectors to close dangerous mi nes. The Mine Act requires that 
MSHA inspect all mines each year and requires or authorizes addi- 
tional inspections and in vestigations to ensure safe and health y 
work environments for miners. 

To promote compliance with the provisions of the act and its 
safety and health standards, all violations found during inspections 
and investigations must be cited. All violations are subject to civil 
penalties and must be corrected within the time frames established 
by MSHA. In addition, the act provides for either civil penalties 
against individuals for “knowing” violations or criminal sanctions 
against mine operators that “wil lfully” violate safety and health 
standards. The Mine Act gi ves individual miners, as well as their 
representatives, and jo b applicants man y spe cific employment 
rights. It requires MSHA to 


¢ Provide compliance assistance through development of safety 
and health training programs in cooperation with industry and 
labor 

¢ Test new mining equipment 

¢ Work with other 
research programs 


agencies to adv ance safety an d health 


¢ Compile and analyze accident, injury, and illness data to bet- 
ter address serious workplace hazards 
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Environmental Law for 
Industrial Minerals and Rocks 


Kurt E. Blase and James P. Ryan 


This chapter summarizes federal environmental laws and regulations 
with significant effects on mining, processing, and use of industrial 
minerals. It is intended as a primer for mining engineers who are not 
attorneys but need a basic understanding of the federal environmen- 
tal requirements that apply to their operations. It provides a compre- 
hensive summary of t he m ajore nvironmental re quirements and 
issues that a mining engineer is likely to face in the industrial miner- 
als sector, though not in great detail. Although this chapter may not 
answer all pertinent quest ions, it should pro vide the information 
necessary for a productive search. 

This chapter is or ganized along media lines, with separate dis- 
cussions of air quality, water quality, waste disposal, and product reg- 
ulation. The focus is primarily on summaries of e xisting re gulatory 
requirements, though relevant legislative developments and judicial 
opinions are discussed as warranted. Where possible, references that 
provide more detailed information are listed. The preference is for 
references that are generall y available, such as the Code of Federal 
Regulations (CFR) and the Federal Re gister. The conclusion of the 
chapter discusses some of _ the mo re cont roversial environmental 
issues in the industrial minerals sector at the time of this writing. 

The discussion is limited to federal laws, but states have com- 
plementary and parallel laws that can dif fer from federal require- 
ments and must always be consulted as well. As a general rule, state 
environmental programs are or ganized in the same manner as fed- 
eral requirements, and the standa rds or other substanti ve require- 
ments contained in fe deral laws and regulations are the minimum 
requirements for state programs. In most cases, however, fed eral 
law per mits states to adopt mor e stringent requirements if the y 
choose to do so. Accordingly, the federal requirements discussed in 
this chapter should be viewed in most cases as a minimum, and the 
possibility that more stringent requirements may be applied under 
state law should always be considered. 

Where a state is propo sing to adopt requirements more strin- 
gent than federal law, several legal remedies may be available. The 
state’s proposal must be permissible under federal law, and it must 
also be consistent with state la w. Some states have adopted state 
laws that prohibit deviation from federal requirements. Others have 
not gone to that length b ut also have not adopted state la ws that 
expressly allo w deviation from federal law. In states where state 
law expressly allows deviation from federal requirements, the pro- 
posal must be consistent with the applicable state la w and must 
have a reasonable factual basis. 
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AIR QUALITY 

The current federal Cl ean Air Act (CAA) was initially adopted in 
1970 and substantially amended in 1977 and 1990 [42 U.S.C. § 7401 
et. seq. (2004)]. An earlier statute, the Air Quality Act of 1967, 
directed the Department of Hea Ith and Human Services (then the 
Department of Health, Education, and Welfare) to set federal ambi- 
ent air quality standar ds b ased on publich ealth concerns and 
divided the United States into air quality re gions for purposes of 
attaining the standards. Impatient with the states’ progress under 
the 1967 act, Congress adopted the 1970 act to “take a stick to the 
states” toim prove air quality. Shortly after the 197 Oactw as 
adopted, President Nixon created the federal Environmental Protec- 
tion Agency (EPA), by Executive Order, to oversee administration 
of the CAA and, ultimately, the other environmental laws adopted 
in the early 1970s and discussed throughout this chapter. The 1977 
amendments strengthened various portions of the 19 70 CAA and 
added. new authority to add ress air quality in areas that meet or 
exceed the ambient standards (‘prevention of significant deteriora- 
tion’) and air quality in areas not attaining the ambient standards 
(“nonattainment areas”). The Clean Air Act Amendments of 1 990 
(CAAA) again strengthened the pr ior pro visions and added ne w 
provisions go verning acid depos ition control, ope rating permits, 
and stratospheric ozone protection. 

The CAA provisions of greatest interest in industrial minerals 
sectors are the following: (1) ambient air quality standards and state 
implementation plans, (2) pre vention of sign ificant deterioration 
(PSD) and non attainment rules, (3) new source performance stan- 
dards, (4) hazardous air pollutant (HAP) standards, (5) permitting, 
(6) mobile source standards, a nd (7) enforcement. These are dis- 
cussed in the sections that follow. 


Ambient Standards and State Implementation Plans 


The backbone of the federal CAA is the program for national ambi- 
ent air quality standards (NAAQS), and state/regional implementa- 
tion of those standard s, first adopted in the 1967 act. Under the 
current act (CAA), the NAAQS are set by E PA, but the plans for 
attaining the standards are adopted b y the states, subject to EP A 
oversight and approval. 

Sections 108 and 109 of the CAA govern establishment of 
NAAQS for so-called conventional pollutants (42 U.S.C. §§ 7 408 
and 7409). As a general matter , these are po Ilutants that are 
found pervasively in the air throughout the co untry and ha ve 
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Table 1. National ambient air quality standards 





Pollutant Primary NAAQS Secondary NAAQS 
SOx 0.030 ppm (annual mean) 0.5 ppm (3-hour 
0.14 ppm (24-hour average) average) 
Particulate matter, 150 pm/m (24-hour average) Samet 
PMio 50 pm/m? (annual mean) Same 
Particulate matter, 15 pm/m? (annual mean) Same 
PM2.5 65 pm/m (24-hour average) Same 
co 9 ppm (8-hour average) None 
35 ppm (1-hour average) 
Ozone 0.12 ppm (1-hour average) Same 
0.08 ppm (8-hour average) Same 
NO2g 0.053 ppm (annual mean) Same 
Pb 1.5 pg/m (quarterly average) Same 





* There are currently two types of standards for particulate matter (PM): one 
covers particles with diameters in the range of 0-10 ym (PMijo}, and another 
for particles with diameters in the range of 0-2.5 pm (PM2.5; also known as 
fine particulate). At the time of this writing, EPA is preparing to revise these 
standards, as discussed further in text. 

ft Indicates the secondary value is the same as the primary value. 


been demonstrated to cause adverse health or environmental effects 
as a result of chronic e xposure. EPA is to maintain a list of pollut- 
ants that are present in “ambient air” as a result of “diverse mobile 
or stationary sources” and that “cause or contribute to air pollution 
which may reasonably be anticipate d to endanger public health or 
welfare” (4 2 U.S.C. § 7408(a)).* For each of the se, EPA must 
develop “a ir qua lity cri teria” tha t “ reflect the lat est sci entific 
knowledge useful in indicating the kind and extent of all identif1- 
able ef fects on pu blic health o r welf are which may be e xpected 
from the presence of such pollutant in the ambient air” (42 U.S.C. § 
7408(a)). Thus, the pollutants f or which ambient standard s have 
been developed are often referred to as criteria pollutants. 

Based on the air quality criteria, EPA must set primary stan- 
dards at levels that, “allowing an adequate margin of safety, are req- 
uisite to protect the public health” (42 U.S.C. § 7409 (b)). 
Secondary standards must be set at levels “requisite to protect the 
public welfare from any known or anticipated averse effects” 
(42 U.S.C. § 7409 (b)). “Welfare” is defined to include ef fects on 
all aspects of the environment, including “economic values” and 
“personal comfort and well being” (42 U.S.C. § 7602(h)). EPA also 
is directed to develop information on control technologies for con- 
ventional pollutants (42 U.S.C. § 7408(b) ). A number of guidance 





* The act does not define ambient air, but it is defined in EPA’s regulations 
as “that porti on of the atmosphere, external to b uildings, to w hich the 
general public has access” (40 CFR 50.1(e)). Thus, it is possible to create 
“non-ambient air,” in which the national standards do not apply, by deny- 
ing public access to co mpany property. This company property rule, in 
conjunction with the purchase of surrounding land, has been relied on by 
some lar ge mining oper ations to a void applicability of the standar ds in 
areas near mines or mineral processing facilities where compliance would 
be difficult. Re gulators histor ically have frowned on this ap proach but 
have been forced to allo w it in th e face of sound e vidence that public 
access to the land is in fact denied. For a good discussion of the company 
property rule, see 49 Fed. Reg. 10946 (March 23, 1984) (sulfur dioxide 
plan for Kennecott Utah smelter). The definition of ambient air also has 
been relied on to ma_ rk the j urisdictional b oundaries f or occup ational 
(Occupational Safet y and H ealth Administration [OSHA ], Mine Safety 
and Health Administration [MSHA]) and environmental (EPA) regulation 
at mining facilities. 


documents on control techniques fo r various mining segments and 
processes are available on EPA’s Web site (www.epa.gov). 

The NAAQS are codified in EPA’s regulations at 40 CFR Part 
50, which includes appendices containing detailed federal reference 
methods for de termining compliance with the stand ards. Table 1 
gives the primary and secondary standards applicable at the time of 
this writing. 

Section 109(d) of the CAA requires EPA to review the ambient 
standards at least e very 5 years and revise them if necessary. The 
ozone and particle standards are now being revised. Once an area has 
attained the 1-hour ozone standard, it no longer applies and the area 
is governed by the 8- hour standard (40 CFR 50.9(b)). In re viewing 
each ambient standard, EPA issues a revised Criteria Document that 
contains the updated scientific basis for the standard, and a revised 
Staff Paper that applies legal and policy considerations to the science 
in the Criteria Document to reco mmend revisions to the standard, if 
appropriate. Several drafts of these materials are generally made 
available for public re view and comment, and for review by EP A’s 
Clean Air Scient ific Advisory Committee. The Crit eria Document 
and Staff Paper are excellent sources of det ailed scientific and legal 
information about t he ambient st andards and the pollutants they 
address, as are the preambles to the Federal Register notices in which 
EPA proposed and adopted the standards. 

The measures necessary for attainment of the ambient st an- 
dards are specified in St ate Implementation Plans (SIPs). Section 
110 of the CAA requires states to adopt plans adequate for attain- 
ment and maintenance of the ambient standards in the state. There 
are specific deadlines for attainment of the primary standards and 
the secondary standards must be attained “as expeditiously as prac- 
ticable.” States generally use detailed emissions inventories to con- 
struct regional and state wide em issions “budgets” for emissions 
from stationary and mobile sources. The combination of the bud- 
gets for mobile and station ary sources must be demonstrated to 
meet the standards, and the SIP will include the emission limits and 
other emission co ntrols necessary to ensure that em issions stay 
within the budgets. As a general ru le, site-specific emission limits 
for existing stationary sources must be based on reasonably avail- 
able control technology (RACT). EPA has issued RACT guidelines 
for many categories of sources that are a vailable through EPA’s 
Web site. Alth ough EPA cannot consid er costs or oth er economic 
factors in setting the ambient standards, costs can be considered in 
developing source-specific emission limits in SIPs based on RACT. 
The SIP de velopment documents compiled by state air quality 
agencies are an excellent resource for detailed in formation on the 
emission limits and b udgets ap plicable at a particular site. SIPs 
must be revised as necessary when standards change or it becomes 
clear that the current measures in the SIP are not adequate (or not 
necessary) to ensure attainment of the standards. 

EPA is re quired to approve SIPs and SIP revisions, and has 
adopted detailed re gulations for doing so (40 CFR Part 51). EPA’s 
files on pro ceedings to approve SI Ps or SIP re visions, generally 
located at the relevant EPA regional office, are also good sources of 
information on the basis for SIP requirements. If EPA disapproves a 
SIP or SIP revision, and the state fails to make the necessary correc- 
tions, the state will lose its authority to implement that portion of the 
SIP and EPA will impose a Federal Implementation Plan (FIP) pro- 
vision. EPA’s regulations for FIPs are codified at 40 CFR Part 52. 


PSD and Nonattainment 


The CAA contains special requirements for areas that do not meet 
the ambient standards (nonattainment areas, Part D) and areas that 
exceed the ambient standards (PSD, Part C). The general idea is to 
require rapid progress to ward attainment in nonattainment ar eas, 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Environmental Law for Industrial Minerals and Rocks 123 





and to keep air quality from deteriorating in areas that are attaining 
the standards. 

EPA’s PSD regulations are contained in the Part 51 regulations 
for SIP appro vals (40 CFR 51.166) an d are quite comple x. Most 
states simp ly parrot these requirements in the ir SIPs and rel ated 
state regulations. The regulations that apply under FI Ps are similar 
(40 CFR 52.1029). PSD goals are attained by two types of require- 
ments: (1) construction permits for new or expanded facilities and 
(2) air quality “increments” that limit deterioration and act as sub- 
stitutes for the ambient standards. Attainment areas are placed into 
one of three classes: Class I, the most pristine areas; Class II, areas 
in which some deterioration (and hence some de velopment) is 
allowed; and Class III, areas in which the most d eterioration is 
allowed. For each class, increments have been established for PM, 
SO2, and NO 2. The increments are expressed as the “maximum 
allowable increase above baseline.” For example, the P Mio incre- 
ments (in pg/m?) are 


Class I Class II Class III 
Annual: 4 17 34 
24-hour: 8 30 60 


The state adopts the classification for an area. Certain types of 
areas, such as national parks that exceed 6,000 acres and wilderness 
areas that exceed 5,000 acres, must be designated as Class I. All 
other areas are initially designated as Class II b ut can be redesig- 
nated by the state. When states attempt to reclassify areas that are 
near federal lands, the federal land manager generally plays a sig- 
nificant role. The PM increments historically have played a major 
role in limiting mine expansion, particularly for large mines in arid 
western re gions. The PSD requirements, including permitting 
requirements, should be reviewed carefully in connection with any 
new mining or mine expansion project. 

The provisions for nonattainment areas in Part D of the CAA 
were amended substantially in 1990 and are no w quite comple x. 
There are now specific nonattainment requirements for specific cri- 
teria pollu tants. In general, th ey classify nonattainment ar eas as 
“moderate,” “serious,” or “severe,” with escalating requirements for 
each classification. The primary requirements are to reduce emis- 
sions sufficiently to produce attainment within specified time peri- 
ods, and to attain interim benchmarks that demonstrate “‘reasonable 
further progress.” This involves a continuous “ratcheting down” of 
the SIP emission s budgets until the interim and f inal budgets are 
achieved. Special requirements also apply to construction permits 
for new or expanded sources in nonattainment areas. For facilities 
in nonattainment areas, the spec ific SIP provisions and underlying 
documents should be consulted. 


New Source Performance Standards 


Section 111 of the CAA requires EPA to adopt minimum standards 
of performance forn ew sources in major industrial cate gories, 
known as new source performance standards (NSPSs). The NSPSs 
generally are implemen ted in co nstruction permits. NSPSs ar e 
emission standards that are based on the “best available technology 
adequately demonstrated.” The underlying policy is that the most 
cost-effective time to install or upgrade emission controls is when a 
facility is initially built or is renovated in some manner for produc- 
tion purposes. 

EPA’s NSPS re gulations are codified in 40 CFR Part 60. The 
standards apply to new, reconstructed, and modif ied sources. A 
source is modified if it under goes a ph ysical change or change in 
the method of operation that actually or potentially increases emis- 
sions of any regulated air pollutant. A source is reconstructed if the 


cost of reno vation exceeds 50% of the cost of a ne w unit. Under 
these rules, NSPSs will be applied to a modified source, even with- 
out a potential increase in emissions, if the source is reconstructed. 
On the other hand, if the reno vation results in an emissions 
decrease, NSPSs will not apply as long as the facility has not been 
reconstructed. There are also anumber of exemptions, including 
routine maintenance, an increase in the hours of operation, changes 
in ownership, and pollution control projects. An unusual aspect of 
NSPSs is that they apply to facilities that are constructed, recon- 
structed, or modified after th e NSPS is proposed, whereas most 
standards do not apply until final standards have been adopted. 

EPA’s P art 60 re gulations include NSPSs for most types of 
major industrial facilities. The standards are updated periodically as 
new techno logies become a_vailable. EP A’s re gulations include 
NSPSs for metallic and nonmetallic mineral processing plants, cal- 
ciners and dryers in certain mineral industries, lime-manu facturing 
plants, and pho sphate rock plan ts, among other typ es of f acilities 
that may be relevant to industrial minerals operations. The standards 
for nonmetallic mineral pro cessing plants in 40 CFR Part 60, Sub- 
part OOO, are representative. They apply to the following “affected 
facilities” in fixed or portable plants that crush or grind a list of non- 
metallic mi nerals: c rusher, grinding mi Il, sc reening ope ration, 
bucket ele vator, belt conveyor, bag ging operation, stor age bin, 
enclosed truck, and railcar loading station. Stack emissions of PM 
from these facilities are limite d to 0.05 g/dscm and 7% opa city. 
Fugitive emissions a re limited to 10% opa city, with some e xcep- 
tions. Detailed requirements for monitoring, testing, record keeping, 
and reporting also are imposed. 


Air Toxics Standards 


Section 112 of the CAA pro vides for establishment by EPA of 
national emission standards for HA Ps. These are not am bient air 
quality standards but source-specific emission standards that apply 
to categories of source s that emit HAPs. Unlike the conventional 
pollutants subject to the ambient standards, which are pervasive but 
harmful primarily in chronic exposure situations, HAPs are sub- 
stances that are emitted primarily in local “hot spots” (such as near 
an industrial facility) and can be acutely toxic. 

The original version of Section 112, enacted in 1970, required 
EPA to set health-based standards that provide an “ample” margin 
of safety (as opposedtothe “adequate” mar gin required for 
NAAQS) for all acutely toxic pollutants and sources that emit them. 
The 1970 pr ovision proved extremely difficult to implement, and 
only a few standards (known as NESHAPs, national emission stan- 
dards for h azardous air pollutants) were set und er that pro vision. 
They remain applicable and are codified in 40 CFR Part 61. One of 
them appl ies t 0 arse nic em issions from primary copp er smelters 
and essentially requires use of primary and secondary hooding sys- 
tems in smelters where the quantity of arsenic in the feed exceeds a 
specified level. Other NESHAPs apply to uranium mines, m ills, 
and tailings piles, and facilities containing asbestos. 

The need to revise the HAP provisions was a primary driving 
force behind the 1990 CAAA, and Section 112 was revised exten- 
sively. It now contains a list of more than 400 HAPs for which stan- 
dards mayb eset.EP Ahasau_ thoritytore vise the list 
administratively. The list incl udes a sbestos, f ine min eral f ibers 
(average diameter 1 pm or less), and a number of metals considered 
to be toxic, in addition to num erous other organic and inor ganic 
chemicals and compounds. EPA is to set emission standards for cat- 
egories of industrial facilities that include “major sources” of one or 
more listed pollutants. A major source is one that emits 10 tpy or 
more of any single listed pollutant, or 25 tpy or more of a combina- 
tion of listed pol lutants. E PA is al lowed toc hange the se major 
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source thresholds for specific pollutants by rule. The source is any 
single facility or a grou p of f acilities located w ithin a contiguous 
area and under common control (t he so-called co-location ru le). 
Unlike the operating permit scenario, discussed later, fugitive emis- 
sions are counted in the major source determination for HAPs. 

EPA’s emission standards for various categories of industrial 
facilities that emit HAPs are codified in 40 CFR Part 63. The stan- 
dards are set in two phases: (1) an initial technology-based standard 
is set on the basis of EPA’s determination of the maximum available 
control technology (MA CT); and (2) within 10 years after setting 
the initial standard, EPA is to det ermine whether additional mea- 
sures should be required on the basis of an assessment of the resid- 
ual risk that remains after th  e techn ology-based standards ar e 
implemented. Costs can be consid ered in setting MACT standards, 
but standards for ne w sources must reflect at least the degree of 
control that is achieved in prac tice by the best-controlled similar 
source. MACT standards for existing sources must reflect a degree 
of control that is an average of the best performing sou rces in the 
category. 

HAP standards are implemented in SIPs and permits. All of 
EPA’s current standards are MA CT standards, and the agency is 
only just beginning the residual risk determinations for the initial 
MACT standards, while continuing to establish MA CT standards 
for cate gories of sources not yet re gulated. The CAAA pro vides 
specific deadlines for establishment of MACT standards that have, 
in some cases, been implemented through court orders that place 
EPA on a specific timetable. If EPA misses an applicable deadline 
to set standar ds for a source cate gory, states are to se t source - 
specific standards for sources within the category that are located in 
the state. Section 112 also requires EPA to establish a program for 
prevention of accidental releases of HAPs, and the agenc y has 
adopted implementing regulations at 40 CFR Part 68. 

Most types of industrial minerals operations are not subject to 
MACT standards at present, tho ugh EPA may develop them in the 
future. Existing standards that may be of interest apply to facilities 
that manufacture bricks and structural clay products (subpart JJJJ), 
clay ceramics ( subpart KKKK) or refractor y pro ducts (subpart 
SSSS), and to asphalt plants (subpart LLLL). 


Permitting 


Before the 1990 amen dments, the CAA required construction per- 
mits for major new sources or source modifications in PSD and non- 
attainment areas b ut did not requi ree xisting sources to obtain 
operating permits. Most states developed operating permit programs 
of some type, and Congress added a federal operating p ermit pro- 
gram to the act in 1990 (Title V). Both programs are summarized. 

Construction Permits. The construction permit program, also 
known as new source review (NSR), is generally implemented by 
states with substantial review by EPA regional offices. EPA’s NSR 
regulations are part of the SIP regulations and are codif ied at 
40 CFR 51, subpart I (SIPs), and 40 CFR 52.1026 (FIPs). 

The construction permit program applies to “major sources” 
that are newly constructed or modified in a manner that produces a 
significant net increase in emissions. As with NSPSs, modification 
is defined as any physical change or change in the method of opera- 
tion of the source, including the exemptions described in the NSPS 
discussion. A construction permit is required, however, only if the 
modification produces a “significant net” emissions increase, 
unlike the NSPS program, which applies to a modification that pro- 
duces any e missions increase. There are t wo m ajor di fferences 
between the NSPS and permitting pr ograms in this re spect. First, 
the permit program applies only where there has been a “net” 
increase, meaning that an increase in emissions from one piece of 


equipment at a source (for example, a crusher) could be offset with 
a corresponding decrease from anothe r piece of equipment at the 
same facility (e.g., a conveyor belt or loading station). This is called 
“bubbling,” and it is allowed in determining the applicability of per- 
mitting requirements b utnot NSPSs. Second, apermitisno t 
required unless the net emissions increase is “signif icant.” EPA’s 
regulations define “significant” increases for criteria pollutants and 
certain HAPs. Accordingly , under th e scenario described, if the 
crusher were modified in a man ner that increases emissions (or 
reconstructed, as explained in the NSPS discussion), the modified 
crusher would need to comply with NSPSs. If corresponding emis- 
sion reductions from a conveyor belt are sufficient to avoid a signif- 
icant ne te missions increase, however, no constructio n permit 
would be requir ed. EPA has published detailed g uidance on b ub- 
bling and emissions tr ading that should be consulted in making 
these determinations. 

In addition, federal construction permits are required only for 
a “major source” or a “major modification” of a maj or source. 
These ar edef inedinEP A’sre gulations( e.g.,4 0C FR 
51.166(b)(1)). In general, a majo r source is an y source with the 
potential to emit 250 tpy or more of any regulated pollutant, except 
for a list of source c ategories that are considered to be “major” if 
potential emissions are 100 tpy or more . The list incl udes li me 
plants, phosphate ro ck plants, large boil ers, and ot her t ypes of 
sources that might be found at industrial minerals ope rations. A 
major modification is one that creates a major source or causes a 
significant net emissions increase from a major source. The major 
source thresholds for HAPs are 10 tpy of any single HAP or 25 tpy 
of a combination. Under the co-location rule, the source is any sta- 
tionary source or group of sources located on contiguous property 
and under common control. 

The construction permit re gulations also define “source” as 
facilities within the same two-digit Standard Industrial Classifica- 
tion (SIC) code. Thus, at an inte grated facility that contains, for 
example, a mine, aco ncentrator, and a smelter all under common 
control, the mine/concentrator unit is one source and the smelter is 
a different source, meaning that emission from all could not be 
aggregated for purposes of determining the major source emissions 
threshold. The SIC code rule is also used in the operating permit 
regulations, but it does not appear in the HAP regulations. 

In determining emission rates from particular pieces of equip- 
ment for determining the major source, EPA and sta tes generally 
rely on t he EPA compilation of emission rates kno wn as AP-42 
(available from http ://www.epa.gov/ttn/chief/ap42/). That docu- 
ment should be consulted for emission rates that are likely to be 
used by permitting authorities, absent site-specific data. In the past, 
many of the emission rates in AP -42 were notoriously inaccurate, 
often based on one or tw o data points taken years ag o from out- 
moded facilities. In recent times, however, various segments of the 
mining and mineral processing industries have made it a priority to 
ensure that the AP-42 emission rates for facilities at their operations 
are accurate and up to date. Many states also use AP-42 emission 
rates to compute operating permit fees. As specified in the pream- 
ble to AP-42, site-specific emission rates can be used in lieu of the 
AP-42 rates provided they are scientifically sound. 

As a matter of federal law, fugitive emissions from mining and 
mineral processing opera tions generally are not coun ted in the 
major source determination. EPA’s regulations contain a list of fugi- 
tive emissions sou rces for which fugitive emissions are counted, 
and it includes some facilities that may be found at industrial min- 
erals operations (40 CFR 51.166 (b)). Under Section 302 (j) of the 
CAA, EPA is not permitted to count fugitive emissions unless it has 
determined by rule that they should be coun ted for the particular 
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source ca tegory atissue. The list of fugitive em issions sources 
includes any source subject to an NSPS adopted before August 7, 
1980. That does not include metallic or nonmeta llic mineral pro- 
cessing plants, because both of those NSPSs were adopted after that 
date. From time to time, EPA has considered a “Section 302(j) rule- 
making” to add these facilities to the list, b ut has not yet done so. 
The only category of facilities for which EPA has held such a rule- 
making is surface coal mines, wh ich EPA decided not to place on 

the list of fugiti ve emissions sources. In practice, the rule against 
consideration of fugitive emissions often means that mining or min- 
eral processing operations are not major sources that are required to 
obtain permits. This federal rule, however, can be overridden by 
state rules under which fugitive emissions are considered. 

The substantive requirements for construction permits differ 
depending on whether the source would be located in (or signifi- 
cantly affect) a nonattainment area or a PSD area. Permits in non- 
attainment areas are go verned by Section 173 of the CAA. The 
source is required to comply with the “lowest achievable emission 
rate” (LAER), whichis generally det ermined by the statein 
accordance with EPA guidance that can be obtained from the EPA 
Web site. At a minimum, LAER must comply with any applicable 
NSPSs, in addition to any other control technologies or measures 
that may be relevant and available. The owner of the source also 
must obtain, from other sources in the area, an “emissions of fset” 
under which the co mbined emissions of the new source and t he 
other sources in the area are sufficiently reduced to show “reason- 
able further progress” toward nonattainment goals. Some of t he 
nonattainment provisions in the act provide pollutant-specific per- 
mit and of fset requirement s. F or e xample, t he major source 
threshold for PMjo in a “serious” nonattainment area is reduced to 
70 tpy. 

In addition, the owner of a source seeking a construction per- 
mit in a nonattainment area must certify compliance with all appli- 
cable regulations at other facilities under common control, and EPA 
must determine that the state is adequately implementing the SIP. 
The owner also must demonstrate that the benefits of the source 
outweigh the environmental costs. Provisions necessary to imple- 
ment these requirements will be placed in permits generally issued 
by state permitting authorities subject to regional EPA review. 

Permits in PSD areas are governed by Section 165 of the CAA 
as implemented in EPA’s Part 51 regulations for PSD and NSR. The 
permit must contain conditions sufficient to ensure that the new or 
modified facility will not cause or contribute to NAAQS violations 
and will not cause exceedance of the applicable PSD increments, 
including those for any Class I areas that might be affected. Com- 
pliance with these requirements, andrelated requir ements for 
source monitoring and other air —_ quality impact analyses, often 
requires a year or more of advance air quality monitoring or model- 
ing work. 

PSD permits also must require use of the best a vailable con- 
trol technology (BACT). BACT is, at a minimum, compliance with 
applicable NSPSs, plus any additional level of control that the state 
may determine is a vailable considering costs. The primary dif fer- 
ence between BACT and LAER is that BACT is a “technolo gy,” 
whereas LAER can require other types of control measures as well. 
In concept, B ACT is “NSPS pl us,” and LAER is “B_ ACT plus.” 
RACT, the level of control required for existing sources that are not 
newly constructed or modif ied (and th erefore not subject to these 
NSR control requirements), canbe some thing le ss than NSPSs, 
though it could also be NSPSs if the necessary technology is deter- 
mined to be “reasonably available.” Guidance for determining com- 
pliance with all of these v arious control requirements at particular 
sources is available on EPA’s Web site. 


Operating Permits. The federal o perating permit pr ogram 
was added in 1990 to require all major sources to h ave operating 
permits in which all of the applicable air quality requirements in the 
SIP or in applicable construction permits are gathered in one place 
and kept current. Itis primarily a state program subject to EPA 
approval, and EP A’s regulations for appr oving state programs are 
codified in 40 CFR Part 70. Permits eventually will be required for 
some types of minor sources as well, and many states already have 
minor source NSR and operating permit programs. 

Detailed requirements for operating permit applications, issu- 
ance, and renewal are presented in EPA’s Part 70 regulations. The 
rules for determining major sources and con sideration of fugitive 
emissions are the same as pre viously described with re spect to 
construction permits. As a result of litigation filed by the mining 
industry over the original Part 70 rules, EPA has issued guidance 
indicating that the co-location rules cannot be used to require a 
permit for an unlisted source of fugitive emissions that would not 
otherwise be considered a major source that requires a permit. The 
guidance does not ap ply to co nstruction permits and indicates 
that EPA may revisit this issue in the context of a Section 302(j) 
rulemaking. 

Operating permits must be renewed periodically, and pro ce- 
dures for permit amendments following operational changes also are 
specified. Operating permits are not to impose any new substantive 
requirements, though state agencies of ten find ways to do so (e.g., 
updating requirements said to be outdated). In addition, permits must 
include monitoring requirements sufficient to ensure compliance, as 
regulated under EPA’s compliance assurance modeling (CAM) rules 
codified at 40 CFR Part 64. Some state agencies use this requirement 
to impose new or revised monitoring provisions in operating permits. 
Permit ap plications must c ertify that the facility is in compliance 
with all applicable req uirements or must in clude aco mpliance 
schedule for doing so. St ates are allowed to charge permitting fees 
that reflect the costs of administering the operating program. Fees 
often are assessed on the basis of the quantity of emissions, as deter- 
mined by the emission rates provided in AP-42. 


Mobile Sources 


Under federal law, mobile source emissions that occur within a sta- 
tionary source (e.g., heavy mining equipment) are not subject to reg- 
ulation in station ary source permits and are not to be counted in 
determining the applicability of permit requirements. But state regu- 
lators often find creative ways to do so, and mobile source emissions 
must be examined as part of a National Environmental Policy Act 
(NEPA) analysis if it is required (as discussed further in the follow- 
ing sections). EPA has establish ed, and is no w in th e process of 
updating, emission standards for heavy- and light-duty v ehicles, 
heavy-duty diesel engines, and off-road engines. The purchase or use 
of equipment that meets the applicable standards is the primary con- 
sideration with respect to mobile source emissions at industrial min- 
erals operations. In addition, use of such equipment can be limited 
by state mobile source emissions budgets. 

Another mobile source requirement that can affect industrial 
minerals segments is “conformity.” One of the conditions for release 
of federal fund s for highway or transit projects is a requirement to 
demonstrate that mobile source emissions generated by the project 
(e.g., increased automobile emissions from expansion of a highway) 
would “conform” to the applicable state mobile source em issions 
budget. If not, no federal funding can be provided for the project. In 
recent years, antidevelopment groups have used the conformity rules 
effectively to delay road construction and other projects that cannot 
proceed without federal funding, with a significant effect on so me 
industrial minerals sectors. 
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Enforcement 


Section 113 of the CAA imposes civil penalties up to $25,000 per 
violation per day for violations of the act or the implementing regu- 
lations. Criminal penalties, including imprisonment and fines under 
the federal criminal statutes, are provided for “knowing” violations, 
and for negligent release of a HA P that poses imminent dan ger. 
Intentional release of a HAP that poses imminent danger is punish- 
able by imprisonment and fines up to $1 million. EPA has issued 
civil and criminal penalty policies that specify how various mitigat- 
ing factors will be taken into account in the assessment of penalties. 

An EPA enforcement action begins with issuance of a Notice 
of Intent to initiate an investigation under Section 114 of the CAA. 
Companies or individuals who receive a Section 114 notice shou Id 
involve experienced counsel as quickly as possible. If EPA believes, 
asa result of the Section 114 in vestigation, that a violation has 
occurred, a notice of violation will be issued. As a general rule, in 
civil cases, EPA will then commence an administrative enforcement 
action and attempt to negotiate a settlement. If a settlement is con- 
cluded, the terms will be embodied in a consent decree that will be 
entered as ano rder of the appr opriate court. T ypical settlement 
terms include compliance plans, remediation measures, and supple- 
mental environmental projects (S EPs), in add ition to penalties. A 
SEP is an environmental project that is not oth erwise required by 
law and essentially is financed in lieu of penalty payments. Crimi- 
nal cases are handled separately by EP A’s Of fice of Criminal 
Enforcement. 

If a settlement cannot be reached, EPA generally will initiate 
the ad ministrative enfo rcement proc ess before an a dministrative 
law judge at EPA. If the administrative process fails, or the penalty 
is very large, or injunctive relief is necessary, EPA will refer the 
case to the Department of Justice for prosecution in the appropriate 
federal court. In addition to th ese provisions, Section 303 of the 
CAA allows EPA to issue orders or bring ci vil actions to address 
actions believed to be causing imminent and substantial danger. In 
addition, Section 304 ofthe act allows pri vate citizens to f ile 
enforcement actions if they have given 60 days’ notice to EPA and 
the agency is not diligently prosecuting the action. Section 304 also 
allows private citizens to file actions to force EPA to perform non- 
discretionary actions under the act. 


WATER QUALITY 


The current federal Clean Water Act (CWA) was enacted in 1972 
and substantially amended in 1987. It grew from the prior attempts 
of Congress to regulate waters that are “navigable in fact” under the 
Rivers and Harbors Act of 1899. The regulatory reach of the current 
act, however, extends far beyond such waters, as discussed in more 
detail in the text that follows. The primary focus of the 1972 act 
was establishment by EPA of tec hnology-based effluent standards 
for categories of industrial sources and implementation of the stan- 
dards in a national sy stem of dischar ge permits. W ith adoption of 
the 1987 amendments, the focus has shifted to adoption of w ater 
quality standards designed to protect public health and aquatic eco- 
systems and development of permit terms necessary for compliance 
with the standards. 

The primary components of the CWA are (1) effluent guide- 
lines and standards; (2) water quality standards; (3) dischar ge per- 
mits; (4) “d redge or fill” permits; (5) oil spill responses; and (6) 
enforcement. These are discussed in the sections that follow. 


Effluent Guidelines and Standards 
Section 301 of the CWA require s EPA to establish technology- 
based effluent standards for a wide array of categories of industrial 


facilities. The standards apply nationwide and are implemen ted in 
permits issued under the National Pollutant Discharge Elimination 
System (NPDES). The limits are designed to be technologically 
and economically feasible for the affected industry segment. 

For conventional pollutants discharged to surface waters from 
existing sources, initial standards were to be based on the “best prac- 
ticable technology currently available” (BPT), to be followed within 
a few years by new standards, generally more stringent, based on the 
“best conventional pollutant control techn ology” (BCT). For toxic 
pollutants, the standards are to be based on the “best a vailable tech- 
nology economically achievable” (BAT). Under Section 306 of the 
CWA, new source performance standards must be based on the “best 
available demonstrated control technology” (BDT). Sources that are 
“fundamentally different” from the facilities on which the standards 
were based may be eligible for a variance based on such differences. 

EPA’s national effluent guidelines and st andards are codified 
in 40 CFR beginning at Part 400. Categories that are subject to stan- 
dards and may be of interest in industrial minerals sectors include 
cement manu facturing (P art 41 1), phosphate manufacturing (P art 
422), asbestos manuf acturing (Part 426), mineral minin g and p ro- 
cessing (Part 436), centralized waste treatment (Part 437), ore min- 
ing and dressing (Part 440), transportation equipment cleaning (Part 
442), and asphalt pa ving and roofing materials (P art 443). The 
background information documents compiled by EPA in setting 
these standards and the Federal Register notices proposing and pro- 
mulgating the standards are e xcellent reference sources for under- 
standing the basis for the standards and the details of the regulated 
processes. 


Water Quality Standards 


Water quality standards can be es tablished by EPA or states. EPA 
has published federal guidance, available on the agency’s Web site, 
on appro priate stand ards for some pollutants. Most applicable 
water quality standards are now set by states under state law. 

Water quality standards serve two purposes: (1) the y define 
the water quality goals for a specific body of water based on desig- 
nated uses identified by the state; and (2) they are the basis for per- 
mit 1 imits de signed t o ma ke sure that the stan dards a reno t 
exceeded. Section 303 of the CW A requires states—or EPA if a 
state does not comply—to designate uses for all w ater bodies and 
stream segments in the state. Representative uses include industrial 
use, domestic use, recreation, and fish habitat, among others. The 
general go al of the ac tas stated in Section 101, however, is to 
ensure th at all nat ional w aters are “ fishable” and “swimm able” 
where this goal is attainable. 

After the designated use of a water body has_ been estab - 
lished, ambient water quality standards are then imposed at levels 
necessary to maintain and protect the desi gnated use. The st an- 
dards can tak e several forms, including numeric al concentration 
limits for specific substances, numeric toxicity levels, or narrative 
statements. In some cases, whole effluent toxicity (WET) tests are 
required that measure the effects of effluent on aquatic organisms 
in the receiving waters. In addition, EPA has adopted an antidegra- 
dation rule that requi res prot ection of current uses (40 CFR 
131.12). Water quality that exceeds an applicable standard cannot 
be degraded to the level of the standard absent social or economic 
justification. 

Water quality standards are the “second w ave” of protection 
under the CWA and increasingly drive permit limits. In many cases, 
the technology-based effluent standards that wer e adopted during 
the early years of the act assist in attainment of water quality stan- 
dards but are not capable of producing full compliance and must be 
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augmented with additional permit conditions necessary to attain the 
applicable water quality standards. 


Permitting 


The CWA imposes strict liability for discharge of any pollutant by 
any person into the “navigable waters of the United States,” except 
in compliance with a valid discharge permit. Historically, EPA has 
interpreted this to extend to all surface water bodies that Congress 
can reach under the Commerce Clause of the Constitution, that is, 
all waters with any connection to interstate commerce. The act does 
not regulate groundwater, though the Safe Drinking Water Act pro- 
vides for re gulation of “sole-sour ce aquifers” under some cond 1- 
tions, and state water quality or mining and reclamation laws often 
include requirements for groundwater protection. 

In the 2001 case of Solid Waste Ag ency of No rthern Cook 
County v. U.S. Army Corps of Engineers, S.Ct. No. 99-1178, ho w- 
ever, the Supreme Court held that EPA’s jurisdiction under the act 
does not e xtend to isolated in trastate ponds or other state waters 
that do not affect interstate waters. The effect of this decision is to 
remove some isolated state waters from the purview of the federal 
program that previously were thought to be subject to the program. 
The precise scope of the C ourt’s decision remains a matter of 
debate within EPA and the Army Corps of Engineers, though more 
recent lower court decisions have generally interpreted the Supreme 
Court’s decision narro wly. It is likely to be some time before the 
precise effect of the Supreme Court’s decision is known, and Con- 
gress is considering legislation in reaction to the Court’s decision. 

The CWA establishes two types of permits: (1) NPDES per- 
mits for dischar ges into na vigable waters under Section 402; and 
(2) “dredge or fill” permits under Section 404. These are discussed 
in the following sections. 


NPDES Permits 


Permits under Section 402 are required for any “discharge of a pol- 
lutant” f rom a “point source” into the na vigable waters of th e 
United St ates. They are issued by E PA or by st ates wi th EP A- 
approved permit programs, which are now in place in most states. 
Permits contain discharge limits as necessary to comply with appli- 
cable effluent and w ater quality standards, monitoring and repor t- 
ing requirements, and various “standard c onditions.” The usual 
permit term is 5 years, after which the permit must be renewed, and 
amendment is required following significant changes in operations. 
EPA has issued extremely complex regulations for permit applica- 
tion, issuance, amendment, and renewal, codified at 40 CFR P art 
122. Standards and criteria for permits are codified in Part 125. 
There are two types of NPDES permits: (1) individual permits 
issued to a facility based on site-specific information, and (2) gen- 
eral pe rmits th at cover disc harges from cate gories of ind ustrial 
sources. A facility operator generally can choose between the two. 
For general permits, no application is requi red, but the operator 
must file a Notice of Intent to proceed under the general permit. In 
the past, general permits were used fairly widely at some mining or 
mineral processing operations. EP A recently re vised the gen eral 
permit for mining activities, however, and greatly reduced its utility 
for some operations. This action is currently subject to litigation. 
Section 502 of the CW A defines “discharge” as “an y addi- 
tion” of a pollutant to regulated waters. The courts have generally 
focused on whether the activity introduces a pol lutant from out - 
side of the water body at issue. “Pollutant” is defined very broadly 
and can include temperature, fish or other organisms, or water of 
varying quality. A point source is a pipe, ditch, channel, tunnel, 
well, con duit, or other synthetic str ucture, e xcluding ir rigation 
return flows and agricult ural stormwater discharges. Stormwater 


runoff is subject to special permit regulations codified in 40 CFR 
Parts 122-124. 

Nonpoint-source pollution incl udes runoff from agricultural 
and silvicultural operations (crops, fields, forested lands) and run- 
off from mines; mining activities that release pollutants from dis- 
cernible con veyances, ho wever, are point sources. It can also 
include changes in flo w or circ ulation caused by dams, le vees, 
channels, or other diversions. The 1987 amendments added Section 
319, which requires states to identify actions necessary to improve 
the quality of w aters impaired by nonpoin t-source pollution. In 
addition, Section 30 3 of the CW A, as amended in 19 87, requires 
waters not protected by effluent limitations to be listed as impaired. 
For such w aters, EPA or the states must establish total maximum 
daily loads (TMDLs) that apply to both point and nonpoint sources. 
A TMDL is the largest amount of pollution that a water body can 
receive daily without violating the applicab le w ater quality stan- 
dards. The objective of the TMDL program is to identify , for spe- 
cific water bodies and locations, an appropriate di vision of water 
quality control ef forts among point and nonp oint sources, and to 
impose related controls on both types of sources. In some cases, the 
existing requirements for point sources in per mits will need to be 
strengthened. In many parts of the country, the effect of the TMDL 
program is only just beginning to be felt. 

Under Section 307 of the CWA, special standards and permit 
requirements are applied to sour ces t hat dischar ge into publi cly 
owned treatment works. These are call ed “pretreatment require- 
ments,” and EPA’s regulations governing them are codified at 40 CFR 
Part 403. 


Dredge or Fill Permits 


Section 404 of the CWA requires issuance of permits for any dredg- 
ing or filling operations that affect re gulated waters. Section 404 
permits are issued by the Army Corps of Engineers, in consultation 
with EP A. As with the NPDES program, dischar ge is def ined 
broadly as any addition of pollutants. Dredged material is material 
excavated from water, including some fallback material. Fill mate- 
rial is material used to create dry land or alter the bottom elevation. 
This generally inc ludes ac tivities in volving wetlands, which are 
defined as areas “inundated or saturated by surface or groundwater 
at a frequency and duratio n su fficient to suppo rt, and that under 
normal circumstances do support, a prevalence of v egetation typi- 
cally a dapted for li fe in sa turated soil con ditions” ( 33 CFR 
328.3(b)). In 1998, a federal court invalidated the Corps’ so-called 
Tulloch rule, which required a permit for incidental fallback at min- 
ing and other operations. EPA and the Corps have interpreted that 
court’s decision v ery narrowly, however, and t he issue re mains 
uncertain and in litigation at this time. 

As with the NPDES program, there are two types of Section 
404 permits: (1) nationwide permits for classes of dredge-and-fill 
activities, and (2) individual permits. Nationwide Permit 44 (NWP 
44), which governs min ing activities, was re vised and se verely 
limited in 2002, including limitation to activities involving a half 
acre of wetlands or less. The NWP 44 that was issued in 2002 is 
currently in litigation. Nationwide permits include general provi- 
sions that require avoidance of adverse impacts where possible and 
mitigation where impacts are unavoidable. Permit provisions also 
include verification and state certification requirements, and some 
require preconstruction notice to the state or the Corps. 

The Corps has adopted detailed regulations for individual per- 
mits, codified in 33. CFR Parts 325 and 327. The permit process 
includes NEPA and public interest review, and permits are required 
to include mitigation provisions to avoid, minimize, or compensate 
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for adverse impacts. An administrative appeal and veto process also 
is provided. 


Oil and Hazardous Substances 


Section 311 of the CWA, a precursor to the federal Superfund law, 
prohibits dischar ges of oil or hazardous substances into re gulated 
waters in quantities that violate water quality standards or create a 
sheen or sludge. EPA’s regulations for implementing this program 
appear in 40 CFR Part 112. They include requirements for develop- 
ment of spill prevention plans, reporting of spills, and reimb urse- 
ment of removal or other cleanup costs. 


Enforcement 


Sections 309 and 505 of the CWA go vern enf orcement actions, 
which ar e similar to the actions permitted under the CAA as 
described earlier in thi s cha pter. Administrative penalties up to 
$12,000/day can be assessed by EPA, with a maximum of $31,500 
for informal pro ceedings and $157,500 for formal proceedings. 
SEPs are allowed and mitigating factors are considered, including 
the gravity of the violation, the economic benefit the violation pro- 
duced, prior violations, good faith, and ability to pay. Cases involv- 
ing larger penalty amounts or injunctive relief are referred to the 
Department of Justice for prosecution in the federal courts. 

Criminal penalties may be assessed for negligent vio lations 
($2,500 to $25,000/day and imprisonment up to a year), kno wing 
violations ($15,000 to $5 0,000/day and up to 3 years’ imprison- 
ment), and kno wing endangerment (up to $ 250,000 and 15 years’ 
imprisonment for indi viduals and $1,000,000 for or ganizations). 
Citizen suits can be f iled against violators or EPA in cases wher e 
EPA or the state fails to prosecute diligently after receiving notice 
of a violation. 


WASTE DISPOSAL 


Congress enacted the Resource Conservation and Recovery Act of 
1976 (RCRA) to establish a comprehensive federal program to reg- 
ulate the handling of solid wastes. RCRA amended the Solid Waste 
Disposal Act and w as the f irst substantial effort by Congress to 
establish a re gulatory structure for the managemen t of solid and 

hazardous w aste. RCRA’s primar y goals are to protect human 

health and the environment from the potential hazards of waste dis- 
posal, to conserv e ener gy and natural resources, to reduce th e 
amount of waste generated, and to ensure that wastes are managed 
in an environmentally sound manner. In 1984, Congress enacted the 
Hazardous and Solid W aste Amendments (HSWA), which signif i- 
cantly expanded the scope and requirements of RCRA. 

To achieve these goals, Congress establi shed three distinct, yet 
interrelated pro grams under RCRA. Of those three programs, only 
two are relevant in the context of the mining industry. Those sections 
are Subtitl e C, the hazardous waste program (42 U.S.C. § 6921- 
6939(b)), and Subtitle D, the solid waste program (42 U.S.C. § 6941- 
6949(a)). Subtitle C was i mplemented to address “cradle-to-gra ve” 
requirements for hazardous waste from the point of generation to the 
ultimate disposal and requires EPA to promulgate regulations to gov- 
ern the treatment, storage, and disposal of these w astes. Subtitle C 
requires EPA to de velop crit eria to identify hazardo us wastes and 
authorizes the agency to list particular wastes as hazardous according 
to certain enumerated criteria. Generally, wastes are considered haz- 
ardous under Subtitle C if the y are listed as hazardous by the admin- 
istrator of EPA orth ey are foundto have one of four techn ical 
characteristics that make them hazardous. Those four charact eristics 
are ignitability, corrosivity, reactivity, and extraction procedure (EP) 
toxicity, which EPA separately defined as the lea ching of to xic resi- 
dues into surrounding liquid. 


Under Su btitle D of RCRA, stat es are allo wed and inf act 
encouraged to use federal f inancial and te chnical ass istance to 
develop co mprehensive solid w aste management p lans in accor- 
dance with guid elines promulg ated by EP A. EP A has authority 
under Subtitle D to promulgate criteria for classif ication of w aste 
facilities as sanitary landfills or open dumps. Facilities can be clas- 
sified as sani tary landfills only if th ere is no possibility that the 
facility poses a danger to health or the environment from deposits 
made at those si tes. Subtitle D prohibits open dumping of poten- 
tially dangerous solid wastes and requires states to submit f or EPA 
approval comprehensive solid waste disposal plans that include a 
prohibition of such unregulated dumping. Subtitle D of RCRA reg- 
ulates only nonhazardous solid w astes and hence its requirements 
are less restrictive than those found in Subtitle C. 


Regulation of Mining Wastes 


Congress enacted Subtitle C to address the hazards of industrial and 
manufacturing process wastes. When RCRA was enacted, however, 
Congress recognized that it lacked sufficient information to bring 
mining wastes within the purview of Subtitle C. As a result, Con- 
gress included a statutory pro vision directing EP A to condu ct a 
detailed study of mining w aste to evaluate the potential danger to 
human health and the environment and, ultimately, whether such 
wastes should be subject to Subtitle C and the related re gulatory 
scheme. The study provision mandates investigation into the fol- 
lowing factors: the sources and volume of mining w aste and the 
present d isposal pr actices; altern ative practices and costs of the 
alternatives; potential d angers to human health and the environ- 
ment; possibilities for use of discarded material; and adequacy of 
state or other federal regulatory programs to meet the problem. 

Notwithstanding the mandate of Congress concer ning the 
study of mining waste and the deferral of regulation of such waste 
until the results of the study were evaluated, at the time Congress 
enacted Subtitle C of RCRA, there was no provision that permitted 
EPA to defer the regulation of mining waste until the study man- 
dated by the statute was complete. As a result, EPA instituted a 
stopgap measure whereby in December 1978 it pro posed re gula- 
tions to g overn hazardous w aste under which mining w aste from 
the extraction, beneficiation, and p rocessing of ores and minerals 
would be considered “special wastes,” defined as wastes that were 
generated in high volumes but were considered low hazard. These 
high volume, low hazard special wastes were to be subject to sepa- 
rate standards from w aste that otherwise fell within the scope of 
Subtitle C. 

The new special wastes provision was abandoned by EPA in 
1980 before it came into effect because EPA had narrowed the EP 
toxicity and corrosivity criteria for Subtitle C regulation, the antici- 
pated result being that the spec ial wastes would no longer qualify 
for stringent regulation under Subtitle C (i.e., they would no longer 
meet the criteria of wastes that were subject to Subtitle C). Certain 
mining waste streams from prim ary metal smelting and refining 
operations that satisf ied the revised criteria for hazardo us wastes, 
however—specifically, copper bl owdown w astes, lead impou nd- 
ment solids, and zinc wastewater sludges—were proposed to be 
listed as hazardous waste by EPA. 

Shortly before these new regulations were to take effect, Con- 
gress enacted the Solid W aste Disposal Act amendments of 1980, 
which included what has come to be known as the Be vill Amend- 
ment. The Bevill Amendment added two key provisions to RCRA. 
First, in addition to e xtending the deadline on the study of mining 
waste required by RCRA, it added a new section that required EPA 
to conduct a comprehensive study of the adverse environment and 
health effects of the disposal a nd utilization of solid w astes from 
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the extraction, beneficiation, and processing of ores and minerals, 
including phosphate rock and o verburden from uranium mining, 
among solid w astes from mining operations. Sec ond, it required 
EPA to defer, for a period of at least 6 months after the completion 
of the studies, the imposition of the Subtitle C regulation on solid 
wastes that resulted from the extraction, beneficiation, and process- 
ing of ores and minerals. The Bevill Amendment also required EPA 
to determine whether regulation of those wastes under Subtitle C of 
RCRA was warranted. This determination had to be made by EPA 
within 6 months of the co mpletion of the statu torily mandated 
study. 

To incorporate the Be vill Amendment’s exclusion of certain 
mining w astes from re gulation under Subtitle C, and therefore 
maintain consistenc y between the statutory requirements and the 
EPA re gulations, EPA published an amendment to its hazardous 
waste re gulations in November 1980. The re gulatory amen dment 
tracked the language of the Bevill Amendment and e xtended the 
mining waste exclusion to apply to solid waste from the explora- 
tion, mining, milling, smelting, and refining of ores and minerals. 
Since it excluded smelting operations from the purview of Subtitle 
C, EPA also temporarily suspended the listing under Subtitle C of 
three of the hazar dous waste stre ams that resulted from smelting 
operations: copper blowdown waste, lead impoundment solids, and 
zinc treatment sludges. EPA also went further and temporarily sus- 
pended the remaining three types of hazardous waste that resulted 
from smelter operations. 

In 1984, Congress enacted the HSWA. These amendments 
strengthened the RCRA re gulatory scheme and specifically g ave 
EPA the flexibility to fashion Subtitle C standards for wastes from 
the extraction, beneficiation, and processing of ores and minerals. 
In particular, EPA was given the authority to mod ify the v arious 
standards for hazardous waste disposal under Subtitle C to take into 
account the special characteristics of such wastes. 

Although the hazardous a nd solid w aste amendments broad- 
ened EPA’s authority to include its ability to regulate mining waste, 
it could not use its broadened authority until it completed the study 
required by the Bevill Amendment. The statutorily mandated dead- 
line for the study w as October 21, 1983, which EP A missed. As a 
result of its f ailure to complete the study, EPA was sued by a con- 
cerned citizens group in September 1984. The citizens group suit 
sought to have EPA either relist aluminum pot liners as a hazardous 
waste, which would then be subject to regulation under Subtitle C of 
RCRA, or inclu de those w astes in the required study. During that 
case, EPA indicated that it would reinterpret the mining waste exclu- 
sion th at remo ved certain sme Iting and ref ining wastes from the 
scope of Subtitle C, and since those wastes would again be subject 
to Subtitle C regulation, they would not be included in EP A’s study 
of mining waste. Based on this representation by EPA, a federal 
court awarded judgment to the plaintiffs and ordered EPA to abide 
by the schedule it pr oposed. Specifically the court ordered EP A to 
propose its reinterp retation of the min ing waste exclusion by Sep- 
tember 30, 1985; to complete the studies mandated by the RCR A 
statute by December 31, 1985; and to take final action on the pro- 
posed reinterpretation by September 30, 1986. Ink eeping with the 
court-ordered time table, in October 1985, EPA proposed to narrow 
the scope of the exclusion of mineral processing wastes from Subti- 
tle C. EPA subsequently withdrew this proposal in October 1986. 

Also in keeping with the court-ordered schedule, EPA submit- 
ted to Congress and pub lished the statutorily required stu dy on 
December 31, 1985. The study in cluded an e valuation of, among 
other ty pes of w astes, mining w aste from the early processing 
stages of extraction and beneficiation as required by Subtitle C but 
did no tinclude any study o f pro cessing w astes because those 


wastes were the subject of EP A’s proposed reinterpretation of the 

Bevill Amendment and would have ultimately come back within 
the regulatory purview of Subtitle C. Although the report estimated 
that 755 Mt of waste produced yearly by the nonfuel mining indus- 
try potentially qualif ies as hazardous w aste, it recogn ized and 

acknowledged that this figure was an overestimate because the con- 
ventional testing for EP toxicity—one indicator of whether a waste 
is a hazard under Subtitle C— did not reflect real condition s. A 
modified test revealed that no mining waste samples tested were in 
fact toxic. 

Relying on the results from the modified testing method, EPA 
then concluded that mining waste was not hazardous and that it was 
not going tore gulate mining w aste under Subtitle C of RCRA. 
Although EPA ackno wledged that so me of the wastes generated 
from the two categories were clearly hazardous, it concluded that a 
large segment of the industry could not afford to manage and treat 
these wastes if they were regulated under Subtitle C. EPA indicated 
it w ould attempt to de velop are gulatory program for these two 
types of w aste under the less stringent Subtitle D of RCRA. 
Although EP A’s determination w as challenged in court, itw as 
upheld (see Environmental Defense Fund v . EPA, 852 F.2d 1309 
(D.C. Cir. 1988)). 

In October 1986, EPA withdrew its proposed reinterpretation 
of the Bevill Amendment e xclusions. EPA asserted that there was 
no standard for ascertaining specifically what a “high volume—low 
hazard” waste was in the context of “special wastes,” and thus there 
were no criteria for distinguishing processing waste from nonproc- 
essing waste. EPA simultaneously reaffirmed its 1980 interpretation 
of the Bevill Amendment exclusions of processing wastes from reg- 
ulation under Subtitle C. EPA was again sued on the ground that its 
decision was arbitrary and capricious. This time the court awarded 
judgment to the plaintiffs, requiring EPA to regulate smelting waste 
under Subtitle C (see Environmental Defense Fund v. EPA, 852 F.2d 
1316 (D.C. Cir. 1988)). Subsequent to this decision, EPA engaged 
in arulemaking process, the result s of which were to list cer tain 
smelting wastes as “hazardous wastes” that were not exempt from 
regulation under Subtitle C of RCRA. 


Mining on Federal Land 


The policy governing mining on federal land is laid out in the Fed- 
eral Land Policy and Management Act of 1976, which sets forth that 
the public lands, those owned by the federal go vernment, remain 
under the stewardship of the federal government, and that although 
these lan ds belong ultim atelyt o the American people, _ their 
resources can be managed under a multi-use principle that will allow 
the federal government to use thes e lands to m eet the present and 
future needs of the American public (43 U.S.C. § 1701 _, et. seq.). 
Three different sets of federal laws and regulations govern the explo- 
ration, development, and production of minerals on fe deral lands: 
(1) hard-rock (generally metallic) claims under the General Mining 
Law of 1872; (2) mineral releasing under the Mineral Leasing Act of 
1920; and (3) the minerals disposal system under the Mineral Mate- 
rials Act of 1947. 

The primary federal law governing minerals on federal lands 
is the Mining Law of 1872 (30 U.S.C. § 22-54). The Mining Law 
provides citizens in the United Sta tes wi th th e op portunity t o 
explore for, discover, and purchase certain valuable mineral depos- 
its on those federal lands that remain open for the purpose of min- 
ing. The Mining Law also contains provisions that provide for the 
enactment of st ate laws that are consiste nt with federal law. As a 
result, most states have enacted laws that prescribe the manner of 
locating and recordi ng mining planes, tunnel sites, and mill sites 
on federa |lands_ within their boundaries. There are federa lly 
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administered lands in 19 states where mining claims or si tes are 
allowed: Alaska, Arizona, Arkansas, California, Col orado, Flor- 
ida, Idaho, L ouisiana, Mississippi, Montana, Ne braska, Ne vada, 
New Mexico, North Dakota, Oregon, South Dakota, Utah, Wash- 
ington, and Wyoming. 

In these states, the Bureau of Land and Management (BLM) 
of the Department of the Interior manages the surf ace of public 
lands and the Forest Service of the U.S. Department of Agriculture 
manages the surface of National Forest System lands. The BLM is 
also responsible for subsurface mining on b oth public lands and 
lands within the National Forest System. 

Proposed mining activities on federal lands trigger the appli- 
cation of the BLM and Forest Service regulations (see 43 CFR § 
3809 for the BLM’s regulations and 36 CFR § 228 for the Forest 
Services counterpart regulations). The BLM’s regulations establish 
guidelines intended to ensure compliance with the federal land pol- 
icy and management act prohibition against “unnecessary or undue 
degradation of public lands. ” The follo wing sections in 43 CFR 
relate to and govern mining claims under the mining laws of the 
United States: 


3800 Mining claims under the general mining laws 
3810 Lands and minerals subject to location 

3820 Areas subject to special mining laws 

3830 Location of mining claims 

3840 Nature and classes of mining claims 

3850 Assessment work 


3860 Mineral patent applications 
3870 Adverse claims, protests, and conflicts 


In addition, the 1976 National Forest Management Act pro- 
vides the statutory frame work for lands within the jurisdiction of 
the Forest Service. The regulations are contained in 36 CFR § 228 
and establish guidelines intended to ensure compliance with its reg- 
ulatory requirement to “minimiz e adverse environmental im pacts 
on national forest subsurface resources.” In addition to the re gula- 
tions, mining on lands within the domain of the Forest Service is 
also controlled by the National Forest Management Act (16 U.S.C. 
1600-1640). 

In addition to the BLM and Forest Service regulations, NEPA 
is a broad statutory scheme that requires evaluation of certain envi- 
ronmental issues with regard to mining proposals on private as well 
as federal lands. Any anticipated actions or operations, including 
mining activity, on federal lands that are expected to have a signifi- 
cant impact on the environment require under NEPA that an envi- 
ronmental impact study be performed. After the study is conducted, 
the results are issued in an environmental impact statement (EIS). 
Depending on the results of the EIS, an entity planning such activ- 
ity may be required to enact measures to p revent destruction or 
harm to th e environment. For small operations on federal lands, 
NEPA allows the use of ane nvironmental assessment (EA) asa 
preliminary study in lieu of th e EIS. The EA is intended to assist 
the relevant federal land management agency or agencies in deter- 
mining whether environmental impacts will be significant and, if 
so, whether a full EIS will be required. 


REMEDIATION OF CONTAMINATED SITES 


The evolution of the application of the Comprehensive Environmen- 
tal Response, Compensation and Liability Act (CERCLA or Super- 
fund) to mining waste did not have the long and drawn-out course as 
did the history of the application of RC RA to such waste. When it 
was enacted in 1980, CERCLA was designed to address the growing 
problem of inact ive hazardous w aste sites throu ghout the United 


States. CERCLA authorizes EPA to respond to the release of “haz- 
ardous substances” that may present “an imminent and substantial 
danger to the public health or welfare.” The term hazardous sub- 
stances is defined by CERCLA to mean 


“(A) an y su bstance des ignated pur suant to§ 1321(b) 
(2)(A) of Title 33; (B) any element, compound, mixture, 
solution, or sub stance desig nated pur suant to § 96 02 of 
this Title; (C) any hazardous waste having the characteris- 
tics identified under or listed pursuant to § 3001 of the 
Solid Waste Disposal Act (but not including any waste the 
regulation of which under the Sol id Waste Disposal Act 
has been suspen ded by act o f Congress); (D) any to xic 
pollutant listed under § 1317(a) of Title 33; (E) any haz- 
ardous air pollutant listed under § 112 of the Clean Air 
Act; and (F) an y imminently hazardous chemical sub- 
stance or mixture with respect to which the Administrator 
has taken action pursuant to § 2606 of Title 15. The term 
does not incl ude petroleum, including crude oil or any 
fraction thereof which is not otherwise specifically listed 
or designated asa hazardous substance under subpara- 
graphs (A) through (F) of this paragraph. ...” 


A superficial reading of the definition of hazardous substance, 
particularly subsection (C), may lead one to believe that those min- 
ing w astes e xcluded from re gulation under RCRA are lik ewise 
excluded from regulation under CERCLA by virtue of the language 
of subsection (C) of the definition of hazardous waste that excludes 
any waste the regulation of which under RCRA has been suspended 
by Congress. As pre viously discussed, the current re gulatory 
scheme under RCRA excludes certain types of mining w aste, spe- 
cifically extraction and beneficiation waste, although certain smelt- 
ing wastes are specifically regulated by virtue of the specific waste 
being listed. 

Notwithstanding the attractiveness of this interpretation, such 
is not the current state of the law. This issue came to a relatively 
quick resolution when a num ber of parties, including mining com- 
panies, sued EPA when it put their facilities on the National Priori- 
ties List (NPL) of releases or threatened releases thr oughout the 
United States (Eagle-Picher Industries, Inc. v. EPA, 759 F.2d 922 
(D.C. Cir. 1985)). The NPL is the list of national priorities among 
the known releases or threatened releases of hazardous substances, 
pollutants, or contaminants throughout the United States and its ter- 
ritories. The NPL is intended primarily to guide the EPA in deter- 
mining which sites w arrant further in vestigation and possibly 
remedial action. 

The plaintiffs relied on the basic wording of subsection (C) of 
the definition of hazardous waste in arguing that mining waste was 
not excluded from re gulation under RCRA by Congress, at least 
until the study discussed in the RCRA section cited was completed, 
and thus mining w aste should be excluded from re gulation under 
CERCLA. The court con cluded the plaintiffs’ position was incor- 
rect and ruled in favor of EPA on the following rationale. The plain- 
tiffs were correct, in the narrow sense, with regard to the argument 
that subsection (C) w as meant to exclude from re gulation under 
CERCLA those same wastes that were excluded from regulation 
under RCRA. The court, however, concluded that the exception set 
forth in subsection (C) does not prevent a waste from being labeled 
as a hazardous substance if it falls within another subsection of the 
definition of hazardous waste. 

Accordingly, althoug h extraction and benef iciation mining 
waste and certain smelting waste are not subject to regulation under 
RCRA and therefore are not captured in the definition of hazardous 
waste by virtue of it s subsection (C) e xclusion, if constituents of 
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those wastes con tained elements that othe rwise me et CERCL A’s 
definition of hazardous waste, then those wastes will be considered 
to be a hazardous substance under CERCLA. The RCRA/CERCLA 
dichotomy treatment of mining w aste seems to be a quir k in the 
law; the reader must recognize that RCRA and CERCLA serve two 
similar although distinct purposes. RCRA is designed to re gulate 
the g eneration, storage, and ultim ate disposal of wastes and to 
ensure in doing so that those wastes do not pose a danger to th e 
public health. By virtue of the high-volume and low-hazard nature 
of mining w astes, it w as determined by Congress and EP A that 
these wastes do not pose a danger to the public health and therefore 
do not warrant regulation by EPA. CERCLA, o n the other hand, 
regulates certain specific substances that are deemed to be hazard- 
ous by their very nature, and, as such, if these substances are found 
in any waste, be it mining or otherwise, an “eminent and substantial 
danger to the public health or welf are is deemed to exist.” Mining 
waste can be analogized to the disposal of water down the drain in 
residential houses: when an individual drains a bathtub of water, 
that waste is not re gulated by CER CLA; ho wever, if g asoline is 
mixed with the bath water, which is ultimately drained down the 
sewer, that waste is regulated by virtue of the gasoline being the 
constituent of the bath water. 

Apart from the requirements previously discussed, CERCLA 
Sections 102 and 103 require operators to report discharges of haz- 
ardous materials into the en vironment in quantities thate xceed 
“reportable quantities” established in EPA regulations (see 40 CFR 
Part 302). Further, the Superfund Amendments and Reauthorization 
Act of 1986 (SARA) included a new statute now commonly known 
as the Emer gency Planning and Community Rig ht-to-Know Act 
(EPCRA), which imposes additional requirements for reporting of 
listed toxic chemicals stored on site, spills of such chemicals, and 
related emer gency response pro cedures. The EPA r egulations 
implementing these requirements are codified at 40 CFR Parts 355, 
370, and 372. 


NATIONAL ENVIRONMENTAL POLICY ACT 
NEPA requires federal agencies to 


“include in every recommendation or report on proposals 
for le gislation and other maj or federal actions signif i- 
cantly affecting the qualit y of the h uman environment, a 
detailed statement by the responsible official on— 


¢ the environmental impact of the proposed action; 

* any adverse en vironmental ef fects which cannot be 

avoided should the proposal be implemented; 

¢ alternatives to the proposed action; 

¢ the relationship between local sh ort-term uses of 

man’s environment and maintenance and enhancement 
of long-term productivity; and 

* any irre versible and _ irretrievable commitments of 

resources wh ich w ould be in volved in the pr oposed 
action should it be implemented” (42 U.S.C. § 4332). 

Before taking the action, the responsible official must consult 
with various affected federal, state, and local governmental repre- 
sentatives, and publicr eview and comment is req uired. NEPA 
review often is used to delay or prevent significant industrial or 
other development. 

A NEPA review is required for all “major federal actions” that 
“significantly affect the environment.” This includes mineral leases 
on fe deral lands, ac tions involving expenditure of federal funds, 
and issuance of man y types of federal permits, though most envi- 
ronmental permits are excluded from NEPA review. NEPA review 
is required for dredge or fill permits under Section 404 of the CWA 


and for new source permits under the act. It is no t required for air 
quality permits, or for an y permits issued by states (though many 
states now have their own state NEPA laws). 

The White House Council on Environmental Quality (CEQ) 
has issued the primary se tof re gulations implem enting NEP A, 
which are codified in 40 CFR Part 1500 et. seq. Most federal agen- 
cies have adopted complementary NEPA regulations, which include 
“categorical exclusions” of agency actions for which NEPA review 
is not required. If NEPA review is required, the first step generally is 
preparation of an EA, whichis designed to determine whether an 
action might cause significant environmental impacts that should be 
reviewed in more detail. If so, an EIS is required. Preparing an E IS 
today is usually an extremely complex task that requires at least a 
year or more, and EAs are becoming more detailed as well. Agency- 
specific NEPA regulations often will specif y classes or types of 
agency actions for which an EIS is presumed to be required. 

Ifa completed EA or EIS predicts no significant impacts, the 
lead agency will issue a “finding of no significant impact” (FONSD), 
and the project will proceed. If significant im pacts are predi cted, 
NEPA does not expressly require mitigation, but the CEQ regulations 
require the EIS to st ate whether all practicable means to a void or 
minimize environmental harm from the alternative select ed ha ve 
been adopted, and if not, why not (40 CFR 1505.2(c)). If mitigation 
measures are adopted,a monitoring and enforcement program is 
required (40 CFR 1505.2(c)). Some agency regulations, such as those 
of the Federal Highw ay Administration, independently require mit 1- 
gation measures for impacts identi fied in NEPA analyses (23 CFR 
771.105(d)). Even where no such mitigation provision is involved, 
the social and political leverage provided by NEPA analyses often is 
enough to delay or prevent controversial projects. 


TOXIC SUBSTANCES CONTROL ACT 


The Toxic Substances Control Act (TSCA, 15 U.S.C. § 2601 et. seq.) 
is acomprehensive program for regulation of toxic materials in prod- 
ucts. It is aimed at “chemi cal substances,” which are defined in Sec- 
tion 3 to include, with so me exceptions, “any organic or in organic 
substance of a particular molecular identity, including any combina- 
tion of substances occurring in whole or in part as a result of a chem- 
ical reaction or occurring in nature.” EPA is given a wide array of 
tools to re gulate chemical substa nces that may pose “unreasonable 
risk of injury to health or the environment.” These include authori ty 
to require product testing (Section 4), regulate new products and new 
uses of existing products (Section 5), ban or otherwise regulate exist- 
ing products (Section 6), and address imminent hazards (Section 7). 
Section 8 includes a variety of reporting requirements, including a 
requirement to inform EP A whenever new information (e.g. , scien- 
tific studies) becomes a vailable suggesting that a product may pose 
an unreasonable risk. Under TSCA Section 11, in an appropriate case 
EPA can use TSCA asa conduit to regulation under other statutes 
administered by the agency or, in cases involving occupational expo- 
sures, to OS HA or MSHA. EPA’s TSCA regulations are codified at 
40 CFR Part 700 et. seq. 

TSCA was intended primarily to regulate the chemical indus- 
try and has rarely been used in the context of mining or mineral 
processing. EP A’s asbestos a nd polychlorinated biphen yl (PCB) 
regulations are issued under TSCA, though the asbestos ban was 
invalidated by a federal court. In practice, the “unreasonable risk” 
standard for TSCA regulation is not as stringent as the standards for 
issuing similar environmental regulations (e.g., ambient air quality 
standards) because it requires bala ncing the potential risks ag ainst 
the benefits of the product and requires EPA to adopt the least bur- 
densome effective regulatory alternative. Early in the process, EPA 
attempted to re gulate lead conc entrate and other lead products 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


132 Industrial Minerals and Rocks 





under TSCA, but that did not result in significant regulation of min- 
ing or mineral processing operati ons. Similar attempts have been 
made over the years with respect to asbestos and other toxic materi- 
als in ores or concentrates but have generally not come to fruition. 
Efforts to re gulate products cont aining ind ustrial minerals have 
occasionally produced meaningful results. For example, in the early 
1990s, EPA considered several types of TSCA regulation for refrac- 
tory ceramic fibers, but the industry was able to a void additional 
regulation by adopting ac ceptable measures in a v oluntary product 
stewardship program. 

Currently, it appears that the primary TSCA concern for opera- 
tors of industrial mineral mining or processing facilities is compli- 
ance with any applicable rep orting requirements for their products. 
Compliance with the PCB regulations is also an occasional concern. 
Whether the future may hold additional regulation of industrial min- 
eral products under TSCA remains to be seen. 


FUTURE OUTLOOK AND TRENDS 


At the time of this writing, operators of industrial minerals facilities 
are facing several significant public health regulatory issues. EPA is 
in the process of revising the ambient air quality standards for PM, 
and is co nsidering replacing the PM 19 standards with ne w coarse 
PM standards that would regulate the fraction PM(10-2.5). The most 
recent drafts of the agency’s PM Criteria Document and Staff Paper 
(unpublished) contain the strongest findings to date that coarse 
crustal PM is not likely to be harmful. EPA, however, is considering 
recommending co arse PM standards t hat are si gnificantly more 
stringent than the current PM _ 0 standards and may ad_ opt more 
stringent standards for fine particles as well. 

Fibers in miner al particulate or products are another regula- 
tory concern that cro sses o ver se veral agency jurisdictions. So- 
called nonasbestiform minerals, which are essentially nonf ibrous 
forms of asbestos, are now being investigated for further regulation, 
as are microscopic structures in ores and minerals that have not pre- 
viously been classified as fibrous. EPA is investigating these issues 
under the TSCA and Superfund programs, and OSHA and MSHA 
are investigating them in the occupational exposure context. Similar 
investigations are under w ay withrespect tocr  ystalline silica, 
though they are largely confined at present to occupational e xpo- 
sure scenarios. Many independent companies and trade associations 
have begun work on comprehensive product stewardship programs 
designed to address these issues _ voluntarily in adv ance of add i- 
tional regulatory measures. 

Other “hot” is sues include the establishment of TMDLs and 
related permit limitations under the CW A, the ability of EP A and 
the Army Corps of Engineers to require water permits for isolated 
intrastate wat ers,a nd assessment of natural resource damages 
under Superfund. Although it does not directly affect most indus- 
trial minerals operations, the ability of interest groups to continue 
or expand use of the CAA conf ormity requirements to delay or 
defeat major highway projects is also a matter of serious concern. 
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Sustainable Development 


and Industrial Minerals 
Deborah J. Shields, Slavko V. Solar, and William H. Langer 


INTRODUCTION 

The President’s Council on Sustainable Development (PC SD) envi- 
sioned a sustainable America that would offer a dignified, peaceful, 
and equitable existence for all Americans (PCSD 1996). It would 
have a growing economy but also protect the environment, natural 
resources, and natural systems. The council acknowledged that eco- 
nomic prosperity nece ssitates the use of natural resources; the issue 
of minerals in a sust ainable Am erica, ho wever, was never dire ctly 
raised. Although the council did not explicitly exclude minerals from 
the national discussion of sustainability, the reality is that many indi- 
viduals define resource sustainability narrowly as sustaining renew- 
able resources—forests, gra sslands, ecosystems, speci es, a nd so 

forth. From this perspect ive, the goal of sustainable resource man- 

agement is to sustain resource stocks and ecosystem functioning over 
the long term by control ling anthropogenic im pacts such as emis- 

sions and regulating harvests of timber, forage, fish, and wildlife. 

Clearly, it is inappropriate to speak of mineral resources as 
being sustainable in the same way as are ecosystems or biological 
resources. Mining does, however, impact the environment. Together 
these facts have led many people to express the simplistic view that 
mining i s inc onsistent wi th sust ainability (0 nce e xtracted, th e 
resource is “gone’’), anathema (primarily a source of pollutants and 
environmental degradation), or of secondary importance (merely a 
source of vir gin materials for which recycled materials or rene w- 
able resources can be substituted). 

One source of this misundersta nding is the use of the terms 
sustainability and sustainable de velopment inte rchangeably. Sus- 
tainability is an inherent characteristic of health y social and envi- 
ronmental systems. It is achie ved by maintaining or enhancing 
various system capacities (such as family structure and community 
institutions in social systems or energy flows and carbon cycling in 
environmental systems) so that the system can withstand external 
shocks and return to normal fu nctioning. It depends on health y, 
functioning social, institutional, and economic relationships in 
human systems and on ongoing, natural, regenerative processes in 
biological systems. Mine ral deposition is a natural, physical pro- 
cess, sometimes an ongoing one, but not one that is based on short- 
term biophysical interconnections or system dynamics. Defined in 
this way, sustainability is not a characteristic of most of the earth’s 
resource systems, which can lead people to think that minerals are 
not part of a sustainable future. 

Conversely, mineral resources ar e unquestionably part of sus- 
tainable development, a commit ment to which necessitates inte grat- 
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ing environmental policies and development strategies so as to satisfy 
current and future human needs, improve the quality of life, and pro- 
tect the environment. Essentially, sustainable de velopment involves 
managing resources in a way that is conducive to long-term wealth 
creation and the maintenance of capital (natural, social, human, eco- 
nomic, and physical). This perspective extends naturally to mineral 
resources, which are themselves a form of end owed, natural wealth 
and are an important source of monetary wealth creation (Shields and 
Solar 2000). These resources are vital to human well-being. They are 
integral components of economic systems; the driving force for some 
local, regional, and national economies; the basis of the built environ- 
ment; and the material embodiment of our cultural history. The min- 
eral sector is an i ntegral part of de veloped, modern societ ies, and a 
sustainable future is unachievable without its services. Mining and 
mineral use will continue. 

Societal priorities influence ho w industrial co mpanies behave 
(i.e., business must be conducted within the legal and ethical frame- 
works and limits set by society). Because the business situation and 
societal requirements change over time, both the costs the company 
must cover and the constraints on their actions change as well. How 
companies respond to societal e xpectations must mak e good busi- 
ness sense. Companies have an obligation to their shareholders and 
employees to achieve legitimate corporate goals such as profitability 
and growth. They cannot manage based on philanthropic principles 
alone (WBCSD 2000). 

Beginning in late 1980 s, the influence of the sustainable 
development paradigm on societal thinking began to spread, in part 
because its overarching goals are widely acceptable and under- 
standable across cultures. These goals—economic prosperity, envi- 
ronmental health, and social equity—have influenced the public’s 
expectations with respect to all industrial sectors, including mining. 
Although concern about environmental protection has been increas- 
ing ever since the emergence of the environmental movement in the 
1960s, its importance has been magni fied as sustai nable de velop- 
ment concepts ha ve spread. Th e fundamental en vironmental sus- 
tainability goal is to protect natural systems (terrestrial and aquatic) 
that support life on Earth. The negative impacts of prod ucts and 
production are to be minimized. To this, sustainability has added an 
additional social imperative to minimize ne gative impacts of eco- 
nomic ac tivities on employees, consumer s, su ppliers, the local 
community, and other stakeholders. There is also pressure to dis- 
tribute the benefits and the costs of economic activities fairly across 
all affected stakeholders. 
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These chan ges ha ve been gradualan d progr essive, and 
responding to them requires much more time and attention from the 
company than previously was the case. The reality is that industrial 
companies no longer exist as isolated islands, if they ever did. Busi- 
nesses are now seen as part of society and are e xpected to behave 
responsibly toward the environment and reach out to the community. 

This is clearly the case for the minerals industry. In many 
locations the mining sector has lost the trust of people with whom it 
must deal every day. In the worst-case scenarios, mining companies 
have failed to c onvince go vernments, lenders, shareholders, and 
stakeholders that the y can be trus ted or deserve a social license to 
operate. This has led to revised expectations of the industry, which 
the Mining Minerals and Sustaina ble Development project (ITED 
and WBCSD 2002, p. xiv) cataloged: 


¢ “Countries [and communities] expect that minerals develop- 
ment will be an engine of sustained growth. 


Local communities e xpect th at the industry willp _rovide 
employment, infrastructure, and other benefits that counter the 
risks and impacts they will experience and will leave them 
better off than when the project started. 


The industry’s employees expect safer and healthier working 
conditions, a b etter community life, and consideration when 
their employment ends. 


Local citizens and human rights campaigners expect com pa- 
nies to resp ect and support basic human rights, even when 
they are operating where government does not. 


Environmental or ganizations expect a much higher standard 
of performance and that the i ndustry will a void ecologically 
and culturally sensitive areas. 


Investors expect higher returns and have shown considerable 
concern about the industry’s financial results. 


Consumers e xpect safe produ cts produced ina manner that 
meets acceptable environmental and social standards.” 


What does this mean for the industrial minerals sector? Ho w 
will companies be af fected? The bottom line is that there is ane w 
business reality. Having a le gal license to operate is no longer ade- 
quate because that, by itself, will not guarantee the existence of a 
social license to operate. The latte r is an upgr ade of the former and 
is granted by society, not the government. To gain a social license to 
operate, minerals companies must interact with a broader set of con- 
stituents than was the case in the past. In addition to legal authori- 
ties, shareholders, and lenders, the comp any’s management mu st 
now respo nd proacti vely to the co ncerns of emplo yees, the lo cal 
community, and other stakeholders. Further, the company must inte- 
grate social and environmental concerns in their operations and in 
their interactions with all their stakeholders (i.e., they must practice 
corporate social responsibility) (European Commission 2001). 

The links between corporate so cial responsibility and profit- 
ability are becoming increasingly clear (WBCSD 2001; Sustain- 
Ability, t he I nternational Fina nce Cor poration, and th_ e Ethos 
Institute 2002). In the absence of a social license, the company will 
face opposition to its presence as well as le gal, and possibly even 
physical, attempts to disrupt, temporarily block, or terminate legiti- 
mate business activities. Moreover, financial institutions are insist- 
ing t hat c ompanies i mplement su stainable practi ces, including 
gaining prior c onsent from impacted com munities for the ir pres- 
ence and operations (W orld Bank 2003 ). Financin g options are 
becoming more limited for those companies who refuse to do so, 
with the result that their cost of capital increases, negatively affect- 
ing profitability and potentially even the economic feasibility of 
mine development. Inevitably, a company’s long-term viability is 


undermined if it is unable or unwilling to adapt to a changing busi- 
ness en vironment, one part of whichis responding to societal 
expectations. 

This chapter presents basic — sustainability principles and 
describes in more detail ho w they apply to the mining industry. It 
also draws a distinc tion bet ween sustainability performance and a 
sustainable industry. The concept of sustainable industrial min eral 
resources management is introduced, a process for implementing the 
practices in the mining company is set forth, and major themes that 
are part of the minerals sustainability dialogue are briefly described. 


PRINCIPLES OF SUSTAINABLE DEVELOPMENT 


Sustainable development, according to a common definition, strives 
to improve the economy, environment, and q uality of life for the 
current generation without compromising the ability of future gen- 
erations to meet their needs. The foundation of sustainable develop- 
ment is reconciliation of a society’s development goals with Earth’s 
environmental limits (NRC 1999). The world’s nations have agreed 
on the need to transition to a sustainable development path, first at 
the Earth Summit held in Rio de Janeiro, Brazil, in 1992 (Un ited 
Nations 1992) and again in 2002 at the World Summit on Sustain- 
able De velopment hel d in Johannesburg, South Afr ica ( United 
Nations 2003). 

One reason the sustainable development paradigm has been so 
widely embraced is that it explicitly recognizes the interconnected- 
ness of social, econo mic, and environmental systems (Moldan and 
Billharz 1997; Funtowicz and Ravetz 2001). Because of the holistic 
nature of sustainable development, many authors recommend a sys- 
tems app roach for su ch studies (Meado ws et al. 1972; Allen, 
Tainter, and Hoekstra 2003). Erekson, Loucks, and Strafford (1999) 
describe three principles of systems thinking that are relevant in 
this context: 


¢ Systems thinking is applicable in situations where g roups of 
interdependent and interactin g parts are linked by exchanges 
of energy, matter, capital, values, and information. 


A system is healthy and sustai nable when variables are re sil- 
ient (i.e., they can accept externally imposed stress or i nter- 
vention and return to characteristic levels or patterns). 


Boundaries of sustainable systems should allow measurement 
of stock s and flo ws among the components of subsy stems, 
identifying externalities and fe edbacks and det ermining 
whether cycles and loops are open or closed. 


Gunderson an d Hollings (200 2) argue that systems exhibit 
endless cycles of gro wth, adaptation, restructurin g, and rene wal, 
and define sustainability as the capacity to create, test, and maintain 
adaptive capability. This description can be applied to the minerals 
industry just as it can to social and biological systems; to be sus- 
tainable, com panies need to adapt, restructure, and re new. At its 
core, the goal of sustainable development is to foster adaptive capa- 
bilities that ensure survival. 

Liverman and colleagues (1988, p. 133) offer a more compre- 
hensive description of the goals of sustainable development, one that 
is also consistent with systems thinking: “the indefinite survival of 
the human species (with a quality of life beyond mere biological sur- 
vival) thr ough the maintenance of basic life suppor t systems (air, 
water, land, biota) and the existence of infrastructure and institutions 
which distribute and protect the components of these systems.” 

This general statement leads to a variety of different, and in 
some cases e ven conflicting , understandings of sustainable de vel- 
opment (Shields 1998). A lack of agreement notwithstanding, cer- 
tain basic principles underlie virtually all definitions of sustainable 
development (Shields and Solar 2004). 
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General sustainability principles are as follows: 


Sustainability should seek the appropriate integration of polit- 
ical, social, economic, biophysical, and ecological factors. 


The spatial and temporal scales of decision makin g, manage- 
ment, and regulation should be compatible with the ph ysical, 
ecological, and socioeconomic scales of activities in question 
and their impacts. 


Adaptive managemen t, relying on an iterative process of 
timely and _ transparent fe edback from —_ socioeconomic, 
resource, and ecological monitoring, is essential. 


Social and economic sustainability principles are as follows: 


Progress to ward sustain ability should gener ate direct eco- 
nomic value as well as none conomic values, which may b e 
intrinsic, recreational, or aesthetic. 


Decisions and actions must be equitable and just, both intra- 
and intergenerationally. 


Members of the public, particularly local communities, should 
be empowered to participate fully in decisions that will affect 
their lives and the lives of their descendants. 


Information rele vant to decision making shouldbe made 
available to all who may be af fected so that they can partici- 
pate effectively. 


Governance, both governmental and corporate, must be honest, 
open, and fair. 


Individuals should tak e responsibility for the en vironmental 
and social impacts of their personal consumption and behav- 
ioral choices. 


Environmental sustainability principles are as follows: 


Sustainability depends on conserving ecosystem structure and 
function in orde r to ma intain ecosystem services needed for 
both humans and the ecosystems that provide them. 


Ecological sustainability de pends on maintaining biological 
diversity and adequate populations of target species for long- 
term viability. 


Users of natural resources must recognize that there are limits 
and bou ndaries of natural resource consumption beyond 
which ecosystem beha vior mi ght change in unanticipated 
ways. 


Polluters should b e responsible for en vironmental remedia- 
tion, reclamation, and aftercare. 


Decisions on environmental protection should not be delayed, 
even in the absence of full information, if doing so will ser i- 
ously endanger the structure and function of ecosystems. 

The next section discusses in more detail how these principles 
can be applied in the context of mineral resources in general and 
minerals companies in particular. 


SUSTAINABLE DEVELOPMENT AND MINERALS 


There is considerable disagreement as to how minerals should be 
treated inthe sust ainable development pa radigm. Conflicting 
views refl ect the reality that v alue orientation affects priori ties. 
One indi vidual’s v alues might | ead him or her to place more 
emphasis on en vironmental p rotection (a biocen tric vie wpoint), 
whereas another ’s values might | ead to gre ater emphasis on the 
benefits of e xtraction (an an thropocentric vi ewpoint). Extreme 
proponents of the former perspective seek to ban mining; extreme 
proponents of the latter d emand the right to mine anywhere they 
choose, in any manner that they deem most profitable. Sensible 
sustainable development takes a midd le road, acknowledging the 
need for resource extraction, use, and disposal, while insisting on 
environmental and social protections. 


Not surprisingly, initial disc ussions about minerals and sus- 
tainable development focused on the need f or a steady supply of 
minerals, the consequences of resource depletion, and the need for 
environmental protection (N AS CER 1 996; NRC 1999) . Some 
authors then turned to the issue of mineral development as a source 
of wealth creation and, by extension, the use of mineral e xtraction 
as a tool for the eradication of poverty (Auty and Mik esell 1998; 
Auty 2003). A different perspective has focused on the en viron- 
mental and social consequen ces of mineral de velopment, use, and 
disposal and argues that the achieving environmental sustainability 
will necessitate significant reduction in the per capita use of materi- 
als (Spaargaren 2000; Bartelmus 2002). 

More recent work has extended the basic principles of sustain- 
ability to mineral re sources ina comprehensive manner (Shields 
and Solar 2000; World Bank 2003). For example, the Mining Min- 
erals and Sustainable Development project created a set of sustain- 
ability pri nciples r elevant t o the minerals situ ation, a subset of 
which follows (IED and WBCSD 2002): 


Maximize rents to ensure efficient use of resources. 


Ensure a fair distribution of risks, costs, and benefits. 


Replace depleted natural resources with other forms of capital 
so as to ensure that future generations are not deprived of the 
benefits of current extraction. 


Promote responsible stewardship of natural resources and the 
environment, including remediation of past damage. 


Minimize waste and environmental damage along the whole 
supply chain. 


Price commodities, products, and services at levels that reflect 
the full cost of their provision. 


Maintain and enhance conditions for a viable enterprise. 


The preceding discussion focu ses on the role of the minerals 
sector in a sustai nable future. The principles in t hese bullets are 
phrased as actions that need to be taken by government, society, or 
industry. Each will ine vitably affect the mining compan y—how it 
does business, its pr ofitability, and its long-term viability. Each is 
complex and multifaceted and can be interpreted differently by dif- 
ferent stakeholders. For example, there is less than universal agree- 
ment as to what f air distribution means. Similarly , responsible 
stewardship can legitimately be interpreted in multiple ways. A full 
discussion of the ramifications of each is be yond the scope of this 
chapter. The last two principles, however, deserve further comment. 

First, mineral commodities are sold in competitive markets 
and prices are setin those ma __rkets, not by an y go vernmental 
authority. Current market prices for most, if not a ll, mineral com- 
modities do not cover the full, long-term environmental and social 
costs of their provision (IED and WBCSD 2002), but no individual 
company can rectify that situation. At a minimum, it will require an 
industry-wide commitment to fu Il cost accounting and in some 
instances advances in national and corporate governance. Second, a 
viable minerals sector is essentia | to a sustainable future. Sustain- 
able behaviors are undertaken by profitable companies, seldom by 
marginal companies or those losing money. It is in society’s best 
interests to ensure the e xistence of institutional and market condi- 
tions that enable companies to stay in b usiness and make profits 
adequate to enable them to bot h provide mineral re sources a nd 
embrace sustainable performance. 


SUSTAINABLE INDUSTRIAL MINERALS 
RESOURCE MANAGEMENT 


The goal of sustainable industrial minerals resource management is 
not to sustain a single deposit or mine but rather to sustain the flow 
of benefits and services from those resources in such a w_ ay that 
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their contribution to society over the life cycle is net positive (IIED 
2002; Shields and Solar 2005). 

Each of the primary stakeholders—government, industry, the 
public, and nongo vernmental organizations (NGOs )—must accept 
certain responsibilities, and they must cooperate at the regional and 
local planning levels (Langer, Giusti, and Barelli 2003). The gov- 
ernment provides the climate for success through its policies, regu- 
latory framework, and economic incentives. The industry must 
work to be recognized as a responsible corporate and environmental 
member of th e community. The public and the NGOs need to 
become informed about mineral resource management issues. All 
stakeholders have the responsibility to constructively contribute to a 
decision-making process that addresses not only their own but also 
a wide range of objectives and interests. 

The U.S. government, along with many state, province, or ter- 
ritorial governments in Canada and Australia and many of the fed- 
eral governments within the European Union and elsewhere, have 
national minerals policies that r ecognize minerals and mining as 
key sectors contributing to jobs, wealth, and a high quality of lif e 
for its citizens. Governments have a variety of tools that they can 
use to encourage sustainability, including laws, policies, guidelines, 
and incentives. Many countries, including the United States, have 
enacted laws at different levels (e.g., national, state, regional, pro- 
vincial, municipal) to protect water, air, endangered species, and 
other aspects of the environment. These laws are an integral part of 
sustainability. 

Some industrial minerals companies in the United States have 
begun implementin g sustainability concepts without w aiting for 
government interv ention. These include companies that produce 
abrasives (Imerys), aggregates (Aggregate Industries, Lafarge, Vul- 
can), c ement (Ce mex, Hol cim, La farge), cl ay (Im erys), gyps um 
(U.S. Gypsum), industr ial sands (Fairmount Minerals), phosphate 
(Agrium), and talc (Luzenac)—all of whom post their annual sus- 
tainability reports or policy statements on company Web pages. 

At the level of the c ompany, key tenets commonly include 
that (1) the industry must strive to be recognized as a responsi ble 
corporate ci tizen and m ember of the comm unity; (2) res ource 
development must m eet the need s of t he community as well as 
those of the company; and (3) all stakeholders must be offered the 
opportunity to have a voice in decisions that will affect them and to 
participate in the sustainable resource managem ent process 
(Langer and Tucker 2003; United Nations 2003). 

Sustainable in dustrial minera | resources management com- 
monly is iterative and adaptive, but it does not require than any spe- 
cific process be followed. Successful management can be achieved 
in a practical sense by adopting some simple principles (after Plant 
and Haslam 1999): 


¢ The government should strive to minimize social and environ- 
mental impacts by forward-looking planning that protects 
important resources from ur ban encroach ment and pr otects 
growing communities from the nuisan ce impacts of poor ly 
designed, po orly located, and poo rly managed min eral 
operations. 


¢ Industry should strive to minimize so cial and environmental 
impacts by using best practice designs and operations to con- 
trol the effects of blasting, noise, dust, sediment erosion, and 
visual scarring in e xtractive and transport oper ations, and by 
providing for conservation of natural values by management 
of buffer areas that maintain or enhance vegetation and wild- 
life habitats and corridors. 

¢ Industry, as enabled by governmental perm itting deci sions, 
should strive to maximize the economic value of the resource— 
by extracting as much material as possible from the are a that 


has to be disturbed, by using it for the most economically valu- 
able use it can accommodate, and by finding uses and markets 
for all the material disturbed (e.g., turning crusher fines in to 
“manufactured sand,” thus taking the pressure of f natural sand 
sources in more environmentally sensitive areas). 


Industry should strive to maximize rehabilitation of disturbed 
areas by considering re clamation as part of the quarr —_y/pit 
design process before extraction begins, by starting rehabilita- 
tion from day one, and by being flexible to allow advances in 
technology and for changing local needs. 


Industry should strive to maximize community engagement— 
by in volving the local community in planning activities 
through open visit days and community awareness and educa- 
tional ac tivities. This may lead toa measure of c ommunity 
acceptance and a “‘social license to operate,” which can be just 
as important as the official, legal permits. 
Langer and Tucker (2003) transformed the tenets of commu- 
nity involvement into a set of operational concepts for the social 
dimension of mining operations. Th eir work has been generalized 
here: 

¢ Establish community relationships: It is ne ver too early for a 
company to get involved in the community in which they do 
business, want to do business, or hope to stay in b usiness. In 
today’s world it is through the permission of neighbors that 
industrial minerals companies are able to continue doing busi- 
ness. Company strate gies for ea ch of their principal markets 
need to include continued community involvement by key 
employees. T hose key e mployees also need to assist other 
employees in developing and maintaining long-term commu- 
nity relationships. 


Obtain executive support: The compan y president, his or her 

management team, and other appropriate managers must sup- 
port the implementation of sustainability principles. Develop 
a sustainable b usiness plan with input from both operations 
and management. Schedule team meetings regularly so that 
team members can exchange information and keep each other 
up to date. 


Create bene fits for the community: Understand ho w y our 
operation fits into the lar ger community plan and of fer the 
community compensating, long-term advantages. 


Communicate: Identify the tools you will use to communicate 
the b usiness pl an, such as v ideos, computer presentations, 
pamphlets, and field trips to the site. Be open; share as much 
information as possible. Make sure that your message to every 
community group, elected official, and business leader is con- 
sistent. Keep elected officials informed, but also identify the 
real decision makers; sometimes they are different from the 
obvious ones. Know who influences the decision makers and 
why they have the influence. 


Solicit feedback from the com munity: Listen actively, take 
notes, ask questions, and show true interest in the communica- 
tion. Make every effort to w ork in harmony with those of 
opposite views. Try to view your operation through the eyes 
of your stakeholders, and analyze and address their issues and 
concerns. 


Be visible and accessible: Be available beyond just nor mal 
business hours, Mo nday through Friday. Maintaining avail- 
ability requires commitment of team members’ personal time 
outside normal b usiness hours, on a re gular basis, o ver the 
term of this project proposal. 


Maintain your public trust: Remain active in the community 
over the life of the operation and during aftercare. 
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These actions are not without cost, and there remains among 
some in management positions the view that engaging and respond- 
ing to the community represents an effort that has no added value 
(Galea 2 004). More generally ,th ere is considerable discussion 
within industry and in academic litera ture about the r elationship 
between sustainab ility performance and b usiness com petitiveness 
(Porter 1991; Wagner and Wehrmeyer 2002; Ziegler, Rennings, and 
Schroder 2002). The trad itionalist view draws a parallel be tween 
the effects of sustainability performance on the company and the 
effects of environmental regulation. It is argued that environmental 
regulation is intended to correct for negative externalities and mar- 
ket failures and in so doing forces companies to absorb additional 
costs. Companies f acing higher p roduction costs because of en vi- 
ronmental compliance are seen as ha ving a c ompetitive disadvan- 
tage c ompared wi the ompaniest hat donot f ace t hose sa me 
regulatory burdens. 

There is, however, a revisionist view of environmental regula- 
tion as a polic y instrument that drives innovations, which in turn 
lead to competitive advantage (Porter and van der Linde 1995). The 
analogy with sustainability is clear. The more traditional vie w sees 
additional activities focused on the range of sustainability issues as 
a drain on corporate prof its. Alternatively, the actions can be seen 
as increasing the company’s co mpetitiveness, name recognition, 
access to markets and capital, and desirability as an employer and 
neighbor (Wagner and Schaltegger 2004). 


SUSTAINABLE DEVELOPMENT THEMES 


The literature on sustainable development is vast, and reporting on all 
the concepts cont ained therein is beyond the scope of this chapter. 
Rather, several important t hemes are described that recur i n discus- 
sions of sustainable development and minerals. Four are core con- 
cepts that play out similarly across all commodities: corporate social 
responsibility, transparency, best practices, and risk assessment. 


Corporate Social Responsibility 


Corporate social responsibility (CSR) is a form of business behavior 
that leads companies to voluntarily contribute to a better society and 
a cleaner e nvironment. Busine sses tak e on commitm ents be yond 
common re gulatory and con ventional requirements, which the y 
would have to respect in an y case (Eur opean Commission 2001). 
The goal of CS R is to raise standards of social de velopment, envi- 
ronmental protection, and respect of fundamental rights by embrac- 
ing open governance, reconciling the interests of stakeholders, and 
taking an overall approach to quality. CSR requires company owners 
(shareholders) and management to act more responsibly toward 
employees in areas of w orking conditions, health, and safety , but 
also with regard to professional de velopment (education), health 
insurance, and retirement funds. The rights and obligations of local 
communities, NGOs (mostly environmental), and other traditionally 
external stakeholders are recognized and respected. 

The definition of CSR is conte xt dep endent and v aries for 
companies in different economic situations. CSR is an interactive 
process among management, worker representatives, workers, pub- 
lic a uthorities, and ot hers th at r equires co mmitment, tr ust, a nd 
accountability (European Commission 2001). Or ganizations need 
standards by which le vels of perfo rmance can be measured (e.g., 
auditable standards). 

Corporate culture is the very basis for corporate social respon- 
sibility. Corporate culture is determined by written, and in particu- 
lar unwritten, rules that ha ve great impact on the beha vior of each 
company em ployee. The com pany’s management sets the frame- 
work for corporate cu Iture through corporate go vernance. C orpo- 
rate g overnance is essentially about business leader ship in 


efficiency, responsibility, and probity. Current calls for higher stan- 
dards in corporate governance have grown out of public displeasure 
with corporate scandals (Galea 2004) and debates about several key 
questions (Corporate Social Responsibility Forum 2000): 

1. To whom are compan _ ies accountable—shareholders or 


stakeholders? 


2. For what are companies res ponsible—financial per formance 
or performance more broadly defined? 


3. Where are companies accountable—in their home country or 
everywhere they operate? 


4. Who sets compan y stan dards—the compan y, government, 
business associations, or NGOs? 


5. Who monitors the compan y and what should be disclosed— 
self-monitoring with only legally required disclosure or 
external monitoring and full disclosure? 


Companies that have embraced CSR, and that are implement- 
ing sustainable practices, def ine themselves as accountable to 
stakeholders, responsible for social and environmental as well as 
financial performance, accountable everywhere the y do_ business, 
and open to external codes of conduct. Such companies institution- 
alize sustainability at all levels of the or ganization, putting clear 
behavioral standards and operational goals in place for field super- 
visors, middle managers, and upp er-level managers to mak e clear 
that the ir com mitment to CSR_ is real (WBCSD 2000; Dun nett 
2004). They are also willing to adopt codes of conduct aimed at 
influencing the practices of thei r suppliers in both developed and 
developing countries by providing them with a baseline of expected 
standards. These are typically b ased on international labor stan- 
dards regarding child labor, wages and benefits, working hours, dis- 
ciplinary practices, the right to freedom of association, health and 
safety, and environmental practices (Mamic 2004). 

Companies implement and promot e their CSR strategies for 
very pragmatic reasons. Doing so is good business. It can increase 
long-term business vi ability, in cluding gro wth and profits, and it 
sends a signal to stak eholders that the company isa good and 
responsible corporate citizen. 


Transparency 


One of the core concepts of C SR, and sustainable development in 
general, is information flow. The government, the financial sector, 
shareholders, communities, and other stakeholders need inf orma- 
tion about propo sed or existing mineral op erations to ensure both 
sound decision making and effective engagement in negotiations. In 
the p ast, ho wever, companies shared information either be cause 
they were legally compelled to do so (i. e., compliance with envi- 
ronmental reporting andf  inancial di sclosure requirement) or 
because doing so supported core _ business goals (e.g., enhancing 
profitability, maintaining reputation, or managing risk). Achieving 
these latter goals in t he future is going to e ntail a much greater 
degree of openness than was deemed necessary in the past. 
Historically, information flow has not been equal to all stake- 
holders. As Thomson and Joyce observed in a pres entation at the 
Monitoring Science and T echnology Symposium (Den ver, Colo- 
rado, 2004), “Information flo ws from companies to regulators and 
shareholders and trick les to all other stak eholders.” This reality , 
combined with the legacy of past mining practices and attempts to 
cover up problems (successful co ver-ups are unknown to the pub- 
lic), has led to public mistrust of mining companies. Now the indus- 
try is being asked to be more transparent (IED and WBCSD 2002). 
Paragraph 46 of th e Report of the World Summit on Sustainable 
Development (United Nations 2003) addresses mining and specifi- 
cally calls fo r the promotion o f transparency and accountability . 
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And, increasingly, stakeholders are asserting their right to informa- 
tion about b usiness actions that ha ve the potential to affect their 
lives and the environment. 

Deeply rooted mist rust between en vironmental NGOs, local 
communities, and other stakeholders on one side and industry (and 
sometimes regional or national governments) on the other side can 
be overcome through transparenc y of intents an d actions—from 
both sides. Industry has rightfully pointed out that th ey are some- 
times held to higher standards than their critics; both corporations 
and their critics must meet the same standards of honesty and dis- 
closure (IIED and WBCSD 2002). 

There are many ways to increase transparency if the will to do 
so exists. Guidance is available from Transparency Inte rnational 
(http://www.transparency.org/) in the United King dom,a_ global 
NGO dealing with transparency in industry, including the extractive 
sector. More mining oriented is the multistakeholders’ Extractive 
Industry Transparency Initiative (EIT; http://www.eitransparency. 
org/index.htm) launched in 2002 after the World Summit on Sus- 
tainable Development. It aims to increase transparency in transac- 
tions between governments and companies wit hine xtractive 
industries. The EITI Secretariat is based in the United Kingdom’s 
Department for International Development. 

The core element of transparency is providing access to infor- 
mation. Information flow can increase understanding of the state of 
the world and, in the process, facilitate an iterative process of learn- 
ing in the face of uncer tainty and change (Bass and Dalal-Clayton 
2001). The information provided should be relevant to the questions 
at hand and meaningful to the intended a udiences. Sometimes that 
means sharing raw data, but raw data are seldom meaningful to the 
general public, decision mak ers, or other stakeholders. R ather, 
meaning emerges through analy sis. In many instances it is the ana- 
lyzed data that need tobe shared with stak eholders. In some 
instances, however, indicators are needed. Effective indicators turn 
vast amounts of analyzed data into meaningful and relevant informa- 
tion that reduces complexity and brings clarity. Indicators display or 
predict the state of a given system or phenomenon. More important, 
indicators have significance extending be yond that directly associ- 
ated with the measured property or properties (DETR 1997). 

Some companies have developed their own sets of indicators 
for reporting to their publics and stakeholders. Others are using the 
reporting p rocess developed by the Glob al Reporting Ini tiative 
(GRI 2004b). The GRI is an independent, multistakeholder process 
that is developing and sharing su stainability re porting guid elines 
for many industrial sectors, including minerals. They have created 
the final draft Mining and M etals Sector Supplement (GRI 2004a) 
and are developing technical protocols for indicator measurement. 

The “Se ven Questions to Sustainability” process of fers 
another approach to reporting (IIED 2002). The seven questions are 
intended to assess the contribution of mining and mineral activities 
over the life cycle of the operation. The questions involve (1) public 
engagement; (2) human well-being; (3) environmental protection; 
(4) economic viability; (5) traditional and nonmarket activities; (6) 
institutional arrangements and g overnance; and ( 7) synthesis and 
continuous learning. The process w as used successfully to re view 
the Area Structure Plan that was created in response to conflict over 
development of an aggregates deposit in Alberta, Canada (Richards 
and Peel 2003). 

Information sharing can also be part of best practice and certi- 
fication processes. 


Best Practice 


One of the ways mining companies demonstrate CSR is by adopt- 
ing best practice as part of their overall business strategy. Best prac- 


tice is of ten thoug ht of narrowly as the process through which 
companies implement the most appropriate and te chnically effec- 
tive solu tions to engineering and en vironmental pro blems. Stan- 
dards, handbooks, guidelines, and voluntary codes of conduct exist 
for every aspect of the mine life cycle, published by organizations 
as diverse as the United Nations Environment Programme (UNEP), 
the United Nations Economic and Social Commission, the World 
Bank, the U.S. Environmental Protection Agency, various industry 
associations, professional groups, and NGOs, among others. Many 
have been collected and categorized at the United National Confer- 
ence on T rade and De velopment (UNCTAD) Mineral Resources 
Forum we b site (h ttp://www.natural-resources.org/minerals/csr/ 
practices.htm). 

Widely applied environmental standards have been built on 
the Berlin II Guidelines (UNEP 2002a,): 


¢ Recognize environmental management as a high priority. 
¢ Establish environmental accountability. 


¢ Encourage employees at all levels to recognize their responsi- 
bility for environmental management. 


¢ Adopt environmentally sound technologies. 
¢ Adopt risk analysis and risk management. 


Accountability in th is context means both giving an account 
of what has happened and bei ng respo nsible for one’ s actions 
(Gray, Owen, and Adams 1996). It often involves external verifica- 
tion of the company’s activities (Epps and Solomon 2000). Increas- 
ingly, companies in the mining sector are seeking certification from 
the International Organization for Standardization (ISO) th at they 
have complied with a voluntary international standard for en viron- 
mental management called ISO 14000 (ISO 2005). This standard is 
primarily concerned with wh at the organization does to minimize 
harmful effects on the environment caused by its activities and how 
it will continually improve its environmental performance. The ISO 
also has a standard for quality, ISO 9000, that addresses what the 
organization does to enhance customer satisfaction by meeting cus- 
tomer and applicable regulatory requirements and how it will con- 
tinually improve its performance in this regard (ISO 2005). 

In 200 4, the ISO pub lished its 2005-2010 S trategic Plan 
(ISO 200 4). Their or ganizational visioni sto f acilitate trade; 
improve quality, safety, security, environmental and consumer pro- 
tection, and the rational use of resources; and disseminate good 
practices. T hey 1 ay out seven key objectives, whi ch e xplicitly 
include stakeholder involvement. The stated purpose of this plan is 
to ensure that the ISO contributes to the achievement of a sustain- 
able world economy. It re flects the fact that the original environ- 
mental fo cus of b est practice has br oadened in r ecent years to 
encompass all aspects of resource projects. This is exemplified by 
the foll owing sustai nability-based principles of best practice 
(Environment Australia and UNEP 2002): 


Ecologically sustainable development 


Intra- and intergenerational equity 


Accountability and compliance with inter national human 
rights and environmental standards and principles 


The precautionary principle 
Well-informed and -trained staff 


Effective communication and openness 
Flexibility 
Continual improvement 


The last two principles are included in recognition of the fact that 
circumstances differ from mine to mine, technology advances over 
time, and sustainable practices require learning and adaptation. 
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Companies are also looking into certification of their products, 
or business processes and practices , as “sustainable.” In the former 
case, this would mean that the product has been produced or manu- 
factured according to some agreed-on sustainable best practice, and 
uses inputs that were themselv es produced in the same manner . In 
the latter case, the operation itself would be certified as using sus- 
tainable best practice. This trend toward certification has progressed 
rapidly in forestry, and certification bodies e xist for forests them- 
selves and for wood products (the web site of the F orest Certifica- 
tion Resource C enter compares certification methods; http://www. 
certifiedwood.org/search-modules/CompareCertSystems.asp). 

Voluntary certification is beginning to take hold in the mineral 
sector as w ell. Mining com panies see this as a pot ential tool for 
“branding” an otherwise fungible commodity and also differentiat- 
ing themselves from competitors who do not behave responsibly. 
Whereas seeking and maintaining such certification could be costly 
and time consuming, it could also give the company a competitive 
advantage. One rec ent example is the International Cyanide Man- 
agement Co de, intended to control c yanide use in gold mining 
(UNEP 2002b) . Mines w ould be certif ied as compliant with th e 
code by the Internatio nal Cyanide Management Institute. Another 
example is the M ining Certification Evaluation Project (M CEP), 
which is evaluating the potential for a third-party certification pro- 
gram for the mining industry (Rae, Rouse, and Solomon 2002). The 
MCEP is a joint exercise among the mining industry, NGOs, labor, 
government agencies, the financial accounting sector, and research 
institutions. Four tests of the protocol took place in 2004 and results 
will be reported in 2005 (CSIRO 2005). 


Risk Assessment 


The terms risk assessment, risk analysis, risk characterization, risk 
management, and risk distribution recur in discussions of sustain- 
able development, CSR, and best practice. Risk is the possibility of 
an unwanted outcome in an uncertain situation. Every action in life 
has an associated risk: eating, travel, the type of physical activity in 
which one engages, how much slee p an individual gets. Each can 

directly influence one’s life in a positive or adverse manner. It can- 
not be known for certain what the influence will be, thou gh out- 
comes can be predicted to a grea ter or lesser e xtent depending on 
past experience, knowledge of circumstances, and an understanding 
of the consequences of alternative choices. 

The same is true for mineral extraction, which by definition 
takes place in a location that can be only partially characterized in 
biophysical and socioecon omic te rms. A de gree of uncertain ty 
inevitably exists about the true nature and extent of the d eposit or 
the type ande xtent of adverse environmental and social impacts 
from mining. That being the case, companies assess risk to identify 
potential sources of harm to pe ople and the environment from all 
aspects of their business, with the goal of determining whether suf- 
ficient precautions or preventive measures have been taken (Health 
and Safety Executive 1999). 

Risk assessment is a m ultiphased process of (1) scoping and 
problem fo rmulation, (2) analysis, and (3) risk characterization 
(EPA 2003). The first step, defining the problem to be assessed , 
depends on in put from experts other than those who know how to 
do risk assessments, including persons who are kno wledgeable 
about the potentially affected community and its values. The analy- 
sis phase is given over to the analytic process, where risk as sess- 
ment experts apply science toap roblem. It requires the use of 
rigorous, replicable methods that are evaluated under ag reed-on 
protocols of an expert community, which results in a systematic use 
of information to identify hazards and to estima te the lik elihood 
and consequences th at the y will be rea lized. En vironmental risk 


analysis separates risk to the environment from other mining risks 
such as occupational safety and he alth issues and risks to commu- 
nity stability. 

Finally, risk characterization is a deliberative process that inte- 
grates and interprets the results of the analysis phase and addresses 
the problems formulated in the planning and scoping phase. The 
qualitative or quantitative risk assessment re sults ar e descri bed; 
assumptions, limitations, and uncertainties are listed and associated 
with results; and ultim ate uses of results are considered. Thus the 
process in i ts entirety uses a syste matic approach to i dentify and 
evaluate potential environmental and soci al im pacts, the conse- 
quences of those potential impacts, the likelihood that those poten- 
tial impacts will happen, and w ays to reduce the seriousness of 
those impacts. 

The ne xt step is risk manage ment. Risk manag ers use the 
results of risk assessments, plus economic, social, and legal consid- 
erations, to make decisions (Kamrin, Katz, and Walter 1996). When 
implemented, monitored, andre viewed, risk manag ement can 
reduce the uncertainty of the business. The goal is reduction of risk 
and related costs th rough education, regulation, an d cleanup. 
Uncertainty is unavoidable, but keeping it within tolerable limits is 
very beneficial for the company performance. The “polluters pay” 
principle, widely accepted and legalized, states that those who pol- 
lute should pay to clean up after themselves. Failing to manage the 
risk of en vironmental damage can thus lead to the im position of 
significant, unexpected costs that can heavily damage the company 
and may even cause bankruptcy. 

Another, more comple x definition of risk management was 
originally de veloped by the Presidential Commission on Risk 
Assessment and Risk Manage ment (PCRARM 1996). The y pro- 
posed a process that starts with risk assessment, but goes further to 
add making decisions, taking action, conducting ex post evaluation, 
and, mo st important, involving stakeholders in e very step of the 
process. This approach is consistent with the principles of sustain- 
ability on public participation and transparency. It is not, ho wever, 
without difficulties. 

Risk means different things to different people, and there are 
wide variances between “experts” and the lay public. Eng ineers 
view risks as a numerical value: a function of probability and con- 
sequences. The public’s understanding of risk is contextual and typ- 
ically nonmathema tical. An individual’s subjective d efinition of 
risk may be influenced by a wide array of psychological, social, 
institutional, and c ultural f actors. T he ha zards and ri sk that are 
likely to be of most conc ern are those that pose thre ats to loc ally 
valued social and institutional arrangements. 

Moreover, it has long been recognized that people tend to be 
poor risk estimators (Tversky and Kahneman 1981). They overesti- 
mate the likelihood of some accidents (motor vehicle, tornadoes, or 
venomous bites a nd stings) b ut underestimate the risk of other 
potentially dangerous events (lightning strikes, asthma attacks, or 
complications from diabetes) (Slo vic, Lichtenstein, and Fischof f 
1979). This occurs because people assign greater probabilities to 
events to which the y are more frequently exposed, and the y judge 
the risk of an event based on reference to o ther events that they 
think resemble it, even if the resemblance carries little or no re le- 
vant information (Montgomery 1995). In addition, people are very 
averse to risks that could result in catastrophic outcomes or out- 
comes that the y don’t understand well, even if the likelihood of 
occurrence is very low (Montgomery 1995). 

For the company, communication of risk information depends 
on the perceived credibility and unbiasedness of experts. If there is 
no trust in experts, there will be no trust in the risk estimate. What 
risks the public considers tolerable or acceptable depends on ho w 
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they view the data on which the risk measure is based and whose 
values were consider ed. These f actors bring us back to the cor e 
debates of sustainability: Whose value system counts and who gets 
to judge the importance of loss? 

Increasingly, communities want to see the risks (real or per- 
ceived) to which they are exposed matched by comparable benefits 
(IIED and WBCSD 2002). As in the case of risk alone, people base 
their judgments about risk /benefit relationships not only on what 
they think but also on what they feel (Slovic et al. 2003). “If they 
like the activity, they are moved toward judging the risks as low and 
the benefits as high; if they dislike it, they tend to judge the oppo- 
site—high risk, low benefit (Slovic et al. 2003, p. 5).” This reality 
complicates the situation and makes the effective communication of 
risk challenging for the company, but also essential. 


MATERIAL TRACKING AND LIFE CYCLE ASSESSMENT 


The National Research C ouncil (NRC) report entitled Materials 
Count: The Case for Material Flows Analysis, by the Committee on 
Material Flo ws Accounting of Natural Resources, Products, and 
Residuals of the Committee on Earth Resources (NRC 2004), rec- 
ommended that the nation develop material accounts that w ould 
track the sources, flo ws, and dispositions of mate rials (including 
minerals) to determine more effective strategies for improving envi- 
ronmental and economic performance and ef ficiency of r esource 
use. These accounts w ould provide information to le gislators and 
decision makers as they devise and implement policies intended to 
support our transition to sustainability. 

Tracking flows already takes place at the company level in the 
form of life-cycle assessment (LCA). LCA is an objective process to 
evaluate the environmental burdens associated with a product, pro- 
cess, or activity by identifying energy and materials used and wastes 
released to the environment and to evaluate and implement opportu- 
nities to affect en vironmental impro vements (Barnthouse et al. 
1998). The process has four steps (UNEP and WBCSD 1996, p. 8): 

1. Goal and Scope Definition, the product(s) or service(s) to be 
assessed are def ined, a func tional basis fo r compar ison is 
chosen and the required level of detail is defined; 


2. Inventory Analysis of e xtractions and emissio ns, the energy 
and ra w materials used, ande missions to t he a tmosphere, 
water and land, are quantified for each process, then combined 
in the process flow chart and related to the functional basis; 

3. Impact Assessment, t he ef fects of the re source use and 
emissions generated are grouped and quantified into a limited 
number of impact cate gories which may then be weighted for 
importance; 

4. Interpretation, the results are reported in the most informative 
way possible and th e need a nd opportunities to reduce th e 
impact of the product(s) or service(s) on the environment are 
systematically evaluated. 


An outgrowth of LCA is the emer ging concept of pr oduct 
stewardship, or e xtended pro duct respon sibility. Ste wardship 
appears to have first been used in an environmental context by the 
Canadian Chemi cal Producers Association (CCP A) in their 
Responsible Care Code in the late 1970s (CCPA 2000). The term 
extended producer responsibility ori ginated in Sweden, with the 
goal of decreasing environmental impacts of products by assigning 
responsibility for take-back, re cycling, and dispo sal ( Lindhqvist 
and Lindgren 1990). The PCSD (1996) identified extended prod- 
uct re sponsibility as a tool for redu cing w aste, conserv ing 
resources, and preventing pollution. This version of the concept is 
voluntary; shares respon sibility among co nsumers, go vernment, 
and industry rather than focusing exclusively on one part of the 


supply chain (Lewis 2005); and, in addition, omits the postcon - 
sumer stage (Fishbein 2000). 

Companies in the industrial minerals sector are be ginning to 
embrace product stewardship. Rio Tinto Borax, for example, com- 
mits in Corpo rate Policy No. 410 to “the responsib le and ethical 
management of our products fro mthee_ xtraction o f natural 
resources, through design, processing, marketing, distribution, use, 
and disposal” (Goldberg 2004). 

Another outgrowth of LCA is the shift from percei ving min- 
ing companies as mineral extraction companies to se eing them as 
material suppliers. The business activities of this typ e of company 
could include a mixture of e xtraction, trade, and rec ycling, and the 
remanufacture and processing of minerals for reuse. For example, 
many quarries use their processi ng equipment for rec ycling con- 
struction and demolition w aste that ha s te chnical c haracteristics 
similar to the ir primary aggre gate. Steps (v oluntary or le gislated) 
intended to increase the percentage of rec ycled materials suppor t 
this trend (HM Customs and Excise 2004). 


CONCLUDING REMARKS 


To ensure the sustainability of mi neral resources, each of the pri- 
mary stakeholders—government, industry, the public, and NGOs— 
must accept certain responsibilities: 
¢ The government is responsible f or de veloping the po licies, 
regulatory frame work, and econom ic climate that pro vide 
conditions for success. 


The industry must work to be recognized as a responsible cor- 
porate and en vironmental member of the community with a 
social license to operate. 


The pub lic and NGOs ha ve the responsib ility to become 
informed about natural resource management issu es and to 
constructively contrib ute to a decision-making pr ocess that 
addresses not on ly their o wn but also a wid e range of objec- 
tives and interests. 


All stakeholders have the responsibility to identify and resolve 
legitimate c oncerns, an d the go vernment, industry , and the 
public must cooperate at regional and local levels in planning 
for sustainable minerals extraction. 


Sustainable minerals resource management would be less dif- 
ficult if all conflicts between regional minerals resource needs and 
local impacts had solutions that would leave everyone better off. 
This is seldom the case, and there are usually winners and losers. 
But as the amount of accessible land that is underlain with suitable 
industrial minerals resources diminishes, inequalities increase. The 
longer that implemention of sustainable resource management prin- 
ciples is delayed, the more difficult it will become. 
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aT A ee 


Abrasives 


Gretchen K. Hoffman 


INTRODUCTION 


Abrasives are substances, both natural and synthetic, used to grind, 
polish, abrade, scou r, clean, or otherwise rem ove solid ma terial, 
usually by rubb ing action (asin a grinding wheel) b ut also by 
impact (pressure blasting). Facts about the discovery, early use, 
adaptation, and de velopment of abrasives before the 20th century 
are few. From the sparse, earliest information that is a vailable, it 
appears that the science of abrasives began when, to fashion tools, 
humans selected certain rocks over others because of their usef ul 
properties. There is e vidence that some sort of grinding machine 
sawed stones as early as 4000 BC in Egypt. The real e xpansion of 
abrasives use coincided with the beginning of metallur gy in th e 
Middle East around 2000 BC. The earliest confirmed use of abra- 
sives for grinding metal comes from a steel da gger found along 
with a sharpening stone that dated to 1500 BC. 

Natural and manufactured abrasive substances play an impor- 
tant role in fashioning and finishing numerous products with a wide 
variety of applications. The mining and preparation of crude, natu- 
ral abrasives for market and the manufacture of synthetic and other 
abrasive materials con tribute si gnificantly to the U.S. economy 
(Table 1). Just as sawing to specific dimensions enhanced the value 
of Egyptian stone, the use of abrasives in the fabrication of modern 
products and the addition of abrasives to others add value. The fol- 
lowing discussion draws heavily from Hight (1983) and W ellborn 
(1994). 


GENERAL CONSIDERATIONS 


The most important physical properties of materials that qualify as 
abrasives are hardness, toughness (or rigidity), grain shape and size, 
character of fra cture (or cleavage), and purity (or uniformity). To 
fabricate bonded abr asive products such as grinding wheels, addi- 
tional considerations include stability under high heat and bonding 
characteristics of grain surfaces. The economic factors of cost and 
availability are always important. 

No one singular pro perty is paramount for any use. Some 
applications require e xtreme h ardness an d toughn ess, as in dia- 
monds for drill bits. F or other uses, factors of greatest i mportance 
are hardness, the ability to break down slowly and, in the process, 
develop fresh cutting edges wh en grains become worn. In g arnet 
sandpaper, fo re xample, highly cleavable, friable, o re xtremely 
tough grains are not desirable. For other uses, extreme hardness may 
be objectionable, such as ab rasives for dentifrices and for glass- 


Table 1. Salient U.S. abrasives statistics 


Natural Abrasives 





Production 1999 2000 2001 2002 2003 

Tripoli (processed), f” 84,900 72,000 60,500 66,600 68,800 

Value, 1,000 US$ 20,200 15,900t 15,000 16,600 17,700 
Special silica stone 697 553 705 748 1,070 
(crude), t” 

Value, 1,000 US$ 183 158 234 240 313 
Garnet, ft 60,700 60,200 52,700 38,500 29,200 

Value, 1,000 US$ 6,170 7,060 6,430 4,500 3,170 
Manufactured 160,000 145,000 100,000 60,000 60,000 


: ee 
abrasives, t8 


Value, 1,000 US$8™* 73,085 61,775 44,520 26,320 26,665 
Adapted from Dolley 2003 (tripoli and special silica stone); Olson 2003a, 


2005a (manufactured); Olson 2003c (garnet). 


* Includes amorphous silica and Pennsylvanian rottenstone. 





t Value calculated from price per ton for fused aluminum oxide, regular and 
high-purity, and silicon carbide (Olson 2004, 2005q). 

t Primary garnet; denotes first marketable product. Includes crude 
concentrates. 

§ Includes Canadian production of crude silicon carbide and fused aluminum 
oxide and shipments of metallic abrasives by producers. 

** Excludes U.S. and Canadian production and value of aluminum-zirconium 

oxide. 


cleaning soaps. For efficiency uses in critical applications, different 
types of abrasives rarelyc anbe com pletely interchangeable. 
Although both crushed quartz and garnet are used in sandpaper, the 
two abrasives are not interchangeable in their applications. 

In t he f inal a nalysis, t he choi ce of a high-grade abrasive 
depends on the qu ality and quantity of work performed b y the 
abrasive per unit of cost. Initial cost of an artificial abrasive may 
be much greater than that of a natural abrasive, but the artificial 
mineral may do better work faster, so the ultimate cost is less. For 
this rea son arti ficial abrasi ves ha ve la rgely repla ced natura | 
abrasives. 


Abrasive Value 


Mineralogical hardness, or “scratch” hardness, as expressed in Mohs 
scale is an important property in evaluating abrasive materials, but it 
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Table 2. Relative hardness of abrasive materials on the Knoop scale 





Substance Knoop Hardness (K100) 
Quartz 820 
Garnet 1360 
Alumina/25% zirconia 1450 
Alumina/40% zirconia 1600 
Aluminum oxide, brown 1850 
Aluminum oxide, pink 1900 
Aluminum oxide, white 1950 
Al2O3 + 3% TiO2 1950 
Corundum 2050 
Aluminum oxide, Sol-Gel 2100 
Corundum (perpendicular to C axis) 2150 
Silicon carbide 2480 
Boron carbide 2760 
Cubic boron nitride 7800 
Diamond 8000 





Adapted from Wellborn 1994 and Harris 2000. 


is only one of several essential properties. The mineral hardness of 
pure crystal almandine garnet is about 7.5. The useful hardness may 
be much lower if incipient fracture planes cross the crystal, or if it 
contains inclusions of other minerals. Although the quartz grains in 
sandstone ha ve ahardness_ of 7, the bond hold ing the grains 
together may be so weak that the stone is valueless as a commercial 
abrasive. The hardness, strength, and character of the bond in artifi- 
cially bonded wheels and stones are fully as important as the hard- 
ness of the abrasi ve grains. For abrasive hardness of loose grains, 
both scratch hardness and toughness must be considered. In natural 
or artificially bonded abrasive stones, the character of the bond is of 
equal, if not greater, importance. 

The problem of abrasi ve har dness is furth er complicated by 
the shortcomings of method s for testing hardness and _ expressing 
relative values. The Mohs scale is inadequate because the methods 
of testing are very crude and the intervals between steps in the scale 
are not uniform. There is far less difference between a hardness of 
6 and 7 on the scale than between 9 and 10. Numerous attempts 
have been made to remedy these deficiencies. Knoop, Peters, and 
Emerson (1939) devised a diamond indentation method of measur- 
ing hardness that gi ves reproducible results on a wide variety of 
materials and definite numerical values over a wide rang e, up to 
diamond hardness, that is still cu rrently used. Table 2 lists Knoop 
hardness values of v arious abra sive materials. Other methods of 
testing hardness are Vickers and Rockwell. The Vickers indenter is 
shaped like a square p yramid, whereas the Knoop diamond_ is an 
elongated pyramid shape; the Rockwell test uses a diamond cone or 
hardened steel-ball indenter. 

Toughness or friability are perhaps more important than true 
hardness in appraising abrasive value. Very hard materials are nec- 
essarily neither tough nor resistant to fracture. Diamond is the hard- 
est material kno wn, yet it fr actures easily under impact. Se veral 
techniques for testing friability are in widespread use in the quality 
control of abrasive grains. The basic operating principle common to 
all strength-of-grain tests is to impact a gi ven sample of abrasi ve 
grain under a set of standardized conditions and then measure the 
amount of breakdown. The higher the survival rate, the tougher the 
grain, other factors held constant. 


A simple and ine xpensive de vice for testing friability is an 
ordinary ball mill. The standard Ball Mill Test for F riability of 
Abrasive Grain outlines this test (ANSI 1987). 

Grain shape is another fundamental ph ysical property that 
must be c onsidered in se lecting the best abrasive for a pa rticular 
application. Blocky and nearly equidimensional grains are identi- 
fied a s stro ng-shaped an d are le ss fri able tha n sli very or f laky 
grains, whi ch ar e con sidered wea k-shaped. In grinding wheels, 
strong-shaped grains are preferred in extra-heavy-duty applications 
involving high heat and pressure , and weak er-shaped grains are 
selected for precision grinding to close tolerances and where highly 
polished surfaces are required. 

Close control of abrasive shape is necessary in modern abra- 
sive technology. The bulk density of an ab rasive is a dependable 
indicator of sha pe, because bulk density is a function of shape. A 
sample of weak-shaped grains will not pack as efficiently and will 
have a lower bulk de nsity than the same abrasive witha st rong 
shape. 

Various techniques are used to measur ethe bulk density 
(shape) of abrasive grain. The loose-pack density test is described 
in ANSI B74.4-1992 (R2002), Procedure for Bulk Density of Abra- 
sive Grain (ANSI 1992). In performing this test, care must be taken 
to avoid vibration. The container is filled to 0 verflowing and then 
carefully leveled with a straight edge. The grain filling the con- 
tainer is weighed and the bulk density calculated using the conven- 
tional formula: 

D=WYIV, 
where D = bulk density of the sample, in g/cm? 
W = weight of the grain, in g 


V_ = volume of the cylinder, in cm?. 


Characteristics other than shape also influence the strength of 
abrasive grains. The manufacture and processing of aluminous 
abrasives permit control of some of these important characteristics. 
For example, laboratory and field tests have clearly established that 
the finer the crystal size of an abrasive the stronger that ab rasive 
will be. The cooling history of a fused alumina melt is the dominant 
factor influencing the crystal size of the f inished product. Gener- 
ally, rapid cooling will result in finer crystals (400 um) and slow 
cooling will produce coarser crystals (3,000 um). 

A rapid and inexpensive quality control check for crystal size 
is the monocrystalline count. Any convenient grit size can be used, 
but 24-grit is ideal. A petrographic microscope can reveal whether a 
grain consists of a single crysta 1 (monocrystalline) or two or more 
crystals (polycrystalline). A count is made of 100 grains and the 
percentage found to be mon  ocrystalline is the monocrystalline 
count. The higher the monocrystalline count, the weaker the grain. 
A polycrystalline grain is less apt to disintegrate because a fracture 
passing through one crystal in the grain is deflected on encounter- 
ing another crystal not in crystallographic continuity with the first. 

Heat treatment or roasting strengthens fused aluminum oxide 
abrasive grain. The heated slag (impurities between crystals) soft- 
ens and flows onto the surface of the grain, cementing im perfec- 
tions and sealing incipient fractures. 


TYPES OF ABRASIVE PRODUCTS 

Loose Abrasive Grains 

Abrasive grains are produced from a wide variety of materials for 
use as grains and for i ncorporation into other produ cts. Abrasive 
grains are important products and are the starting point for making 
bonded shapes, coated abrasives, abrasive tools, polishes, cleaners, 
grinding pastes, and ot her compounds. Garnet, flint, and chert are 
used for pressure-blastin g silica sand and other natural mineral 
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grains such as corundum. Manufactured grains such as_ fused alu- 
mina, silicon carbide, and steel shot are also em ployed. Each use 
has its own special requirements. All grains except steel shot have a 
Mohs hardness of 7 or more. Besides hardness, the physical proper- 
ties of toughness, grain shap e, grain size, unifor mity, and specif ic 
gravity are important. Grains should be tough so that the y will not 
disintegrate readily under impact. For some uses, rounded grains 
are considered desirable. F or others, sharp cutting edges are 
favored. Uniformity of grain size and other physical properties are 
always desirable. The higher the specific gravity, the greater th e 
force of impact for grains of equal size. 

Pressure blasting is used to cleans tone and concrete, cl ean 
metal castings, prepare surf aces for painting, and et ch glass and 
plastics. Relati vely coarse grain sizes are used for sawing stone, 
rough grinding plate glass, and surfacing stone. Quartz sand, garnet, 
corundum, emery, aluminum oxide, and silicon carbide are common 
materials used. Slag abrasives dominate the blast cleaning market in 
Europe (Labrakis, An dronikos, and Kaliampak os 2002). Recently, 
sodium bicarbonate has been used as an alternative to silica sand for 
cleaning, buffing, de greasing, polishing, and coating removal. It is 
biodegradable, water soluble, and safe for most surfaces. 

Smaller abrasive grains are used for grinding lenses, rough- 
polishing gems and ornamental stones, and dressing and polishing 
wood surfaces. 

Fine-grained powders are specified for polishing and lapping 
glass, tile and artificial stone flooring, gems, semipr ecious stones, 
and wood surfaces. Fine abrasives are rouge, crocus, tin oxide, alu- 
minum oxide, chromium oxide, cerium oxide, diamond dust, feld- 
spar, garnet, rottenstone, pumice, diat omite, tripoli, ground silica, 
clay, whiting, and zirconium oxide. Most automobile body cleaners 
and polishes contain diatomite. A familiar bathroom and kitchen 
scouring powder for glass and porcelain items contains feldspar or 
pumice. One meth od of drilling sm all holes in g lass, porcelain, 
gemstones, and similar materials us es a br ass tube. It is char ged 
with diamond, corundum, emery, aluminum oxide, silicon carbide, 
or boron carbide dust in a water, oil, or grease carrier. Diamond- 
tipped drills are also used for this purpose. 

Emery, magnetite, silicon carbide, and aluminum oxide ar e 
cast into the treads of steps and ramps to increase traction. 


Bonded Abrasives 


Abrasive grains, closely sized, are bonded and _ pressed or molded 
into a wide v ariety of bon ded abrasives such as grind ing wheels, 
honing stones, and tumbling media. The abrasives in such prod ucts 
were originally corundum or emery. The use of natural abrasives has 
declined greatly with the introduction of electr ic-furnace abrasives 
(aluminum oxide and silicon carbide). 

Five main types of bonded abrasives, depending on the type of 
bond and method of manufacture, are as follows: 


1. Vitrified wheels with acla y—feldspar bond th at is made in 
ceramic kilns. Because of their high rigidity and dimensional 
stability, vitrified bonded wheels are preferred for precision 
grinding operations. They are unaffected by water, acids, oils, 
and ordinary temperature variations. 


2. Resinoid wheels with a hard synthetic resin bond. These ar e 
high-speed wheels used inf oundries and in welding sh_ ops, 
and for billet conditioning. They are also used in cutoff and 
thread-grinding operations. 

3. Rubber wheels, bonded with na _ tural or synthetic rub _ ber. 
These are some what elasticin nature. T hey are used for 
grinding ball races, most centerless feed wheels, and for 
portable sn agging operations wh ere finish is an important 


Prefix Abrasive Grain Size Grade Structure Bond Type _ Suffix 
Ww A 46 K 5 Vv 17 


Manufacturer's Manufacturer's 
Abrasive Code Bond Code 
V—Vitrified 


inum Oxide 
‘on Carbide 
B—Resinoid 
R—Rubber 


E—Shellac 











A— 
Cc 


1 
2 
3 
4 
5 
6 
7 
8 
9 








y 
Soft Medium Hard 
ABCDEFGHIJKLMNOPQRSTUVWXYZ 


Figure 1. Wheel-marking system used in the abrasives industry 


consideration. Rubber-bonded cutoff wheels can be made very 
thin. 


4. Shellac wheels used for producing high finishes on items such 
as camshafts and paper mill rolls. 


5. Silicate bonds for applications where heat generated in 
grinding must be kept to a minimum. Silicate bonded wheels 
are mild ac ting and are _usedi n grinding- edge tools o f all 
kinds. 


Wheels vary in at least five physical properties aside from size 
and shape: 


1. Type o fab rasive grain (aluminum o xide, sil icon c arbide, 
diamond, etc.) 


Grit (size of abrasive grains ranging from 8 to 1,500 mesh) 
Grade (strength of bond encompassing 18 to 20 grades) 
Structure (grains with 10 to 12 spacings) 


Gr OP eS 


Bond (vitrified, etc., in five bond types) 


Figure 1 shows a wheel-marking system that is widely used in 
the abrasives industry. 

When all these variables are combined with an almost infinite 
number of sizes, shapes, and spindle diameters that are either stan- 
dard or available on special order, the complexity of the abrasive 
wheel business becomes apparent. 

In addition to grinding wheels, bon ded abrasi ves are made 
into blocks, bricks, and sticks; used as sharpening and polishing 
stones (oil stones or scythestones); and as razor and cylinder hones. 
Curved blocks and segments can be com bined into la rge whee Is 
such as pulpstones, or used mounted or unmounted for grinding or 
polishing the interior or exterior of curved surfaces. 

Structured abrasives consist of fine abrasive grains mixed uni- 
formly with a binder and shaped using microreplication techniques 
to form small geometrically shaped protrusions on a flexible back- 
ing. A 0.33-mm mineral height allows a continuous fresh supply of 
sharp minerals. Rubber pencil a ndink erasers contain ab rasive 
grains, and similar soft r ubber wheels, sticks, and other for ms are 
made for finishing soft metals. 


Coated Abrasives 


Coated abra sives cons ist of si zed abrasive grains cemented to a 
paper, w oven cloth, po lyester film, or vulcanized f iber backing. 
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Sandpaper was originally coated with silica sand, but today crushed 
quartz is used on silic a-type paper because its grains ha ve much 
sharper cutting edges. The principal abrasives used for this purpose 
are aluminum oxide, _ silicon carb ide, a lumina—zirconia, Sol -Gel 
alumina, crushed qu artz, and g arnet. Most emery clothis now 
coated with silicon carbide or alum inum oxide. Flint paper in the 
United States is coated with crushed quartz, but true flint is used in 
Europe. 

With the e xception of sintered abrasives, all abrasive grains, 
natural or artificial, are made by graded crushing and close sizing. 
Crushing usually is done in two rolls to a void extreme fines—for 
which there is little demand—with close screening between. Prod- 
ucts are passed through magnetic separators to remove iron-bearing 
material abraded from th e rolls, and again precisely sized on 
screens. Care ful si zing is es sential to pre vent cont amination of 
grain grades. The finest powders are sized by air or water flotation 
and sedimentation. 

In earlier practice, grade numbers were more or less arbitrarily 
assigned to grain sizes and garnet, flint, and emery scales were all 
different. Artificial abrasives were given numbers based on screen 
mesh designations now specified in ANSI B74.18 (ANSI 1996). 
Several grit grain-sizing standards exist worldwide. In Europe, the 
Federation of European Producers o f Abrasives (FEPA) and Inter- 
national Organization for Standardization (ISO) are recognized. In 
Japan and Asia, the Jap anese Indus trial Stan dard (JIS) is recog- 
nized. Table 3 shows the relationship between the scales. 

The bond for coated abrasives can be either glue or a synthetic 
resin. An initial coating—the make coat—of resin or glue is applied 
to the backing, and the grain is then electrocoated onto the surface. 
This e lectrostatic p rocess e nsures uniform dist ribution and opti- 
mum positioning of the grains. A second coating—the size coat— 
of resin locks the particles into place on the backing. Th e bonded 
material is cured and processed in to various belts, rolls, discs, or 
wheels. Garnet and flint papers and cloths are most widely used for 
wood, leather, hard rubber, plastics, felt, and rubbed paint and var- 
nish finishes on metals. Cloth, coated with silicon carbide, is used 
chiefly in the metal working industries. Alumina—zirconia and Sol- 
Gel abrasives are finding increasing use in hea vy-duty cloth belts 
for industrial purposes. 


Grains and Powders for Soap, Cleaners, and Polishes 


Many dif ferent ma terials—mostly na tural, b ut som e m anufac- 
tured—are used in making soaps, cleaners, and polishes. Feldspar, 
pumice and pumicite, sand, ground quartz, tripoli, diatomaceous 
earth, clay, and w ood flour are ingredients in hand and scouring 
soaps. Low price is often the primary factor in the selection of the 
abrasive. Occasionally, the abrasive is an important factor in th e 
formulation and use of a product. A household cleanser should con- 
tain neither quartz nor any mineral of hardness equal to or greater 
than that of glass or enamels, nearly all about a Mohs hardness of 
6 or lower. Otherwise, the glass or enamel surface would be readily 
scratched. Such cleansers shoul d not contain calcium carbonate, 
calcium sulfate, or other easily reactive lime compound s because 
lime reacts with most soaps to form insoluble substances that are 
difficult to remove from glass or enamel surfaces. 

An ideal mineral abrasi ve for soaps, cleaners, and polishes 
would be a mineral or rock between 3 and 5 in hardness, occurring 
in abundance in easily mined depos its, close to rail transportation, 
and within a reasonable freight-haul distance of important markets. 
The material should be uniform in texture and physical properties. 

The ultimate grain size of abrasives in this group depends on 
the finished product. Sizes range from extremely fine, air-separated 
and w ater-floated par ticles wi th sizes e xpressed in micrometers 


Table 3. Size grades for abrasives’ 





Industrial Micrometer FEPA or 
U.S. Mesh Grade P-Gradet JIS Grade 
400 30 500 
360 P500 400 
320 P360 360 
280 40 320 
240 P280 280 
220 60 P240 240 
180 80 
150 100 
120 
100 150 
80 300 P80 
60 P60 
50 
40 P40 
36 P36 
30 P30 
24 P24 





Modified from Avonite Surfaces 2004 and Massasoit Tool Company 2005. 
* Blanks indicate that there is no equivalent size in that particular sizing 
system. 
ft P series is used only in micrograins. FEPA has an F series whose equivalents 
in micrometers are different. 


(much finer than 325 mesh) up to 100 mesh ore ven coarser for 
heavy-duty scouring soaps. 


CLASSIFICATION 


Abrasives can be divided into two general classes, natural and man- 
ufactured. Th e former includes al | rocks and minerals used for 
abrasive purposes without chemical or physical change oth er than 
crushing, shaping, or bonding into suitable forms. Manufactured or 
artificial abrasives are made by either heat or chemical action from 
metals or mineral raw materials. Table 4 lists most of the important 
abrasives, classified by inherent type and the forms in whic h they 
are used industrially. 

Manufactured produ cts can be substituted for most natural 
products, usually at h igher initial cost but with greater efficiency. 
This is not always the case. For example, there is no satisfactorily 
manufactured garnet su bstitute for makin g coated abrasive paper 
and cloth. For some abrasives such as chaser stones and others with 
declining use, the production of manufactured substitutes has no t 
been economically attractive. For a low-priced commodity such as 
pressure-blasting steel shot, fused aluminum oxide and silicon car- 
bide may be substituted. 

The use of many natural abrasives such as sand and quartz has 
seriously declined because of government regulation of free crystal- 
line silica (a carcinogen). Th ~—e siliceous abrasives h ave been 
replaced with manufactured abrasives. The transition has not beena 
net loss to the mineral industry because virtually all manufactured 
abrasives are made from mineral raw materials. 


Natural Abrasives 


This book devotes separate chapters to such commodities as dia- 
monds, diat omite, tripo li, pumice and pumicite, silica sand, and 
quartz. Thus, this chapter discusses these rocks and minerals only 
as abrasives. 
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Table 4. Classification of abrasives 


Natural Abrasives 








Superior Intermediate Hardness (H 5.5 to 7.0) 
Hardness =|9) ——____________ Inferior 
(>7.0 on Silica Other Rocks Hardness 
Mohs scale) Abrasives and Minerals (H < 5.5) Manufactured Abrasives Types of Abrasive Products 
Diamond Buhrstone Argillaceous Apatite Boron carbide Lampblack Abrasive grains and powders, loose 
10.0 limestone 
Corundum Chalcedony Basalt Calcite Boron nitride Lime Abrasive grains bonded into wheels, blocks, 
9.0 and special shapes 
Emery Chert Feldspar Chalk Calcium carbonate Magnesia (pptd) Coated abrasives; grains bonded to paper 
7.0 to 9.0 (pptd*) and cloth 
Garnet Flint Granite Clay Calcium phosphate Manganese dioxide Abrasive grains and powders; paste form; 
6.5 to 7.5 oil or water vehicles 
Staurolite Novaculite Mica schist Diatomite Cerium oxide Periclase (artificial) Abrasive grains and powders; brick and 
7.0to7.5 stick form; grease, glue, and wax binders 
Quartz Perlite Dolomite Chromium oxide Silicon carbide Natural rocks shaped into grindstones, 
pulpstones, chaser stones, millstones, etc. 
Quartzite Pumice and Iron oxides Clay (hard burned) Tantalum carbide Natural rocks shaped into sharpening stones 
pumicite such as oil stones, whetstones, scythestones, 
razor hones, etc. 
Sandstone Quartz Limestone Diamond Tin oxide Natural stones shaped into rubbing and 
conglomerate polishing stones such as holystones and 
pumice scouring blocks 
Silica sand Rottenstone — Fused alumina Titanium carbide Natural stones shaped into blocks for tube- 
mill and pebble-mill liners 
Siliceous Glass Tungsten carbide Pebbles, natural and manufactured, for 
shale grinding mills 
Silt Iron oxides Zirconium oxide 
Talc Zirconium silicate 
Tripoli Metallic abrasives, including steel wool, steel 
shot, angular steel grit, brass wool, and copper 
wool 
Whiting Porcelain blocks for mill liners and grinding 


pebbles 





Adapted from Wellborn 1994. 
* pptd = precipitated. 


Corundum and Emery 


Corundum and emery have become relatively unimportant. Most of 
the emery is used as hardener for heavy-duty concrete floors and as 
nonskid material on bridg es a nd at tollboo ths. The competition 
from synthetic abrasives eliminated most of the markets for the se 
materials; only niche markets remain (Harben 2002). There is some 
limited use of the material as tumbling media. 

Production. No corundum is currently mined in the United 
States or Canada. No production or imports of emery or corundum 
are reported for the United States. Turkey, the lar gest producer , 
reported 14.5 Mt of emery in 2003 (Mobbs 2003) and Greece pro- 
duced an estimated 8 Mt (Newman 2003). 


Diamonds—Industrial 
The United States has no _ production of natural diamonds and is 
therefore dependent on imports. 
Natural Industrial Diamonds. The four major types of natu- 
ral industrial diamonds are as follows: 
1. Bort, which includes off-color, flawed, or broken fragments of 
diamonds unsuitable for gems 
2. Carbonado or black diamond, wh ich is av ery hard an d an 
extremely tough aggregate of very small diamond crystals 
3. Ballas, a very hard, tough, globular mass of diamond crystals 
radiating from a common center 
4. Diamond crystals used for grinding wheel dressing 


Carbonadoes come o nly from Bahia, Brazil. Ballas comes chiefly 
from Brazil, but some is from South Africa. Bort comes from all dia- 
mond-producing centers. There is a considerable production of dia- 
mond dust and po wder waste from cutting gem diamonds. Se veral 
new diamond operations have opened in the Northwest Territories of 
Canada and exploration continues. In 2003, Canada produced about 
15% of the world’s diamond production (Olson 2003b). 

Uses. The industrial diamon d has beco me one of the most 
important and essentia | materials in mo dern industry . Diamond 
drilling, once used on ly for locating metallic ores, is now widely 
used for exploring geologic structures for oil and gas; testing foun- 
dations of dams, buildings, and heavy mach inery; e xploring the 
internal condition in hea vy concrete structures such as dams, step 
mining, and explosive demolitions under special conditions; and for 
miscellaneous other purposes. 

Some of the most important uses are as follows: 


Diamond drill bits for drilling rock and concrete 


Diamond dies for wire drawings 


Diamond-tipped tools for truing abrasive wheels and for turn- 
ing and boring hard rubber, fiber, vulcanite, hard plastics, and 
so forth. 


Diamond-toothed (segmented) sa ws andrim-imp regnated 
(continuous rim) saws for sawing stone, glass, quartz, and met- 
als, and for slicing expansion joints in concrete highways, etc. 
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Bond Diamond 
Abrasive GritSize | Grade Concentration Bond Type Specification Depth 
D 120 L 100 Vv 52 Nhe 


A letter or Ne 
numeral will Veg 
indicate a V4 
variation from | | Absence of 


standard bond depth symbol 


indicates 


solid 








Soft Medium Hard 
ABCDEFGHIJKLMNOPQRSTUVWXYZ 





D—Diamond 
SD—Synthetic Diamond 
SD56—56% Nickel-Coated Diamond 


SD30—30% Nickel-Coated Diamond 
SDC—Copper-Coated Diamond 
CBN—Cubic Boron Nitride 





Figure 2. A diamond wheel-marking system 


¢ Abrasive wheels, both for grinding and cutoff work in which 
the working face consists of diamond grit bonded with a metal 
or ceramic resinoid 


¢ Diamond-tipped tools for cutting glass and for engra ving 
gems 


¢ Diamond powder for cutting gems 


Cemented carbides and other exceedingly hard, tough alloys can be 
cut and shaped efficiently with diamo nd tools. Diamond-tipped 
tools are es sential for the rapid and accurate shaping, tr uing, and 
dressing of abrasive wheels. 

Quality Control and Testing. A diamond wheel-marking sys- 
tem (Figure 2), analogo us to that previously shown for ordinary 
grinding wheels, is u sed by the abrasives industry. With diamond, 
as with ordinary abrasives such as aluminum oxide and silicon car- 
bide, the previously mentioned pr operties of size, shape, and fria- 
bility must be closely controlled so that diamonds with the proper 
physical properties can be selected for a particular application. 

Resinoid or vitrified bonded diamond wheels require a fairly 
friable, weak-shaped, diamond abrasive grain. Metal bonded 
wheels require a more durable, strong-shaped grain. 

A device similar to the bulk density apparatus used for ord 1- 
nary abrasives is applied to diamond abrasives (Hight 1971). The 
cardinal rule in any determination is close reproducibility of condi- 
tions from one test to another. Another shape test is a microscopic 
technique developed at the Diam ond Research Laboratory , Johan- 
nesburg. It is fast and inexpensive, but quite subjective. Custers and 
Raal (1959), who recognized four sh ape categories, further refined 
this method. Shape No. | is a near perfect cube or sphere whereas 
shape No. 4 is a thin flake or a needlelike grain. Shape Nos. 2 and 3 
are intermediate. The arithmetic mean of 100 grains is calculated, 
and this number becomes the “shape count” for that particular sam- 
ple. Belling and Dyer (1965) devised a friability test at the Dia- 
mond Research Laboratory. 

Imports. The United States is the largest single consumer of 
industrial diamonds. It is estimated that apparent domestic con- 
sumption of both natural and synthetic industrial diamonds in 2004 


was approximately 423 million carats (Olson 2005b). U.S. imports 
of natural diamond stones in 200 4 were 2 million ca rats witha 

value of $11.7 million (Olson 2005b). The United States was a net 
exporter of synthetic diamond grit and powder, and a net importer 

of natural industrial stones. 


Garnet 


The name garnet is given to a group of iron—aluminum silicate min- 
erals having similar physical properties, crystal forms, and general 
chemical formulae. 

Composition. In garnet, the general formula is A3B2(Si04)3, 
where the A divalent element can be calcium (Ca), magnesium 
(Mg), ferrous iron (Fe 2), or mang anese (Mn). The B trivalent ele- 
ment includes aluminum (AJ), ferric iron (Fe?*), or chromium (Cr), 
and rarely, titanium (Ti). Further, titanium also replaces silicon in 
some e xamples. There are th ree prominent g roups—aluminum, 
iron, and chromium—and various subdivisions under each, many of 
which blend into each other (Table 5). 

Properties. Minerals of the garnet group have specific gravi- 
ties that range from 3.4 to 4.3; have vitreous, resinous, or dull lus- 
ter; and are transparent to opaque. Garnets have a cubic crystal 
system thatiscommonly rhombic dode cahedrons, tet ragonal 
trisoctahedrons, or a combination of the two. They have a glassy 
structure and usu ally have a marked conchoidal frac ture. Some- 
times, however, the mineral tends to break into thin flakes. In some 
garnets the fracture is sharp and uneven. Index of refraction of the 
garnet group ranges from 1.735 to 1.94. Occasionally an indistinct 
dodecahedral cl eavage is observ ed. Some species of almandine 
possess a pronounced laminated structure; the laminae are planes 
of weakness along which the mineral separates. This parting is not 
related to the crystal form and is not a true cleavage. Garnets hav- 
ing high iron content, such as almandine, fuse at abou t 1200°C. 
White garnets containing a considerable percentage of chromium 
are infusible. Aggre gates of ga mets are composed of individual 
crystals of various sizes, are brittle, and shat ter readily. Massive 
garnet and well-formed crystals are remarkably tough and shatter 
with difficulty. 

Occurrence. Garnet commonly occurs as an accessory min- 
eral in a large variety of roc ks, more particularly in gneisses and 
schists. It also occurs in cont act with metamorphic deposits, crys- 
talline limestones, pe gmatites, and serpentines, and as gangue in 
ore veins formed at high temperatures. Most varieties of garnet are 
resistant to chemical and mechanical erosion and tend to be cancen- 
trated in sand of present-day or ancient beaches, streams, or other 
alluvial deposits. 

Garnet is found in many foreign countries and in nearly every 
state in the United States. Large domestic resources of garnet occur 
in coarsely crystalline gneiss near North Creek, Ne w York; other 
significant domestic resources oc cur inI daho, Maine, Montana, 
New Hampshire, North Carolina, and Oregon (Olson 2005c). 

Recent production has come from three companies, two oper- 
ating in New York and one in Idaho. Montana had g arnet produc- 
tion in 2002, but operations are now closed. Imports primarily from 
Australia, China, and India have displaced the domestic market. 

According to data from Willis (2003) and Austin (1991), 
Barton Mines Corp. produces almandine garnet from an igneous— 
metamorphic rock of uncertain originin Warren County , Ne w 
York. It is used in — sand blastin g, pr ecision p owders f or gl ass 
grinding and polishing, and water-jet cutting. The NYCO Divi- 
sion of Processed Minerals Inc., Essex County, New York, recov- 
ers and sells crude garnet co ncentrate,a by-product of its 
wollastonite operation, for additional refining and use as blasting 
and filtration media. Reserves in New York are large—more than 
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Table 5. Garnet classification 





Mineral Formula Color Specific Gravity Mohs Hardness 
Almandine, iron aluminum 3FeOeAlnO3°3SiO Deep red, brownish red to black 4.1-4.3 7.0-7.5 
Grossular, calcium aluminum 3Ca0eAlnO3°3SiO2 White, pale green, or yellow 3.4-3.6 6.5-7.0 
Pyrope, magnesium aluminum 3MgOeAl203°3SiO2 Deep red to black 3.5-3.8 6.5-7.5 
Spessartine, manganese aluminum 3MnOeAloO3°3SiO2 Brown to red 3.8-4.3 7.0-7.5 
Andradite, calcium iron 3CaO0*Fe2O3°3SiO2 Yellow-green, black, green 3.7-4.1 6.5-7.0 
Uvarovite, calcium chromium 3CaOeCr2O3°3SiO2 Emerald green 3.4-3.8 6.5-7.0 





Adapted from Harben 2002. 


600,000 kt of high-quality garnet are recoverable from the Barton 
Mines’ Ruby Mountain deposit. Similar deposits occur in the area 
(Austin 1991). 

WGI Heavy Minerals Inc. has mining operations in northern 
Idaho at Emerald Creek, two jigging plants, and a mill in Benewah 
County, where garnet recovered from garnet-bearing gravels is used 
primarily for blasting and f iltration media and w_ater-jet cutting 
(Austin 1991). In March 2005, WGI _ was re-permitted by the U.S. 
Army Corps of Engineers at a curre nt mine life of about 10 years. 
This will extend the reserve of garnet grades for two of their target 
markets, water-jet cutting and oil industries (U.S. Army of Corps of 
Engineers 2004). 

Garnet is or has be en commercially mine d in Ma dagascar, 
Japan, Argentina, India, and Tanzania. Alluvial almandine garnet is 
mined in Western Australia (Port Gregory), and a hard-rock opera- 
tion produces almandine garnet in Ne w South Wales in Australia. 
In Australia, GMA Garnet of Geraldton, Washington, is the world’s 
largest pr oducer at more than 100k tpy (Cullen 2004). Barton 
Mines Co. LLC of the United States owns the company along with 
Garnet International Resources based in Perth. Ind ia’s garnet pro- 
duction is concentrated in southern India in Tamil Nadu and is pri- 
marily fore xport. The major p roducers in Ind ia are Vetri Vel 
Minerals Ltd. (VVM), Indian Ocean Garnet Sands Co., and Trans- 
world Garnet India, a subsidiary of WGI Heavy Minerals (Willis 
2003). 

Preparation for Market. Almost 100% of the g arnet sold is 
sized and graded. Mining techniques and end use g overn sizing. 
Sizing generally conforms to specific standards (e .g., Standards 
for Quality Criteria, and Standard Methods of Test, Rating, Certifi- 
cation) established in cooperation with the U.S. Department of 
Commerce’s Nati onal Institute of Stan dards and T echnology 
(NIST) to pro vide a uniform basis for fair competition. Gra ding 
standards for coated abrasive use and micrometer sizing for grades 
used in glass grinding and metal lapping have exceedingly close 
tolerances. Wheel grades, polishing grades, and sand blast grades 
each have different standards and much greater tolerances. Specifi- 
cations can be f ound in Grading of C ertain Abrasive Grain on 
Coated Abr asive Material (ANSI 1996) and in Size of Abrasive 
Grain-Grinding Wh eels, Polishing and General I ndustrial Uses 
(ANSI 2001). Specifications are increasingly tied to Occupational 
Safety and Health Administration (OSHA) regulations and certifi- 
cation standards set by the Coated Abrasives Manufacturers Insti- 
tute (Harbe n 2002). In the Unite d States, a material use d as an 
abrasive is required to contain little or no free silica; pass the Toxic 
Characteristic Leac hing Procedure (TCLP); conform to the U.S. 
military specification Abrasive Blasting Media Hull Blast C lean- 
ing (Naval Sea Syst ems Command [Ship Systems] 1993) for the 
content of total metals, soluble metals, and radiation; and rece ive 
certification from Cali fornia En vironmental Protec tion Agenc y’s 
Air Resources Board (Harben 2002). 


Practically all garnet grains used t oday are h eat-treated t o 
improve adhesion rather than inherent abrasiveness. This degree of 
heat exposure is known as RT treatment. Impurities picked up dur- 
ing processing adhere to garnet particle surfaces and destroy clean- 
liness and capillarity need ed to give adhesion for bonding. In the 
mid-1960s, the coated abrasives industry accepted unif orm color 
standards for cleanliness of the grain surface and presented a color 
standard most closely approaching the natural red color of abrasive 
garnet. 

There is n o exact method for testing the abrasi ve quality of 
garnet or any loose abrasive except by practical application. Several 
rough tests and examinations indicate their abrasi ve possibilities. 
Fracture, sharpness and shape of the grain, character of the grain 
structure, and t he presence of inclusions of other min erals, which 
weaken the grain structure, can be studied under the microscope. 
Hardness and toughness of grains can be rough ly determined by 
placing a def inite grade, such as #60, between two glass micro- 
scopic slides and rubbing them t ogether. Skilled technician s can 
assess the relative scratch hardness of the grains and the amount of 
breakdown. 

NIST de veloped an abrasi ve te ster primarily for testing the 
abrasive quality of corundum. It can be adapted for testing the abra- 
sive quality of any loose, abrasive grain. This type of grain is also 
tested on v arious production or laboratory machines that e valuate 
glass (stock) removal on flat plates. This data can be correlated with 
the anticipated performance of the material to be abraded as an 
evaluation of actual abrasive performance. In all these methods, 
actual stock removal is determined by either weighing or measur- 
ing. In the coated abrasives industry, test belts are made and stock 
removal is measured on te st bl ocks. These tests measure stock 
removal only and are a valuable indicator when other important 
variables such as bond, back ing, coating flex, and grit size are 
closely controlled. 

In judging the abrasive quality o f garnet and all other abra- 
sives, stock removal is important b ut it is not the only f actor to be 
considered. Surface finish is, in most cases, a more important factor. 
An abrasive used on some materials can be toohard and cause 
scratches so deep in the substructure that they cannot be removed in 
subsequent operations. If the abrasive does not have the proper grain 
shape or becomes dull (does not break down to yield new sharp cut- 
ting edges), it will tend to burn or gouge the material being worked. 

Uses and Markets. Garnet-coated papers and cloths are used 
primarily for sanding wood, but also for finishing leather, hard rub- 
ber, plastics, glass, and softer metals. Coated abrasives have been 
improved in recent ye ars, mainly by usin g resin bonds in place of 
glue bonds for certain applications. Electrostatic coating is now in 
general use. Garnet is being replaced in many of these applications 
by synthetic abrasives such as silicon carbide and fused alumina. 

During W orld W ar II, when impor ted corundum became 
scarce for grinding optical lenses, garnet was the logical substitute 
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mineral. It had never been processed for this application, however. 
After development, garnet filled the critical need, and its desir able 
qualities became widely known. Its use decreased lens scratching, 

produced a superior finish, and, as a result, improved product qual- 
ity. Using garnet reduced rejections and decreased polishing time, 
both important factors in the development of more economical lens 
grinding. The properties that made garnet a competitive abrasive for 
this application continue to produce new markets in the glass, plas- 
tics, ce ramics, a nd softe r me tals ind ustries. High -quality ga met 
powders ar e used for polishing and finishing cathode-ray tub e 
(CRT) faceplates, liquid crystal display (LCD) screens, semicon- 

ductors, and polishing ceramics (W illis 2003). Abrasive po wders 
from garnet make up 10% of the total end use in the United States. 

A major nontechnical use of g arnet in loo se form is blasting 
and w ater-jet cut ting. Garnet has the adv antage of containing no 
free silica and th us it cannot caus e silicosis. Being heavier than 
quartz, garnet deli vers har der bl ows than q uartz grains of equal 
size. Production of Idaho garnet is sold to aircraft industries on the 
U.S. West Coast as a blasting agent because of its price and loca- 
tion. W ater-jet cutting requires consistent grading, good cutting 
speed, and durability, all of which g arnet grains pro vide. In the 
United States, garnet use is primarily as blasting media (35%) and 
water-jet cutting (30%) (Olson 2005c). 

Garnet, in different grain sizes, is also used for the manufac- 
ture of grinding wheels, as tumbling media, for nonskid applica- 
tions, and as filter media. In po wder sizes, it is made into lapping 
and buffing compounds. Water filtration is 15% of the total garnet 
end use in the United States. 

Markets and Prices. In general, every abrasive has an applica- 
tion for which its qualification surpasses others, but in applications 
where qualifications overlap there is keen competition, based on rel- 
ative co st, and grinding and finishing abilities. Garnet has main- 
tained its position in th ee xpanding abr asives mark et thro ugh 
exploration and applicatio n of n ew technology. Because of health 
issues, garnet has the potentia1 to increase its market share in areas 
previously supplied by silica sand. Market prices of g arnet grains 
and po wders v ary widely , depending on garnet type (almandine, 
pyrope, etc.), purity, particle size, grade control, shipping quantities, 
and packaging. 

Production. In 2004, the Un ited States produced about 10% 
of the world’s garnet. R eported production of crude garnet was 
29.7 kt with a value of $3.2 million. Imports into the United States 
were 50.4 kt o f industrial g arnet (Olson 200 5c). Table 1 sho ws 
crude garnet production in the United States from 1999 to 2003. 

Estimated world production for 2004 is 283 kt (Olson 2005c). 
Australia, India, and China are large producers of garnet. Produc- 
tion from China is on the rise, with one major producer , WuXi 
Ding-Long T rading—Sinogarnet. Sinogarnet’s mines are in Inner 
Mongolia and produce almandine garnet from a biotite garnet schist 
containing 45% to 70% garnet (Willis 2003). Mark ets in clude 
Japan, Taiwan, Australia, India, Europe, Canada, the United States, 
the Middle East, and Africa. Uses include sandblasting, w ater-jet 
cutting, glass polishing, and textile and paper abrasives. Other oper- 
ations in China ha ve been pla gued by long domestic transport dis- 
tances, low quality control, and lack of water for cleaning (Willis 
2003). 


Staurolite 


Staurolite, a comple x iron—aluminum silicate, has been commer- 
cially recovered from various placer deposits in the southeastern 
United States, with one at a DuPont operation in Stark e, Florida. 
Hardness—7 to 7.5 on the Mohs scale—is equal or slightly higher 
than that of quartz. Staurolite is used mostly for pressure blasting. 


Latest production data are not disc losed, but 2002 industrial-grade 
staurolite production decreased 15% in quan tity and 6% in v alue 
compared to 2001 (Spencer 2003). 

Silica 

Silica Sand. The use of silica sand as an abrasive has signifi- 
cantly decreased because of the po tential health hazard from crys- 
talline silica. In the United States, OSHA has created a permissible 
exposure limit stipulating the maximum amount of crystalline 
(free) silica to which workers may be exposed in an 8-hour shift. 
Garnet, ol ivine, sl ag, and fused a lumina are be ing m arketed as 
“safer” alternatives. 

Abrasive sand accounted for 3% of the total amount of indus- 
trial sand and gravel sold or used in the United States in 2004 (Dol- 
ley 2005). The amo unt used for sandblasting in 2003 was 796 t 
valued at $27.3 million with an average value of $34.33/t. In addi- 
tion, 55 t of ground sand, used in scouring powders, was sold at an 
average price of $54.26/t. An undisclosed amount of silica sand 
used for sawing and sanding sold at an average price of $38.25/t in 
2003 (Dolley 2003). 

Quartz. Crushed and graded quartz is used as the abrasive in 
flint sandpapers. Almost an y deposit of massive white quar tz is 
suitable. Being the cheapest of all the abrasive-coated paper, this 
product is still sold in f air amounts, mainly in hardware stores and 
by small jobbers. It is made only in the form of paper, not as cloth. 
True chalk flint from England and France is used e xtensively for 
this purpose in Europe; it has better cutting qualities and longer life 
than ordinary quartz. 

Crushed and ground sand, sandstone, powdered quartz, and silt 
are sometimes used in hand soaps, scouring compounds, and harsher 
metal polishes. 

Soft Siliceous Powder Abrasives. Some nat ural, hig hly sili - 
ceous materials occur as a powder or a fine abrasive used only in a 
powdered form as a mild abrasive. For most of these materials, use 
as an abrasive is of minor importance compared with their principal 
applications. The abrasive uses of diatomite, pumice, and tripoli are 
reviewed here. 

Diatomite pro duction in the United States comes primarily 
from California and Ne vada, with small outp uts from Ore gon and 
Arizona. Abrasive uses include metal (silver) polishes, dental pow- 
ders and pastes, and buffing compounds. More significant markets 
are filtration media, mineral fillers, and absorbents. 

Included within the category of pumices are lump pumice and 
pumicite or volcanic dust, a natural powder. Lump pumice is used 
by manufacturers of furniture and musical instruments for dressing 
wood and metal surfaces, by silver platers for preparing metal sur- 
faces, by lithographers for clea ning stone surf aces, by restaurants 
for scouring grills and cooking utensils, in household cleansers and 
hand cleaners, and by jeans manufacturers for stonewashing denim 
(Hoffer 1994). Pumice is also used for rubbing down and polishing 
fine tools and instrumen ts. Pumicite or ground pumice is mainly 
used as a cleanser where thin, sharp, and striated grains are particu- 
larly suitable. Minor uses for abrasive pumice entail applications in 
polishing compounds; in polishing powders for bone, celluloid, and 
hard rubber; in dental use; in electronic circuit board preparation; 
and in the manufacture of some rubber erasers. 

The fine-grained, porous materials—tripoli and rottenstone— 
are known to the trade as soft silicas. In the United States, white or 
cream tripoli comes from southern Illinois. Buff- to rose-colored 
tripoli is mined and processed in Garland County, Arkansas (Malv- 
ern Minerals Co.), and si milar material, mined in northeast Okla- 
homa, is milled in southwest Missouri. The colors are imparted by 
minor iron c ontent. Tripoli from the Oklahoma—Missouri district 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Abrasives 153 





(American Tripoli Co.) is mainly used for metal finishing, for lapi- 
dary, and as friction products, including scouring agents. 

Tripoli is composed of microcrystalline quartz grains that do 
not have distinct sharp edges and therefore perform a mild abrasive 
function in toothpaste, industrial soaps, and metal polishing com- 
pounds. It is employed to a small extent in the manufacture of some 
scouring and cleaning po wders and for rubbin g down painted sur- 
faces such as automobile bodies. 

Cream tripoli from southwestern Illinois is differentiated from 
rose tripoli based on itslo wiron content, high re flectance, and 
color, allowing for use in a wide range of filler-and-extender uses. It 
is also employed in buffing and polishing compounds and is in high 
demand for use in white coloring operations on high-class work. 
Chemically precipitated amorphous silicas are also used in polish- 
ing and buffing compositions. 

Rottenstone, a f ine-grained, gr ay-buff, siliceous-ar gillaceous 
limestone, comes from Antes F orte, Lycoming County, Pennsylva- 
nia, and is used as a base for automobile polishes. 

Five firms in th e United States pr oduce and process tripoli 
(Dolley 2003 ); two of these companies specif ically list abrasi ve 
uses for their products. American Tripoli Co. produces crude mate- 
rial in Ottowa County, Oklahoma, and finished material in Newton 
County, Missouri, which is used in me tal finishing, lapidary, and 
friction products. Malvern Minerals Co. in Garland County, Arkan- 
sas, produces crude and finished material from novaculite primarily 
used as filler and extenders and as a wet-blasting media. K eystone 
Filler and Manufacturing Co. in Northumberland County, Pennsyl- 
vania, processed rottenstone from a fine-grained si liceous shal e 
purchased locally (Dolley 2003). 

The end use for tripoli has changed dramatically in the past 
30 years because of the regulation of crystalline silica. In 1970 
almost 70% of processed tripoli use was as an abrasive. In 2003 only 
16% of th e production was used for abrasive applications (Dolley 
2003). The cur rent primary use (7 0%) of tripoliisasaf iller and 
extender in paints. The amount of processed tripoli, including amor- 
phous silica and Pennsylvanian rottenstone, used or produced in the 
United States in 2003 was 68.8 kt , valued at $17.7 million (Dolley 
2003). The average reported unit value of all tripoli sold or used was 
$257/t. The average reported unit value for abrasive tripoli used o r 
sold in the United St ates during 2003 was $194/t. The consumption 
and production of trip oli are not expected to change significantly in 
the future because the markets are well defined and the potential of 
new end uses is relatively low (Dolley 2003). 


Other Soft Abrasives 


Ground Feldspar. Ground feldspar ise xtensively used in 
scouring and cleaning compounds and for a window cleaner. 

Chalk. Chalk (calcium carbonate) is a soft, compact, f ine- 
grained, white limestone composed of the calcareous remains of 
microscopic marine sh ells. A small amount of this ch alk, mainly 
from England and France and kno wn in the trade as “whiting,” is 
used as a very mild abrasive for hand polishing nickel, gold, silver, 
or plated ware, buttons, and similar materials. 

China Clay. China clay (kaolin) and some pipe claysha ve 
been used successfully in polishing powders. Pipe clay at one time 
was the standard polish for naval and military tunic buttons. 

Bath Brick. Bath brick, used for scouring steel utensils, is 
made from very fine-grained, quartzose clay found along the banks 
of the Parrot River in England. 


Special Silica Stone 


Although in general stones made from bonded artif icial abrasi ve 
grains have largely replaced natural sharpening stones, there is still 


small production of oilstones, wh etstones, and deburring media in 
Arkansas, and whetstones and oilstones in New Hampshire. Arkan- 
sas novaculite stones are still preferred by su rgeons, carvers, and 
engravers for sharpening fine-edged tools. It is c laimed that these 
stones give a smoother and longer-lasting edge. 

Natural abrasive stones are made from a wide variety of mate- 
rials, including sandstone, novaculite, mica schist, siliceous ar gil- 
lite, shale, slate, and pumice. The superior cutting quality of some 
of these stones is due to the well-disseminated, fine-grained inclu- 
sions of garnet or other minerals of superior hardness. 

Table 1 lists the quantity and value of finished grindstone, oil- 
stone, and whetstone pr oducts sold oru sed by producersin the 
United States from 1999 to 2003 under the cate gory “special silica 
stone products.” Production in 2003 was 1,070 t valued at $313,000. 
Arkansas accounted for most of the total quantity and value. Exports 
of special silica stone in 2003 were valued at $7.8 million and catego- 
rized as hand-sharpening or polishing stones. The value of imported 
silica stone w as $6.3 million; a port ion of the finished products 
imported were probably made from crude novaculite produced in the 
United States and exported for processing (Dolley 2003). 


Grinding Pebbles and Tube-Mill Linings 


Tube mills, conical mills, and cylindrical batch mills are most often 
used for the fine grinding of hard ores, minerals, paints, chemicals, 
ceramic bodies, glazes, enamels, portland cement clinker, and simi- 
lar materials. Most efficient grinding can be done in mills with iron 
or steel liners and iron or steel balls, slugs, or rods. Where contami- 
nation of the color or chemical pu rity of the product by metals and 
metal oxides must be a_ voided, the grinding surf aces consist of 
blocks or bricks for the mill li nings, and natural pebbles or ar tifi- 
cially prepared balls are specified for grinding media. These materi- 
als should (1) have high abrasive hardness; (2) have great toughness 
and freedom from fla ws that will result in breaking and chipping; 
(3) produce a white powder when abraded; and (4) contain no dark- 
colored metallic impurities such as iron or manganese. Although 
most of th e natural and artificial mill linings and pebbles ha ve a 
specific gravity close to that of quartz (2.6), pebbl es with greater 
density have obvious advantages. The heavier the pebbles per unit 
of size, the greater the impact and abrasive grinding forces. Thus, 
with heavy pebbles, less mill v olume is needed for a given mill 
capacity (throughput). With equal pebble volume, faster grinding 
can be done. Small balls—having more surface area per kilogram 
than la rge ba lls—grind f aster, b ut with small pebb les th e uni t 
weight is low unless high-density pebbles are used. 

The favored natural mill-lining material for m ost purposes is 
Belgian sile x, whichis a_ very hard, tough, mo re-or-less cellular 
quartzite resembling French buhrstone. It is imported in rectangular 
blocks essentially shaped to f it the curve of a mi Il. During World 
Wars I and II , when imports were cut of f, and to a much lesser 
extent at other times, domestic substitutes have been used. These 
have consisted chiefly of quartzite from near Jasper, Minnesota; 
Iron City, Tennessee; and Baraboo, Wisconsin; and granites from 
Salisbury, L ilesville, and F aith, Nor th Car olina. Some of the se 
materials are reported to give service equal to that of Belgian silex. 
Special hard, dense, porcelain bloc ks are used in some mills for 
grinding paint, ceramic, and chemical materials. 

For grinding media, Danish flint pebbles, when available, have 
long been stand ard because of their superior hardn ess, toughn ess, 
and uniformity. These pebbles are found on the shores of Greenland 
but are marketed through Denmark. Other foreign sources of similar 
pebbles exist along the seacoasts of Belgium, France (between Le 
Havre and St. Valery-sur-Somme), Norw ay, and England. Seven 
sizes of Danish pebbles are marketed, ranging from 25.4 to 203 mm. 
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Table 6. Crude manufactured abrasives produced in the United 
States and Canada, by type 








Type 2002 2003 2004" 
Silicon carbide, k¢t 30 35 35 
Value, 1,000 US$ 15,900 18,500 21,500 
Fused aluminum oxide, regular 20 20 25 
abrasives, kt 
Value, 1,000 US$ 5,300 5,800 7,300 
Metallic abrasives, kft 218 193 194 
Value, 1,000 US$ 101,000 90,800 92,000 
Total, ktS 268 248 254 
Total value, 1,000 US$ 122,200 115,100 120,800 





Adapted from Olson 2004, 2005a. 
* All 2004 data are estimated. 
t Approximately one half of quantity and value consists of material used for 
refractories and other nonabrasive purposes. 
t Does not include reported exports. 
§ Excludes U.S. and Canadian production and value of aluminum-zirconium 
oxide. 


Domestic substitutes for grinding media are natural pebbles of 
flint, quartz, and quartzite, and pebbles artificially rounded by tum- 
bling small blocks of qua rtzite, granite, chalce donized rhyolite, or 
other siliceous materials in rotating cylinders. During World War II, 
natural pebbles were shipped from Encinitas Beach, California (true 
flint); Jasper, Minnesota (quartzite); the Austin chalk beds in south- 
central Texas (true flint); Salisbury and Faith, North Carolina (gran- 
ite); Baraboo, Wisconsin (quartzite); and several other points in the 
United States. Extensive deposits of quartzite pebbles in southwest- 
ern Saskatchewan have been reported. Beach pebbles were reported 
to be nonuniform in hardness and required careful sorting. 

Ceramic pebbles are made from very dense, tough porcelain, 
alumina, and sillimanite (mullite). A dense, heavy pebble ha ving a 
specific gravity of 3.7 is made from zircon. For certain purposes, 
blocks of ore are used as grinding media. This practice has been fol- 
lowed to some extent in the autogenous grinding of some nep heline 
syenite. Ceramic products and high-alumina grinding media are tend- 
ing to replace natural materials in these niche markets. 


Manufactured (Artificial) Abrasives 


The discovery of the electric-furnace method for mak ing silicon 
carbide by Edward G. Acheson in 1891 be gan the revolution in the 
high-grade abrasives industry. Before that time, all abrasives were 
natural minerals and rocks e xcept for minor chemically prepared 
materials such as rouge and Vienna lime. Today, artificial abrasives, 
with a fe w notable exceptions such as diamond and garnet, domi- 
nate the field of high-grade abrasives. Manufactured abras ives are 
essential to modern industry beca use they are not only sup erior to 
natural abrasives but are also uniform in quality and their properties 
can be varied to meet differing needs. Modern, high-speed, stream- 
lined production methods require very accurate, specialized tools 
with a de gree of uniformity and dependability that cannot be met 
with natural abrasives. 

Manufactured abrasi ves may bedi vided into three main 
groups: (1) electric-furnace products, (2) chemical precipitates, and 
(3) miscellaneous additions. 


Electric-Furnace Abrasives 


Electric-furnace abrasi ves include silic on carbide, fused alumi - 
num oxide (alumina-titania; alumina—chromium oxide; alumina— 
zirconia; alumina—zirconia—titania), and boron carbide. 


Silicon Carbide. Silicon carbide, with the che mical formula 
SiC, is commonly kno wn by th e trade names Carbor undum and 
Crystolon. It is made by fusing a mixture of high-grade silica sand 
and carbon in an electr ic furnace. The preferable form of car bon 
used is petroleum coke, but anthracite and coke made from coal low 
in ash have been used. High iron and alumina in the ash are objec- 
tionable because th ey tend to assist in the formation of el emental 
graphite and metallic silicon during the reaction. High-ash carbons 
make impure grades of silicon carbides. 

Silicon carbide is made by charging a resista nce-type electric 
furnace with pure glass sand and finely ground petroleum coke. The 
silicon of the sand combines with the carbon from the coke to form 
silicon carbide. The temperature at the core of the furnace is about 
2,200°C. If the temperature is too high, silicon carbide decomposes: 
The silica is v olatilized and the carbon beco mes graphitized. The 
time of a run is about 60 hours (36 hours heating and 24 hours cool- 
ing). At the end of the run, the core consists of loosely knitted sili- 
con carbide cryst als surrounded b y unreacte d or partially reac ted 
raw materials. The quality of the product depends largely on the raw 
materials used and the accuracy of control and operation of the fur- 
nace. Several types of products are made in which the toughness of 
the grains varies. A special surface treatment is given to grains for 
coated abrasives to increase adhesion of the glue. 

The lump material from the furnace is f irst crushed in ja w 
crushers and then sequentially processed in roller, ball, or hammer 
mills. It is passed through a magnetic separator to remove magnetic 
impurities. The grains are screened mechanically into 20 or more 
standard sizes from 8 to 240 mesh . The finer flour sizes are pre- 
pared by air or water flotation and sedimentation. 

Olson (2005a) shows crude manufactured abrasives produced 
in the United States and Canada during 2000 to 2004. Total produc- 
tion of silicon carbide in 2004 was 35 kt compared to 45 kt in 2000 
(Table 6). About half the 2004 total value and quantity is material 
for metallurgical and other nonabrasive applications (Olson 2004). 
The average value of abrasive-grade silicon carbide at the point of 
manufacture w as estimated at $61 4/t (Olson 2004). W ashington 
Mills in Hennepin, Illinois, produced abrasive-grade and metallur- 
gical-grade silicon carbide. The United States exports and imp orts 
crude and refined silicon carbide. Imports for consumption are esti- 
mated at 197 kt for 2004 (Olson 2005a). Imports of crude silicon 
carbide come from 8 countries, and 21 countries supply refined sil- 
icon carbide to the United States. China supplies 57% of the crude 
and 36% of the ground and refined imports (Olson 2004). The value 
of crude silicon carbide from China averages $452/t; the remaining 
amount of cr ude silicon carbid e imports has an a verage price of 
$389/t. The a verage price of ground and refined silicon carbide 
imports is $1,000/t. China has be en excluded from the Eur opean 
Union mark ets because of import ta riffs; therefore, China ’s main 
markets for silicon carbide are North America and Jap an (Harris 
2004). Other major producers are Norway, Japan, Me xico, Brazil, 
and Venezuela. China (455 kt) and Norway (80 kt) are the top pro- 
ducers of silicon carbide (Olson 2005a) 

Fused Aluminum Oxide. Aluminum oxide ab _rasives are 
made inel ectric-arc furna ces. Bauxi te, the crude raw ma terial, 
should have the following typical chemical properties: 


AloO3 85.0% to 87.0% 
TiO 3.0% to 4.5% 
SiO? 3.0% to 5.5% 
Fe203 6.0% to 10.3% 
Loss on ignition (LOI; 1.0% to 2.0% 
plus combined H20) 
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The ore as mined is crushed and then calcined to remove both 
free and combined water. The calcined ore (80%) is mixed with 
iron borings (15%) and ground coke (5%) and charged into the fur- 
nace. The coke reduces the impurities, which combine with the iron 
and sink to the bottom of the furnace. 

At the end of the melting and reacting period, the charge is 
poured into cooled molds and allowed to cool u nder contr olled 
conditions to obtain desired crystal size. The finished, crystallized 
alumina typically consi sts of about 96% Al 203; 2.7% T iOo; 
0.67% SiO2; 0.11% Fe203; and 0.40% other oxides. Fused alumi- 
num oxide mad e with bauxite is referred to as brown fused alu- 
mina, or BFA. For certain purposes, Bayer-process alumina is used 
instead of calcined bauxite, making a product with >9 9% Al203 
called white fused alumina, or WFA. White fused alumina is used 
entirely for grinding wheels (O’ Driscoll 2003). 

The cooled mass from the furn ace is crushed, screened, and 
cleaned in about the same way as silicon carbide. Several types of 
grains are made th at v ary in toughness, ty pe of fracture, gl ue 
adhesion, and other properties. Another form of fused Bayer-pro- 
cess al umina is achie ved with th e addition of 0.15% to 3.00% 
chromium oxide. Adding chromium oxide increases the hardness 
of these abrasives without substantially increasing the toughness. 
These properties are useful in preparing grinding wheels that pro- 
duce acool gri nd without resultin g damage to the metal being 
ground. 

Other heavy-duty fused abrasives have been developed. One 
is an electric-furnace fusion product made primarily of intimately 
crystallized mixtures of aluminum oxide and zirconia. Although 
other proportions have been successful, two mixtures—one con- 
taining approximately 25% and _ the other about 40% zirconia— 
have found the most widespread commercial applications in niche 
markets. The 25% zirconia pr oduct is used in bonded abrasive 
applications for foundry markets ($1.00 to $2.00/lb) and the 40% 
zirconia is used for selected bonded and coated abrasives costing 
$1.50 to $3.00/lb. Another fused abrasive is comp osed of a mix - 
ture of alumina, zirconia, and titania, whichis f ast-cooled or 
quenched. A favored mixture contains 34% zirconia, 3% titania, 
and 63% alumina. Fused alumina—zirconia abrasi ves have 
extreme durability and are particularly well suit ed for foundry 
snagging and steel conditioning. 

Uses of fused alumin a oxi des included bonded abr _ asives, 
coated abrasives, and closed blasting systems where the material 
can be recycled many times and chemical purity is important, such 
as in the aircraf t industry (O Driscoll 2003). Bonded and coated 
abrasive products accou nt for most of the consumption of fused 
aluminum oxide. Fused aluminum oxide in a microp owder form is 
used in industrial and el ectronic applications that require fine sur- 
face finishing (Olson 2004). 

Table 6 sho ws data on the pr oduction of fused alumina fro m 
2002 to 2004. Data on production of alumina—zirconia abrasives are 
withheld. Estimated production in 2004 of fused aluminum oxide in 
the United States and Canada was 30 kt with an estimated value of 
$10.7 million (Olson 2005a). Of this total, 25 kt was regular grade 
(valued at $7.3 million), and 5 kt was high-purity fused aluminum 
oxide (valued at $3.4 million). Imports in creased from 164 kt in 
2003 to an estimated 213 kt in 2004. Imports of crude fused alumi- 
num oxide were from China, Canada, and Venezuela. Ground and 
refined imports were from China, Germany, Brazil, Austria, and 
Canada (Olson 2005a). 

Boron Carbide. Boron carbide (B4C) is an art ificial abrasive 
introduced in 1934 by the Norton Company under the name Nor- 
bide. Although considerably harder than silicon carbide, itis far 
from the hardness of diamond (see Table 2). It is made from B203 


and carbon in the form of petroleum coke in a carbon-resistance or 
arc furnace at about 2,600°C. The finished product is crushed and 
ground to make a range of sizes of grains and po wders. In grain 
form, it is used for grinding and lapping operations previously pos- 
sible only with diamond dust. Pulverized boron carbide can be 
molded under very high heat and pressure to form extremely wear- 
resistant products such asp __ressure-blast nozzle liners, thread 
guides, extrusion dies, and allt ypes of extremely accurate plug, 
snap, and ring gages. It is not manufactured into bonded wheels or 
sharpening stones. Washington Mills w as the only producer of 
boron carbide in the United States in 2004. 


Sintered Abrasive 


A different family of abrasives is the sintered product. This group 
differs drastically in method of manufacture from the more conven- 
tional fused product. The raw materials are heated in kilns only to 
the sintering temperature (1,200° to 1,400°C) rather than being car- 
ried all the way to the fusion point. Although other basic starting 
materials have been u sed, bauxite, with or with out additives and 
still in the green (unfired) state, is formed into predetermined sized 
and shaped granules by certain granulation techniques or by extru- 
sion through an appropriately shaped orifice. The resultant presized 
and preshaped granules are then sintered to make the finished abra- 
sive grain. Process steps such as cru shing, shap ing, and sizing 
(common to manufacturing fused products) are eliminated in mak- 
ing a sintered product. 


Sol-Gel Abrasives 


Sol-Gel abrasives are prepared by jelling a form of aluminum oxide 
known as boehmite, adding various precursors to enhance the prop- 
erties along with a seed or nucle ation agent (v arious types h ave 
been used), evaporating the water from the gel, and p roducing a 
hard, solid material. Th e resulting product is crushed and g raded 
into sizes and fired at 1,200° to 1,500°C. 3M, a diversified technol- 
ogy company, and Saint Gobain, who pioneered the products, hold 
the patents. 

Although most of the raw materials used in the Sol-Gel pro- 
cess are considerably more expensive than those going into regular 
aluminum oxide abrasi ves, the pe rformance of the So 1-Gel abra- 
sives—particularly in paper ,cl oth, and grinding wheel applica- 
tions—seems to justify the additional cost ina number of uses. In 
1991, Sol-Gel abrasives were predicted to dominate the high-qual- 
ity abrasives market; the market share has not m aterialized, how- 
ever, because of high manufacturing co sts (Burke 2 004). The 
minimum pricing for Sol-Gel products is $6 to 8/Ib. 


Manufactured Diamond 


In February 1955, General Electric Co. announced that its laborato- 
ries had succeeded in producing diamonds from carbonaceous mate- 
rial subjected to pressures of about 5.5 GP aatv ery high 
temperatures for prolong ed period s. Cryst als up to 1. 6 mm long 
were made in 16 hours, b ut smaller ones were produced in much 
shorter t imes. The press i sca pable of mainta ining temperatures 
above 2,760°C at pressures up to about 11 GPa. Costs were reported 
to be about twice that of comparable natural diamonds, and the sizes 
were sm all. Today, produc tion is comme rcially economic al. Dia- 
monds can now be made in a relatively few minutes, and their per- 
formance in specific applications, discussed in the Natural Industrial 
Diamonds section, equals that of natural diamond. 

Several typ es of manufactured diamond, both domestic and 
foreign, are now on the market, and each has distinct characteristics. 
Synthetic industrial diamo nds are superior to natural diamonds 
because their properties can be tailored to specific applications and 
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they can be produced in large quantities. Metal coating of the dia- 
mond improves the adherence of the bond to the abrasive in resinoid 
bonded grind ing wheels. Metal-co ated (nick el, copper) diamond 
represents still another commercially available diamond type. Resin- 
bonded d iamond grinding wheels are used inthe prod uction of 
cement carbide tools. Metal bond and electroplated diamond wheels 
are used in glass cutting andf inishing. Poly crystalline diamonds 
(PCDs) are formed under high pres sure and temperatures, resulting 
in thousands of micro crystallites bonded together. PCDs ha ve self- 
sharpening properties: the polycrystalline structure allows new sharp 
edges to be available by releasing an outer layer of dull microcrys- 
tallites. Othe r properties of PCDs are high we ar resistance, high 
shock resistance, good thermal stability, and a homogeneous struc- 
ture. PCDs are used in drilling bits, wire-drawing dies, and reaming 
shells. A ne wly developed method from Apollo Diamond Inc. for 
growing gem-quality as well as industrial-grade diamonds is chemi- 
cal vapor deposition (CVD). This technique transforms carbon into 
plasma that is then prec ipitated onto a su bstrate as diamo nd. This 
method has been used in the past to cover large surfaces with micro- 
scopic diamond crystals, but now Apollo has developed a method to 
create a single diamon d crystal (Olson 2003b). Another advantage 
of CVD is finer control of im purities over the PCD method. The 
CVD diamonds can be used to fashion surgical blades that are resis- 
tant to dulling (Yarnell 2004). 

The use of manuf actured diamond has steadily increased. In 
1969, domestic production of ma nufactured in dustrial diamonds 
amounted to approximately 13 million carats. By 1981, productiv- 
ity had soared to approxi mately 57 million carats. In 2004, two 
U.S. producers of synthetic diamonds estimated an output of 
250 million carats. More than 88% of the industrial diamond mar- 
ket now uses synthetic diamonds because of qu ality control and 
customization for specific requirements (Olson 2005b). Nine U.S. 
firms manufactured PCDs from synthetic diamond grit and powder 
(Olson 2005b). Recycling has become imp ortant as well; an esti- 
mated 4.4 million carats were r ecycled in 2004 from bort, grit, 
dust, and powder. Additionally, an estimated 275,000 carats of dia- 
mond st one were rec ycled. Lo wer pr ices for ne wly produced 
industrial diamonds reduced recycling operations from 4.9 million 
carats in 2003. The United States continues to be the world’s lead- 
ing market for industrial diamonds and remains a significant pro- 
ducer. The Congo (Kinsha sa) and Australia, are major producers 
as well. 


Boron Nitride 


Boron nitride in cubic form is a manuf actured abrasive discovered 
by General Electric Co. Labo ratories in 1957 and trademar ked as 
Borazon. Unlike manufactured diamond, it has no kn own counter- 
part in nature. It is made at temperatures and pressures comparable 
to those required for diamond manufacture. The thermal stability of 
cubic boron nitride exceeds that of diamond. It is stable at tempera- 
tures greater than 1,371°C, whereas diamond reverts to graphite at 
greater than 816°C. The Knoop ha rdness (K100) is 7800, well 

above ordinary abrasives but inferior to diamond. 

Borazon is used in industrial applications to shape tools because 
it can withstand temperatures greater than 2,000°C. Cutting tools and 
abrasive components, particularly for use with low-carbon fer rous 
metals, have been developed using cubic boron nitride. In this appli- 
cation the tools behave in a similar manner to PCD tools but can be 
used on iron and low-carbon alloys without risk of reaction. 


Metallic Abrasives 


Metallic abrasives include crushed steel, stee 1 shot, angul ar steel 
grit, steel w ool, brass wool, and copper w ool. The following 


description of the first three of these p roducts is by Johnson and 
Schauble (1939): 


Crushed steel is made f rom high-carbon and cruci- 
ble sheet steel specially treated to impart bri ttleness. It 
is then crushed to sizes ranging from 2- to 200-mesh. 
After screening, each batch is heat-treated and sepa- 
rated into 25 sizes ranging from 20- to 200-mesh. Sizes 
from 70-mesh upw ard are screened on silk bolting 
cloth, and the f iner sizes in powder form are used in 
steel cement, v arious chemical compounds, and f_ ire- 
works sparklers. 


Steel shot is merely chilled cast iron. Only raw mate- 
rials of the hi ghest grade, including selected scrap and 
charcoal iron are used i n its m anufacture. T hese are 
melted in a cupola. During the casting period, the mol- 
ten metal is separated into smal | spherical globules by 
directing high-pressure steam or heated compressed air 
against the stream of metal. The globules are blown into 
water and cooled. The shot, made brittle by the rapid 
cooling, is heat- treated to impart a temper o f hardness 
and graded by mechanical means int 0 15 si zes t hat 
range from 4- to 90-mesh. Coarse material left on the 
4-mesh screen is granul ated by spe cially de signed 
crushing equipment and in this form is known as angu- 
lar ste el grit. The crushed mat erial is heat-treated to 
impart toughness and d urability. It is then graded into 
15 sizes ran ging from 7- to 100-mesh. Steel sh ot and 
angular steel grit are used for many abrasive purposes. 


Steel wool, made from both ordinary and stainless steel in var- 
ious degrees of fineness, is used for finishing wood and soft metals 
such as aluminum, and for scouring and cleaning. It is made in sev- 
eral types of machines by shaving or scraping continuously moving 
wire with a f ixed serrated cutting tool. Brass and copper w ool are 
used chiefly for household cleaning. 

Today, most metal abrasives (75%) are used as loose particles 
propelled at high velocities for blast cleaning or for improving the 
properties of metal surf aces. Indus tries u sing metallic abrasi ves 
include foundries, automotive and aircraft manufacturing, and met- 
alworking and steel plants (Olson 2004). 

Olson (20 05a, 2003b) repor ted production, shipments, and 
annual capacities of metallic abrasi ves in the United States, by 
product, for 2002 through 2004. Table 6 shows total production of 
194 kt valued at $92 million are reported for 2004. Steel shot and 
grit accounted for 99% of the total metallic abrasi ves pro duced 
domestically. Seven companies reported production of cut wire shot 
in 2004, most cut from carbon-steel wire and stainless-steel wire. 
Other products include shot cut from aluminum, cop per, and zinc 
wire (Olson 2004). The United States increased exports of metallic 
abrasives by 21% in 2004. More than 90% of these exports were to 
Canada and Mexico. The United States also imports metallic abra- 
sives from 12 countries; 71% of imports are from Canada (Olson 
2004). 


Chemical Precipitates 


Chemical precipitates, mainly oxides, all have a very fine grain size 
and are used as final polishing agents. 

Iron Oxides. Rouge, a ferric oxide, has its largest use in pol- 
ishing plate glass, but it is also widely used in powder, paste, coated 
cloth, and stick form for polishing precious metals, stone, and other 
materials to g ive a final high luster. Crocus is si milar to rouge in 
composition, but purplish red in color. Crocus is used in finishing 
cutlery and some brass work. 
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Other Precipitates. Chromium oxide, or green rouge, is used 
chiefly for platinum and stainless steels. Tin oxide is used largely 
for polishing glass and precious st ones. Putty powder is a mixture 
of tin oxide and oxalic acid used for polishing glass and precious 
stones. Cerium oxide is a polishing agent for glass and can be sub- 
stituted for tin oxide in other applications. Magnesia in the soft pre- 
cipitated form has been noted asamild polishing po wder. The 
hard-burned variety, artificial periclase, has also been used as an 
abrasive. Precipitated calcium carbonate is used as a mild abrasive 
in some dentifrices. 


Calcium and Magnesium Oxides (Lime) 


Lime (CaO), manufactured by calc ination of limestone, and dolo- 
mitic lime (CaO*MgO), deri ved by calcination of dolomite, have 
important abrasive uses. This has been especially true of those mar- 
keted under the names of V ienna lime or Sheffield lime. The so- 
called Vienna lime (originally from Vienna, Austria), which is used 
on the American continent in a grease-brick buffing composition, is 
obtained from certain beds of dolomite at Francis Creek and Mani- 
towoc, Wisconsin. Vienna lime is made by calcining the dolomite, 
then cleaning and grinding to a spec ific fineness. It i s packed in 
carefully sealed containers. As soon as the lime becomes hydrated, 
it ceases to function and attacks the grease composition. This prod- 
uct is used for buffing brass, copper, bronze, steel, pearl, celluloid, 
and similar materials. Its principal use is for coloring nick el after 
plating. Vienna lime gives nickel a deep undersurface blue peculiar 
to the metal. Lime attacks aluminum and thus is not app lied with 
this metal. 


Miscellaneous Manufactured Abrasives 


Porcelain. The use of porcelain blocks and pebbles for grind- 
ing mills has been noted. This porce lain may consist largely of zir- 
conium oxides or silicate, or of mullite converted from andalusite, 
kyanite, or dumortierite. 

Glass. Crushed and screened glass has been used for coa ted 
abrasives to make glass paper. 

Lampblack. Lampblack, f ine soot collected f rom i ncom- 
pletely burned carbonaceous materials, finds some use for polishing 
celluloid and bone. 

Clay. Clay, burned to a very hard state and finely pulverized, 
is reported to have been used as an abrasive for polishing metal. 


Government, Environment, and Health Considerations 


One of the most important issues affecting the abrasives industry in 
recent years has been the potential effect of crystalline silica on 
human health. OSHA created a permissible exposure limit that stip- 
ulates the maximum amount of crystalline silica to which workers 
are exposed in an 8-hour work shift (29 C FR 1926.55, 1910.100; 
U.S. Department o f Labor 2002). This le gislation has influenced 
the use of silica sand, diatomite, tripoli, and special silica stone as 
an abrasive. 


Trends and Opportunities 


Abrasives are used in almost every manufacturing and industrial 
sector of the economy and are greatly influenced by the economic 
and technolo gical trends of these markets. Many natural abrasive 
materials have been replaced by synthetics, and that trend is likely 
to continue. Garnet is an exception, particularly in the water-jet cut- 
ting market, and abrasive blast cleaning has a bright future for mar- 
ket development. Garnet is replacing silica sand as a sandblasting 
agent because of the health risks. 

With impro ved te chnology, surface qual ity requires less 
grinding and finishing, meaning less-coarse abrasives are required 


(Harris 2000), creating a greater need for finer grades. Demand for 
industrial diamonds in the United States is likely to continue with 
growth in the construction sector, particularly with the rebuilding 
of the natio n’s highway sy stem (Olson 200 3b), where d iamonds 
are used on the cutting edges of saws employed in high way con- 
struction and r epair work. With the cu rrent housing construction 
boom in North America, the demand for manufactured abrasives 
used in cuttin g and finishing wallboard and timber will also con- 
tinue (Olson 2004). Rising energy costs and falling prices influ- 
enced by afl ood of import s from China ha ve been, and wil | 
continue to be, a challenge to domestic production. 
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AGGREGATES 


Math ee. a a 2 ee ee eee 
Construction Sand and Gravel 


William Langer 


INTRODUCTION 


Sand and gravel are among the most familiar minerals in everyday 
life, and together comprise one _ of the tw o principal sources of 
aggregate. Crushed stone, the other source, is discussed in a sepa- 
rate chapter and is mentioned here only in a gener al manner, such 
as when both sand and gravel and crushed stone are being described 
as aggregate. 

This chapter is intended to present a general perspective on the 
geology of sand an d gravel deposits, and how they are explored, 
mined, and processed for aggregate to meet the needs of the con- 
struction industry. The transportation, marketing, specifications, and 
uses of sand and gravel are discussed only briefly in this chapter (for 
amore detailed discussion, see the Lightweight Aggre gates chapter 
in this volume). 

Most sand and gr avelis used as construction aggregate. In 
many cases, it is preferred over crushed stone for use in portland 
cement concrete bec ause its smooth, rounded shape all ows for 
easy mixing without addition of excess water and cement. Gravel 
commonly must be crushed for use in aspha Itic concre te where 
interlocking edges add strength. Ana verage six- room house 
requires about 82 t of aggregate, and an a verage school building 
requires about 14,000 t of aggregate (Langer and Glanzman 1993). 
Sand and gravel also has numerous ap plications in an unbound 
state. The proportional share of aggregate consumed by each pe r- 
son in the United States is about 9 tpy, about 3.8 t of which is sand 
and gravel. 


Definitions 


Wide variations exist for the definition of sand and g ravel; some 
terms have different meanings to different users. In addition, some 
terms have descriptive characteristics that are dependent on local 
conditions and, as such, serv e an important function. The terms 
used in this chapter generally conform to geologic descriptions. 
¢ Sand and gravel: a mixture of unconsolidated material result- 
ing from the natural disintegration of bedrock and the subse- 
quent transport, abrasion, and deposition of the particles by 
ice, water, wind, and gravity. Sand and gravel normally occur 
together and can contain particles ranging in size from clay to 
boulders. 


Sand: natural granular material resulting from rock disintegra- 
tion, consisting primarily of particles having a diameter in the 
range of 1/16 in. to 2 mm, according to the definition of Bates 
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and Jackson (1987 ). Manufactured sand resulting from the 
production of crushed stone is discussed in the Crushed Stone 
chapter in this volume. 


Gravel: unconsolidated, natural accumulation of rounded rock 
fragments resulting from erosion, consisting predominantly of 
particles larger than sand (diameter greater than 2 mm), such 
as boulders, cobbles, pebbles, and granules (Bates and Jack- 
son 1987). 


Production and Trade, Substitutes, 
and Resources and Reserves 


Sand and gravel is the second largest nonfuel mineral commodity in 
the United States in both volume and value. About 1.13 billion t of 
sand and gravel, with a v alue of $5.8 billion, was produced by an 
estimated 4,000 companies from 6,400 operations in 50 _ states 
(Bolen 2004). About 25% o f the operations p roduce less than 
25,000 tpy of sand and gravel. About 3% of the operations produce 
more than 1 Mtpy of aggregate and account for nearly 30% of the 
total sand and gravel production (Bolen 2002). About 10% of the 
operations account for more than half the annual production. About 
53% of the 1.13 billion t of construction sand and gravel produced 
in 2003 was for unspecified uses. Of the remaining total, about 42% 
was used as concrete aggre gates; 23% for road base and co verings 
and road stabilization; 15% as construction fill; 12% as asphaltic 
concrete aggre gates and other bituminous mixtures; 3% for con- 
crete products, such as blocks, bricks, and pipes; 1% for plaster and 
gunite sands; and the remaining 4% for snow and ice control, rail- 
road ballast, roo fing granules, filtration, and other miscellaneous 
uses (Bolen 2004). 

Sand and gravel production, expressed as a percentage of total 
aggregate production, varies from state to state depending on a vari- 
ety of reasons, including geology, availability, ease of obtaining 
permits, local or regional specifications, and op erator preferences. 
Generally, in the Unit ed St ates, more crushed stone is produced 
than sand and gravel (Table 1). More sand and gravel than crushed 
stone is produced in 24 states. 

The amount of foreign trade of construction sand and gravel 
is minor. During 2001, about 3.06 Mt were exported, and about 
3.82 Mt were imported. Most trade is with Canada and Mexico. 

Total world production of aggr egate (including crushed stone 
as well as sand and gravel) is estimated at 15 billion tpy. Production 
in the European Union is about 3 billion tpy, representing about two 
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Table 1. Sand and gravel production, by state, for 2002 











Sandand Sand and Gravel Sand and Gravel as Sand and Sand and Gravel Sand and Gravel as 
Gravel Value, Production, Percentage of Total Gravel Value, Production, Percentage of Total 

State $1,000 kt Aggregate Production State $1,000 kt Aggregate Production 
Alabama 60,700 13,500 19.8 Montana 94,300 20,200 86.4 
Alaska 67,800 11,500 88.5 Nebraska 41,500 12,300 66.6 
Arizona 265,000 47,700 83.7 Nevada 168,000 32,300 779 
Arkansas 52,500 10,400 24.4 New Hampshire 45,200 8,830 65.0 
California 1,160,000 157,000 71.1 New Jersey 91,700 15,400 47.1 
Colorado 236,000 44,800 72.3 New Mexico 58,500 11,100 67.7 
Connecticut 68,400 11,500 52.0 New York 152,000 28,700 32.4 
Delaware 13,500 2,320 100.0 North Carolina 52,400 10,300 13.9 
Florida 117,000 26,300 20.0 North Dakota 26,700 10,300 100.0 
Georgia 28,100 6,750 8.6 Ohio 249,000 48,100 38.4 
Hawaii 6,000 500 6.7 Oklahoma 41,300 10,200 20.6 
daho 60,200 16,900 78.6 Oregon 114,000 19,500 46.0 
llinois 128,000 28,200 26.7 Pennsylvania 121,000 18,700 16.1 
ndiana 122,000 28,100 33.0 Rhode Island 10,100 1,280 49.4 
owa 65,000 14,200 27.8 South Carolina 31,200 9,510 2735 
Kansas 27,400 9,450 30.5 South Dakota 39,500 10,500 63.9 
Kentucky 41,000 10,100 15.5 Tennessee 54,900 9,680 14.7 
Louisiana 76,800 16,000 100.0 Texas 384,000 76,900 37.9 
Maine 44,600 10,900 722 Utah 119,000 30,600 78.4 
Maryland 76,000 11,000 32.8 Vermont 18,900 4,240 50.5 
Massachusetts 90,600 13,900 48.4 Virginia 60,100 10,800 153 
Michigan 269,000 75,500 64.8 Washington 238,000 43,900 74.8 
Minnesota 179,000 45,300 82,3 West Virginia 8,080 1,560 8.8 
Mississippi 77,900 14,900 72.9 Wisconsin 139,000 35,500 52.4 
Missouri 40,700 9,480 10.6 Wyoming 47,600 9,570 66.2 

Total 5,710,000 1,120,000 “ALZ 








Source: Bolen 2002; Tepordei 2002. 


thirds of the European total (Re gueiro et al. 2002). Aggr egate pro- 
duction rates plum meted in Eastern Europe following the political 
reorganization of th e early 1990s. More recently , production rates 
have stabilized, resulting in modest increases in demand in countries 
with emerging economies. Approximate production in other major 
aggregate-producing co untries, in metric tons per year , follo ws: 
China, 4.5 billion; Japan, 550 million; Russia, 432 million; and Can- 
ada, 385 million (Regueiro et al. 2002). 

Although aggre gater esources, like allnonrene wable 
resources, are finite, the potential worldwide supply of aggregate 
resources is so large that “finite” loses its urgency in this context. 
But natural aggregate of suitable quality for an intended use can be 
in short or nonexistent supply on a regional or local scale because 
of unfavorable geolo gy, encroachment by incompatible land uses, 
and the inability to obtain necessary permits. 

A number of materials may be used as a subst itute for sand 
and gravel. The most widely used one for gravel is crushed stone; 
for natural sand, it is manufactured sand. Other su bstitutes include 
recycled concrete or asphalt, slag, and shells. 


GEOLOGIC ORIGIN AND MODES OF OCCURRENCE 


The distribution and size of deposits of sand and gravel are prima- 
rily controlled by glacial, fluvi al, and marine pr ocesses (Langer 
1988). Wind is an inconsequential geologic agent when considering 
gravel. Consequently , sand and gra vel is widely distrib uted and 
abundant near present and pastr ivers and streams, in alluvial 

basins, along marine or lake shorelines, and in previously glaciated 


areas (Figures | and 2). The debris from in situ weathering of some 
bedrock can also be a source of sand and gravel. 


Glacial Deposits 


The most recent episodes of glaciation took place o ver the last 
2.5 million years during which much of the world’s temperate zones 
were alternately covered by glaciers and unco vered durin g the 
warmer interglacial periods. A number of ice sheets expanded from 
Canada into the northern tier of conterminous states and Alaska, at 
times covering all of New England; almost all of New York; all of 
Michigan; parts of Wisconsin and Iowa; almost all of Minnesota and 
North Dakota; and some of New Jersey, Pennsylvania, Ohio, Indi- 
ana, Ill inois, Missouri, Nebraska , South Dak ota, Mon tana, Idaho, 

Washington, and Alaska (Mickelson and Colgan 2004; Booth et al. 

2004). These ice sheets persisted until about 11,000 years ago, and 

remnants occur in Alaska, Canada, and the higher portions of so me 
Rocky Mountain states. Extensive ice fields and valley glaciers were 
found in the high ranges __ in all of th e mountainous western states 

(Pierce 2004). These glaciated re gions generally contain abundant 
deposits of sand and gra vel, although glaciated areas e xist where 

sand and gravel is absent or is covered with sufficient fine material 
to make discovery or exploitation uneconomical. 

As glacier ice me Its, rock particles that had been crushed, 
abraded, and carried by the ice are further transported, abraded, and 
rounded by meltwater. These deposits are potential sources of sand 
and gravel that are of great importance for use as aggregate. The 
particle size in the glacial meltwater deposits ranges from boulders 
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to sand, silt, and clay, and can change abruptly, both with depth and 
laterally, especially where the material was deposited under the ice 
(eskers, for example) or on or near the ice (moraines or kames, for 
example). 

In some areas near the ice margins, large lakes were formed 
when meltwater was trap ped between the ice and higher ground. 
For example, Lake Agassiz covered an area of about 365,000 sq mi 
(945,000 sq km) in Manitoba, Ontario, and Sask atchewan in Can- 
ada, and North Dakota and Minnesota in the United States; and the 
Great Lakes were once much larger than at present. Deltas formed 
where glacial meltwater streams emptied into these and numerous 
other smaller temp orary lak es. These glacial lak e deposits ar e 
important sources of high-quality aggregates. 


Pluvial Lakes 


In the Great Basin of the United States, a large number of closed 
basins exist. During the cooler weather that prevailed in that area 
during glacial times, precipitation was greater than it is today, and 
water did not e vaporate as rapidly. Many closed ba sins contained 
large lakes, such as Lake Bonneville (of which Great Salt Lak e in 
Utah is a remnant) and Lake Lahontan (of which Pyramid Lake and 
Walker Lake in Ne vada are remnants). Fifty or more other lak es 
have since disap peared. Sand a nd gravel was deposited along the 
shorelines of so me of these lak es. The old shorelines of former 
Lake Bonne ville are a conspicuous landform at Salt Lake City. 
These types of beach deposits are a large potential supply of sand 
and gravel resources. 


Marine Beaches and Terraces 


During periods of glacial retreat, much of the glacial ice melted and 
the water returned to the oceans, causing the sea level to rise. Some 
inland areas of today were once coastal beaches or terraces, such as 
strandlines along the Atlantic and Gulf coasts. These are important 
sources of sand and gravel, although the gravel in some of the older 
deposits has deteriorated due to prolonged weathering. 


Marine Offshore Deposits 


In Europe, Japan, and elsewhere, marine (offshore) sand and gravel 
deposits are eco nomically exploited for use as aggre gate. Marine 
sand and gravel deposits are located on the continental shelf of 
North America along the Atlantic, Pacific, and Gulf coasts. Gravel 
is most common offshore from Canada, New England, New York, 
and New Jersey on the Atlantic Coast, and from Canada, Washing- 
ton, and Oregon on the Pacific Coast. Gravel occurs infrequently in 
southern coastal areas of the United States. 

Some sands obtained from U.S. federal waters have been used 
for beach renourishment, and sand and gravel has been reco vered 
from dredging projects. Otherwise, marine deposits have generally 
not been commercially exploited in the United States. 


Alluvial Deposits 


In many states, alluvial (river) sand and gravel, either in the chan- 
nels or floodplains of rivers and streams, or in terraces found along- 
side the rivers or streams, are the principal sources of sand and 
gravel. Alluvial sand and gra vel deposits are products of bedrock 
erosion and the subsequent trans port, abrasion, and depo sition of 
the particles. The availability and quality of the gravel is strongly 
dependent on occurrence and properties of nearby bedrock sources. 
If a river or stream changes gradient and downcuts its channel, 
the older channel and floodplain deposits may be preserved as river 
terraces. Repeated downcutting can result in a series of terraces or 
terrace remnants above the level of the modern stream base, which 
can be sources of sand and gravel. Older terraces may be exposed to 








Figure 1. Generalized distribution of sand and gravel in the 
conterminous United States 
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Figure 2. Generalized sand and gravel regions in the conterminous 
United States 


prolonged weathering, thus weakening the material and reducing its 
suitability as aggregate. 


Alluvial Fans 


In mountain ous arid and semiarid re gions of the western United 
States, rock f ragments are eroded and tran sported during sto rms 
down steep-gradient streams to the adjacent basins. Upon reaching 
the basins, the sud denly reduced sediment capacity of the w ater 
causes deposition, resu Iting in alluvial f ans. These deposits com- 
monly contain thick unco nsolidated material ranging from large 
boulders to clay-size pa rticles. Gener ally, the lar gest material is 
deposited adjacent to the mountains and becomes _ progressively 
finer toward the downstream edge of the deposits. Ov er time, fans 
from adjacent valleys can coalesce to form continuous, thick depos- 
its. Sand and gravel in alluvial f ans may be suitable for aggregate, 
but much of the material is poorly stratified and poorly sorted. In 
older fans the gravel may be hi ghly weathered and not suitable for 
aggregate. In addition, fan gravels may be cemented with caliche, a 
calcium carbonate precipitate in the soil, making them dif ficult to 
extract and process. 


In Situ Weathered Rock 


In some areas physical or chemical weathering can disaggre gate 
rock in place, resulting in a coarse lag material that sometimes is 
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used as sand and gravel. Rock types that are particularly suscepti- 
ble to this ty pe of wea thering include co nglomerate, san dstone, 
and coarse-grained granitic rocks. In some situations, the lag grav- 
els may contain considerable fine material and require additional 
processing. 


PROPERTIES 


Some prop erties, such a s mineralogy, density, and porosity , are 
inherent in sand and gravel particles. Other properties, such as size, 
shape, and sor ting, are acquired as the result of processing the 
deposit. The properties discussed in this chapter are the inherent 
properties. 

Sand and gravel is always of secondary origin and commonly 
reflects the petrology of the local rock types. An e xception occurs 
in glaciated terrains where deposits can contain exotic rocks trans- 
ported long distances by ice. Sand and gravel deposits may be com- 
posed of materials in whicha single mineral do minates or may 
consist of a wide variety of rocks and minerals. 

The properties of sand and gravel result from the petrology of 
the source rocks, the method of transport and deposition, and the 
subsequent weathering of the ag gregate particles (Langer 2001b). 
Sand and gravel should be dur able and stron g, which means they 
should support the in tended load and resist mechanical breakdown 
resulting from the action of mixers, mechanical equipment, and/or 
traffic. Particles should be sound, which means they should be able 
to resist weathering, such as repeated freezing and thawing or wet- 
ting and drying . Sand and gra vel should be composed o f clean, 
uncoated particles of proper size and shape for the intended use. 
Sand and gravel commonly meets these requirements, because the 
natural abrasion processes associat ed with the formation of m ost 
sand and gravel deposits tends to eliminate weaker particles. 

The quality of the aggregate is defined most often by its con- 
formance to specifications set by the user. Because aggregate com- 
monly is usedin highway constr uction, those specif ications ar e 
usually set by state departments of transportation. Most states con- 
form to the grading and testing standards of the American Associa- 
tion of State Highw ay and Transportation Officials (AASHTO) or 
the American Society for Testing and Materials (ASTM). 


Physical Properties 


The producer has little control over certain properties of individual 
particles in a de posit. These are particle size, shape, strength, spe- 
cific gravity, porosity, and petrology. Size and shape can be mod i- 
fied if the gravel clasts are sufficiently large and can be processed 
by crushing and screening. If the properties do not meet local spec- 
ifications, the deposit probably is not economically exploitable. 


Particle Size and Size Distribution 

Aggregate for most construction applications can be prepared from 
sand and gravel deposits containing a wide range of particle sizes. 
Particle-size distribution of sand and gravel deposits can be quite 
variable, both laterally and vertically. The larger the gravel-to-sand 
ratio, the better the deposit (Langer and Knepper 1998), except in 
areas where crushed stone is abundant and natural sand is lacking. 
Silt and clay occurring either as layers, interstitial material, or as 
coatings on larger clasts are undesirable. Silt-sized or smaller fine 
particles generated from crushing gravel are also undesirable. 


Particle Shape 

Three techniques are commonly used to describe particle sh apes of 
naturally occurring gravel. One technique, commonly used by geol- 
ogists, compares the lengths of three diameters of the particle and 
describes them as eq uidimensional, disk, blade, or rod shaped 
(Langer and Knepper 1998). Another technique, commonly used by 


engineers, utilizes a proportional caliper to determine the ratio of the 
maximum-to-minimum dimensions. A third technique visually esti- 
mates shapes and describes them using terms such as rounded, flaky, 
and elon gate (Marek 1991) . Particle shapes tend tobe beneficial 
when the predominant shape is equidimensional and detrimental 
when the predominant shape is disk, blade, or rod shaped (Langer 
and Knepp er 19 98). Particles can also be described based on the 
angularity of their edges and can be divided into a number of classes 
from round to angular. The desired roundness or angularity depends 
on use. 


Specific Gravity 

Specific gravity is the ratio of the mass of a given volume of aggre- 
gate to the mass of an equal volume of water. Very low specific 
gravity frequently indi cates aggre gate that is porous, weak , or 
absorptive; hi gh spec ific gr avity generally indi cates high-quality 
aggregate. Bulk specific gravity is the ratio of the weight of a given 
volume of material, including all voids, to the weight of an equal 
volume of water. Apparent specific gravity is the ratio of the weight 
of a given volume of material, including all impermeable v oids, to 
the weight of an equal volume of water. 


Porosity and Pore Structure 


Porosity is the percentage of the total volume of a gravel particle 
occupied by pore spaces. Pore structure is the size, shape, volume, 
and interconnectedness of the spaces within an aggregate particle. 
Pores can be imper meable (isolate d, enclosed cavities) or perme- 
able (interconnected and connecting to the surface of the particle). 
Gravel particles with high permeability are not desir able for most 
applications because the y absorb | arge v olumes of wa ter or sa It 
solutions, thus reducing soundness. For bituminous mixtures, high 
permeability also increases the absorption of binder, thus increasing 
the cost of the paving mixture (Barksdale 1991). 

An approximate in verse correlation exists between aggre gate 
quality and rock porosity. Porosity affects the strength and elastic 
characteristics of aggregate, andmay influence per meability, 
absorption, and durability . Rock with w ater absorption of 2% or 
less will usually produce good aggregate, whereas otherwise suit- 
able rocks with a water absorption that exceeds 4% may not (Smith 
and Collis 2001). 


Chemical Properties 


The chemical properties of sand and gra vel vary from deposit to 
deposit and within clasts, and commonly are identified through pet- 
rographic analysis. They are primarily controlled by the mineralogy 
of the individual particles. Most sand and gravel is considered to be 
inert, but it may contain minerals that adversely react with portland 
cement or bitumen and affect the product life. 


Weathering and Impurities 


Sand and gravel should not be e xcessively weathered. Weathering 
of gravel clasts lessens the strength of aggregate and increases the 
overall cost of mining and processing. Once sand and gravel has 
been deposited, it is subjected to natural weathering processes. The 
rate and typ e of weatherin g depends on the local climatic condi- 

tions, the geometry of the deposit, the relationship to the water 
table, and the properties of the sand and gravel clasts. Weathering 
can range from slight discoloration of the clasts, through the intro- 
duction of fractures and alteration of minerals, to complete decom- 
position and disinte gration of th e clasts. In ar id and semi arid 
climates, sand and gravel may be cemented with caliche, a calcium 
carbonate, and may be difficult to extract and p rocess. In humid 
regions, sand and gra vel may be ce mented or stained with iron or 
manganese dioxide. Sand and gravel must be free of objectionable 
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rocks, such as shale, mica schist , coal, and gypsum, and of roots 
and other organic material. 


PROSPECTING, MINING, AND PROCESSING 


Sand and gravel must physically be able to be mined and be accessi- 
ble to transportation systems and to markets. The site must qualify 
for all necessary land use and environmental permits. The operation 
must be profitable considering all costs, including acquisition, oper- 
ation, compliance with regulations, and reclamation (Dryer 1976; 
Banino 199 4). These req uirements usually mak e opening an ew 
operation a complica ted process that involves substantial cost and 
can take many years. 


Prospecting Techniques 


The U.S. Bureau of Mines Information Circular 6668 (Thoenen 
1932) was one of the first comprehensive publications to describe 
sand and gravel prospecting techniques. The 3rd edition of Indus- 
trial Miner als and Roc ks (Lenhart 1960) and all subsequent ed i- 
tions contain discussions on prospecting for sand and gravel. Dunn 
and Cutcliffe (1971) include socioe conomic factors as p art of the 
exploration process. A chapter in The Aggregate Handbook (Dunn 
1991) and a four-part series of articles in Rock Products (Timmons 
1994, 1995) describe many aspects of both exploration and charac- 
terization of aggregate resources. 

Exploration for sand and gravel has become more than simply 
locating a source of suitable material and commonly is based on the 
principle of the weak est point (Dunn 1991). During exploration, a 
weakest point e xists that sh ould be analyzed before proceeding to 
other elements of exploration. For example, it ma y be unwise to 
intensely stu dy sand and gra vel deposits in an a rea where fra g- 
mented land ownership makes acquisition difficult. It would also be 
unwise to thoroughly address a ll permitting requi rements befor e 
determining some estimate of the quality of a deposit. Thus, explo- 
ration requires judgment and experience in order to proceed ina 
logical sequence. Each weak point should be resolved to an accept- 
able level of risk before proceeding to the next weakest point (Dunn 
1991). 

When assessing prel iminary target areas for sand and gra vel 
exploration, economic and social factors such as markets, transpor- 
tation options, current land use, zoning regulations, and property 
ownership shou Id be co nsidered. Public hearings commonly ar e 
held before go vernmental bodies such as county or to wn boards, 
and the public and g overnmental views toward aggregate produc- 
tion must be carefully analyzed (Dunn 1991). 

Exploration for sand and gravel deposits within target areas 
commonly begins wi th desktop studies utilizing e xisting data. 
Detailed geologic maps and cross-sections for large parts of the 
United States and else where can be used to help locate sand and 
gravel dep osits. Hy drologic rep orts of alluvial areas frequentl y 
contain lo gs of wells and test h oles. In glaciated terrain, geolo- 
gists commonly can readily identify typical glacial features that 
are likely to contain sand and _ gravel by using topographic maps 
with a contour interval of about 5 m or less, and large scale (about 
1:50,000 or larger) aerial ph otographs. Geologists can also iden- 
tify stream terraces, floodplains, alluvial fans, and beach deposits 
in many nonglac iated terrains using the same type of maps or 
photographs. 

In de veloping areas or other lo cations where e xisting lar ge- 
scale geologic informa tion a nd other ma p da ta are inadequat e, 
remote sensing data (satellite or airborne spectral imagery) and air- 
borne geoph ysical surveys may be useful for detecting sand and 
gravel resou rces. Knepper, Lang er, and Miller (1995) reviewed a 
number of techniques that have been successfully applied in locating 


sand and gravel. These include th e use of satelli te data, in som e 
instances in conjunction with ae rial p hotographs, to delineate 
gravel-filled paleochannels (USGS 1981), buried gra vel deposits 
(Peterson, Goodrick, and Melhorn 1975 ), and calcrete for use as 
roadstone (Henry 1989). Sand and gravel has been identified using 
satellite or airborne thermal infrared data to dete ct differences in 
diurnal (Carr and Webb 1967) and soil-moisture temperatures (Jack- 
sonet al. 1978; Schmuggee, Jack son, and McKim 1980; Sab _ ins 
1984). Knepper, Langer, and Miller (1995) also describe the applica- 
tion of airbor ne very low frequency (VLF) resisti vity surv eys to 
locate exposed gravel deposits (Middleton 1977) and buried gravel 
deposits (Culley 1973). 

Field studies commonly are conducted to check the veracity 
of desk top analyses and collect new da ta. T hese a ctivities ma y 
include a comparison of th e geomorphology, as observed in the 
field, with the desktop interpretations of the topographic and aerial 
photographic analyses. Natural and synthetic exposures are investi- 
gated and sampled to determine the extent of the deposit, sand and 
gravel properties, and subsurface conditions. A ge ologist may also 
evaluate the site to identify potential environmental factors and to 
prepare plans for more detailed site evaluation. 


Detailed Evaluation of Deposits 


If reconnaissance studies indicate a tar get area worthy of further 
investigation, the next step is more detailed field studies. Acquisi- 
tion of more detailed information increases costs, and it is appropri- 
ate toassess_ the weakest point atthis stage of e xploration. 
Economic and social factors, such as current land use, zoning regu- 
lations, and property ownership, might be in vestigated in more 
detail, particularly because it will be necessary to obtain permission 
from landowners to access sites for further studies. 

Systematic sampling should be conducted to d etermine the 
areal extent, thickness, stratigraphic variation, and physical proper- 
ties of deposits. T est pits, truck-mounted au gers, and other truck- 
mounted drills commonly are used to determine the se factors as 
well as to obtain samples to find out the properties of the sand and 
gravel. A power hoe can dig test pits or trenches ab out 4 or 5m 
deep. Truck-mounted augers ha ve a capacity to drill to dep ths of 
about 60 m. Auger sizes range from about 6 to 60 cm, with the most 
common sizes between 10 and 15 cm. Deposits of cobble and boul- 
der gravel are difficult for augers to penetrate and may require the 
use of other drilling equipment. 

The spacing of drill holes, test pits, and trenches, and remote 
sensing patterns are site specif ic and should be based on the pre- 
dictability and geologic continuity of the deposit’s critical charac- 
teristics as determined by qualified personnel experienced in such 
procedures (Dunn 1991; T immons 199 4). Sample spacing 
depends on the desired level of detail and needed confidence, and 
typically ranges from 30 m in highly complex areas to as much as 
500 m in large areas of very simple geology. Sampling plans may 
be modified based on updated k nowledge gained during ongoing 
site characterization. 

Electrical resistivity techniques were used to explore for sand 
and gravel prior to the late 1930s (Patterson 1937). Techniques used 
today include direct current __ resistivity (DCR) soundings, time 
domain electromagne tic (TEM) soundings, groun d-penetrating 
radar (GPR), and seismic refraction. 

Properly conducted surface geophysical surveys can provide 
information on the areal extent and thickness of the deposit, thick- 
ness of 0 verburden, stripping ratios, depth to the water table, and 
critical geologic contacts. They are appropriate for a quick location 
and correlation of geologic features such as silt and clay lenses. 
Surveys can be run where closely spaced geological changes might 
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be undetected by drilling, such as areas of suspected buried chan- 
nels, and where other elusive, but important, geologic conditions 
may exist. 

Geophysical surveys can be condu cted to provide subsurface 
detail in areas wher e digging te st pits, augering, or drilling are 
encumbered because of limited access. Landowners may prohibit 
invasive exploration activities, such as drilling or digging test pits, 
or restrict vehicular access to existing roads. Augering, drilling, or 
digging test pits might be unacceptable in some areas such as active 
cropland or forested land. Auger tr ucks or drill rigs may be unable 
to reach sample areas if the ground surface is soft, muddy, or cov- 
ered with water. The geologic properties of the target deposit may 
confound augering—for example, where deposits contain cobble- 
sized or lar ger clasts. Additiona | problems related to drilling ar e 
described by Timmons (1995). 

Geophysical surveys can be of value when performed early in 
the field exploration program in combination with limited subsur- 
face investigations. Such surveys, when conducted prior to inten- 
sive drilling, can be used to help locate auger or drill holes and can 
reduce the number of test drilling sites. Geophys ical surveys can 
provide continuity between sampling sites in order to upgrade the 
confidence of reserve calculations from probable reserves to proved 
reserves. 

An experienced field geologist can determine whether or not a 
geophysical surv ey is w arranted and which meth ods should be 
used. The spacing of geophysical survey patterns is site specific and 
should be based on geologic characteristics of the site and the pre- 
dictability of cont inuity of the deposit’s critical character istics as 
determined by personnel specially trained in such pro _ cedures 
(Dunn 1991; Timmons 1994). Survey plans commonly are mod i- 
fied during site characterization based on knowledge gained during 
the sampling process. 

Ellefsen, Lucius, and Fitterman (1998) tested the effectiveness 
of DCR, TEM, GPR, and seismic refraction using S-waves to char- 
acterize sand and g ravel. Haeni ( 1995) similarly tested DCR and 
seismic refraction using P-waves. In most cases, useful geologic 
information, such as_ sediment thickness, w as obtained with all 
methods. Shortcomings include the presence of clay-rich soil limit- 
ing the effectiveness of GPR and the difficulties of P-wave seismic 
studies used below the water table. 

The results of geophysical surveys are limited because it is not 
possible to translate ge ophysical data without correlative evidence 
normally provided by bor eholes. In addition, geoph ysical surveys 
generally provide a very broad guide to the characteristics of a sand 
and gravel deposit that must be refined by other means. Actual sub- 
surface information is desirable so that geophysicists have an idea 
of what to expect when measuring resistivities. The presence of 
conductive fluids in pores and of synthetic conductors such as fence 
posts and pipes can create erroneous results. 

All critical variations in the geologic characteristics of a sand 
and gravel deposit should be recorded. Geologic mapping systemat- 
ically documents field observations and is a valuable tool for plan- 
ning drilling and sampling —_ loca tions (Dunn 19 91), assessing 
geophysical needs, establish ing background data, and identifying 
potential environmental impacts associated with aggregate develop- 
ment. Geologic maps, cross-sections, and accompanying reports of 
potential sand and gravel operation sites commonly show the loca- 
tion and outline of the deposit, location of sampling sites and geo- 
physical surv eys, thickness of the deposit, and descriptions of 
materials throu ghout the deposit. Supplemental maps and reports 
can also describe related issues such as the thickness of overburden, 
depth to ground water, and geologic hazards. In many states, such 
reports must be prepared by a licensed professional geologist. 


The di fficulty o f calculating volumes of deposits has been 
greatly simplified with the use of specialized mining and quarrying 
software, the geographic information system (GIS), and computer- 
aided design (CAD) software. Usable volumes exclude areas of set- 
backs, access roads and other infrastructure, maintenance facilities, 
and so forth. Information obtai ned during geologic mapping and 
sampling can be entered directly into these programs, and resource 
volumes can be calculated usi ng various algorithms. F or people 
who choose not to use computers, other methods exist to calculate 
volumes of deposits (Peters 1987). 

Gross reser ve tonnage is calculated b y multiplying the unit 
weight of sand and gravel by the estimated usable volume. The unit 
weights of sand and gravel varies widely from deposit to deposit and 
is some times arbitrarily considered to be 1.78 t/ m?. The in-place 
density of deposits can be determined more accurately by weighing 
the contents of an excavated known volume. 

Net reserve tonnage is the percentage of the gross reserve that 
can be made into usable p roducts. Excluded are 0 verburden, fines 
and other waste, and uncrushable oversized boulders. 

There are numerou s methods fo r appraising sand and gra vel 
pits depending on the purpose of the appraisal and the status of the 
pit (Paschall 1998; Evans 1995), but for industrial minerals such as 
sand and gra vel, economic and le gal issues usually are f ar more 
important than the geologic aspects of a deposit. Companies _per- 
form detailed reserve estimates and appraisals for a v ariety of rea- 
sons, includ ing sale or purchase of unde veloped _ resources or 
reserves, acquisitions and mergers, valuation of a mining property, 
accounting, financing, taxation, condemnation, mineral conserva- 
tion, and for internal planning. Customers or investors can precipi- 
tate an analysis of reserves by demanding proof of the existence 
and quality of reserv es before committing to long-term pur chase 
agreements. 

Mining 

Site preparation starts with gr ubbing and stripping sufficient over- 
burden to access the resource. Often required by regulation, topsoil 
commonly is separated from the overburden and stockpiled for rec- 
lamation activities. Overburden may be used to construct berms, be 
stockpiled, or sold. Soil oro verburden should not be stockpiled 
over parts of the deposit where future extraction is expected, and 
final need for reclamation should be considered. Site preparation 
also includes construc tion of ac cess ro ads, f ences, berms, hau | 
roads, drainage ditches, culv erts, settlement ponds, processing and 
maintenance facilities, and other plant infrastructure. 

Sand and gra vel is mined from open pits and dred ged from 
underwater bodies. In upland areas, such as high terraces and some 
glaciofluvial depo sits, sand and gravel may occur as unsaturated 
deposits. Where sand and gravel mining does no t penetr ate the 
water table, the aggregate can be extracted by using conventional 
earth-moving equipment. 

In some areas, such as low terraces and glaciofluvial deposits, 
the pit may extend into the water table. In some geologic settings, 
wet pits can be de watered by collecting the groundwater in drains 
on the pit floor and pumping the water out of the pit, or by isolating 
the pit from th e groundwater throu gh the use of slurry walls. In 
some situations where the sand and gravel pits penetrate the w ater 
table, such as floodplains or low terraces, the pit may be allowed to 
fill with water, and the operator may extract the material by using 
wet mining techniques such as draglines, clamshells, bucket and 
ladder, or hydraulic dredges. 

Sand and gravel can be excavated directly from stream chan- 
nels or from the edg e of stream channels. During times other than 
flooding, aggregate can be skimmed from bars in channels or from 
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active floodplains. Stream channels may be temporar ily or perma- 
nently diverted to allow for aggregate extraction using conventional 
earth-moving equipment in the natural streambed. A_ variety of 
methods can be used to divert the channel, including the construc- 
tion of a new diversion channel, split-channel mining, and the con- 
struction of harvest pits (Col orado Division of Minerals and 
Geology 1998). In arid areas, some stream channels or washes only 
occasionally have stream flo w, and sand and gra vel can be mined 
from the channels using conventional excavation equipment. 


Processing 


After extraction, sand and gravel occasionally is used as-is, which is 
called bank -run or p it-run gra vel; most f requently, it is pr ocessed 
before use. Processing may be as simple as a portable crusher and 
screens or can be a highly automated, sophisticated procedure. There 
are numerous ways to configure equipment depending on the charac- 
teristics of the sand and gravel deposit and its final use. Figure 3 is a 
flow diagram showing the generalized processing steps. 

Material to be processed commonly is transported from the pit 
face to the processing plant by conveyor or haul truck. The material 
may be processed to remove lumps of clay, which can plug process- 
ing equipment and contaminate the final product. Deposits contain- 
ing boulders may be fed through a “grizzly” screen to remove 
boulders too large to go through the crusher. The material is stored 
in a surge pile. A gate at the bottom of the surge pile releases a con- 
trolled amount of sand and gravel to a screen where the sand is sep- 
arated from the gravel. 

Gravel follo ws one path th rough the process; sand follo ws 
another. If the gra vel is larger than about 1 to 1.5 in. (2.5 4 to 
3.81 cm), it is crushed and screened to separate properly crushed 
particles that go through the screen (“throughs’’) from those that go 
over the screen and back into the crusher (“oversized”). Throughs 
pass over a series of screens to divide the gravel into specific parti- 
cle sizes. Gravel may be washed to remove fine particles. Convey- 
ors move the sized gravel to separate stockpiles awaiting sale. Sand 
is sent toa classifier where it is tailored for its final use (such as 
asphalt, portland cement concrete, or masonry sand). W aste fines 
are sent to a settling pond. 

Procedures must be follo wed carefully when stock piling and 
handling the final product. The pr ocessing of aggre gate requires 
significant effort and cost to prepare a product that meets e xacting 
specifications for grading, free dom from contamin ants, and other 
requirements. Mishand] ing of aggre gate can result in signif icant 
degradation of the product (R ollings and Ro llings 1996). When 
aggregate falls too far from conveyors onto coned stockpiles, when 
it is dumped from trucks down a slope, or when equipment pushes 
ito ver long distances, the material can separate from a well- 
blended product into individual size fractions. Im proper handling 
can also result in contamination of the aggregate with foreign mate- 
rial from underneath the stockpile. 

Upon sale, the stockpiled material may be sold as a single-size 
product, or two or more materials may be blended to make a new, 
graded product. For example, sand and pr operly sized gravel may 
be mixed in specific proportions to be used with cement to mak e 
concrete. 


REGULATORY AND ENVIRONMENTAL CONSIDERATIONS 


Regulations 

Sand and gr avel mining is per mitted or co ntrolled at the federal, 
state, and local levels of government by numer ous governmental 
agencies (Arbogas t 2002). All states are s ubject t 0 fede ral 1 aw, 
whether land within state boundaries is federal, state, or pri vately 
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Figure 3. Diagram showing typical sand and gravel processing 


owned. Indian tribal lands are considered sovereign and are subject 
to federal law, but without state jurisdiction or taxation. 

Approximately one third of all land in the United States, most 
of it in the westernmost contermi nous states and Alaska, is owned 
by the federal government. The agencies managing most of those 
lands are 


¢ Bureau of Indian Affairs 

¢ Bureau of Land Management 
¢ Bureau of Reclamation 

¢ National Park Service 

¢ U.S. Army Corps of Engineers 
¢ U.S. Fish and Wildlife Service 


¢ U.S. Forest Service 
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The General Mining Act of 1872 encouraged exploration of 
federal lands for mineral resources, including common minerals. In 
1955 Congress remo ved common c onstruction materials (termed 
“salable minerals,” including sand and gravel) from the mining law 
and made them a vailable through a contract or biddin g process at 
the discretion of the land management agency (Arbogast 2002). 

The Water Quality Act of 1965 and the Federal Water Pollu- 
tion Control Act Amen dments of 1972 (retitled the federal Clean 
Water Act) were enacted to provide efficient programs of water pol- 
lution control. Every major point source (a conf ined conveyance 
such as a pipe, drain, or ditch) from which pollution is dischar ged 
into U.S. w aters requires a joint federal—state permit (Arb ogast 
2002). 

The Air Qu ality Act of 1967 (amended _ by the Clean Air 
Amendments of 1970) gi ves states an d local g overnments th e 
responsibility to develop and implement plans to address airborn e 
pollution at its source. Sand and gr avel mining acti vities that ar e 
covered include dust and exhaust emissions (Arbogast 2002). 

Other federal re gulations indirectly control the production of 
aggregate resources through numerous acts, including the Fish and 
Wildlife Resource Management Act, the Fish and Wildlife Coordi- 
nation Act, the Migratory Bird Treaty Act, the Endangered Species 
Act, including the Rivers and Harbors Act, the Coastal Zone Man- 
agement Act , andthe National En vironmental Poli cy Act . The 
operation of sand and _ gravel mining is controlled at the fed eral 
level by the Mine Safety and Health Administration (MSHA). 

Each of the 50 states has a different process to obtain permis- 
sion to extract minerals. Some st ates issue permits for aggre gate 
mining; others leave that authority with local agencies. The result is 
inconsistent policies among states and between the states and th e 
federal agencies. Commonly, state agencies enforce federal regula- 
tions such as air quality, water quality, diversion or impoundment of 
surface water, and withdrawal of groundwater. 

In a review of various state mining laws, Arbogast (2002) found 
that state laws related to mining vary greatly. At least 37 states regu- 
late non-coal surf ace m ining on a sta tewide basis. T hirty-five 
states require some sort of bond or security from the operator. At 
least 26 states provide for public comment at permit review. Some 
states have no le gislation to r egulate sand and gravel mining. In 
other states, sand and gravel mining is regulated at the local level. 

The federal go vernment encouraged state and local g overn- 
ments to create zoning codes through the Standard State Zoning 
Enabling Act of 1922. The authority of go vernments to enforce 
zoning regulations was upheld by the Supreme Court in 1926 in the 
landmark case of Village of Euclid, Ohio v. Ambler Realty. Since 
then, every state has enacted zoning legislation. Many, but not all, 
states transfer zoning authority to county or municipal authorities. 
Some rural areas in the United States, however, remain unzoned. 

The United States is made up of more than 3,000 counties and 
many more local governmental authorities. Counties and other local 
governments may or may not ha _ ve final permitting authority for 
sand and gravel mining. Even where local governments do not have 
this authority, they commonly influence the final land-use decision 
by controlling land-use activities such as ground disturbance, grad- 
ing, noise, traffic, aesthetics, storm water, erosion and sedimenta- 
tion, land use, building codes, hours of operation, and regulation of 
utilities. Approval of sand and gra vel mining is frequently contin- 
gent on these issues (Arbogast 2002). 


Environmental Considerations 


Two reference documents dedicated to the aggregate industry that 
address en vironmental impact s from a ggregate m ining a re by 
Barksdale (1991) and Smith and Collis (2001). Five comprehensive 


collections of individual papers that describe many issues related to 
aggregate development are the International Association of Engi- 
neering Geology (198 4), Kelk (199 2), Liittig (19 94), Bobrowsky 
(1998), and Kuula-Vadisainen and Uusinoka (2001). These papers, as 
well as information from other journals, are summarized by Langer 
(2001a). Langer, Drew, and Sachs (2004) describe potential envi- 
ronmental impacts from aggregate extraction and methods to con- 
trol those imp acts. A study of these reports p —rovides an 
understanding of the many different environmental impacts related 
to aggregate mining and also gives a historical perspecti ve of the 
issues. 

Sand and gravel deposits commonly occur in areas that are also 
favorable for other land uses. Frequently, urban growth occurs with- 
out any consideration of the resou rce below or an y analysis of the 
impact of its loss. Prime aggre gate resources are precl uded from 
development if permanent stru ctures such as ro_ ads, parking lots, 
houses, or other buildings are built over them. The value of the 
improvements probably will permanently prevent any further devel- 
opment of aggregate at those locations. Such a situ ation is referred 
to as “‘sterilization” of the resource. New aggregate operations may 
have to be lo cated long distances from the mar kets, and the addi- 
tional expense of the longer transport of resources must be passed on 
to consumers. Also, the new deposit may be of inferior quality com- 
pared with the original source, ye titmay be used toa void the 
expense of importing high- quality material from amor e distant 
source. Any savings for aggregate may be offset by increased pro- 
cessing costs or decreased durability of the final product. 

In addition to encroaching on _—aggregate resources, urban 
growth often threatens established aggregate operations. Some resi- 
dents in the vicinity of pits and quarries object to the noise, dust, 
and truck traffic associated with the aggregate operation. Many citi- 
zens do not support min ing, in part because they do not recogn ize 
the dependence of society on aggregate. Personal use of aggre gate 
is very little, if an y, and individuals may not recognize aggre gate 
mining as a necessary land use, even though the need for the com- 
modity is constant. For these and other reasons, citizens commonly 
prefer that stone and sand and gr avel not be mined nearby (Langer 
and Glanzman 1993). This “not in my back yard” syndrome may 
restrict aggre gate development. Furthermore, governments require 
permits, impose re gulations, or establish land-use zones, some of 
which may preclude mining. 

Poulin, Pakalnis, and Sinding (1994) concluded that steriliza- 
tion, permits, and re gulations restrict development or expansion of 
aggregate production in established areas more than any actual lim- 
itations of suitable resource a vailability. The failure to plan for the 
protection and extraction of aggre gate resources often results in 
increased consumer cost, environmental damage, and an adversarial 
relation between the aggregate industry and the community. 

Because sand and gravel mining is an extractive industry, it 
cannot be obtained fro m the landscape without causing en viron- 
mental impacts, which are commonly engineering related. These 
impacts, which include con version of land use, changes to the 
visual scene, loss of habitat, erosion, sediment ation, noise, and 
dust, generally receive the greatest public attention. Many of these 
impacts, however, are restri cted to the mi ning site , start when 
extraction begins, occur only as long as extraction and processing 
take place, and are easy to predict and control using standard engi- 
neering techniques. 

The extraction of sand and gravel from river and stream ter- 
races, floo dplains, a nd channels commonly attracts a dditional 
attention because it may conflict w ith other resources such as fish- 
eries, aesthetic and recreational functions, or with the need for sta- 
ble river channels. The floodplains and channels of many rivers and 
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streams can accommodate the removal of some portion of sand and 
gravel without creating adverse environmental impacts, provided 
that the mining activities are kept within the limits set by the natural 
system. The principal cause of impacts from in-stream and _near- 
stream mining is the modification of natural characteristics beyond 
what the system can tolerate. 


Reclamation 


Mining sand and gravel resources creates economic wealth, and the 
facilities made from aggregate improve the quality of human life. 
Reclaiming the mine site and associated areas may also create addi- 
tional we alth and improve the qual ity of li fe. Reclamation is a 
major step in environmental stewardship. 

Arbogast, Knepper, and Langer (2000) provide a review of the 
literature for actual and proposed reclamation sites. In the expand- 
ing suburban areas of today, mined-out aggregate pits and quarries 
are converted into second uses, such as wildlife habitat, recreational 
areas, agricultural areas, parks, school grounds, high-quality lak e- 
front housing sites, anda my _ riad of other land uses. A plan for 
reclaiming the disturbed land and its ecosystem should be a part of 
every plan to mine natural aggregate. 

There is a g rowing appreciation for the r eversionary value of 
sand and gravel operations. Reclamation is becoming a major factor 
in sustaining the en vironment and in creating habitat biod iversity. 
And the need for specific postmining land uses such as water storage 
is becoming an important consideration in mining. F or example, 
local munici palities have condemned alluvial land and leased the 
land to aggregate operations for gravel extraction, with the end goal 
of crea ting water stora ge rese rvoirs. The postmining land usei_ s 
being offered as justification for gravel extraction permits. 


OUTLOOK AND FUTURE TRENDS 


The U.S. Geological Survey (USGS) calculates future sand and 
gravel production using a con servative value of 0.5% increase per 
year. At this rate, sand and gravel production would exceed 1.25 bil- 
lion tpy by 2025. Even with an increasing market, the USGS antici- 
pates an increasing gap between crushed stone and sand and gravel 
production with a move toward crushed stone (Tepordei 1997). 

In the last few decades, the process to permit ne w sand and 
gravel r eserves has become increasingly di fficult, le ngthy, an d 
expensive. Re gulations, more than actual resource a_ vailability, 
restrict development or expansion of aggregate in established areas 
(Poulin, P akalnis, and Sin ding 1994). This trend, fueled by 
increased citizen 0 pposition to disruptive land-use practices, is 
likely to continue. One area of par ticular concern is the in-stream 
mining of sand and gravel because of its potential for wid espread 
environmental impacts; opinions differ on which impacts are th e 
result of mining or other land uses. 

The industry trend is toward large businesses with large opera- 
tions and large output. Acquisitions of such companies are expected 
to continue, especially asa means to obta in th eir pe rmitted 
reserves. Increased costs, combined with local opposition to aggre- 
gate operations in populated areas, will likely force the location of 
new operations into more remote localities. These large centralized 
plants will utilize rail, barge, or ship transport and will service one 
or more urban distribution centers. The automation of processing 
plants and bulk material handling systems will allow for larger pro- 
duction rates at reduced costs. 

Imports from Canada and Me xico are likely to increase, but 
with strong environmental controls to offset the concern of export- 
ing environmental problems from the United States to Canada and 
Mexico. 


Integrated software for permitting, reserve calculations, mine 
design, mine oper ation, stockpile management, scalehouse o pera- 
tions, and re clamation have become available at reasonable costs. 
Machine guidance systems are available that use global positioning 
satellites to d etermine the position of e xcavating equipment with 
centimeter-level accuracy. 

Silicosis is a pot ential environmental health issue tha t faces 
the sand and gra vel industry. This disabling, sometimes f atal lung 
disease afflicts workers that are overexposed to re spirable crystal- 
line silica. Silicosis is an occupational disease that is not known to 
affect the general population. Poss ible measu res to address the 
issue, in addition to dust control, include employee training on sil- 
ica hazards, periodic medical e xams of potentially silica-exposed 
workers, and exposure monitoring (Bailey and Sharpe 2003). 

There is a slow but inexorable move toward implementation of 
sustainable resource management principles and best management 
practices by sand and gravel producers, particularly large U.S. and 
multinational companies. Sustainable aggregate re source m anage- 
ment can be achieved in a practical sense by adopting the following 
simple principles (after Plant and Haslam 1999). 

Planning, project design, approvals assessment, and site con- 
ditions should 


¢ Maximize the economic value of the resource, by e xtracting 


as much material as possible from the disturbed area and for 
the most economically valuable use it can accommodate 


Minimize waste of the resource, by a voiding high grad ing 
(picking the best parts of the resource and spoiling the ability 
to extract the remainder) and by finding uses and markets for 
all of the disturbe d material (e.g., turning crusher fines into 
“manufactured sand,” thus reducing the need for natural sand 
sources in more environmentally sensitive areas; and blend - 
ing of lo wer-quality with higher-quality material as long as 
product specifications can be met) 


Minimize social and environmental impacts, by planning that 
protects imp ortant resources from urban encroachment and 
protects growing communities from the nuisance impacts of 
poorly designed, poorly located, and poorly managed aggre- 
gate operations; by using best-practice designs and operations 
to control the effects of blasting, noise, dust, sediment erosion, 
and visual scarring in extractive and transport operations; and 
by providing for conservation of natural areas by management 
of buffer areas that maintain or enh ance vegetation, wildlife 
habitats, and corridors 


Maximize rehabilitation of dist urbed areas, by allo wing for 
reclamation as part of the quarry/pit design p rocess b efore 
extraction begins; by starting rehabilitation from day one; and 
by being flexible enough to allow advances in technology and 
for changing local needs 


Maximize community en gagement, b y in volving the lo cal 
community in planning activities through open visit days and 
community awareness and educat ional activities. (This may 
lead toame asure of community acceptance and a “social 
license to operate,” which can be just as important as the 
official legal permits.) 
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AGGREGATES 
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Crushe 


William Langer 


INTRODUCTION 


Crushed stone is one of the most familiar natural resources used in 
everyday life and is one of the two principal sources of aggregate. 
Sand and gravel, the other aggregate source, is discussed in a sepa- 
rate chap ter andis only mentioned here wh en describing both 
crushed stone and sand and gravel as aggregate. 

The purpose of this chapter is to provide a general perspective 
on the geology of potential sources of crushed stone and on how 
that material is mined and processed to meet the needs of the con- 
struction industry . The transpor tation, mark eting, specif ications, 
and uses of crushed stone are discussed in the Aggregates chapter 
in this volume. 

Most crushed stone is_used as construction aggregate, com- 
monly inthe form of asphalt or concrete. [nm any c ases it is 
required for use in asphaltic concrete, because the angular surfaces 
provide the needed intergranular strength. One km of a four-lane 
interstate highw ay requires near ly 50,000 t of aggre gate (Langer 
and Glan zman 1993). The proportional share of aggre gate con- 
sumed by each person in the United States is about 9 tp y, about 
5.2 t of which is crushed stone. 


Definition 

Crushed stone commonly is produced by drilling, blasting, excavat- 
ing, and crushing bedrock, although it may involve crushing large 
boulders or cobblestones. Cr ushed stone tends to ha ve angular 
edges, and substantiall y all of its surf aces have resulted from th e 


crushing operation. It differs from sand and gravel, which tends to 
be rounded and is naturally occurring. 


Unusual Considerations Specific to Crushed Stone 


Over six times more aggregate operations exist in the United States 
than all other types of mines combined (excluding coal). Co nse- 
quently, crushed stone and sand and gravel operations are a much 
more common componen t of the 1 andscape than other mi ning 
operations. 

The value of most metallic minerals and high-value industrial 
minerals rests on their properties or combinations of properties, such 
as hardness, strength, flexibility, electrical properties, and resistance 
to acids. These minerals have a high “unit value” and commonly can 
be ec onomically transported signif icant distances to their mark et 
areas. In contrast, aggregate has a high “place value” because it is a 
high-bulk, low unit value commodity that is expensive to transport 
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to the market (Bates 1969), so its location (place) is preeminent. 
Aggregate operations frequently are located near population centers. 

Potential sources of crushed stone are unde veloped areas of 
near-surface bedrock, which of ten are ele vated above surrounding 
areas and highly visible. These unspoiled bedrock areas frequently 
are cherished as public “open space,” even though the land may be 
privately owned. 

The prevalence of aggregate operations, their proximity to pop- 
ulation centers, their visibility, and their inherent disruptive appear- 
ance make proposed crushed stone operations ready candidates f or 
citizen opposition. Quarries commonly have a life span greater than 
40 years, thus adding to the concerns of nearby residents. 


PRODUCTION AND TRADE, 
SUBSTITUTES, RESOURCES, AND RESERVES 


Crushed stone is the lar gest nonfu el mineral commod ity in the 
United States in terms of volume and value. During 2004, about 
1.6 billion t of crushed stone, with a value of nearly $9.7 billion was 
produced by an estimated 1,200 companies from about 3,200 sur- 
face and un derground quarries (Tepordei 2005). Surface qu arries 
are spread out over 47 states, whereas most underground quarries 
are in the central United States (Tepordei 2002). About 12% of the 
crushed stone operations prod uce less than 25,000 tp y of crushed 
stone. About 14% of the operations produce more than | Mtpy of 
aggregate and account for more than half of the total crushed stone 
production (T epordei 20 04). The us es of crushed stone are _ dis- 
cussed in the Aggregates chapter in this volume. 

The aggre gate industry does not adhere to a scientific rock 
classification when describing or reporting prod uction of crushed 
stone. For example, /imestone commonly refers to limestone, dolo- 
mite, and ma rble. The coarse-crystalline igneous or metamorphic 
rocks, whether light colored (such as granite or gneiss) or dark col- 
ored (such as g abbro), commonly are referred toas granite. The 
term traprock is generally used to desc ribe any fine-grained, dark- 
colored extrusive igneous rock such as diabase, basalt, or andesite. 
Following that terminology ,1imestone mad e up about 71% of 
crushed stone production for the year 2000. Granite comprises 15% 
of crushed stone. T raprock co mprises 7%. Other misc ellaneous 
stone, including sandstone and quartzite, account for the remaining 
7% (Tepordei 2004). 

Crushed stone production, expressed as a p ercentage of total 
aggregate production, varies from state to state, depending ona 
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Table 1. Crushed stone production for the year 2002 by state 


Crushed Stone as 


Crushed Stone as 





Percentage of Total Percentage of Total 
Crushed Stone Crushed Stone Aggregate Crushed Stone Crushed Stone Aggregate 

State Value, $1,000 Production, kt Production State Value, $1,000 Production, kt Production 
Alabama 34 8,000 54,700 80.2 Montana 13,300 3,190 13.6 
Alaska 8,400 1,500 11.5 Nebraska 45,200 6,170 33.4 
Arizona 56,500 9,280 16.3 Nevada 46,100 9,190 22,1 
Arkansas 165,000 32,200 75.6 New Hampshire 20,900 4,760 35.0 
California 421,000 63,700 28.9 New Jersey 123,000 17,300 52.9 
Colorado 111,000 17,200 277 New Mexico 33,300 5,300 32.3 
Connecticut 90,900 10,600 48.0 New York 405,000 59,900 67.6 
Delaware — — 0.0 North Carolina 456,000 63,800 86.1 
Florida 600,000 105,000 80.0 North Dakota withheld withheld assumed >1.0 
Georgia 445,000 72,100 91.4 Ohio 350,000 77,000 61.6 
Hawaii 69,200 7,000 93.3 Oklahoma 172,000 39,200 79.4 
Idaho 20,100 4,600 21.4 Oregon 112,000 22,900 54.0 
Illinois 450,000 77,600 73.3 Pennsylvania 567,000 97,800 83.9 
Indiana 277 ,000 57,000 67.0 Rhode Island 7,740 1,310 50.6 
lowa 200,000 36,900 72.2 South Carolina 154,000 25,100 72.5 
Kansas 10 7,000 21,500 69.5 South Dakota 28,100 5,920 36.1 
Kentucky 309,000 55,100 84.5 Tennessee 336,000 56,000 85.3 
Louisiana withheld” withheld assumed >1.0 Texas 639,000 126,000 62.1 
Maine 24,600 4,190 27.8 Utah 41,500 8,450 21.6 
Maryland 137,000 22,500 67.2 Vermont 20,800 4,150 49.5 
Massachusetts 125,000 14,800 51.6 Virginia 396,000 60,000 84.7 
Michigan 155,000 41,100 soue Washington 90,400 14,800 25.2 
Minnesota 58,100 9,730 17.7 West Virginia 70,600 16,100 91.2 
Mississippi 58,100 5,530 2/1 Wisconsin 135,000 32,200 47.6 
Missouri 407,000 79,600 89.4 Wyoming 23,300 4,880 33.8 

United States 8,990,000 1,570,000 58.3 








Source: Tepordei 2002; Bolen 2002. 
* Withheld to avoid disclosing company proprietary data. 


variety of reasons including geology, availability, ease of obtaining 
permits, local or regional specifications, and operator preferences. 
Some 26 states produce more crushe d stone than sand and gravel. 
In the United States in gen eral, more crushed stone is produced 
than sand and gravel (Table 1). 

The amount of foreign trade in crushed stone is minor. During 
2002, about 2.6 Mt were e xported, and about 14.3 Mt wer e 
imported. Most trade is with Canada and Mexico. 

Total world production of aggregate (including crushed stone 
as well as sand and gravel) is estimated at 15 billion tpy. Produc- 
tion int he European Union is about 3 bill ion tp y, representi ng 
about two thirds of the Eu ropean to tal (R egueiro et al. 2 002). 
Aggregate production rates plummeted in Eastern Europe follow- 
ing the political reorganization of the early 1990s. More recentl y, 
production rates ha ve stabilized, resulting in modest increases in 
demand in countries with emerging economies. Approximate pro- 
duction in other major aggregate-producing countries, in tons per 
year, is China, 4.5 billion; Japan, 550 million; Russia, 432 million; 
and Canada, 385 million (Regueiro et al. 2002). 

Although crushed sto ne resources, lik e all nonrene wable 
resources, are finite, the potential supply of crushed stone resources 
on a w orldwide scale is so large that “finite” is meaningless. But 
sources of crushed stone of suitable quality for an intended use can 
be in short or nonexistent supply onare gional or local _ scale 


because of unf avorable geo logy, e ncroachment by in compatible 
land uses, and inability to obtain the necessary production permits. 

A number of materials may be used as a substitute for crushed 
stone. The most widely used one is sand and gravel. Other common 
substitutes include rec ycledc oncrete or asphalt and slag. An 
expanded discussion of substitutes can be found in the Aggregates 
chapter in this volume. 


GEOLOGIC ORIGIN AND DISTRIBUTION 
Origin 
Sedimentary rocks form by consolidation of loose sediment by bio- 
chemical, che mical, or me chanical proc esses. Bioc hemically or 
chemically deposited carbonate sedimentary rocks form from the 
remains of li ving things, such as corals, clams, an d other marine 
organisms that have the ability to secrete calcium carbonate, or they 
chemically precipitate directly from the water. Carbonate sedimen- 
tary rocks commonly used as crushed stone include limestone (cal- 
cium carbonate) and dolomite (calcitum-magnesium carbonate). 
Mechanically deposited (clastic) sedimentary rocks are classi- 
fied according to the sizes of contained particles. Rock that consists 
mostly of peb bles and lar ger fragments is conglomerate; rock that 
consists mostly of sand-sized particles is sandstone; and rock that 
consists prim arily of silt- or cl ay-sized partic les is siltstone or 
shale, respect ively. Of the clastic sedim entary roc ks, ha rd and 
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dense sandstone, and toa much lesser amount siltstone and con- 
glomerate, are commonly used for crushed stone. 

Igneous rocks form from cooled magma and are classified by 
their origin and composition. Intrusive igneous rocks solidif ied at 
depths within the earth and developed large mineral crystals owing 
to the slow cooling associated with deep burial. Examples of extru- 
sive igneous rocks with large crystals include granite (light colored) 
and gabbro (dark co lored). Volcanic igneous rocks were e xtruded 
onto the earth’s surface where they cooled and solidified relatively 
rapidly. Rapid cooling promoted the formation of o nly small or 
microscopic crystals. Examples include rhyolite (light colored) and 
basalt (dark colored). Many igneous rocks such as those mentioned 
are hard, tough, and dense, and make excellent crushed stone. 

Metamorphic rocks form when existing rocks are subjected to 
heat and pressure within the ear th. Metamorphic roc ks that are 
hard, tough, and dense can b e used as aggregate. The se include 
gneiss, marble, horn fels, amphib olite, and quartzite. Some meta- 
morphic rocks, such as highly foliated schist, have planar foliation 
caused by crystallization of parallel phyllosilicate minerals (micas). 
This foliation produces planes of weakness that are undesirable in 
crushed stone. In some parts of _ the Southwest, the Dakotas, and 
Wyoming, metamorphic rocks referred to as clinker are formed by 
the he at from in situ coal combustion. In some places clinker is 
used as aggregate. 


Distribution of Major Rock Types 


Limestone (u sing industry terminolog y) is widely distr ibuted 
throughout the United States (Figure 1), although its suitability for 
crushed stone varies greatly. Limestone occurs in the mid-continent 
from the Great Plains eastward to the western flank of the Appala- 
chian Mountains; the Coastal Plains of Florida, Mississippi, Ala- 
bama, Georgia, and S outh Carolina; the Balcones Escarpment in 
Texas; the Black Hills of South Dakota and W yoming; the Great 
Plains in Kansas and Nebraska; all the western states, including the 
Rocky Mountains and areas to the west; Alaska; and Ha waii. Dur- 
ing 2002, e very state in the United States, except Delaware and 
New Hampshire, produced crushed limestone (Langer 1988). 

Granite is widely distrib uted throu ghout th e United States 
(Figure 2). It occurs in the Appalachian and Adirondack mountains, 
northern Minnesota and Wisconsin, the Black Hills of Sou th 
Dakota and W yoming, southeaste rm Missouri, central Arkansas, 
southern Oklahoma, central an d southwestern Texas, all the west- 
ern states including the Rocky Mountains and areas to the west, and 
Alaska (Lang er 1988 ). During 2002, 35 states pr oduced crushed 
granite. 

Extensive amounts of trapro ck occur in the western United 
States from the eastern flanks of the Rocky Mountains to the west 
coast (Figure 3). In the eastern United States, traprock generally is 
restricted to the Triassic/Jurassic basins in the Appalachian Prov- 
ince, primarily in the Connecticut River valley of Connecticut and 
Massachusetts; the Palisades of New Jersey and New York; the 
Piedmont of Pennsylvania, Maryland, and northern Virginia; and in 
Georgia and Alabama (Langer 1988) . During 2002, 24 states pro- 
duced crushed traprock. 


PROPERTIES 


The properties of crushed stone result from the origin and mineral- 
ogy of the source rock and its subsequent alteration and weathering. 
Some important properties of a rock are the type, size, shape, orien- 
tation, and propor tions of minera1 grains; the type of co ntacts 
between the mineral grains; the layering of minerals; and the pres- 
ence and inter connectedness of v oids (Dolar -Mantuani 198 3; 
Langer 2001b). These are all characte ristics related to the orig in 





Figure 1. Generalized distribution of limestone in the conterminous 
United States 





Figure 2. Generalized distribution of granite in the conterminous 
United States 





Figure 3. Generalized distribution of traprock in the conterminous 
United States 


and subsequent weathering or al teration of the rock and can be 
observed and described by traditional geologic methods. 

The important pro perties of the minerals that comprise the 
rock are hardness and cleavage. Hardness of a mineral commonly is 
measured by geologists using the Moh s hardness scale, which 
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refers to the ability of one mineral to scratch the other. Cleavage is 
the ability of a mineral to break along a fixed crystal plane and var- 
ies from “perfect,” as illustrated by the mineral mica, to “none” as 
found in the mineral quartz. 

The quality of crushed stone is most often defined by its con- 
formance to spe cifications set by the user. Because most cr ushed 
stone is used in highw ay constr uction, those specif ications com- 
monly are set by state dep artments of transportation. Most states 
conform to the grading and testing standards set by the American 
Association of State Highw ayandT  ransportation Of ficials 
(AASHTO) or the American Soci ety for T esting and Materials 
(ASTM). Ane xpanded discussio n of sp ecifications an d testing 
methods for crushed stone can be found in the Aggregates chapter 
in this volume. 


Physical Properties 


When crushed, the stone particles should be strong, which means 
they should resist ab rasion; hard, wh ich means they should resist 
loads; tough, wh ich means the y should resist impact; and sound, 
which means they should be able to withstand stresses caused by 
repeated freezing and thawing or wetting and drying (Langer and 
Knepper 1998; Langer 2001b). 

Limestone and d olomite gener ally mak e good so urces o f 
crushed stone, although some limestone and dolomite may be soft, 
absorptive, and fri able, which results i n poor -quality aggre gate. 
Typical compressive strengths fo r unwe athered c arbonate rocks 
range from 2,000 to 37,000 psi (Winkler 1973). The main factors 
responsible for strength of carbonate rocks are their interlocking 
grain fabric and their mineralogy. Strength of carbonate rocks gen- 
erally increases over geologic time because of recrystallization and 
associated decreasi ng porosit y. Consequently, geologically older 
carbonate rock s tend to be str onger than you nger rocks (Bell 
1993). Siliceous limestone and dolomite tend to have higher abra- 
sion resistance than their nonsiliceous counterparts. The low hard- 
ness of minerals in younger lime stone and do lomite give those 
rocks low abrasion resistance. S iliceous rocks suc h as c hert have 
high resistance to abrasion. 

Hard, well-cemented, or indurated, quartz-rich sandstone 
commonly makes an e xcellent source of crushed stone, although 
some sandstone may be so ft, absorptive, and friable, which results 
in poor -quality aggre gate. T ypical compressi ve strengths for 
unweathered sandstone ran ge from 5,00 0 to 36,000 psi (Winkler 
1973). The main factors affecting the strength of clastic sedimen- 
tary rocks are porosity and the nature and amount of cementation of 
the grains. Development of mineral orientation in the sediments can 
result in planes of weakness in the rock. The abrasion resistance of 
sandstones largely depends on the nature of the cement between the 
grains. 

Hard, tough, and dense, extrusive volcanic rocks commonly 
make an excellent crushed stone. Typical compressive strengths for 
unweathered basalt ranges f rom 16,000 to 49,000 psi (W inkler 
1973). Some volcanic rocks may be unsuitable for aggregate if they 
are flow-banded, strongly jointed, vesicular, or brecciated. The pres- 
ence of vesicles tends to reduce resistance to abrasion. If the vesicles 
are filled, the mineral content of infillings influences the resistance 
of rocks to abrasion. Pyroclastic volcanic materials such as ash and 
tuff may be unsuitable for some uses. 

Intrusive igneous rocks commonly are hard and strong. Typi- 
cal compressive strengths for unw_ eathered gra nitic roc ks range 
from 14,000 to 45,000 psi (Winkler 1973). The high strength results 
from miner alogy (lar ge amounts of quartz and feldspars), small 
grain size, and intense grain inte rgrowth. The ma in fac tors t hat 
reduce the strength of igneous rocks are large crystal size, a high 


proportion of soft minerals such as mica, and weathering or alter- 
ation. Weathering may increase the proportion of soft material and 
may result in destruction of intergranular bonding. 

Metamorphic rocks com monly used as aggre gate include 
gneiss, quartzite, and hornfels. Th ese rocks tend to be hard and 
strong because of interlocking grains and lo w porosity. Granular 
quartzite and hornfels ha ve a hig h abrasion resistance caused by 
their strong mineral contents. Quartzite is so tough _ that it com- 
monly causes excessive wear on crushing equipment. The principal 
factors causing reduced strengt h of metamorphic rocks are 
increases in grain size, porosity, proportion of soft minerals, and, in 
particular, loss of intergranular bonding resulting from the develop- 
ment of strong mineral orientation (schistosity or foliation). Strong 
mineral orientation can also create a rock with high strength in one 
direction and low strength in another. 

Properties of rock particles that affect soundness are the size, 
abundance, and_ continuity of pores, channels, and fr _actures, 
together with the de gree of w ater satu ration (McLau ghlin et al. 
1960). Porosity af fects the strengt h and elastic characteristics of 
rock, and may affect permeability, absorption, and durability . It is 
generally accepted that there is an approximate inverse correlation 
between qu ality, as it pertains to soundness, and ro ck porosity. 
Rock with water absorption of 2% or less will usually produce good 
crushed stone, whereas otherwis e suitable rocks wi tha wat er 
absorption that exceeds 4% may not (Smith and Collis 2001). 

One of the mo st important ph ysical properties of r ock parti- 
cles that affect freezing—-thawing is the size of the pores. When 
water turns to ice, it increases in volume by about 9%, thus creating 
pressure within the pores ofa_ stone. The critical pore size for 
freeze-thaw durability appears to be about 5 um (Larsen and Cady 
1969). Larger pore diameters allow drainage and escape o f water 
from the frontal ice advance line. 

Specific gravity is a general term used to express the relation- 
ship of the weight of a substance to the weight of an equal volume 
of water. Bulk specific gravity is the ratio of the weight of a given 
volume of material, including all voids, to the weight of an equal 
volume of water. Apparent specific gravity is the ratio of the weight 
of a given volume of material, including all impermeable v oids, to 
the weight of an equal volume of water. High specific gravity gen- 
erally indicates high-q uality ag gregate. Very low specific gravity 
frequently indicates aggre gate that is por ous, weak, or absorptive, 
although contractors generally favor the lightest stone that will pass 
specification, be cause in a pplications such as co ncrete or asphalt, 
aggregate is purchased by the ton while the final product is sold by 
the yard. Specific gravity of crushed stone is important in some 
applications that require heavyweight applications. 

Other factors contributing to low soundness include the pres- 
ence of weak, cleavable, absorptive, or swelling particles. Exam- 
ples of lo w-soundness r ocks in clude some shal es, sandstones, 
limestones, clayey rocks, some very coarse crystalline rocks, and 
porous cherts (Ne ville 1973; Gillott 1980). Weathered rock types, 
such as weathered igneous rocks where secondary clay minerals are 
produced, can also be unso und (Fookes 1980). Because the physi- 
cal properties of the rocks, not their composition, control frost sus- 
ceptibility, not all the types of rocks mentioned have so undness 
problems. 


Weathering and Impurities 


Crushed stone should show no visible signs of weathering. Conduits 
in the bedrock provide for the passage of water, which in turn accel- 
erates the weathering proce ss. The presence of weathered bedrock 
increases the o verall cost of separating suitable from unsuita ble 
material and affects the blasting and extractive techniques used. The 
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rate and type of weathering depends on the climatic conditions, the 
geometry of the deposit, the relationship to the water table, and the 
properties of the rock. Weathering can range from sligh t discolora- 
tion, through the introduction of fractures and alteration of minerals, 
to complete decomposition and disintegration of the rock. 


Chemical Properties 


The chemical properties of crushed stone v ary among rock types 
and are controlled by the mineralogy of the individual particles. 
Crushed stone generally is considered to be inert, but it may contain 
certain types of silica minerals that adversely react with the alkaline 
fluids in cement concrete and affect the life of concrete. Carbonate 
rock is soluble in we ak acids. Certain zeolites release sodium and 
potassium, thus changing the pore water chemistry. Sulfides oxi- 
dize (rust), and _ salts dissolve or impede setting o f concrete. Th e 
Aggregates, and Cement and Cement Raw Mate rials cha pters in 
this v olume contain e xpanded discussions of the physical and 
chemical properties of aggregates and how they affect their use. 


CRUSHED STONE INDUSTRY 


Crushed stone must physically be able to be mined and be accessi- 
ble to transportation systems and to markets. The site must qualify 
for all necessary land use and environmental permits. The operation 
must be prof itable, considering all costs, including acquisition, 
operation, compliance with regulations, and rec lamation (Drye r 
1976; Banino 1994). These requirements make opening a new oper- 
ation a complicated, risky process that involves substantial cost and 
can take many years. 


Prospecting Techniques 


The Stone Industries (Bowles 1939) is one of the f irst comprehen- 
sive publications on the stone industry that describes prospecting 
techniques for potential sources of crushed stone. Exploration for 
sources of crushed stone has beco me more than simply locating a 
source of suitable material and commonly is based on the principle 
of the “weakest point” (Dunn 1991). During exploration, a weakest 
point exists that should be analyzed before proceeding to other ele- 
ments of exploration. For example, it may be unwise to intensely 
study a potential source of cr ushed stone in an ar ea where fra g- 
mented land o wnership makes a new operation highly un likely. 
Conversely, it w ould be equally unwise to thoroughly add ress all 
permitting requirements before some estimate of the quality of the 
rock is determined. Thus, exploration requires judgment and expe- 
rience and should proceed in a logical sequence. Each weak point 
should be resolved to an acceptable level of risk before proceeding 
to the next weakest point (Dunn 1991). 

Assessing preliminary tar get areas for sources of cr ushed 
stone e xploration should co nsider favorable geologic terrains as 
well as economic and social factors such as markets, transportation 
options, current land use, zoning regulations, and property o wner- 
ship. Public hearings commonly are held before governmental bod- 
ies such as county or town boards, and the public and governmental 
views toward aggre gate pr oduction must be carefully analyzed 
(Dunn 1991). 

Exploration for potential source s of crushed stone within th e 
target areas commonly be gins with desktop studies utilizing exist- 
ing data. Detailed geologic maps and cross-sections exist for large 
parts of the United States and elsewhere, and many of these can be 
used to help locate potential sources of crushed stone. Other 
sources of infor mation include te st holes and engineering tests of 
core from highway and other construction projects. 

In areas where existing large-scale geologic information and 
other data are inadequate, or as a supplement to other information, 


aerial photography (about 1:50,000 scale or larger), remote sensing 
(satellite or airborne spectral imagery), and airborne geoph ysical 
surveys may be useful for detecting and identify ing bedrock out- 
crops (Knepper, Langer, and Miller 1995). 

Preliminary field studies co mmonly are conducted to check 
the veracity of desktop analysis and to collect new data. Natural and 
synthetic exposures are investigated and sampled to determine vari- 
ations in mineralogy, layering, fractures, weathering, and other rock 
properties. A geologist may also evaluate the site to identify poten- 
tial environmental factors and to prepare plans for more de tailed 
site evaluation. 

If reconnaissance studies indicate a target area worthy of fur- 
ther i nvestigation, the n ext ste pis more detailed field studies. 
Acquisition of more detailed information increases costs, and it is 
appropriate to assess the weakest point at this stage of exploration. 
For example, economic and social factors, such as current land use, 
zoning regulations, and property ownership, as well as environmen- 
tal f actors, mi ght be in vestigated in more detail, particularly 
because it will be necessary to obtain permission from landowners 
to access sites for further studies. 

Systematic sampling must be conducted to determine the areal 
extent, thickness, stratigraphic variation, and physical properties of 
the rock. A v ariety of truck-mounted drills commonly are used to 
determine these factors as well as to obtain samples to determine 
the properties of the rock (Saint Don, Prueher, and Barnwell 2004). 
Core drilling is the most common type of exploration and should be 
of a size (after splitting) that allows for testing of the largest prod- 
uct to be mined. The core should be logged and sp lit for testing. 
The remaining material should be archived as a permanent record. 

The spacing of drill holes are site specific and should be based 
on the predictability and geologic continuity of critical characteris- 
tics of the deposit as determined by personnel specially trained in 
such procedures (Dunn 1991; Timmons 1994). Sample spacing 
depends on the desired le vel of detail and confidence of measure- 
ments, and typically ranges from 30 m in highly complicated areas 
to as much as 500 m in lar ge areas of v ery simple geology. Sam- 
pling plans commonly are modified during site characterization 
based on knowledge gained during the sampling process. 

Sedimentary and metamorphic rocks can be highly variable in 
quality and thickness. A single fault can trigger displacements and 
change the dips of beds. Many intrusive igneous rocks are difficult 
to characterize because of subtle changes in mineralogy and the 
presence of f ault or fractu re zones. Relatively flat-lying extrusive 
igneous and homogeneous sedimentary rock s sometimes can be 
characterized with less rob ust sampling. In dipping sedimentary 
rocks, drilling should be as close to perpendicular to the bedding as 
possible and should have some stratigraphic overlap between holes. 

Test holes commonly are measured to determine the depth to 
the water table. Other observation wells may also be drilled to mon- 
itor groundwater conditions. 

Seismic geophysical methods have been applied to the investi- 
gation of stone resources for more than 65 years (Patterson 1937). 
Those techniques, as well as other properly conducted surface geo- 
physical surveys, can provide information on the thickness of over- 
burden and can be used to help locate drill holes, provide continuity 
between drill holes, locate large openings in bedrock, and identify 
major changes in bedrock types. The surveys can be run in areas 
where rapid geologica | changes might be undetected by drilling 
such as areas of suspected fault zones, areas of steeply dipping bed- 
rock, and areas of other elusive, but important, geologic conditions. 
The locations and results of the geophysical surveys commonly are 
included on the geologic maps and accompanying reports prepared 
for potential crushed stone operation sites. 
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Table 2. Specific gravities of selected common rocks 





Rock Type Specific Gravity Rock Type Specific Gravity 
Andesite 2.4 to 2.8 Granite 2.6 to 2.8 
Basalt 2.7 to 3.2 Limestone 1.9 to 2.8 
Dolomite 2.7 to 2.8 Marble 2.6 to 2.9 
Gabbro 2.9 to 3.1 Sandstone 2.0 to 3.2 








Source: Adapted from Dunn 1991 and Marek 1991. 


Five methods of geophysical surveys can be used to e valuate 
bedrock sources of crushed stone: seismic, radar, gravity, magnetic, 
and electrical. None of these techniques is particularly useful for 
characterizing rocks. They do have engineering applications, how- 
ever, that can be applied to quarrying. Seismic studies can be used 
to estimate rippability of stone, to identify weathering zones, and to 
locate the water table. Radar is routinely used to detect voids and 
may have application in cavernous limestone areas. Gravity can be 
used for a qual itative estimate of cavities, joints, or other disconti- 
nuities of highly contrasting bedrock. Most rocks consider ed for 
use as aggregate do not contain magnetic minerals, but if they do, 
magnetic surveys may pro ve useful. Electrical surveys may help 
identify ch anges in water c ontent or in some si tuations id entify 
electrical properties of some rocks. 

An experienced field geologist can determine whether or not a 
geophysical surv ey is w arranted and which meth ods should be 
used. The spacing of geophysical survey patterns are site specific 
and should be based on geologic characteristics of the site and the 
predictability of continuity of the deposit’s critical characteristics as 
determined by personnel specially trained in such pro _— cedures 
(Dunn 1991; Timmons 1994). Survey plans commonly are mod i- 
fied during site characterization based on knowledge gained during 
the sampling process. 

The results of geophysical surveys are limited because it is not 
possible to translate ge ophysical data without correlative evidence 
normally provided by bor eholes. In addition, geoph ysical surveys 
generally provide a very broad guide to the site characteristics and 
must be refined by other means. Actual subsurface information is 
desirable so that geophysicists have an idea of how to interpret the 
results of the surveys. 

The geology of a potential crushed stone source must be suffi- 
ciently known so that all critical variations in the characteristics of 
the bedrock and overburden are understood. Geologic mapping is a 
way of systematizin g field observations and is a valuable tool for 
planning drilling and sampling lo cations (Dunn 1991), assessing 
geophysical needs, establish ing background data, and identifying 
potential environmental impacts associated with aggregate develop- 
ment. Geologic maps, accompanying cross sections, and geologic 
reports of potential sources of crushed stone vary depending on the 
rock type, but commonly show the location and outline of the rock, 
the location of sam pling sites and geophysical surveys, measure- 
ments of the thick ness and attitude of rock un its, and descriptions 
of rock properties at depth. Supplemental maps and reports can also 
describe related issues such as the thickness of overburden, altitude 
of the water table, geologic hazards, and so forth. In many states, 
such reports must be prepared by a licensed professional geologist. 

The di fficulty of ca Iculating v olumes of d eposits has been 
greatly eased with the use of specialized mining and quarrying soft- 
ware, geographic information systems (GISs), and com puter-aided 
design (CAD) software. Usable volumes exclude areas of setbacks, 
access roads and other infrastructure, maintenance facilities, and so 


forth. Information obtained during geologic mapping and sampling 
can be entered directly into these programs, and the programs can 
calculate resource volumes using various algorithms. 

Regardless of ho w volumes are determined, the in situ ton- 
nage of rock is calculated by multiplying the weight of rock per 
unit volume by the estimated volume. If the weight of the rock is 
expressed as specific gravity (Table 2), the weight of rock per unit 
volume can be calculated by multiplying the specific gravity by the 
weight of water per unit volume. For example: the unit weight of 
water is 62.4 lb/ft? (1 t/m3). Assume the specific gravity of basalt is 
3.0. The unit weight of basalt is (62.4 lb/ft? x 3.0) = 187.2 Ib/ft?. 

The usable tonnage of rock is the in situ tonnage less the unre- 
coverable material fr om waste rock, buffer zones, quarry slopes, 
haul roads, facility sites, and so forth. 

There are n umerous metho ds for appraising crushed stone 
quarries depending on the purpose of the appraisal and the status of 
the quarry (Evans 1995; Paschall 1998), but for industrial minerals 
such as crushed stone, economic and legal issues may be as impor- 
tantasthe geologic aspects of a deposit. Companies perform 
detailed reserve estimates and appraisals for a variety of reason s, 
including sale or purchase of undeveloped resources or reserv es, 
acquisitions and mergers, valuation of a mining prop erty, account- 
ing, financing, taxation, condemnation, mineral conserv ation, and 
for internal planning. Customers can precipitate an analysis of 
reserves by demand ing pro of of th ee xistence an d qual ity of 
reserves before committing to long-term purchase agreements. 
Mining 
Site preparation commonly starts with grubbing followed by strip- 
ping of sufficient overburden to access the resource. Topsoil com- 
monly is separated from theo verburden and stockpiled for 
reclamation ac tivities. Overburden may also be used to construct 
berms or to be stockpiled or sold. Soil or overburden should not be 
stockpiled where future extraction is expected, and the final need 
for reclamation should be considered. Site preparation also includes 
construction of access r oads, fences, berms, haul r oads, drainage 
ditches, culv erts, se ttlement ponds, proce ssing and maintenance 
facilities, a nd oth er pl ant infra structure. Quarryin g commonly 
progresses d ownward on several d ifferent levels o r “ benches,” 
which are formed by drilling, blasting, and excavating rock. 

The technolo gy of rock blasting is highly de veloped. Holes 
are drilled into the rock and are partially filled with explosives. The 
top portion of the hole is filled with nonexplosive material (usually 
sand or crushed stone, sometimes separated from the e xplosives 
with a manuf actured plug) that is referred to as stemming. The 
explosive in each hole is initiated with detonators or blasting caps. 
Digital timing, detonator design, or other technology creates delay 
periods between blasts in indi vidual holes. The total blast com- 
monly lasts only a fra ction of a second and consists of many 
smaller individual blasts separated by delays of a few thousandths 
of asecond. When the explosive is detonated, lar ge v olumes of 
gases are in stantly produced, fra cturing the rock . The stemming 
material keeps the expanding gases in the rock in order to maximize 
the effect. The delay periods between charges ensure that each hole 
will have to break only the r ock immediately in front of it. For 
example, if two rows of blast holes are parallel to th e quarry face, 
the front row of holes will be detonated first, fracturing and displac- 
ing that rock. The back row of holes will then be detonated and will 
not have to break the rock already displaced by the first round of 
blasts. In addition, each single blast hole in each row of holes will 
be detonated separately to reduce ground vibrations from the blast, 
which may be important when the quarry is near structures. 
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After the rock is blasted, it is loaded onto trucks or conveyors 
using conventional earth-moving equipment such as front loaders 
and track hoes. The blasted material is then transported to the 
processing facility. 


Processing 


Processing may be as simple as a portable crusher and screens or 
can bea _ highly automated, sophi sticated procedur e. There ar e 
numerous ways to configure equipment, depending on the charac- 
teristics of the rock being crushe d and its f inal use. Figure 4 is a 
flow diagram showing the generalized processing steps. 

Rock rubble from th e quarry f ace is dumped into a primary 
crusher where the large rock fragments are broken into smaller sizes. 
In some operations, the rubble goes over a large screen (referred to 
as a“ grizzly”) located before the prima ry crusher. Large material, 
referred to as the “overs,” is reje cted by the grizzl y, and sma Iler 
material, referred to as “throughs,” goes into the crusher . In other 
operations, large material is selectively avoided by the loader opera- 
tor, and the grizzly is located after the primary crusher. The overs are 
either put back into the primary crusher and br oken into smaller 
pieces, or they are set aside for sale as riprap or armor stone. 

The material that comes out of the crusher is moved by a con- 
veyor to a surge pile. A gate at the bottom of the surge pile releases 
the rock rubble at a constant feed rate to a secondary crusher where 
it is broken into smaller sizes. Crushing to the proper size usually 
occurs in stages, because rapid size reduction, accomplished by 
applying large forces, commonly results in the production of exces- 
sive fines (Rollings and Roll ings 1996). The cr ushed stone is 
screened to sort into size ranges. Particles that are too large go back 
through the crushing and screen ing process. After crushing, th e 
material may be washed to remove fines, depending on the type of 
material being processed and on the final product. After screening, 
sorting, and washing (if necessary), conveyors move the material to 
stockpiles. 

Procedures must be follo wed carefully for stockpiling and 
handling the final product. The pr ocessing of aggregate resources 
requires significant effort and cost to prepare a product that meets 
exacting specifications regarding grading, freedom from contami- 
nants, and other requirements. Mishandling of aggregate can result 
in signif icant degradation of the product (R ollings and Rollings 
1996). When aggregate falls from conveyors onto coned stockpiles, 
when it is du mped from trucks do wn a slope, or when equipment 
pushes it over long distances, the material can separate from a well- 
blended product into individual sizes. Improper handling can also 
result in contamination of the aggregate with foreign material from 
underneath the stockpile. 

Depending on the crushing and screening process, stockpiled 
material may consist of a single size of rock clasts or a range of par- 
ticle sizes. For example, the crushing and screening can be designed 
to produce a well-graded base course material that ranges from 
coarse to fine particles, or to produce a sin gle-sized product such as 
4 to 2.cm stone. See the chapter on aggre gates in this volume for a 
discussion on transportation, marketing, and uses of crushed stone. 


REGULATORY AND ENVIRONMENTAL CONSIDERATIONS 


Regulations 

Crushed stone quarrying is permitte d or controlled at the federal, 
state, and local levels of government by numer ous governmental 
agencies. All states are subject to federal law, whether land within 
state boundaries is federal, state, or pri vately owned. Indian tribal 
lands are considered sovereign and are subject to federal law, but 
without state jurisdiction or taxation. 
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Figure 4. Diagram of crushed stone processing 
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Approximately one third of all land in the United States, most 
of it in the westernmost contermi nous states and Alaska, is owned 
by the federal government. The agencies managing most of those 
lands are: 


¢ Bureau of Indian Affairs 
¢ Bureau of Land Management 
¢ Bureau of Reclamation 


¢ National Park Service 
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¢ U.S. Army Corps of Engineers 
¢ U.S. Fish and Wildlife Service 
¢ US. Forest Service 


The General Mining Act of 1872 encouraged exploration of 
federal lands for mineral resources, including common minerals. In 
1955 Congress remo ved common c onstruction materials (termed 
“saleable minerals,” including crushed stone) from the mining law 
and made them a vailable through a contract or biddin g process at 
the discretion of the land management agency (Arbogast 2002). 

The Water Quality Act of 1965 and the Federal Water Pollu- 
tion Control Act Amendments of 1972 (retitled the Clean W ater 
Act) were enacted to pro vide e fficient w ater pollution control. 
Every major point source (a conf ined conveyance such as a pipe, 
drain, or ditch) from which pollution is discharged into U.S. waters 
requires a joint federal—state permit (Arbogast 2002). Crushed stone 
quarrying activities that are co vered include quarry runoff and dis- 
charges from settlement ponds and quarry dewatering. 

The Air Qu ality Act of 1967 (amended by the Clean Air 
Amendments of 1970) gi ves states an d local g overnments th e 
responsibility to develop and implement plans to address airborn e 
pollution at its source. Crushed stone quarrying activities that are 
covered include dust and exhaust emissions (Arbogast 2002). 

Other federal re gulations indirectly control the production of 
aggregate resources through numerous acts, including the Fish and 
Wildlife Resource Management Act, the Fish and Wildlife Coordi- 
nation Act, the Migratory Bird Treaty Act, the Endangered Species 
Act (including the Rivers and Harbors Act), the Coastal Zone Man- 
agement Act , andthe National En vironmental Poli cy Act . The 
operation of cru shed st one quarrying is contro Iled at the federal 
level by the Mine Safety and Health Administration (MSHA). 

Each of the 50 states has a different process for obtaining per- 
mission to extract minerals. Some states issue permits for aggregate 
mining; others leave that authority with local agencies. The result is 
inconsistent policies among states and between the states and fed- 
eral agencies. Commonly, state agencies enforce federal regulations 
such as air quality, water quality, diversion or impoundment of sur- 
face water, withdrawal of groundwater, and water quality. 

In ar eview of v arious state minin g la ws, Arb ogast (2 002) 
found that at least 37 states regulate non-coal surface mining on a 
statewide basis. Thirty-five states require some sort of bond or secu- 
rity from the operator. At least 26 states provide for public comment 
at permit review. Some states have no legislation to regulate crushed 
stone quarrying. In some states, crushed stone quarrying is regulated 
at the local level. 

Through the Standard State Zoning Enabling Act of 1922, the 
federal government encouraged state and local governments to cre- 
ate zoning codes. The authority of governments to enforce zoning 
regulations was upheld by the Supr eme Court in 1926 in the land- 
mark case of Village of Euclid, Ohio v. Ambler Realty. Since then, 
every state has enacted zoning legislation. Many, but not all, states 
transfer zoning authority to county or municipal authorities. Some 
rural areas in the United States, however, remain unzoned. 

The United States is made up of more than 3,000 counties and 
many more local governmental authorities. Counties and other local 
governments may or may not ha_ ve final permitting authority for 
crushed stone quarrying. Ev en where local governments don ot 
have this authority , the y commonly in fluence the final lan d-use 
decision by contro lling land-use acti vities such as ground distur- 
bance, grading, noise, traf fic, aesthetics, storm water, erosion and 
sedimentation, land use, b uilding codes, ho urs of operation, and 
regulation of utilities. Approval of crushe d stone qu arrying is fre- 
quently contingent on these issues (Arbogast 2002). 


Environmental Considerations 


Two reference documents dedicated to the aggregate industry that 
address e nvironmentali mpacts froma ggregate mining are by 
Barksdale (1991) and Smith and Collis (2001). Five comprehensive 
collections of individual papers that describe many issues related to 
aggregate development are by the International Association of Engi- 
neering Geol ogy (1984); Kelk (1 992), Liitt ig (1994); B obrowsky 
(1998); and Kuntz, Vaisaénen, and Uusinoka (2001). This informa- 
tion on the environmental impacts of aggregate mining, plus refer- 
ences from other journals, is summarized by Langer (2001a) and 
Langer, Drew, and Sachs (2004). A study of reports in these papers 
provides an un derstanding of the many di fferent en vironmental 
impacts related to aggregate mining and gives a historical perspec- 
tive of the issues. 

Potential en vironmental impact s—such as visual changes, 
noise, dust, runoff, sedimentation, and impacts to groundwater and 
surface w ater—may occur wit h any type of aggregate operation. 
Most environmental impacts associated with crushed stone opera- 
tions are relatively benign because aggregates are environmentally 
inert materials and their processing commonly does not involve the 
use of hazardous chemicals. Furthermore, environmentally sound 
and safe aggre gate operations effectively manage physical distur- 
bances, protect ground- and surface waters, control noise and dust, 
use safe bl asting procedures, an d ha ve long-term op eration and 
closure plans that recognize habitat and community needs. 

Some of the most f requent concerns associated with crushed 
stone operations are the noise, dust, and ground vibrations associ- 
ated with blasting, which may be daily or as infrequently as once or 
twice a year. A small amount of energy from a blast is released as 
vibrations through and along the surface of the earth and through 
the air. Extensive research by the former U.S. Bure au of Mine s 
resulted in g round vibration standards that ha ve become industry 
standards for safe blastin g. Levels of ground vibration from blast- 
ing for residential structures that can limit damage to the type that 
develops in all homes, independ ent of blasting, range from 0.5 to 
1.0 in./sec (1.27 to 2.54 cm/sec) peak particle velocity (Stagg et al. 
1984). Some energy from a quarry blast escapes into the —atmo- 
sphere and causes audi ble noi se as well as sub audible airblast, 
which is also referred to as air concussion. Airblast is most notice- 
able within a structure, partic ularly when win dows and doors are 
closed, andf requently is mist aken as gr ound vibr ations. U.S. 
Bureau of Mines research demonstrated that airblasts with an inten- 
sity of 134 dB (2 Hz) produce wall vibrations equivalent to that 
from a 0.5-in./sec (1.27-cm/sec) ground vib ration (Siskin d et al. 
1980). Airblasts are less likely to crack walls than ground vibration 
because of the dif ferences betw een the mechanics of vibrations 
from airblasts versus those from ground shaking. 

Blast design parameters, whic h include maximum instanta- 
neous charge; delay timing; hole diameter, spacing, and orientation; 
amount and type of stemming; and burden (the material between 
the face of the quarry and the first row of blast holes) can be altered 
to limit levels of gr ound vibration and airblast. Al ternative rock- 
breaking techniques, such as_ ripping with hea vy equipment or 
hydraulic fracturin g,can be considered. B lasting times can be 
scheduled to coincide with periods of high activity rather than when 
people are relaxing in their homes. 


Reclamation 


The primary goal of reclamation is to return the land to a beneficial 
second use. Reclaimed pits or quarries have been converted to 
diverse uses, including lakefront property, recreational areas, wild- 
life areas, botanic al gardens, go If course s, agri cultural areas, 
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industrial and comme rcial properties, office parks, and la ndfills. 
Reclamation frequently is planned before mining begins, although 
less often with crushed stone operations than with sand and gravel 
operations because of the long period of time between opening and 
closing of stone quarries. Arbo gast, Krepper, and Lan ger (2000) 
describe many reclamation options. 


OUTLOOK AND FUTURE TRENDS 


The U.S. Geological Survey (USGS) calculates future crushed stone 
production using a conservative value of 1.0% increase per year. At 
this rate, crushed stone production w ould be nearly 2 billion tpy by 
2025. The USGS anticipates an in creasing gap between crushed 
stone and sand and gra vel production with a mo ve toward crushed 
stone (Tepordei 1997). 

Over the last few decades, the process to permit new crushed 
stone reserves has become increasingly difficult, lengthy, and expen- 
sive. Re gulations, more than actual resource a vailability, restrict 
development or expansion of aggre gate o perations in estab lished 
areas (Pou lin, Pakalnis, and Sin ding 1994). This trend, fueled by 
increased citizen oppo sition to disruptive | and-use practices, i s 
likely to continue. 

The industry trend is toward large businesses with large opera- 
tions and large output. Acquisitions of such businesses are expected 
to continue, especially asa means to obta in th eir pe rmitted 
reserves. Increased costs, combined with local opposition to aggre- 
gate operations in populated areas, will likely force the location of 
new operations into more remote localities. Large centralized plants 
may take greater advantage of rail, barge, or freighter transport and 
will service one or more urban distribution centers. The automation 
of processing plants and bulk material handling systems will allow 
for higher production rates at reduced costs. 

Imports of crushed stone from coastal Canada and Mexico to 
Atlantic, Pacific, and Gulf c oastal ports are likely to increase, but 
with strong environmental controls to offset the concern of export- 
ing environmental problems from the United States to Canada and 
Mexico. 

Integrated software for permitting, reserve calculations, mine 
design, mine operation, blast-ho led esigns, blasting seismic 
records, stockpile management, scalehouse operations, and recla- 
mation have become available at reasonable costs. Machine guid- 
ance systems are available that use global positioning satellites to 
determine the position of e xcavating equipment with centimeter - 
level accuracy. 

Naturally occurring asbestos in mineral deposits, incl uding 
some types of crushed stone, and the release of asbestos fibers into 
the air are potentia | en vironmental heal th concerns tha t f ace the 
crushed stone industry (Bailey 2004). Issues relevant to the industry 
are how to identify, measure, and prevent exposure to asbestos-form 
minerals. Crystalline silica is another potential environmental health 
issue that the aggregate industry faces, especially in cru shed stone. 
Possible measures to address t hese issues, in addition t o dust con- 
trol, include employee training on asbestos and silica hazards, peri- 
odic medical e xams of potentially exposed workers, and e xposure 
monitoring (Bailey and Sharpe 2003). 

There is a slow but inexorable move toward implementation 
of sustainable resource management principles (Langer, Guisti, and 
Barelli 2003) an d best management practices by sand and gravel 
producers, particularly by large U.S. and multinational companies. 
Sustainable aggre gate resource management can be achie ved in a 
practical sense by adopt ing the follo wing simple principles (after 
Plant and Haslam 1999). 


Planning, project desi gn, approvals assessment, and site con- 
ditions should 


¢ Maximize the economic v alue of the resource: by extracting 


as much material as possible from the disturbed area and for 
the most economically valuable use it can accommodate 


Minimize waste of the r esource: by a voiding h igh g rading 
(picking the best parts of the resource and spoiling the ability 
to extract the remainder) and by finding uses and mark ets for 
all of the disturbed material (e .g., turning crusher fines into 
“manufactured sand,” thus reducing the need for natural sand 
sources in more environmentally sensitive areas; and blending 
of lower-quality with hi gher-quality ma terial while meeting 
product specifications) 


Minimize social and en vironmental impacts: by planning to 
protect important resources from urban encroachment and pro- 
tect growing communities from the nuisance impacts of poorly 
designed, poorly located, and poorly managed aggregate opera- 
tions; by using best-practice designs and operations to co ntrol 
the effects of blasting, noise, dust, sediment erosion, and visual 
scarring in extractive and transport operations; and by providing 
for conser vation of natural values by manag ement of b uffer 
areas that maintain or enhance vegetation, wildlife habitats, and 
corridors 


Maximize rehabilitation of di sturbed areas: by allo wing for 
reclamation as part of the quarry/pit design p rocess b efore 
extraction be gins; by starting rehabilitation from Day One; 
and by being flexible enough to allow for advances in technol- 
ogy and for changing local needs 


Maximize com munity enga gement: by in volving the local 
community in planning acti vities through open visi t days and 
community awareness and educational activities (this may lead 
to a measure of community acceptance and a “social license to 
operate,” which can be just as import ant as the official, legal 
permits) 
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Lightweight Aggregates 


Alfred L. Bush, Dennis P. Bryan, and Daniel R. Hack 


INTRODUCTION 


Lightweight aggregates are those minerals, natural rock materials, 
products, and by-products of manufacturing processes used as bulk 
fillers in lightweight structural concrete, concrete masonry units, 
precast concrete structural products, road-surfacing materials, plas- 
ter aggregates, and insulating fill. Other uses include architectural 
wall covers, suspended ceilings, lightweight structural fill, soil con- 
ditioners, and other agricultural uses (Mason 1994). 

Separate commodity chapters elsewhere in this v olume dis- 
cuss aggregates in general, as well as individual commodities that 
comprise lightweight aggregates, such as common clays and shale, 
crushed stone, perlite, pumice, scoria, v ermiculite, and v olcanic 
cinders. In addition, Chand ra and Berntsson (2003) is an e xcellent 
reference book on this topic. 


LIGHTWEIGHT AGGREGATE TYPES 


Most lightweight aggregates are mineral raw materials; the remain- 
der ar e w aste or sy nthetic pr oducts (Mason 19 94). Lightweig ht 
aggregate materials are generally classified into four groups: 

1. Natural lightweight aggre gate ma__terials—prepared by 
crushing and sizing natural rock materials such as pumice, 
scoria, tuff, breccia, and volcanic cinders. 

Manufactured structural lightweight aggregates—prepared by 
pyroprocessing shale, clay, orslatein rotary kilns or on 

traveling grate sintering machines. 

By-product lightweight aggr egates—prepared by cr ushing 
and sizing foamed and granulated slag, organic cinders, and 
coke breeze. Oth er by-product li ghtweight aggre gates in use 
include coal combustion by-products (fly ash and bottom ash), 
flue gas desulfurization by-products resulting from manufac- 
turing processes, or other waste products. This group, with the 
exception of slag, has continued to decline in popularity and is 
not discussed here. 

Manufactured in sulating ultr a-lightweight aggregates— 
prepared by p yroprocessing grou nd vermiculite and perlite 
(Mason 1994). 

This chapter covers the use of both natural lightweight aggre- 
gates and manufactured insulating ultra-lightweight aggregates and 
focuses on the production and use of manufactured structural light- 
weight aggregates. Organic products such as rice hulls, straw, and 
peat have been used as lightweight aggregate, but they are quantita- 
tively insignificant and are not discussed here. 
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STRUCTURAL LIGHTWEIGHT AGGREGATES 


Lightweight aggre gates—both natural and manufactured, and suit- 
able for structural uses—should have low bulk density yet suitable 
strength characteristics to pass on to th e end product. For the most 
part these end uses are concrete products such as portland cement 
concrete or concrete masonry units, both of which are u sed exten- 
sively in structures of various kinds. Heat treatment usually results 
in relatively thick pore walls (compared to void diameter) that give 
the aggregates suitable compressive strengths. The porosity of all 
these aggregates results from heat treatment, either naturally or arti- 
ficially induced. A porous b ut relatively impermeable texture not 
only makes these materials lightweight but also makes them both 
thermal and acoustic insulators, desirable for bulk use in floor and 
roof fill and with an added advantage of saving weight in concrete 
(Bush 2001). 

Higher strength and increased weight go together. Compres- 
sive strength, for example, ranges from about 1,200 psi (8.3 x 
10° Pa) for 60 lb/ft? (960 kg/m?) pumice aggregate concrete to more 
than 6,000 psi (42 x 10° Pa) for 120 Ib/ft? (1,920 kg/m3) expanded 
(sintered) shale concrete. In this broad range, lightweight aggregate 
concretes can be used for bridge decks; concrete walls and flo ors; 
concrete frames using precast, prestressed, or post-tensioned gird- 
ers; precast tilt-up panels; poured barge and ship hulls; and light- 
weight concrete masonry units. In bulk form, the aggre gates are 
also sometimes used as ra ilroad ballast, as highway and embank- 
ment fill, and in the surface course of bituminous paving mixtures 
(Bush 2001). 

The distinction between normal-weight and lightweight aggre- 
gates is about 75 lb/ft? (1,200 kg/m?) for loose-graded coarse aggre- 
gate (bet ween approxim ately % in. and #4 sie ve si ze). Most 
lightweight aggregates used for structural purposes are in the range 
of 35 to 60 Ib/ft? (560 to 960 kg/m); those used for nonload—bearing 
purposes (ultra-lightweight aggregates) are in the r ange of 5 to 
20 Ib/ft? (80 to 320 kg/m3). In contrast, most normal-weight ag gre- 
gates such as crushed stone, and sand and gravel, are in the range of 
70 to 110 lb/ft? (1,150 to 1 ,700 k g/m?) (Bush 2001). Low-density 
lightweight aggre gates are used primarily for in sulation, and the y 
have relatively low compressive strength. The middle-density aggre- 
gates are used for insul ation and for fill. Those at the upper end 
develop excellent compressive strength and are use d in many struc- 
tural applications (Mason 1994). Dry weights for various lightweight 
aggregates are given in Table 1. 
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Table 1. Dry weights for various lightweight aggregates 


Aggregate Type and Size Designation 


Dry Loose Weight, maximum, kg/m? (Ib/ff') 





Structural lightweight aggregate 
Fine aggregate, 4.75 mm (No. 4) to 0 
Coarse aggregate, 9.75 to 2.36 mm (¥8 in. to No.8) 
Combined fine and coarse aggregate 

Vermiculite 


Perlite 


1,120 (70) 
880 (55) 
1,040 (65) 
160 (10) 
196 (12) 


Table 2. Grading requirements for lightweight aggregates (in percentages, by weight, passing sieves with square openings) 














Size Designation 25.0 mm 19.0 mm 12.5 mm 9.5 mm 4.75 mm 2.36 mm 1.18 mm 0.29 mm 0.149 mm 
Lightweight Aggregates for Structural Concrete (ASTM C330-04) 
Fine aggregate 
4.75 to O mm 100 85-100 40-80 10-35 5-25 
Coarse aggregate 
25.0 to 4.75 mm 95-100 25-60 0-10 
19.0 to 4.75 mm 100 90-100 10-50 0-15 
12.5 to 4.75 mm 100 90-100 40-80 0-20 0-10 
9.5 to 2.36 mm 100 80-100 5-40 0-20 0-10 
Combined fine and coarse aggregate 
12.5 to O mm 100 95-100 50-80 5-20 2-15 
9.5 to 0 mm 100 90-100 65-90 35-65 10-25 5-15 
Lightweight Aggregates for Concrete Masonry Units (ASTM C331-04) 
Fine aggregate 
4.75 to O mm 100 85-100 40-80 10-35 5-25 
Coarse aggregate 
12.5 to 4.75 mm 100 90-100 40-80 0-20 0-10 
9.5 to 2.36 mm 100 80-100 5-40 0-20 0-10 
Combined fine and coarse aggregate 
12.5 to O mm 100 95-100 50-80 5-20 2-15 
9.5 toO0 mm 100 90-100 65-90 35-65 10-25 5-15 





* Blank spaces in this table indicate no specification given for this size range. 


Most structur al lightweight aggregate can make concrete 
weighing from 100 Ib/ft? (1,575 kg/m) to 125 Ib/ft? (2,000 kg/m). 
Exfoliated vermiculite and expanded perlite are sometimes referred 
toas super or ultra-lightweights. Insulating con crete (nonload— 
bearing) weighing as little as 15 lb/ ft? (240 kg/m 3) can be made 
with these aggregates. 

The principal properties desired in materials used as_ light- 
weight aggregates vary according to end use, but normally include 
the following (Mason 1994): 

¢ Light weight—reduces dead load (weight in place) and facili- 
tates the physical handling of the materials 

¢ Strength—maintains the str uctural integrity of the end prod- 
uct, such as in concrete products 

¢ Thermal and acoustical properties—normally the result of air 
spaces, voids, or pores in the lightweight aggregate materials 

¢ High fire resistance—low probability of ph ysical breakdown 
at temperatures below the melting point of the aggregate 

¢ Toughness—minimum tendency to crack or break if nailed or 
stressed in construction use 

Other properties that are some __ times c onsidered desirable, 
depending on the application, include the following: 

¢ Low water absorption 
¢ Resistance to freezing and thawing 
¢ Low shrinkage characteristics and minimum thermal expansion 


* Good bonding with cement 
¢ Chemical inertness 

* Good elastic properties 

¢ Abrasion resistance 


The actual specif ications and tolerances vary according to the 
end use or final product in which the lightweight aggre gate is con- 
sumed. The American Societ y for Testing and M aterials (A STM) 
compiles specifications for various lightweight aggre gate materials 
by use and standards can be consulted as required. Grading require- 
ments for li ghtweight aggregates, b ased on ASTM C 330-04 an d 
ASTM C 331-04, are given in Table 2. Grading requirements fo r 
lightweight aggre gates for insulating concrete, basedon ASTM 
C332-99, are given in Table 3. ASTM standards C330-04 ( Standard 
Specification for Lightweight Ag gregates for Structural Co ncrete), 
C331-04 ( Standard Sp ecification for Lightweight A ggregates for 
Concrete Masonry Units), and C332-99 (Standard S pecification for 
Lightweight Ag gregates for Insulating Concrete) are the most rele- 
vant for most lightweight aggregate materials (Mason 1994; J.P. Ries, 
personal communication). In addition, an ASTM special publication 
(Klieger and Lamond 1994) covers the significance of tests and prop- 
erties of concrete-making materials. 

Natural ligh tweight a ggregates are m ostly bulky, ha ve low 
unit value, and normally serv e local and re gional markets. Some 
structural lightweigh tag gregates, ho wever, are economically 
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Table 3. Grading requirements for lightweight aggregates for insulating concrete (ASTM C332-99) (in percentages, by weight, passing sieves 


with square openings)" 




















Size Designation 19.0 mm 12.5 mm 9.5 mm 4.75 mm 2.36 mm 1.18 mm 600 pm 600 pm 600 pm 
Group | (Ultra-Lightweight) 

Perlite 100 85-100 40-85 20-60 5-25 0-10 
Vermiculite—coarset 100 98-100 60-100 30-85 2-45 1-20 0-10 
Vermiculite—fine 100 85-100 35-85 2-40 0-10 

Group Il 

Fine aggregate 
4.75 to 0 mm 100 85-100 40-80 10-35 5-25 

Coarse aggregate 
12.5 to 4.75 mm 100 90-100 40-80 0-20 0-10 
9.5 to 2.36 mm 100 90-100 5-40 0-20 
4.75 to 2.36 mm 100 90-100 0-20 

Combined fine aggregate and coarse aggregate 
12.5 to O mm 100 95-100 50-80 5-20 2-15 
9.5 toO mm 100 90-100 65-90 35-65 10-25 5-15 
* Blank spaces in this table indicate no specification given for this size range. 

t Adjustment needed in water content and air entrainment to get comparable oven-dry unit weights for the two gradings. 

Table 4. Domestic production of lightweight aggregate, 1990-2002," kt 

Type of Aggregate 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 

Clayt 
USBM-USGS 3,804 3,599 3,400 3,530 3,753 4,170 4,060 3,997 4170 3,935 3,850 3,869 4,010 
ESCSI+ 4,063 3,702 3,764 3,814 4,187 4,490 4,612 4,806 5,087 5,336 5,284 5,044 4,647 

Slag8 
Air-cooled 13,741 10,889 12,711 10,477 10,700 12,000 12,175 10,100 10,300 8.9 8.9 8.1 7.4 
Expanded** 1,315 2,404 1,737 1,864 1,600 1,810 1,680 1,760 1,920 19 2.3 2.3 3.7tt 

Volcanic cinders and scoria 3,560 2,039 2,000t 2,088 1,994 1,880 2,070 2,240 2,510 2,060 1,840 2,130 1,910 

Pumice and pumicite§8 443 A401 461 469 490 529 612 577 872 1,000 1,050 920 956 

Perlite” ** 576 514 541 569 644 700 684 706 685 711 672 588 521 

Vermiculitet tt 209 180 190 190 180 171 ->147##  >1474+ 147 152 1504+ 1154+ 1104+ 





Adapted from USBM and USGS Minerals Yearbooks and Mineral Commodity Summaries; Industrial Minerals; Mining Engineering. 


* All data are for material sold or used. 
t Common clay, in some cases, may include minor amounts of ball clay. 


+ Data from Expanded Shale, Clay, and Slate Institute (ESCSI); total North American production (Canada varies from 1% to 10%; 1%for 2002); JP. Ries, personal 


communication. 


§ Data based on sales through 1998 reported in kilotons; from 1999 on, in megatons. 


** 1990-2001 data include both granulated (major component) and expanded slag, to conceal company proprietary information; 1999-2002 data in megatons. 
tt Granulated slag. Expanded (mostly pelletized) slag not included; production about 200,000 t. 


tt Estimated. 


§§ Data revised from USGS Minerals Yearbook and Mineral Commodity Summaries. 


***Unexpanded, data revised from USGS Minerals Yearbooks. 
tttUnexfoliated, data revised from USGS Minerals Yearbooks. 


shipped long distances because the density of these aggre gates are 
one half to one third the density of locally available normal-weight 
aggregates such as crushed stone , sand, and gra vel, and any com- 
parison between lightweight and normal-weight aggregates should 
be made onav_ olume basis. F or example, lightweig ht aggre gate 
may be four times ase xpensive per ton as local normal-weight 
aggregate but can yield two to three times its volume. One ton of 
lightweight agg regate will norm ally make two to three times as 
much concrete end product as | t of normal-weight aggregate. 
Products such as p umice or expanded slag may be used in 
substantial quantities in some localities and may not even be avail- 
able (at competitive prices) in others. Perlite and vermiculite depos- 


its are li mited in loc ation but serve national mark ets because of 
their relatively high market value and because their ores are shipped 
before pyroprocessing and ph ysical expansion. Most p yroprocess- 
ing ande xpansion plants reflect specialty uses inre gional and 
national markets. The more specialized uses command higher mar- 
ket prices that lead to extensive geographic distribution and use 
(Mason 1994). 

Table 4 summarizes the annual output of lightweight aggre- 
gate in the United States for the period 1990 to 200 2 by quantity , 
and Table 5 summarizes the stated values of lightweight aggregate 
production for the same period. Note that there is a qualification on 
the data for v ermiculite (see the section on expanded vermiculite 
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Table 5. Value of domestic lightweight aggregate production, 1990-2002 (values in thousands of 1996 dollars, 1990-1998; in millions of 
dollars, 1999-2002; italicized values are unit price per metric ton) 





Type of Aggregate 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 
Clay 
USBM-USGS 7.60 8.34 8.34" 8.34" 10.43 10.43" 12.11 14.63 15.20 16.59 13.40 13.62 13.69 
28,918 30,014 28,348 36,095 39,100 50,500 51,200 56,400 63,400 65.2 51.6 52.7 54.9 
ESCsIt 25.75 2642 27.10 27.39 2850 29.23 29.99 30.75 31.54 32.35 33.18 34.03 34.9 
104,622 97,807 102,004 105,991 119,330 131,243 138,914 147,785 160,444 172.6 175.3 171.6 162.2 
Slag 
Air-cooled 77,863 66,393 74,526 61,685 62,400 68,200 67,500 67,800 83,100 58.3 59.0 56.0 55.0 
Expanded? 26,448 43,484 37,000 41,943 51,100 53,700 52,400 53,800 64,400 62.2 62.0 56.0 210.08 
Volcanic cindersand 3.57 6.29 6.50 6.43 5.87 6.38 6.52 6.65 6.18 6.31 7.45 6.39 7.38 
scoria 12,600* 12,828 13,000* 13,435 11,700 12,000 13,500 14,900 15,500 13.0 13.7 14.7 14.1 
Pumice and pumicite 24.13 22.90 30.99 25.68 24.08 24.99 24.19 27.90 16.30 19.80 18.00 21.44 20.69 
10,688 9,190 14,900 12,000 11,800 13,200 14,800 16,100 14,200 19.8 18.9 19.7 19.8 
Perlite™* 169.91 169.71 200.98 196.11 193.40 193.30 204.17 204.29 159.89 202.46 206.99 212.83 216.62 
88,014 90,625 101,695 111,000 123,000 127,000 137,000 143,000 148,000 146.0* 146.0* 146.0 146.0* 
Vermiculitett 268.03 283.82 327.86 333.57 335.38 303.08 335.56 318.71% 313.53%# 316.008  322.42t# 342.86t — 390.434t 
39,400 38,600 45,900 46,700 43,600 39,400 45,300 49,400*H88 53,300°t  55.3*t 53.2*H# 4g.o*tt  44.9*tt 





Adapted from USBM and USGS Minerals Yearbooks, except where noted. 
* Estimated. 
t ESCSI, J.P. Ries, personal communication. 


t Includes both granulated and expanded slag, to conceal company proprietary data. After 2001, includes imported slag, ground and granulated in the United States. 


§ Value of expanded slag (mostly pelletized, and about 200,000 t of foamed slag). 
** Expanded perlite sold and used. 
tt Expanded vermiculite sold and used. 
++ Based on limited USGS data. 
§§ Based on Table 1 data. 


Table 6. Average unit value of lightweight aggregate materials at 
production plants (values per metric ton) 





NATURAL LIGHTWEIGHT AGGREGATES 


The “classic” types of natural lightweight aggregates are pumice and 


Material Type 1990° 2002t volcanic cinder. Aggre gate for 1 ightweight concrete is produced by 
Evfalicnad vermiculite $230.00 $390.00 mining, crushing, and screening to ap propriate size. Other types of 
Bs daasuccns 142.00t G6 natural lightweight aggre gates are also volcanic rocks such as tuf fs, 
(concentrate) . ; breccias, or pumiceous rhyolites and are found in recent volcanic ter- 
Expanded perlite 209.00 217.00 ranes throughout the western United States. 
Crude perliatera) 34.24 Sie Some ligh tweight ma terial in use _may be ama nufactured 
ded cl hal dpeses siook product derived from an ore or raw material that is a natural mineral 
eee eer se ; : resource. For example, raw materials for lightweight aggregates can 
Glogand shelerawi 11.50 6.43 be iron ore and flux sto ne (the components of blast furnace slag); 
coal (the raw material from which cinders are derived); and shale, 
Expanded sie se 35.0077 clay, and s late (whi ch e xpand at elevated temperatures; M ason 
ce and oe oe 20.71 1994). Ev en thoug h_ these may originate as natural products, 
Volcanic cinders an 5.60 739 


scoria 





* From Mason (1994), except estimated values. 
t Adapted from USGS Minerals Yearbook and Mineral Commodity Summa- 
ries, except as noted. 
+t Compare with 1998 data, Table 4 in Mason (1994). 
§ Compare with ESCSI data: $25.75. 
** ESCSI data. 
tt Value estimated by T. Wagaman, personal communication. 
tt Estimated. 


under Ultra-Lightweight Aggregates in this chapter). Table 6 con- 
trasts the average unit value of lightweight aggregate materials at 
production plants in 1990 and 2002. Inrecent years, signif icant 
price increases for expanded perlite and exfoliated vermiculite gave 
them a large share of the market in terms of value (approximately 
32% in 2002) despite c ontributing only about 5% of the tonnage. 
Expanded sh ale, clay, and slate are widely used. In 2002 the y 
accounted for about 39% of the total quantity and 27% of the value. 


because heating results in dramatic physical changes, they are con- 
sidered a manufactured lightweight aggregate. 

Various volcanic rocks worldwide are suitable for use as light- 
weight aggregates; all are extrusive ejecta that range in composition 
from mafic to silicic. Scoria and volcanic cinder (both mafic) and 
pumice (silicic) make mo derate-to-low strength structural aggre- 
gates; expanded perlite is an ultra-lightweight material. Water con- 
tent in basalt is little different from that in scoria and cinder, but the 
difference between water in rhyolite and that in silicic glassy rocks 
is significant. Ane xcess of w ater allows perl ite to be the rmally 
expanded. In a general way, viscosity of extruded rock melt v aries 
directly with the SiOz, Na2O, and K 20 content and inversely with 
the Fe203, FeO, CaO, and MgO content; the mafic rocks are more 
fluid and the silicic rocks are more likely to retain gases. 


Pumice 


Pumice is use d both as structural lightweight ag gregate and some- 
times as ultra-lightweight aggregate. It is lighter colored, of 1 ower 
density, and more highly cellular than scoria and cinder. Naturally 
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occurring lightweight aggre gate raw materials such as pumice and 
volcanic cinders are normally mined by open-pit or quarry methods, 
depending on the degree of consolidation of the raw materials. Min- 
ing costs are similar to those for sand and gravel except where sub- 
stantial blasting and crushing are required. In the lat ter case, 

production costs parallel those for crushed stone (Maso n 1994). 

Pumicite, a fine, glassy volcanic ash that historically has been used 
for similar applications as pumice, is usually discussed as part of the 
pumice family in the literature. It has not, to the authors’ knowledge, 
been used to an y extent as a1 ightweight aggre gate in construction 
applications and therefore is not discussed here. 

Pumice selling prices are ap proximately two to three times 
those of sand, gra vel, and crushed stone, and have ranged fro m 
$9.35/t (1986) to $20.71/t (2002). A 20-city average price for 
gravel and crushed stone (19 x 9.5 mm) is $9.68/t an d $6.88/t, 
respectively, as reported in December 2003 (Engineering Ne ws 
Record 2003). Prices for domestic output of pumice for 1990 
through 1997 ranged from $22.60/t (1991) to $30.98/t (1992) and 
averaged $25.66/t. From | 998 throu gh 2002, prices ran ged from 
$16.30/t (1998) to $21.44/t (2001) and averaged $19.50/t; for th e 
entire 14-year period, the average was $22.32/t. 

Domestic output of pumice has increased steadily in re cent 
years, from a low of 356 kt in 1987 to a high of 1,050 kt in 2000. It 
has hovered in the 900- to-1,000-kt range since 1999. 

Pumice occurs throughout the western United States from the 
Rocky Mountain sto the P acific Ocean. Domestic producers 
increased in number from 8 in 1990 to nearly double that by 2000; 
and in 2002, at least 15 mines were operated in the United States, 
with Oregon being the leading pumice producer, followed by Ari- 
zona, Ne w Me xico, Califo rnia, and Idaho. Bu 1k densities rang e 
from 500 kg/m? for pumice to 1,040 kg/m? for pumicite. 

U.S. production of pumice (sold or used) fell in 2003 because 
of decreased demand from the abrasives, building block, horticul- 
tural, and landscaping m arkets. The amount of pu mice sold for 
building block decreased by about 10%, from 730,000 t to 654,000 
t. The only major market that had increased sales was for concrete 
admixture and aggregate, which nearly d oubled from 24,000 t to 
42,000 t in 2002. The most important market for pumice remained 
building block, which consumed about 76.4% of the total domesti- 
cally produced pumice sold or used in the United States. The aver- 
age prices reported for pumice varied greatly by use. The overall 
average price was $25.20/t in 200 2, an increase of $4.51/t (from 
$20.69/t) in 2001. The price change was the result of a significant 
increase in the a verage price reported for the grades of pumice 
used in abrasives, and smaller increases in the prices for building 
block, horticulture, and landscaping. Average prices were $312/t 
for abrasi ves; $ 39/t f or miscel laneous uses; $27 /t for concrete 
admixture and aggregate; $25/t for horticulture and landscaping; 
and $12/t for building block (Bolen 2003b; W.P. Bolen, personal 
communication). 


Volcanic Cinders and Scoria 


Scoria and volcanic cinder are cellu lar, frothy products of explosive 
volcanism erupted as tephra (bl ocks, bombs, lapilli, and gra vel) or 
lava flo ws from maf ic magmas. Scoria, which contains variable 
amounts o f air ho les (vesicles), is a lig hter equivalent, usually of 
basalt. Much of the material is forcefully ejected from the vent, vesic- 
ulating in the air as the volcanic gases (mostly water) expand, and are 
entrapped by the rapid cooling of the relatively fluid lava. Scoria also 
develops where the gases are entrapped by rapid cooling at the sur- 
face of the flo ws; it may then be brok en into blocks and irre gular 
fragments by continued mo vement of the fl ows. There is af airly 
wide range in vesicle size (particularly in the ejecta, most of which 


have dense fused surfaces) and in the thickness of the cell w alls, 
which results in a considerable variation in the density of the rocks. 

The distinction between scoria and volcanic cinder is an arbi- 
trary one of size; cinder is material less than about 2.5 cm (1 in.) in 
the largest d imension. Ch aracteristically, m afic ejecta are fairly 
heavy and are not thro wn long distances from the vent; they form 
cinder cones around the vent that are generally a fe w hundred to 
several thousand feet in diameter and several hundred feet in height. 
In contrast, mafic lava flows (basalt or basaltic andesite) tend to be 
fluid, several hundred feet to tens or even hundreds of miles in lat- 
eral extent, and a few feet to several tens of feet thick. The flows are 
seldom abundantly sc oriaceous throughout; most of the vesicular 
zones are confined to the upper few feet of the flow and are highly 
variable in their development (Bush 1973). 

Mafic vesicular volcanic rocks are widely distributed through- 
out the western United States, including Hawaii and Alaska, but are 
missing from the central and eastern states. Deposits of scoria and 
cinder are kn own in every state west of the 104th meridian, and 
production has been recorded from all states except Alaska. The 
largest producers ar e Arizona, Or egon, Calif ornia, Ha waii, and 
New Mexico, but no one state is consistently largest; in 2002 New 
Mexico was the largest producer. The ranking in produ ction does 
not always reflect the relati ve amounts of scor ia and cinder a vail- 
able, in part because production is determined by competition and 
the size of the market within an economic range of the deposits and 
in part because, until recent years, the reporting of production 
included pumice and pumicite. In the states west of 104°, nearly all 
the metropolitan districts with a core city of at least 50,000 people 
and most cities of at least 25, O00 are within abo ut 100 miles of 
deposits of scoria or cinder, but not all can be served economically 
from them. 

Cinder and scoria production is reported as par t of crushed 
stone production by the U.S. Geological Survey (USGS), and pro- 
duction reports by the indu stry, though voluntary, are comprehen- 
sive. Because of the small size and intermittent operations of some 
of the enterprises, accurate production figures are some times lack- 
ing but, overall, are reliably representative. 


Other Volcanic Rocks 


Other natural lightweight aggregates in the western United States 
include variations on the volcanic rocks previously discussed. F or 
instance, pumice is usually v ery silicic and could be considered a 
rhyolite if not containing abundant air voids. The air-void density 
often varies during emplacement, resulting in variable rock densi- 
ties. Pumiceous rhyolites are currently used as a semi-lightweigh t 
aggregate in some western states and have been described by Bryan 
(1987). Specific gravities of pumice are generally <1.0 (indicating 
that it floats in water); specific gravities of pumiceous rhyolites that 
are used in concrete masonry units and str uctural concrete range 
from 1.8 to 2.3. Most western rhyolites are usually from 2.5 to 2.7. 
Pumice and the lower-density rhyolites are generally glassy. 

Other volcanic rocks that have sometimes been evaluated in 
the western United States for potenti al lightweight applications are 
welded tuffs, rhyolites of volcanic domes, perlitic rocks, and any 
recent volcanic rocks high in glass content. 

Tuffaceous rocks are products usually of explosive volcanism, 
differing in chemical compos ition b ut characterized _ by lighter 
weight caused by the collapse of pumice vesicles as the ejecta lith- 
ify. Bryan (1987) described their geology, occurrence, and usage in 
the southwestern United States. 

It should be emphasized that the lower-density volcanic rocks 
are concentrated in the western United States where Tertiary and 
recent v olcanism is pr esent. The eastern portion of the country 
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lacks young v olcanism. Volcanic rocks in the East are generally 
much older and ha ve been altere d and me tamorphosed to suc ha 
degree that no inherent lightweight characteristics such as glass or 
voids remain. 


MANUFACTURED LIGHTWEIGHT AGGREGATE 
Expanded Clay, Shale, and Slate 


Many varieties of clays, shales, and slates of diverse origins expand 
somewhat on heating to abou t 1, 100°C (2 ,000°F). B asically, all 
clays, shales, and slates are chemically and, to some extent, miner- 
alogically similar; they differ mostly in their physical characteris- 
tics. These lightweight aggregates are used only for their ph ysical 
properties, and it is their chemical similarity that makes all of them 
amenable to thermal e xpansion. See T able 67 in Bush (1973), 
which pre sents se veral re presentative ch emical a nalyses for th e 
argillaceous rock s that ha ve be en tested for use as lightweight 
aggregate. The range in compositi on is wide for each of the three 
materials, and all three ranges largely overlap. Unfortunately, the 
rocks that expand suitably, that expand inadequately, or that do not 
expand all fall in these same ranges. 

The basic requirement for expansion of an argillaceous rock is 
a source of gas within the raw material, but full suitability requires 
several other physical characteristics. Sufficient gas must form to 
cause a full bloat inthe temperature range where the material is 
pyroplastic (melted enough to be viscous) so that the gas can be 
trapped; there must be enough vitrification at a high enough viscos- 
ity so that most of the gas can be held in small, evenly distributed 
pores; and the temperature range between softening and liquef ac- 
tion must be large enough (about 38°C, or 100°F) that the bloating 
can be controlled in lar ge-scale commercial production. Economi- 
cal production is had at kiln or sinter temperatures between 1,000° 
and 1,200°C (1,830° and 2,200°F), although temperatures can be as 
low as 870°C (1,600°F) or as high as 1,300°C (2,400°F). 

There is little agreement on the re lative importance of t he 
number of possible sources for the gas within the raw material. 
Conventional wisdom in the early days of the industry held that the 
argillaceous rocks had to have significant organic content, although 
the amount varied with the practitioner. Laboratory investigation of 
the evolved gases, however, showed that many materials with very 
little total c arbon e xpanded be tter tha n tho se with a ppreciable 
amounts (Austin, Nunes, and Sullivan 1942; Sullivan, Austin, and 
Rogers 1942)—to perhaps 1.5%—and that CO 2, SO», and H20 all 
played a part in the bloating. Riley’s (1951) research indicated that 
thermal destruction of hematite, pyrite, and dolomite provided both 
COz and SO in amounts sufficient for bloating without recourse to 
organic carbon. Ehlers and Richardson (195 8) emphasized the role 
of CO> derived by the heating of calcite, dolomite, and ankerite in 
argillaceous rocks, and by subse quent, more-effective entrapment 
in illite than in kaolinite (kaolinite fuses at a higher temperature 
than illite). They deemphasized the role of iron in g as liberation, 
considering its possible significance only where hematite exceeded 
5% of the rock. 

This history of investigations suggests (1) that opinion as to 
what causes bloating diverges considerably, (2) that no single factor 
is most important, and (3) that insufficient consideration has been 
given to the possible ef fects of the suggested reactions operating 
simultaneously, at least as far as the production of gas is concerned 
(Bush 1973). 

Riley (1951) in vestigated the combinations of constituents 
that apparently acted as fluxes and affected pyroplastic conditions 
at the appropriate temperatures for gas formation and retention, and 
was able to define a range of compositions that included most of the 
bloatable materials and excluded most of the nonbloatable materi- 


als (SiOz, 52% to 80%; Al2O3, 11% to 25%; and combined fluxes, 
10% to 25%). Additional investigations since 1951 have shown that 
this bloating range is less reliable than it first seemed, but it is a use- 
ful guideline. White (196 0) sho wed that the range had to be 
extended in the dir ection of higher Al 203 and lower flux contents, 
whereas Sweeney and Hamlin (1965 ) had to e xtend the range to a 
higher flux content. At the same time, materials previously consid- 
ered to be nonbloatable were included in the bloating range. Conley 
et al. (1948), Klinefelter and Hamlin (1957), and Hamlin and Tem- 
plin (1962) described laboratory methods for evaluating raw mate- 
rials. The ult imate e valuation is ho w the materiale xpandsin a 
commercial operation; for this determination to be made, several 
tons of material may need to be run (Bush 1973). 

Distinguishing between favorable and unfavorable rocks in the 
field is dif ficult because there a re no re ally positive field criteria. 
Many different ar gillaceous rocks have been found to be suitable . 
Darker colored clays, shales, and slates (green, gray, black) are more 
suitable than light-colored (pa __rticularly red) ones; unwea__ thered 
materials are more suitable than weathered ones; common or brick 
clay is more suitable both physically and economically than flint or 
ball clay. Thinly fissile shales and slates tend to expand unidimen- 
sionally, which is undesirable. Lateral variation along the sedimen- 
tary deposits is such that units —_ unsuitab le ato ne point may be 
eminently suitable a few hundred yards to a few miles away. 

In addition to materials that can be made to e xpand, argilla- 
ceous rocks can be ground, mixed with combustible materials (such 
as ground coal), and sintered to produce lig htweight agg regates. 
The mass becomes pyroplastic, or cohesive, and voids are left as the 
combustibles are b urned out. Some bloating may occur , but it is 
incidental to the sintering. Because some clayey rocks that do not 
bloat can be used for lightweight aggregate, classifying any argilla- 
ceous rock as unf it is unwise unl ess it has been tested and fo und 
unsuitable. It mu st be noted, ho wever, that as of early 2004, no 
lightweight aggregate was being produced by the sintering process 
(J.P. Ries, personal communication). 


Air-Cooled, Granulated, and Expanded Slag 


Of these three types of slag, past U.S. Bureau of Mines (USBM) 
and USGS production (Table 4) shows that air-cooled slag is the 
largest category by weight. The lightest air-cooled slag is as heavy 
as the hea viest lightweight ager egate; itis cl osertoanorm al- 
weight, sand-and-gravel aggregate. Air-cooled slag is mostly used 
for road metal, road base and fill, portland cement concrete, and 
asphaltic concrete, and as railroad ballast (van Oss 2003). 

The data for expanded slag cover foamed and pelletized slag, 
but the dominant data component in this category through 2001 was 
granulated blast furnace slag (GBFS), a material that has little use 
as lightweight aggregate. GBFS was put in the expanded slag cate- 
gory to protect proprietary data for both slag types. Granulated slag 
is formed by quench-cooling molten slag through a water stream to 
produce sand-sized grains of a calcium-silicate glass. This ma te- 
rial, when very finely ground (even finer than portland cement), has 
moderate hydraulic ce mentitious prope rties but the cementitious 
properties become very strong when the material interacts with free 
hydrated lime, such as that which is released through the h ydration 
of portland cement. 

Expanded slag (foamed slag and pelletized slag) is, like GBFS, 
cooled quickly with water, and then the foamed slag is crushed and 
screened. The 0 bjectivein making e xpanded slag using lar ge 
amounts of steam is to create inn umerable vesicles in the prod uct. 
These vesicles make the slag lightweight and allow it to b ond well 
with cement in lightweight concrete applications, the m ain use for 
expanded slag. Owing to the inclusion of more complete data in 
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2002, USGS w as able to reveal data for GBFS separately for that 
year; but this required the withholding of e xpanded slag data for 
proprietary reasons. In a footnote, USGS noted that the tonnage of 
expanded slag sold in 2002 was <0.1 reporting unit (i.e., <100,000 t; 
van Oss 2003). It is likely that this magnitude of expanded slag sales 
has not changed significantly in a decade or more. 

Data on blast furnace slag pertain to sales of processed mate- 
rial and not to production. Overall production of blast furnace slag 
is related entirely to the iron and steel market and hence to the out- 
put of crude or pig iron, yet the actual slag output is not routinely 
measured and so data on slag production are virtually unavailable. 


ULTRA-LIGHTWEIGHT AGGREGATES 
(MANUFACTURED LOW DENSITY) 


Expanded Perlite 


Most perlite applications require the expanded form of the mineral. 
Run-of-mine perlite is crushed and ground before thermal tr eat- 
ment. Run-of- mine material is normally reduced in size by a ja w 
crusher. Depending on the end use, it may then be further reduced 
by cone crushers and then air classified (McMichael 1989). Domes- 
tic crude perlite is produced primarily in the western United States. 
In 2002, Ne w Me xico and Ore gon accounted for about 85% of 
domestic production. The remaining production comes from Ar i- 
zona, California, Nevada, Idaho, and Utah (Bolen 2003a). The larg- 
est foreign producer of perlite is the Greek firm S&B Ind ustrial 
Minerals SA, with its main deposit on the island of Milos and other 
deposits on K os, on Sardin ia in It aly, and near Big ain Turkey 
(Burke 2004). 


Expanded Vermiculite 


Flakes of raw vermiculite concentrate are mica-like in appe arance 
and contain water molecules within their internal structure. When 
the flakes are heated rapidly at 900°C (1,650°F) or higher, the water 
flashes into steam and the flakes expand into accor dion-like parti- 
cles. The color, which can range from black and various shades of 
brown to yellow for the ra w flakes, changes to gold or bronze on 
expansion. This e xpansion pro cess is c alled exfoliation, and the 
resulting lightweight material is chemically inert, fire resistant, and 
odorless. Vermiculite provides good thermal insulation in ligh t- 
weight plaster and concrete. It can absorb such liquids as fertilizers, 
herbicides, and insecticides, which can then be transported as free- 
flowing solids (Harben and K uzvart 1996). In 2002, the two U.S. 
producers of vermiculite concentr ate we re V irginia V ermiculite 
Ltd., with operations near Woodruff, South Carolina, and in Louisa 
County, Virginia; and W.R. Grace & Co., with its operation at Eno- 
ree, South Carolina (Potter 2003). 

A USGS study an alyzed the mi neralogy of vermiculite-rich 
samples c ollected from 62 U.S. vermiculite mines and deposits 
(Van Gosen et al. 2002). The purpose of the study was to determine 
if amphibole asbestos minerals similar to those found in the Libby, 
Montana, vermiculite deposit were present in other U.S. vermicu- 
lite deposits. The results of this survey sug gested that fibrous 
amphiboles, in more than trace amounts, may not be common in the 
ore zones of some types of vermiculite deposits. But initial results 
also suggested that vermiculite deposits that can contain f ibrous 
amphiboles occur in geologic settings similar to the Libby vermicu- 
lite d eposits—within zoned, alkalic—calcic , quar tz-poor plutons, 
especially plutons with characteristics o f c arbonatite intrusions. 
Additionally, vermiculite deposits found where masses of ultrama- 
fic rock s are cut by granite or pegmatite can contain amphibole 
fibers. The results of t his mineralogical survey were preliminary, 
and additional sampling is planned. These relations may help guide 
priorities for sam pling, reclamation, permitting, and monitoring of 


active and inactive vermiculite mines. Additional comments on the 
occurrence of vermiculite can be found in the chapter on v ermicu- 
lite in this volume. 

Some discrepancies exist in the data for vermiculite given in 
Tables 4 and 5 for 1996 through 2002. This is due in part to differ- 
ences in the data reported for production and for values in the Min- 
erals E ngineering information compared to data gi ven by the 
USBM and USGS. The data from the latter bureaus are constrained 
by the prohibition against publishing pr oprietary compan y d ata 
when three or fewer companies are the source of the data. This is 
the most common reason for the estimated figures in the tables. 


OTHER MATERIALS USED AS LIGHTWEIGHT AGGREGATE 


Diatomite has reportedly been used as lightweig ht ag gregate, but 
this use has not been verified; therefore, diatomite is not discussed 
here. Organic products such as rice hulls, straw, and peat have also 
reportedly been used in the past as a lightweight aggregate, but they 
are considered insignificant and are also not discussed. 

Coal cinders contribute to the production of ash, more in the 
southwestern United States than in other partso f the country . 
Municipal waste combustion produces bottom ash (all solid materi- 
als that pass through the furn ace unburned, such as tramp metal, 
plastics, glass, rocks, and dir t). Most coal-consuming an d waste 
processes produce fly ash rather than cinders, so fly ash production 
continues to increase with both the increased use of pulverized coal 
in electric power generation and with waste incineration. Approxi- 
mately 600 kt of fly ash are produced annually, but utilization is 
only about 13% (Kiser and Zannes 2002). The production of light- 
weight aggregate from fly ash has potential as a significant market, 
but improvement in the technology is needed to spur use as a light- 
weight-aggregate raw material. 

Incinerating municipal waste leaves a residue that is a minor 
source of lightweight aggre gate. In 2004 there were 89 w_aste-to- 
energy plants in 29 states that handled about 13% (29 Mt) of the 
approximately 200 Mt of solid = waste generated in the Un ited 
States. In 2003 , Kiser and Zannes (200 4) estimated that about 
600,000 t of ash per year was used as aggregate in road material and 
as landfill cover. 

Most states ha ve now adopted le gislated rec ycling goals. 
Under the Resource Co nservation an d Recovery Act (RCRA), 
passed in 1976 and reau thorized in 1993 , the U.S. En vironmental 
Protection Agenc y (EPA) iss ued re gulations that govern the dis- 
posal of fly ash an d bottom ash in landfills. Additional pressures 
have made it necessary to develop alternate means of disposal and 
alternate uses, andin the ensuing ye ars, many new plants have 
come onstream to process municipal solid waste and sewage into a 
lightweight aggregate. The process combines pulverized municipal 
solid w aste (r ecyclable and o versized ma terial re moved) with a 
mixture of milled clay and _ liquid nonhazardous w aste (sewage 
sludge) to f orm a pellet. The pell et is processed throu gh a three- 
stage kiln. Fir st, the pe lletis p yrolyzed (chemically al tered by 
heat), which allows combustible gases to escape. These gases bloat 
the pellet into a lightweight aggregate but also provide some of the 
required fuel for the kiln. In th e second stage, oxidation remo ves 
most of the pellet’s carbon, enhancing the lightweight prop erty of 
the aggregate and supplying some of the energy requirements of the 
process. In the third stage, the pellet is vitrified. 

This process has been in development for about 12 years. It 
is projected to be self-sustain ing with respectt ojitsener gy 
requirements. Income is expected from solid waste disposal fees, 
use of nonhazardous liquids, and the sale of recovered recycla- 
bles. The aggregate is expected to be marketed for approximately 
$33/t. 
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Table 7. Perlite uses in the United States, 1990 and 2002, % 





Uses" 1990 2002 
Filter aid 16 9 
Plaster aggregate 2 ] 
Concrete aggregate 2 ] 
Horticultural products 9 13 
Low temperature (insulation) 1 1 
Formed products 56 62 
Masonry and cavityill insulation 3 ] 
Fillers 5 9 
Laundriest _— ] 
Other uses 7 5 





Source: Bolen 1991, 2003a. 
* May exceed 100% because of rounding. 
t Included with other uses in 1990. 


Questions abound, ho wever, about whether this process will 
pass present air emissions standards and if the lightweight product 
will be accepted in the marketplace. In 1988 a pilot plant was oper- 
ated as a test facility near Brisbane, Australia, and many technical 
process pr oblems were enco untered. This process has also been 
tested in Germany (Bigner 1992; Gershman and Miller 1992). 


PRODUCTION AND CONSUMPTION 


Table 4 summarizes the annual output of lightweight aggregates in 
the United States for 199 0 through 2002 by quantity , and Table 5 
summarizes the stated values of lightweight aggre gate production 
for the same period. Because complete data for 2003 are not avail- 
able, they are not included in Tables 4 and 5. Where any data were 
available, however, the are discussed in the text. Table 6 compares 
the average unit value of lightweight aggregate materials at produc- 
tion plants in 1990 and 2002. Fr om 1990 to 2002, significant price 
increases for expanded perlite (Table 7) and exfoliated vermiculite 
gave them a large share of the market in terms of value (approxi- 
mately 32% in 2002) despite contributing only about 5% of the ton- 
nage. Expanded shale, clay, and slate are widely used and in 2002 
they accounted for about 39% of the quantity and 27% of the value 
of the market. 

Natural lightweight ag gregates are mostly bulky and of low 
unit value and normally serv e local and re gional mark ets. Some 
structural lightweight aggregates, ho wever, ar e economically 
shipped long distances because the density of these aggre gates are 
one half to one third the density of locally available normal-weight 
aggregates such as crushed stone , sand, and gra vel, and an y com- 
parisons should be made on a volume basis. For example, ligh t- 
weight aggregate may be four times as e xpensive per ton as local 
normal-weight aggregate but may yield two to t hree times its vol- 
ume. One ton of light weight aggregate will normally make two to 
three times as much concrete end product as | t of normal-weig ht 
aggregate (Gershman and Miller 1992). 

Products such as p umice or expanded slag may be used in 
substantial quantities in some localities and may not even be avail- 
able (at competitive prices) in others. Perlite and vermiculite depos- 
its are limited in location but serve national markets because of 
their relatively high market value and because their ores are shipped 
prior to p yroprocessing an d ph ysical e xpansion. Most of these 
pyroprocessing ande xpansion plan ts r eflect spec ialty u ses in 
regional and national markets. The more specialized uses command 
higher market prices that lead to extensive geographic distribution 
and use (Mason 1994). 


Expanded clay s, shales, and slates mak e up abo ut 50% by 
weight of the lightweight aggr egates used annually in the Un ited 
States, with the remainder divided among volcanic cinders and sco- 
ria, e xpanded blast-f urnace pel letized slag (e xcluding air -cooled 
and nonpelletized granulated types), fly ash, vermiculite, and per- 
lite. Vermiculite and perlite are the most used ul tra-lightweight 
materials, but less than 25% is used as construction aggregate. They 
are used in about equal amounts. Pumice constitutes the remaining 
third of that market (Bush 2001). 

About 8.1 Mt of rock were used in 2 002 for structural light- 
weight aggre gates, and perhaps as_much as 0.55 Mt were used for 
ultra-lightweight aggregates for n onload—bearing concretes, bl ocks, 
plaster insulation board, fillers, filters, agricultural aids, and loose fill 
insulation. 

Because the lig htweight aggre gate industry is lar gely depen- 
dent on the overall construction industry, production follo ws the 
level of ac tivity in home, building, highway, and bridge deck con- 
struction. Energy costs are a dominant factor wherever raw materi- 
als need to be heated for expansion. 

Details on the production and sales value of pumice and pum- 
icite are gi ven in the section on natural lightweight aggre gates in 
this chapter. 

Consumption of e xpanded cl ay, shale, and slate increased 
from about 1.09 Mt in the ear ly 1970s to 4.0 Mt in 2002 and has 
hovered in the 3.9to 4.0 Mt range since 1995. Sales gener ally 
reflect the state of the constructi on industry, and the use of light- 
weight aggregates in concrete block, structural concrete, and high- 
way surfacing. In 2002 the average value of crude ore was $13.69/t, 
and the average prices of expanded clays, shales, and slates ranged 
from $30/t to $50/t at the plant, depending on gradation and aggre- 
gate type (J.P. Ries, personal communication). Tables 5 and 6 show 
typical values for lightweight a ggregate raw materials (ores) and 
the expanded products at the production plant. 

Prices more than doubled in 10 years from $11/t to $2 O/t in 
the early 1980s (McC arl 1983), up to $33/t to $5 7/t (depending on 
gradation and aggre gate type) in 1990 (J. Konczak, personal com- 
munication). As shown in Tables 5 and 6, cost trends for raw mate- 
rials between 199 Qand 2002 ha ve been v ariable. Exf oliated 
vermiculite and expanded slag showed significant price increases 
(170% and 270%, respectively), vermiculite concentrate and perlite 
(both crude and expanded) remained virtually static, and raw clay 
and shale have decreased 44%. 

The sales tonnages in the 1 980s (1.1 to 1.7 Mtpy) reported by 
Mason (1994) for expanded slag reflected USBM data for expanded 
slag combined with granulated slag and were dominantly of t he lat- 
ter, which, when pellet ized, was the only slag-based material pro- 
duced in 2002 used as a lightweight aggre gate. Sales of processed 
slag are almost entirely from stockpiles, some of which may be very 
old, and are related to construction-sector demand. This demand has 
also influenced the type of cooling applied to newly formed slags, to 
the degree that a blast furnace is equipped for cooling options. For 
both standard and lightweight aggregate markets, slags must compete 
with natural aggre gates (including crushed stone) in a mark et that is 
highly sensitive to transportation costs. High transportation costs and, 
especially, the ease of formation of air-cooled slags (these are cooled 
under ambient temperature conditions) have long favored the produc- 
tion of air-cooled slag. 

Ground GBFS (worth about $60/t) finds a ready market as an 
admixture in b lended and masonry cements and, especially , as a 
partial substitute for portland cement in concrete: 

“the growing market and high unit price have led to the 

addition of granulator s at so me existing U.S. bl ast fur- 

naces. At [three]...facilities in Indiana, pelletizers have 
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also been added , ...which implies that U.S. output and 
sales of pelletized slag will likely increase from current 
very low levels beginning in 2003 or 2004” (van Oss 
2003). 


Unground GBFS is worth about $30/t, and $60/t ground; pel- 
letized GBFS is worth roughly $20/t, so the processing economics 
in handling the molten and then cooled material are similar. 

A major factor in the expanded plus granulated combination is 
that for the past fe w years, sales of GBFS ground in the United 
States from imported unground blast furnace slag = were not 
included. Beginning mid-2003, USGS tried to find all the locations 
where this material was be ing handled (includ ing tho se grinding 
imported materials). More complete data collection allowed USGS 
to directly report the granulated slag sales for 2002 (see Table 4), 
but the 2002 data for expanded slag continued to be withheld for 
proprietary reasons. 

The unit value (about $13/t in 1990) in Mason (1994; Table 6) 
for expanded slag increased to about $35/t in 2002 (T. Wagaman, 
personal communication); most of the price shifts re ported in the 
intervening years for this (combined) slag category reflect shifts in 
the data for the granulated slag component. 

According to an industry expert, “In terms of the future— 
granulated sales should at least hold steady and likely will increase. 
Imports of this material will increase” (H.G. v an Oss, personal 
communication). Expanded (pelletized) sl ag sa les are likely to 
increase, with the introduction of two pelletizers by Inland Steel 
Corporation in 2003 (in East Chicago, Indiana). 


INDUSTRY STRUCTURE MINING AND 
PRODUCTION TECHNIQUES 


Natural Lightweights 


Overall, the in dustry is characterized by many producers of ra w 
material that do not manufacture the finished product. Among the 
natural lightweight aggregates, many producers of raw pumice also 
produce the final product—concrete masonry units, for example— 
or grind a product that is shipped directly to distributors; others ship 
unprocessed material to independent proce ssors. Volcanic cinders 
and scoria are mostly u sed by the raw material producer to mak e 
concrete masonry units close to the quarry site, but some is shipped 
to independent producers. Rhyolite tuff is used as dimension stone 
and as aggregate; therefore it may be shipped to independent appli- 
cators far from the quarry site. 

Mining and processing of pumice and volcanic cinder is sim- 
ple and straightforward. They are extracted, crushed, and screened, 
similar in most respects to an ordinary sand-and-gravel deposit. In 
most cases, the younger materials are fairly unconsolidated and do 
not require ripping. Ol der pumice and cinder may be consolidated 
and do require ripping. Most processed pumice does not requir e 
washing for end use; sp ecialty uses may require some w_ ashing. 
Pumiceous rh yolite or tuf faceous rocks a re mined ina common 
quarry operation and thus requires blasting. 

Many cinder deposits in the West are also used as a substitute 
for, or incom petition with, ordinary-weight aggr egates such as 
sand and gravel or crushed stone. Often cinder is the cheapest and 
most easily available material for road surfaces in some of the vol- 
canic terranes in the western United States. 


MANUFACTURED LIGHTWEIGHTS 

Expanded Clay, Shale, and Slate 

The manufactured lightweight aggregates are expanded clay, shale, 
and, to a lesser amount, slate. In the eastern and western parts of the 
United States, expansion is commonly done near the quarry site by 
the raw material producer; in the central part of the country, partic- 


ularly where transportation by water is available, raw material may 
be mined hundreds of miles from the expander and sold to indepen- 
dent producers located near the eventual market. 

Shale, c lay, and slate are normally mined by open-pit and 
quarry methods, and then dried in large sheds or open stockpiles to 
control water content in the raw feed before high-temperature pyro- 
processing in either rotary kilns or sintering machines. The result- 
ing clinker may then be screened or crushed bef ore screening to 
yield proper grad ation mixes for final use as an aggregate in con- 
crete masonry units, structural concrete, or other applications. The 
specific gravity of the expanded shale, clay, and sl ate can be con- 
trolled to some degree by the type of kiln or sintering grate used to 
process the raw material (Mason 1994). 

Most producers of expanded shale, clay, and slate find long-run 
economic survival precarious if they do no t engage in substantial 
raw material testing, geologic and mining studies, and ma __rketing 
research investigations before selecting the location o f a ne w plant 
(Conley et al. 1948; Shildeler 1961). 

Production costs fore xpanded sh ale, clay, and slate have 
increased in general along with th e cost of energy, raw materials, 
and supplies. In recent years the additional cost associated with the 
installation of air pollution control equipment (baghouses) has had 
an ef fect on operational costs. Th e cost of labor is considerably 
higher today in proportion to other cost centers. More direct cost 
increases were felt as more power was required per unit of produc- 
tion than in the past. Conservation efforts continue to lo wer the 
costs of energy-related items, suchas refractories and el ectric 
power. Most plants continue to use coal or petroleum products as a 
primary source of fuel (Mason 1994). 

Several producers are n ow using al ternate fuels to fire kilns. 
Some of the se al ternate fue Is are be tter known as waste-derived 
Juels and solvents from various industrial processes. Waste-derived 
fuels can be excellent, low-cost fuels, as long as air-emissions 
parameters can be met. In some cases the producer using these fuels 
receives an income stream from the generator of the fuel. This has 
caused some market distortions but has kept production costs stable 
while providing a reas onable method of disposing large quantities 
of waste that does not threaten human health (Singletary 1991 ; 
Kelly 1992; Kiser and Zannes 2002). 

Expanded clay and shale are the most used and the most valued 
lightweight aggre gate materials for structural applications. As with 
most aggregates, normal or lightweight, mining is by open-pit meth- 
ods, using drilling and blasting where necessary. Mason (1994) 
pointed out the need to dry quarried material before processing with 
either of the two expansion methods: rotary kiln or traveling grate 
sintering machine. According to the ESCSI (J.P. Reis, personal com- 
munication), there has been no sintered production since 1996. The 
raw feed enters the kiln at the high end, if the kiln is inclined, to take 
advantage of gravity flow down through the kiln. Usually there is a 
preheating section, using w_ aste h eat from the b urning (bloating) 
zone, and the feed then traverses the burning zone rapidly to avoid 
agglomeration and sticking to the lining o fthe kiln. Itthen goes 
through a cooling section andis discharged, further cooled, and 
stockpiled. Crushing and size grading precede the kiln, and grading 
follows the expansion. Usually the bloated material is graded into 
coarse (3/4 to 37/s in.), intermediate (3/s to 7/16 in.), and fine (—/16 in.) 
sizes and is the n mixed to sat isfy the specifications for end use s. 
Additional detail can be found in the chapters on structural clay 
products and common clays and shale in this volume. 


Slag 


By-product lightweight aggregates are expanded (foamed) and pel- 
letized GBFS. Slag pr oducers are not usually the distrib utors and 
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are rarely the end-market distributors; they are iron and steel pro- 
ducers who can tak e advantage of a mark et for their una voidable 
by-product. Fly ash and bottom ash result mostly from coal com- 
bustion and significantly from incineration of other materials—to a 
large extent, municipal w aste. Their use is primarily local, except 
for the amount used to serve the cement ind ustry, which finds the 
ash’s pozzolanic properties attractive as an admixture to portland 
cement. 


Expanded Perlite and Vermiculite 


A very important segment of the manufactured lightweight aggre- 
gate ma rketis the ultra -lightweights:e xpanded perlite and 
expanded vermiculite. Comparatively little use is made of the raw 
materials in the unexpanded form; both have to be processed at 
high temperatures to achieve expansion. 

Perlite is n ot acommod ity dominated by a sin gle producer. 
There are too many well-distributed deposits of econ omic size to 
capture the market. Of the fewer than 20 producers in 2003, only a 
few had more than one mine and most of them had their own expan- 
sion facilities, although there w as some shipment of crude ore to 
independent expanders. 

The history of the vermiculite industry is quite different. Early 
in the 1920s, a very large vermiculite deposit was discovered near 
Libby, Montana, and it became the do minant source in the United 
States for more than 50 years. As are sult, a v ertically organized 
business structure developed, with many company-owned or fran- 
chised expanders throughout the country. Additional sources came 
into the market from South Carolina in the late 1940s and thereaf- 
ter, serving mainly the eastern part of the country, but still as part of 
the single business structure. The U.S. market attracted imports of 
crude vermiculite ore after W orld War II (a vailable data w as first 
reported in 1950) and sales were made to indepe ndent expanders, 
mostly in the Gulf Coast and eastern seaboard metropolitan areas. 

Active mining and milling of vermiculite ore at Libby ceased 
in 1990, and all shipments of stockpiled ore co ncentrate ended in 
1994. Health problems were factors in that decision, and subse- 
quent publicity led to a marked decrease nationwide in the sales of 
exfoliated v ermiculite. From 1993, v ermiculite sold and used 
decreased from about 190 t to an es timated 175 t in 2000, and then 
dropped precipitously to 115 t in 2002. The 1994 volume of Jndus- 
trial Minerals and Ro cks listed 41 e xpansion plants in the United 
States, with 24 producers. The nationwide concern about asbestos 
led to a surv ey by the EPA to ide ntify the sites of all exfoliation 
plants, both past and present (D.H. Thornton, personal communica- 
tion). Despite the decrease in volume, by 2003 there were, or had 
been, at least 245 exfoliation plants, operated by about 139 compa- 
nies. One company operated, franchised, or leased 52 plants. There 
was onee xfoliator in Ha waii and one in Puerto Rico; none is 
recorded in Alaska (K.C. Land, personal communication). 

Since 1990, there has been a very marked decrease in the 
number of compan y-owned and franchised e xpanders, coupled 
with the availability of crude ore from ad ditional sources in Vir- 
ginia and South Carolina. Additional comments can be found in the 
chapter on vermiculite in this volume. New imports from mainland 
China entered the market in the 1990s and are serving independent 
expanders, largely along the West Coast but also reach ing into the 
central United States from Gulf Coast ports. 

Expanded perlite is subject to two factors of perhaps equal 
importance. The ore must be carefully and selectively graded, with 
end usage clearly in mind before “popping,” and the ore has to be 
passed through the hot zone in the furnace under closely controlled 
time and temperature conditions. Crushing and sizing are done by 
jaw crushers (primary stage), followed by drying and crushing by 


cone crushers (secondary stage), additional drying, and additional 
crushing (third sta ge), followed by classification using vibrator y 
screens and forced ai r. The preexpansion of the ra w ore to about 
1% surface m oisture c an alleviate a num ber of proble ms in the 

expansion process. Other ways to crush the ore, depending on its 
structure, include impact, rod, and hammer mills; roller crushers; 
and gyro discs. After storage by size, a mix appropriate to the 

expander’s usage is blended and then shipped to the popping plant. 

The popper may be one of two major, contrasting types—verti- 
cal (or semi-inclined) or horizontal (stationary or rotary, cocurrent or 
countercurrent)—or a third type, the T ORBED (toroidal fluidized 
bed) process (Clark e 1984), which has not found wide a cceptance 
and is mentioned here only tobe inclusive. The most commonly 
used expander is the vertical furnace, particularly for coarser-grade 
perlite used in horticulture; for finer grades, either can be used effi- 
ciently. In the vertical furnace, raw ore is dropped from the top or 
added through side ports, usually with some preheating. The amount 
of preheating and the residence time in the hot zone are carefully 
controlled so that the ore is at its most optimum condition for expan- 
sion. In the hot zone, the residence time is usually limited to a few 
seconds to pre vent 0 verexpansion, which can lead to b ursting the 
perlite bubbles. Expulsion from the furnace may be by forced air, by 
fan suction from or near the top of the furnace, or by simply riding 
the current of rising hot gases. In the rotating horizontal furnace, the 
ore enters at the hot zone and spiral baffles in the rotat ing cylinder 
propel it the length of the furnace. This allows for a slower cooling 
rate of the expanded ore (an often desired element in the process- 
ing). The horizontal furnace may actually be inclined to allow grav- 
ity to help transport the perlite, and the flow can be either cocurrent 
or countercurrent, tak ing ad vantage of the radiant heat fro m the 
cooling zone to preheat the incoming air (in a jacket around the fur- 
nace) on its way to the combustion zone. 

The chapter on perlite in this v olume covers expansion and 
product processing, testing, and specifications i n co nsiderable 
detail, and the r eader is referred to it for further information. In 
1994, the Perlite In stitute published a handb ook on test methods 
and related standards for perlite, and it is an invaluable reference. 
The institute’s Web site (www.perlite.org) lists ma ny publications 
on the specific det ails of horticultural, structural, and insulatory 
applications. 

Expanded vermiculite is made at about 900°C (approximately 
1,650°F), although the appropriate te mperature varies with the ore 
from deposit to deposit, depending on the degree of alteration from 
the parent bio tite or phlog opite. Almost all e xpansion is done in 
vertical furnaces, although for the finer grades a horizontal rotary 
furnace can operate efficiently. 

Milling and benef iciation are almost uni versally done no w by 
wet methods (flotation). The need to effectively offset the association 
of asbestiform (tremolite) mi nerals with v ermiculite at t he Rai ny 
Creek dep osit on Vermiculite Mo untain near Libby, Montana, and 
the dust-producing dry beneficiation methods used there until 1970, 
led to a complete replacement by the wet process. Wet beneficiation 
requires a drying stage at an add itional screening station before the 
concentrate can be crushed and sized. The Vermiculite chapter in this 
volume compares benef iciation methods and flo wsheets, and also 
discusses testing, sp ecifications, and pa rticle-size ranges of the 
preexpansion concentrate required by exfoliation plant operations 
destined for different products. 

There has been little change in vermiculite processing tech- 
nology since the publication of the 6th edition of Industrial Miner- 
als and Rocks in 1994; the Vermiculite chapter in this v olume 
covers the technolo gy so thorough ly that the information is not 
repeated here. 
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FINISHED PRODUCTS AND SPECIFICATIONS 
Concrete Masonry Units 


Concrete masonry units (block) are the predominant concrete prod- 
uct using lightweight aggregates, both natural and manufactured. In 
the West, most block plants use natural li ghtweights to at lea st 
some degree, if the block plant is within a favorable shipping dis- 
tance from the source. In the eastern United States, manufactured 
lightweights predominate. Usually the aggregate is shipped to the 
plant closest to the market. Often, shipping is by rail if the plant is 
within a few hundred miles. 

The standard block is what is referred to as an 8-8-/6, reflect- 
ing the dimension in inches, and it contains two hollow cores. The 
blocks are manufactured in machines that accept a mix of cement, 
aggregate, and water that is vib rated for consolid ation into molds. 
The resulting texture of a block is more porous than poured con- 
crete. Other size blocks are also manufactured with various dimen- 
sions for specialty applicatio ns orf or architectu ral needs. For 
instance, split-face block is a larger block that is mechanically bro- 
ken to expose the inside of the block and to create a rougher texture. 
To create a certain architectur al look, the blocks are often colored, 
and certain aggregates are chosen also for their color. 

Concrete block strengths primarily depend on the cement con- 
tent and the physical properties of the aggregate used. Often a light- 
weight coarse aggregate is a major ingredient, with the finer size 
being or dinary-weight sand; this ensures a lighter block b ut also 
one thath as strength suitable f or structural application s. Block 
strengths can exceed 4,000 psi (27,600 kPa). Block is used in vari- 
ous applications ranging from fences to high-rise construction. 

Blocks are laid in horizontal courses and mortared together to 
create structures. Probably the main reason for using a lightweight 
aggregate in block is pro ductivity. A mason can lay more 25- Ib 
block in a day than 35-lb block. For most applications, the hollow 
cores are subsequently grouted solid with a sanded concrete mix. In 
addition, steel rebar is generally placed in the cores for added 
strength. Local b uilding codes and the design of the indi vidual 
structure govern the strength and other characteristics of the block. 
The stand ard spec ification for conc rete masonry units is ASTM 
C331-04, Standar d Specification for Ligh tweight Ag gregates for 
Concrete Masonry Units . This specification outlines in detail the 
required weights for lightweight aggregates and also gi ves grada- 
tion, shrinkage, and other criteria on limits for deleterious materials 
and the durability of the finished product. It should be understood, 
though, thate venifsome aggregates do not meet these weig ht 
requirements, they can be considered a semilightweight and used in 
block. Local building codes and individual job specifications gov- 
ern the physical properties of the end product. Often, it is more eco- 
nomical to use a close source of semilightweight aggregate, such as 
volcanic rocks in the western United States, than it is to use a man- 
ufactured lightweight aggregate that is located several hundreds of 
miles from the project. 


Lightweight Structural Concrete 


Lightweight struct ural concrete is usually batched like any other 
ready-mix concrete in c entral plants or on-site plants that deposit 
the wet mix into a ready-mix truck, which transports it to the job 
site. Ready-mix concrete is mo re fluid than mix for concrete 
masonry units b ut essentially consists of cement, aggregate, and 
water. A mix design takes into account criteria for strength and 

weight of the finished product. Often the lightweight material is 
only a portion of the coarse fraction of the aggregate used in the 
mix, with ordinary-weight sand making up the fine fraction. In cer- 
tain western U.S. locations, where semilightweight natural aggre- 
gates are available, the entire mix is lighter-weight aggregate. 


Lightweight aggregate primarily reduces weight in structures. 
Reducing weight reduces construction costs, be cause structural 
members can be smaller when holding less weight. Lightweight is 
especially called for in suspended concrete floor slabs aboveground 
and in structural columns for high-rise buildings. 

The generally accepted spec ification go verning lightweight 
aggregate is ASTM C33 0-04, Standard Specification fo r Light- 
weight Ag gregates for Structural Concrete. This specification out- 
lines in detail th e required weights for lightweight aggregates and 
also gives gradation, shrinkage, and other criteria on limits for dele- 
terious materials and the durability of the finished product. Other 
state and federal specifications may be applicable depending on the 
concrete usage and the structure’s owner. 

The Aggregates cha pterinthi s volume containsa more 
detailed discussion of aggregate usage in portland cement concrete. 


Insulating and Fire-Resistant Materials 


Lightweight ag gregates by their nature also enhance the insu lating 
and fire resistance of a structure when incorporated in concrete prod- 
ucts. The air voids in a typical lightweight aggregate act as an insula- 
tor. Typical lightweight aggregates increase the R value (the resistance 
value of structural components such as floors, ceilings, and walls; the 
higher the value, the more insulation value). ASTM C330-04 applies 
to two general types: (1) those prepared by expanding, pelletizing, or 
sintering (blast furnace slag, cl ay, shale, or slate, fly ash, and diato- 
mite); and (2) those prepared by processing natural materials (pum- 
ice, scoria, or tuff). ASTM C331-04 covers these types and adds 
aggregates consisting of end pro ducts of coal or coke com bustion. 
ASTM C332-99 outlines the nece __ ssary insulati ng and grading 
requirements for lightweight aggregates for the ult ra-lightweights 
such as expanded perlite and vermiculite; the two types are described 
in ASTM C330-04. Generally speaking, the lighter the weight, the 
better the insulating and fire-resistant properties of the material. 


Other Products 


New developments in lightweight aggregates in co nstruction have 
been robust, and this trend will continue as supplies of “conven- 
tional” aggre gate tighten. A re latively recent innovation is the use 
of lightweight fill in cer tain applications where heavier materials 
would contribute to settlement. Such a use is in the San Francisco 
area, where the notorious “Bay Muds” are bottomless. Thousands 
of tons of pumice from northern California are used as fill to sup- 
port highway structures cr ossing these muds. Other construction- 
related innovations include using expanded shales on pavement sur- 
faces for skid resistance. 

Numerous applications fo r li ghtweight aggre gate materials 
exist outside the construction industry, especially for expanded per- 
lite and vermiculite. These are discussed in their respective chapters 
in this volume. One often-cited and unusual agricultural use in the 
1980s was for bedding on acro codile farm on the south coast of 
Natal, South Africa. Female crocodiles apparently became upset 
because there was no vermiculite—which was being used as a sub- 
stitute for river sand to nest crocodile eggs—because a shipment of 
the material was delayed (Griffiths 1989). 


ECONOMIC FACTORS 

Price Trends 

Prices for manufactured lightweight aggregates have risen dramati- 
cally in the past 10 year s because of gen eral inflation and higher 
energy costs. Fuel and transportation costs continue to rise. Other 
energy cos ts suchascos ts for electric po wer are continuing to 
increase more rapidly than inflation. Cost of refractories is signifi- 
cant because pri ces refl ect hi gher en ergy costs in man _ufacture. 
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Similar increases have been influencing the costs of expanded per- 
lite and exfoliated vermiculite. Prices of lightweight aggregates will 
continue to reflect the rising cost of energy, and prices are likely to 
parallel energy costs. 


Transportation 


All forms of surface transport are used in moving lightweight 
aggregates. Truck transport is especially important in the del ivery of 
expanded aggregates either in bulk or in containers. Economics 
of lightweight aggregate haulage are very similar to transportation of 
crushed stone and other aggre gates. Because of the hi gher value 
of lightweights, however, some additional haulage can be toler ated 
with p roportionately less deli vered pr ice impact. Transportation 
costs are likely to amount to 15% to 35% of the delivered price for 
most structural lightweights. The effect of transportation costs on 
delivered prices of vermiculite and perlite is naturally less because 
of the higher unit value. 

A good rule of thumb is that distance of movement of aggre- 
gate materials is likely to be directly proportional to unit price and 
inversely proportional to unit weight and bulk. Perlite and vermicu- 
lite ore s are transported by rail fromm ines to delivery po ints 
throughout the United States and by ocean freighter throughout the 
world. Some vermiculite ores come to the United States by ship 
from South Africa, and rail haulage from the western United States 
to the East Coast is common. Exfoliated or e xpanded pr oducts, 
however, are not likely to be distributed outside local and regional 
markets because of their great bulk. 

Rail transportation of oth er light weight aggregates is lar gely 
regional; it is normally limited by the proximity of competing pro- 
ducers. Trucking may be local or regional depending on the avail- 
ability of rail transport and relative costs. Trucks are normally most 
economical for hauls of 80 km or less; railroads are best suited for 
hauls in the 160 to 480 km range. The transportation method used is 
dictated by access to other competitive modes and by haulage costs. 
The object is to keep delivered price down to maximize returns to 
the producer. 


Marketing 


Most producers of natural and manufactured lightweight aggregates 
maintain their own sales staff and technical service representatives; 
some producers market products through brokers. Products are sold 
on the basis of specifications and cost-in-place of the final material. 
Often the ability to reduce dead lo ads (the weight of concrete in 
structures) by using lighter aggregates (in the concrete) will reduce 
the cost of structural steel. Insulation properties of ultra-lightweight 
aggregates in concrete and masonry units may enable the construc- 
tion of thinner walls or reduce the need for other insu lation. These 
factors often permit savings in building construction despite higher 
unit prices for lightweight aggr egate. Product yield commonly can 
be improved by using manufactured lightweights. Surface textures 
and uniformity are commonly superior to naturally occurring or by- 
product aggregates. 

By-product materials are normally handled by wholesale and 
retail dealers. The actual producers often handle slag sales, but cin- 
ders, fly ash, coke breeze, and other by-products are usually sold 
through brokers. 

Producers of vermiculite and perlite ores generally license or 
franchise brokers for the exfoliated or expanded product. The raw 
material supplier gives trademarks, promotional materials, specifi- 
cations, and other sales aids to the licensed or franchised dealer. 
The dealer pyroprocesses the ore and packages the product in bags 
or ships in bulk. The dealer acts as wholesaler in the distribution to 
large users and retail building material outlets. 


Marketing research studies are usually important in the loca- 
tion of a new lightweight aggre gate plant. The actual and potential 
use of lightweight aggregate materials in the intended market must 
be measured or estimated from pl anned and prospective construc- 
tion trends. The proximity of competitors and transportation costs 
in the market area must be carefully studied to determine the eco- 
nomic feasibility of a new production plant. 

Lightweight aggre gate producers that d 0 not maintain a mar- 
keting re search de partment are advised not to initia te a ne w plant 
location without some market analysis. The choice of a consultant or 
specialized marketing research firm should be based on both the cost 
of the service and past experience in similar or related evaluations. 


GOVERNMENT, ENVIRONMENTAL, AND 
HEALTH CONSIDERATIONS 


Taxes, depr eciation, and dep letion allowances fo r lightweigh t 
aggregate producers are similar to those for producers of other con- 
struction materials. Zoning and land-use regulations are restrictive 
in urban and other heavily populated areas, and the y are closely 
related to the situations encountered by producers of crushed stone 
or sand an d gravel. The more limited occurrence of lightweight 
aggregate raw material deposits and the smaller number of produc- 
ers, however, generally lead to the location of plants at greater dis- 
tances from the more hea vily populated mar ket centers. Thu s, 
lightweight aggregate producers tend to have fewer problems with 
zoning and land-use re gulation. Where plants are simply pyropro- 
cessing raw materials mined at distant locations or handling by- 
products, they are in the same category as heavy industry and are 
located in industrial areas. 

As of mid-2 005, there have been no significant reductions in 
government regulations on air and water pollution. Environmental 
standards continue to present challenges to the industry. If environ- 
mental standards are relaxed, there will be some cost savings, but 
not necessarily an y significant reduction in p roduction costs. The 
same ob servation can be made fo r safety and health re gulations. 
Once implemented, the additional costs must be included in operat- 
ing costs. An y relaxation in government re gulations could, of 
course, hold down future cost increases. 

Severe health problems associated with mining and milling of 
the vermiculite ore body at the Rainy Creek deposit near Libby, 
Montana, resulted in closure of the mine in 1990. The vermiculite 
deposit contains the asbe stiform minerals tremolite, win chite, and 
richterite in the gangue; th ey were removed by dry concentration 
methods until 1970, when the process was replaced by wet concen- 
tration. Stockpiled ore shipments ended in 1994. Withdrawal of 
Libby v ermiculite from the mark et and the atten dant publicity 
about health problems had a major depressing effect on the vermic- 
ulite industry (see Tables 4 and 5). Sole domestic raw ore produc- 
tion has been from one deposit in Virginia and a number of deposits 
in South Carolina. Imports of ore increased from South Africa (ore 
from P alabora is reported tobe _ free of asbestifor m minerals), 
which, in turn stim ulated im ports from China and Brazil; China 
imported mostly to the West Coast, other imports were mostly to 
ports in the Gulf of Mexico, along the Mississippi River, and to the 
southeastern U.S. coast. 


FUTURE OUTLOOK 


Increase in the output of struct ural lightweights (suggested by the 
production figures in Table 4) is related to construction activity, 
which has been vigorous fo r several years. Even though gains in 
market share a gainst con ventional crushed stone and gra vel for 
comparable applications have not been as robust as expected, struc- 
tural lightweights should be expected to sharply gain in popularity 
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as aggregate supplies tighten. Lightweights s hould have a promis- 
ing future because cons truction professionals will inevitably look 
more seriously at material replacements as mining for conventional 
aggregates gets more difficult and expensive. The costs of produc- 
ing structural lightwei ght aggre gates are re lated tot he costs of 
energy andr aw materials. T ransportation costs of the finished 
aggregate have al ways had anef fect on the price of the various 
lightweight materials available in the marketplace. 

In the future, total consumption of lightweight aggregates will 
be more closely tied to the construction industry as lightweights are 
used as replacements inc onventional a pplications, ra ther tha n 
being a function of specialty markets. 

Mason (1994) indicated that demand for natural lightweights 
(specifically, pumice and volcanic cinders) appeared to be increas- 
ing over demand for manufactured lightweights, primarily because 
of their price benefits. Since then, however, industry consensus has 
tended to ward the op posite—more recently, field practitioners of 
concrete technology ha ve preferred manu factured lightweights 
because th e w ater cont ent is much easier tocon _ trol. Although 
demand for insul ating materials has increased with rising energy 
costs, a persistent trend since the 1990s, overall perlite and vermic- 
ulite co nsumption ha ve continued to shar ply decr ease (Bolen 
2003a; Potter 2003). The decrease can be attributed, at least in part, 
to new de velopments in insula tion that are beginning to replace 
older materials such as perlite. This will have an impact on markets 
for lightweight aggregates. 

Tightening supplies of conventional aggregate, new innova- 
tions in man ufactured lightweights, and further increases in ener gy 
prices should stimulate gro wth in demand fo r lightweight aggre- 
gates. Gro wth in demand for commodities used inma _ nufactured 
lightweights, su ch as e xpanded clay, could exceed 4% per year, 
based on current trends (see Table 4). Demand for commodities used 
in natural lightweights, such as perlite, should continue to decline as 
manufactured lightweights gain popularity. 

Because the final products of the lightweight aggregate indus- 
try have traditionally been energy-efficient buildings, the future of 
the sector will doubtless be clos ely linked to ener gy conservation 
trends. Insulation qualities of light weight aggregates will continue 
to generate mark ets for these materials, but structural applications 
may gain prominence as ne w developments in insula tion det ract 
from the impor tance of lightweight aggregates in energy-efficient 
buildings. 
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Asbestos 


Robert L. Virta 


INTRODUCTION 


Asbestos is the generic name given to six fibrous minerals that have 
been widely used in commercial products. An industry term rather 
than a mineralogical term, it is applied to mineral particles that pos- 
sess high tensile strengths, lar ge length-to-width ratios, flexibility, 
and resistance to chemical and thermal degradation. Asbestos also 
exhibits high electric resistance ,and man y forms can easily be 
woven in textiles. Asbestos particles generally comprise bundles of 
fibrils, which are the sma llest crystalline units of asbestos. These 
fibrils typically are less than 50 to 70 nm in width and can be sev- 
eral hundred nanometers in length. Fibrils compose the fibers seen 
under the light microscope and in hand specimens of asbestos. In 
regulatory discussions, the terms fiber and fibril ar e often used 
interchangeably. 

The six types of asbestos that have been recognized in com- 
mercial use are: actinolite asbestos, amosite, anthophyllite asbestos, 
chrysotile, crocidolite, and tremolite asbestos (Table 1). Chrysotile 
is the asbestiform variety of serpentine; the other five are amphib- 
oles. Crocidolite and amosite are the asbestiform analogues of rie- 
beckite and gruner ite, respecti vely (Campbell et al. 1977; Ross, 
Kuntze, and Clifton 1984; Skinner, Ross, and Frondel 1988). Mag- 
nesioriebeckite from Bolivia has been used commercially although 
it was marketed as crocidolite. Other varieties of amphibole asbes- 
tos, including richterite and potassian winchite, ha ve been recog- 
nized b utn ot used commercial ly (W ylie and Huggins 198 0; 
Hodgson 1986). Chrysotile historic ally has been the most com- 
monly used form of asbestos, followed by crocidolite, amosite, and 
then anthophyllite asbestos. Relatively small amounts of tremolite 
asbestos and actinolite asbestos have been produced and used. 


PRODUCTION AND TRADE 
Production 


Asbestos has been mined for more than 4,000 years with evidence 
of its use as early as 2500 BC (Gross and Braun 1984). A small 
asbestos indu stry appeared in the early 1800s when the Italians 
established a te xtile manufacturing industry (Alleman and Moss- 
man 1997). Use of asbestos did not increase significantly until after 
1880 when lar ge chrysotile depos its in Canada and Russia, and 
amosite and crocidolite deposits in South A frica, were discovered. 
The development of these deposits provided a large and steady sup- 
ply of asbestos, allo wing the asbe stos industry to expand (Sinclair 
1959; Selikoff and Lee 1978). This expansion, first observed in the 
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Table 1. Types of asbestos 
Type End Member Formulae 


Actinolite asbestos 





Calcium magnesium silicate with varying Ca9(Mg,Fe*?)5SigO22(OH)2 


amounts of iron 
Amosite (grunerite asbestos) 


Iron silicate with varying amounts of Fe2+7SigO22(OH)2 


magnesium 
Anthophyllite asbestos 


Magnesium silicate with varying amounts 
of iron 


MgzSigO22(OH)2 


Chrysotile 
Hydrated magnesium silicate Mg3Si205(OH)4 
Crocidolite 


Complex sodium iron silicate (riebeckite) Nag(Fe*23Fe*3)SigO22(OH)2 


commonly called Blue Asbestos 
Tremolite asbestos 


Calcium magnesium silicate CazgMgsSigO22(OH)2 
Source: Skinner, Ross, and Frondel 1988; Leake et al. 1997. 





United States and then in Western Europe and the former Soviet 
Union, continued until abo ut 1970 with f ew interruptions. The 
development of equipment to manufacture asb estos-cement pipe 
and sheet and the introduction of asbestos automobile brakes and 
clutches contributed to this rapid growth in the early 1900s. 

During the early 1930s, however, there was a brief period of 
stagnation in w orld asbestos production that can be attrib uted 
mainly to the economic depression in the United States, which was 
the largest user of asbestos in the world. By 1935, world production 
increased as the U.S. economy be gan to reco ver (Figure 1). With 
the onset of W orld War II, productio n declined in most re_ gions 
except Canada, South Africa, and the Unite dS tates. U.S. w ar 
demands absorbed much of t he increased prod uction from these 
regions. Postwar reconstruction and expanding economies renewed 
the need for asbestos after the w ar and increased prod uction of 
asbestos worldwide, which c ontinued through the early 1970s. By 
this time, thousand s of asbestos products were being p roduced in 
about 85 countries, and record asbestos production le vels were 
achieved in many countries. At its peak around 1975, asbestos was 
mined in nearly 25 countries (Virta 2003). 
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Figure 1. Estimated world asbestos production from 1931 to 2002 


In the early 1970s, growing opposition to the use of asbestos 
began to affect demand on a worldwide basis. Regulations became 
increasingly strict in most user countries, and | iability st arted to 
become a major issue. Companies that mined asbestos, manufac- 
tured asbestos products, and, much later, installed or used asbestos 
products began to face an increasing number of class-action la w- 
suits (Anon. 2002). Compounding the legal problems was the shift 
from asbestos-based products to the use of asbestos substitutes or 
alternative pro ducts (e.g., ductile -iron or p olyvinyl-chloride pipe 
instead of asbestos-cement pipe) in response to public opposition 
to the use of asbestos. As a result, the United States saw asbestos 
production decline from a peak of 136,000 t in 1973 to 2,720 t in 
2002. Pro duction of chry sotile inthe United S tates st opped in 
2002. World production experienced a similar decline from a peak 
of about 5.09 Mt ( probably including sales of serp entinite waste 
from processing asbestos ore) in 1 975 to 2.13 Mt in 20 02 ( Virta 
2003). Table 2 breaks out production, by major producing coun - 
tries, in 10-year intervals from 1900 to 2000. 

About 174 Mt of asbestos w as produced between 1900 and 
2000, of which an estimated 167 Mt was chrysotile. About 2.8 Mt 
of amosite w as mined during this time, ne arly all from South 
Africa, which also produced most of the approximately 3.9 Mt of 
crocidolite mined in this period. Small amounts of crocidolite also 
were mined in Australia and Bo livia. An estimated 460,000 t of 
anthophyllite were mined between 1900 and 2000, mostly in Fin- 
land and the United States. Si nce 1900, small but unrecorded 
amounts of actinolite, anthop hyllite, and tremolite asbestos have 
been produced in Bulg aria, India, Italy, Pakistan, Romania, Sou th 
Africa, Turkey, and perhaps others. Figure 2 shows the production 
trends for all types of asbestos combined. 

In 2002, almost all of the world’s production of asbestos was 
chrysotile. Small amounts, probably less than a fe w thousand tons, 
of actinolite, anthophyllite, and tremolite asbestos are produced for 
local use in countries such as India, Pakistan, and Turkey (Hodgson 
1986; Virta 2003). Russia led al 1 producing countries, with 35.3% 
of the w orld’s total asb estos produ ction, and w as follo wed, in 
descending order of tonnage, by China with 16.9%, Kazakhstan 
with 13.7%, Canada with 12.8%, Brazil with 9.8%, and Zimbabwe 
with 6.1%. In 2002, these countries accounted for 94.6% of world 
asbestos production, which was all chrysotile. Ten other countries 
also mined asbestos in 2002 (Table 3). 


Production Localities 


Historically, asbestos mining (almost all of which w as chrysotile) 
was concentrated in relatively few areas. The same was true in 2002. 


Three mines in Quebec, including the Jeffrey mine (until recently the 
world’s lar gest chrysotile mine), accounted for all of the Canadian 
production of chry sotile. These mines are located near the towns of 
Asbestos and Thetford in a serpentinite belt that extends from eastern 
Canada to Alabama in the United States. Of historical note is that the 
Jeffrey mine scaled back its operations in 2002, with mining and pro- 
cessing occurring on a part-time basi s to f ill special orders. As the 
customer base has shifted away from the use of asbestos, production 
in Canada declined after peaking at about 1.7 Mt in 1973; in 2002, it 
was less than 250,000 t (USGS 1997-2004; Virta 2003). 

In Russia, chrysotile continues to be produced near Asbest in 
the Bazhenovo District, east of Orsk in the Orenburg District, and 
near Ak-Dovurak in the Tuva District. The bulk of the production is 
from mines located in the serpentinites in the Ural Mountains. In 
Kazakhstan, asbestos is mined southwest o f K ustenay in the 
Dzhetygara District. In 2002, combined production from Kazakh- 
stan and Russia was much lower than in the 1980s. The reporting of 
major increases in production between 1998 and 2000 in Russia 
and 1998 and 2002 in Kazakhstan may have resulted from the 
inclusion of mill wastes used as crushed stone rather than from 
growing markets for asbestos fiber. Combined asbestos production 
in these two countries peaked at about 2.7 Mt in 19 82 and about 
1.04 Mt in 2002 (USGS 1997-2004; Virta 2003). 

In China, chry sotile is mined in Hebei, Liaoning, Sichuan, 
Qinghai, and Xinjian g pro vinces. Mines in northwestern China 
account for more than 60% of Ch __ina’s asbestos pro duction (Lu 
1998). Most of China’s asbestos is used in local industrial applica- 
tions. Going against world tr ends, p roduction in China has 
increased o ver time—from 150,0 00 t in 1975 to 360,000 t in 
2002—because of rising internal demand for asbestos products 
(USGS 1997-2004; Virta 2003). 

In Brazil, chrysotile is mined near Cana Brava. Lower than its 
peak prod uction of 237,000 tin 1991, Brazilian productio n has 
remained relatively steady at a little more than 200,000 tpy for the 
past 5 years (Virta 2003). 

In Africa, chrysotile is p roduced near Shabani in Zimbabwe. 
Production peaked at 279,000 tin 1979, declined to 115,000 tin 
1999, but reboun ded to 130,000 tin 2002. Prod uction in South 
Africa, once a major producing country, peaked at 3 80,000 t in 
1977 but was only 10,00 0 tin 2002. Until the early to middle 
1990s, South Africa was the world’s leading supplier of amosite 
and crocidolite. In 1992 and 1997, respecti vely, when it closed its 
amosite and crocidolite mines, worldwide production of amosite 
and crocidolite ended (Figure 3). 


Industry Changes 


Shifts in asbestos production among the major producing countries 
occurred over time as new deposits were developed, economies 
changed, ar med conflicts occurred, an d asbestos-related health 

risks became a major market influence. Italy was the leading sup- 
plier of asbestos until the late 1800s when the Canadian dep osits 
were developed. During the first half of the century, Canada was the 
dominant producer, accounting for 60% to 90% of the world’s pro- 
duction. By the 19 50s, Kazakhstan and Russia ( combined), South 
Africa, and Zimbabwe were beginning to produce significant quan- 
tities of fiber. These countries continued to increase their produc- 
tion through the early 1980s with the combined produ ction of 
Kazakhstan and Russia becoming, and remaining today, the world’s 
leading producing region of asbestos. China and Italy in the 1960s 
and Brazil in the 1970s rose from relative obscurity to become sig- 
nificant producers of asbestos . Since the 198 Os, pr oduction has 
declined in all major producing countries, except fo r China, 

because of opposition to asbestos use (see Figure 3). 
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Table 2. World asbestos production of major producer countries, f 








United South Kazakhstan 
Year States Canada Africa Zimbabwe = Swaziland Brazil Greece and Russia China Other World Production 
1900 956 26,400 158 nat 0 na 0 0 na na 3,940 31,500 
1910 3,350 92,700 1,350 na 0 na 0 0 11,100 na 611 109,000 
1920 1,360 162,000 6,450 17,100 0 165 0 0 1,480 5 4,430 193,000 
1930 3,850 220,000 17,500 34,300 0 0 2 54,100 315 7,570 338,000 
1940 18,200 314,000 24,900 50,800 18,900 8,270 500 na 102,000+ 20,000 17,100 574,000 
1950 38,500 794,000 79,300 64,900 29,600 21,400 844 30 217,000 na 46,300 1,290,000 
1960 41,000 1,010,000 160,000 121,500 29,100 54,900 3,540 0 599,000 81,600 109,000 2,210,000 
1970 114,000 1,510,000 287,000 79,800 33,100 119,000 16,300 0 1,070,000 172,000 99,200 3,490,000 
1980 80,100 1,320,000 277 ,000 251,000 32,800 158,000 169,000 na 2,070,000 132,000 177,000 4,670,000 
1990 ws 725,000 146,000 161,000 35,900 3,860 205,000 66,000 2,400,000 221,000 50,500 4,010,000 
2000 5,260 320,000 18,800 145,000 11,000 0 170,000 0 983,000 370,000 46,800 2,070,000 
Total” 3,280,000 60,500,000 9,920,000 8,690,000 1,800,000 3,860,000 4,540,000 917,000 67,100,000 7,700,000 5,940,000 174,000,000 





Source: Virta 2003. 


* More than 93%, by weight, of the asbestos produced between 1900 and 2000 was chrysotile. 


t na = Not available. 

+ Estimated data. 

§ W = Withheld to avoid disclosing company proprietary data. 
** Total for 1900 to 2000, all years inclusive. 
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Figure 2. Estimated world production of chrysotile (A) and of amosite, anthophyllite, and crocidolite (B), from 1900 to 2000 


Trade 

Trade o f asbesto s also has shifted considerably throughout the 
20th century. Until about 1950, the United States was the leading 
consumer of asbestos worldwide, using 37% to 99% of the world 
production ann ually between 1 900 and 1950. For much of t he 
20th century, it was the leading importer of asbestos, mainly from 
Canada, South Africa, and Zimbabwe. 

Canada, the principal producing country through much of the 
20th century, supplied most of the asbestos (all chrysotile) used in 
U.S. mark ets. As ot her countr ies de veloped asbestos in dustries, 
Canada eventually became a major supplier of chrysotile to Asia, 
Europe, and South America. With the recent downturn in asbestos 
use in Europe and the Unit ed St ates, Canada’s e xport focus has 
been to Southeast Asian countries. 

By the 1940s, Kazakhstan and Russia (combined) had become 
a major exporter of chrysotile, supplying it to Eastern and Western 
Europe for decades, with smaller amounts being shipp ed to Asian 
countries. With the decline in asbestos usage in W estern Europe 
since the late 1990s and significant declines occurring even in the 
former Soviet-bloc countries in Eastern Europe, export markets for 
Kazakhstan and Russia have declined. 


South Africa was a major produc er and supplier of asbestos 
(with more than 50% of production and sales b eing amosite and 
crocidolite) to the w orld. Prior to 19 50, the United Kingdom and 
United States imported about 50% of South Africa’s exports. Other 
important markets included Asia, the Middle East, and Europe. By 
the 1970s, however, South African export markets had shifted and 
Japan became the major importing country. 

Zimbabwe is also ama jor world sup plier of chrysotile. Its 
export mark ets were primarily inthe United Kingdom thro ugh 
1950, at which time the United St ates became a major consumer. 
Other export markets included Asia, Europe, and Latin America. 

Several oth er pro ducing co untries supplied asbestos to 
world markets. Brazil exported worldwide but focused on South 
America and Cari bbean c ountries. Cyprus, Gr eece, It aly, a nd 
Swaziland exported lesser amounts of asbestos to Africa, Europe, 
and Asia. 

In general, the downturn in the asbestos industries of Europe 
and the United States after 1990 has causeda_ shift in major 
import markets to a few European countries (Bel arus, Romania, 
and Spain) and Asia _ (India, Indo nesia, Japan , the R epublic of 
Korea, Thailand, and Turkey). Of these countries, India, Japan, 
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Table 3. World asbestos production by country, f° 








Countryt 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 
Argentina 309 260 300 446 264 309 259 254 250 250 
Bosnia and 500 300 0 0 0 0 0 0 0 0 
Herzegovinat 
Brazil 185,000 192,000 170,000 170,000 170,000 198,000 188,000 209,000 209,000 209,300 
Bulgaria* 500 500 100 400 300 300 350 350 350 300 
Canada 523,000 531,000 516,000 506,000 455,000 309,000 337,000 307,000 272,000 272,000 
Chinat 240,000 303,000 263,000 293,000 288,000 314,000 247,000 320,000 360,000 360,000 
Colombia, crude ore na8 na na na na 128,000 61,100 59,200 96,100 62,800 
Egyptt 436 514 427 1,840 2,000 700 1,000 2,000 2,000 2,000 
Greecet 57,000 55,500 76,000 80,200 63,300 50,000 0 0 0 0 
Indiat 4,100 29,800 25,100 23,200 25,100 18,800 20,000 21,000 21,000 19,000 
lrant 4,500 4,500 4,500 4,500 4,300 2,260 2,000 2,000 2,000 1,500 
Japan? 24,900 21,000 20,000 18,000 18,000 18,000 18,000 18,000 18,000 18,000 
Kazakhstan 130,000 130,000 128,000 128,700 182,000 155,000 139,300 233,200 271,000 291,000 
Russiat 1,000,000 700,000 680,000 615,000 710,000 600,000 675,000 750,000 750,000 750,000 
Serbia and Montenegro 314 498 497 509 360 633 361 563 194 200 
South Africa 131,000 92,100 88,600 57,100 50,000 27,200 18,800 18,800 13,400 10,000 
Swaziland 33,900 26,700 28,600 26,000 25,900 27,700 22,900 12,700 0 0 
United States (sold or 13,700 10,100 9,290 9,550 6,890 5,760 7,190 5,260 5,260 2,720 
used by producers) 
Zimbabwe 157,000 152,000 169,000 165,000 145,000 123,000 115,000 152,000 136,000 130,000 
Total 2,520,000 2,250,000 2,180,000 2,100,000 2,150,000 1,980,000 1,850,000 2,110,000 2,160,000 2,130,000 





Source: USBM 1934-1996; USGS 1997-2004. 


* World totals, U.S. data, and estimated data are rounded to no more than three significant digits; may not add to totals shown. More than 99%, by weight, of the asbestos 


produced between 1993 and 2002 was chrysotile. 


ft In addition to the countries listed, Afghanistan, North Korea, Romania, and Slovakia also produce asbestos, but output is not officially reported and available general 


information is inadequate for the formulation of reliable estimates of output levels. 


+ Estimated. 
§ na = Not available. 
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Figure 3. Major producers of asbestos from 1900 to 2000 


and Thailand are the leading consumers, dependent on imports for 
most of their manufacturing needs (Virta 2003). 


GEOLOGY 
Mineralogy 


Chrysotile is a hydrated magnesium silicate with a chemical com- 
position of Mg 3Si205(OH)4 and may co_ntain small amounts of 
iron, manganese, and nickel, and trace amounts of aluminum. The 
compositions of the other comm on asb estos types, which are 
amphiboles, are more complex. Amphiboles are represented by the 
formula 

Ao-1B2Cs5TgO22(OH, O, F, Cl)2, 


where 
A = Naand/orK 
B = Na, Ca, Mg, Fe?*, Mn, and/or Li 
C = Al, ef, Fe*+, Ti, Mg, Mn, and/or Cr, and 
T = Siand/or Al. 


The composition of chrysotile and the common amphibole asbestos 
varieties are givenin Table 1, with only the major cations listed 
(Whittaker 1979; W icks 1979; Zussman 1979; Hodgson 1986 ; 
Skinner, Ross, and Frondel 1988; Leake et al. 1997). Leake et al. 
(1997) provide a detailed breakout of the amphibole v arieties by 
chemistry, identifying specific compositional ranges of each. 

The basic building block of asbestos fibers is the silicate tetra- 
hedron, which typically occur as sheets (SigO10)* in chrysotile and 
double chains (Si4O;)* in the amphibo les (Figure 4). The sheets 
and chains ha ve an overall ne gative charge so cations as well as 
hydrox] units (OH)~ are sandwiched between the sheets in chryso- 
tile and chains in amphiboles to balance out the ionic charge in the 
structures (Deer, Ho wie, and Zu ssman | 966; Skinner, Ross, and 
Frondel 1988; Frondel 2001). 

Owing to amismatch of the dimensions of th e cation layer 
(composed of Mg[OH]2 structures, also called the brucite or octa- 
hedral layer) with the silicate layer (Si2Os or tetrahedral layer) in 
chrysotile, the sheet spirals into an extremely thin fiber having an 
average diameter of approximately 25 nm (Figure 5, note end struc- 
tures). Slight variations in the crystal structure result in the forma- 
tion of three chrysotile polytypes: clinochrysotile, orthochrysotile, 
and parachrysotile (Wicks 1979; Hodgson 1986). 

The structure of the amphiboles consists of two chains based 
on Si 4O;; units separated by aband of se ven cations with tw o 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Asbestos 199 





Basic Silica 


Tetrahedral 
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Double Chain 
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Single Silica 
Tetrahedral Chain 


Multiple Chain Sheet 
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Figure 4. Single silica tetrahedral chain that is the basis for the 
double-chain-width structure of amphiboles and the multiple-chain- 
width structure of sheet silicates 






Chrysotile fibril diameters are 
typically 20-50 nm 


Adapted from Hodgson 1986. 
Figure 5. Spiraling sheet structure of chrysotile fibrils 


hydroxyl groups attached to th e central cation of each unit cell. 
These are often called I-bars because of their shape in cross section. 
These stack toge ther to form the final struc ture, with a marked 
cleavage developed between the ribbons (Figure 6). Under the con- 
ditions in which amphibole asbestos forms, crystal growth is prefer- 
ential in the direction of the chain length, resulting in a mphibole 
fibers that are long and thin (Ross 1981). 


Physical Properties 


Asbestos fibers are characterized by high tensile strength, flexibility, 
resistance to chemical attack and thermal degradation, large surface 
area, and ability of some varieties to be woven. Each type of asbes- 
tos has dif ferent ph ysical characte ristics, as do the same a_sbestos 
types from different sources (Sinclair 1959; Zussman 1979). 
Chrysotile is a white, fibrous material. The fibers are extremely 
thin, and most ar e soft and flexible enough to be woven. Individual 
chrysotile fibers have diameters ranging from 25 nm to 50 nm (Yada 
1967). Commercial grades of chrysotile have lengths ranging from a 
fraction of a millimet er tose veral centimet ers (Badol let 1951). 
Chrysotile fiber bundles can have lengths of 5 cm (Selikoff and Lee 
1978). Most of the chrysotile f ibers used commercially are short er 
than 1 cm. Bundle widths can be several millimeters (Virta 2002). 
There are fundamental differences in fiber lengths of chrysotile from 
different deposits. In commercial samples defiberized in sus pension 











Cation Layer 


Silicate or Tetrahedral 
Layers 


Figure 6. Amphibole structure showing the octahedral cation layer 
sandwiched between the silicate double chains perpendicular to the 
C axis 


using an anionic surfactant, average chrysotile fiber lengths were 
4.0 mm for a Kaapsche Hoop sample (South Africa), 1.8 mm for a 
Cassiar sample (British Columbia, Canada), 1.4 mm for a Bell mine 
sample (Quebec, Canada), and 0.6 mm for a Shabani sample (Zim- 
babwe) (Hodgson 1986). 

Tensile strength measurements on asb estos correspond to the 
strength of f iber b undles rather than indi vidual f ibers. Con se- 
quently, there is a wid e variation in reported values. Data summa- 
rized by Hodgson (198 6) show the tensile strength of chrysotile to 
be between 1,107 MN/m ? (meganewtons per sq uare meter) and 
4,400 MN/m?, making it one of the stronger asbestos types. Tensile 
strength increases slightly when heated until thermal de gradation 
occurs (Bryans and Lincoln 1971; Hodgson 1986). 

Because chrysotile is heat re sistant, it is use d rou tinely in 
commercial products that may be exposed to temperatures exceed- 
ing 700°C. Around 90°C, chrysotile begins to lose adsorbed water. 
Dehydroxylation (loss of the OH™ in the structure) begins at 640°C 
and is complete by 810°C. Abo ve 810°C, the chrysotile structure 
begins to transform into forsterite and si lica. These reactions are 
affected by sample preparation and impurities in the sample (Deer, 
Howie, and Zussman 1966; Hodgson 1986). The fusion tempera- 
ture for chrysotile is 1,521°C (Badollet 1951). 

Chrysotile has an extremely large surface area, on the order of 
13 to 18 m2/g because of its fibrillar structure. Fiberizing the sam- 
ples has little ef fect on t he measured surf ace area of chrysot ile, 
which suggests easy penetration of the f iber bundles by gases 
regardless of the degree of fiberization (Hodgson 1986). 

Amphibole asb estos fibers generally are harsher and more 
brittle than t hose of c hrysotile. They also are more resist ant to 
chemical a ttack, have very highf iltration rates, have a greater 
hardness (4 to 6 onthe Mohs scale), and are comparatively long, 
ranging up to se veral inches ( Table 4). Their color ranges fr om 
white for tremolite through yellowish-brown for amosite to laven- 
der or blue for crocidolite (Badollet 1951). Tensile strengths range 
from 303 MN/m? for a tremolite asbestos from Pakistan to about 
3,089 MN/m? for a crocidolite from South Africa (Aveston 1969; 
Hodgson 1986). All of the forms of amphibole asbestos withstand 
temperatures exceeding several hundred degrees Cel sius wit hout 
degradation. The fusion tem perature for all of t he asb estiform 
amphiboles exceeds 1,224°C. T heir resistance to attack by acids 
and bases ranges from fair for actinolite asbestos to very good for 
anthophyllite asbestos (Badollet 1951). 
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Table 5. Chemical analyses of asbestos samples, % 


Compound Chrysotile Crocidolite 
SiO» 38.75 50.90 
MgO 39.78 1.06 
FeO 2.03 20.50 
Fe2O3 1.59 16.85 
Al2O3 3.09 0 

H20 12.22 2.37 
CaO 0.89 1.45 
Na2O 0.10 6.20 


Adapted from Skinner, Ross, and Frondel 1988. 


Amphiboles ha ve a surf ace areaof2to 9m 2/g, which 
increases with fiberization. This is not true, however, for chrysotile 
asbestos (Addison, Neal, and White 1966; Hodgson 1986). 

Amphibole fibers gener ally are more variable in width and 
less symmetrical than chrysotile fibrils. Franco et al. (1977) exam- 
ined samples of cro cidolite with fiber widths ranging from 50 to 
150 nm, although widths up to 350 nm also have been reported for 
other samples (Wylie 1979). Lengths of fiber bundles up to 8 cm for 
crocidolite and 3 0 cm for amosit e have been described (Selik off 
and Lee 1978). 


Chemical Properties 


Ideal compositions (T able 1) freque ntly are different from t hose 
observed in deposits. Chrysotile fibers normally contain min eral 
impurities, including , commonly, magnetite, which accounts for 
higher than normal iron concentrations. Other minerals that may be 
present include brucite, calc ite, and chro mite (Hodgson 1986). 
Skinner, Ross, and Frondel (1988) reported analy ses for chrysotile 
from Canada, Swaziland, the former Soviet Union, and Zimbabwe. 
They found that SiO, content ranged from 38.75% to 39.93%, MgO 
ranged from 38.22% to 40.30%, FeO ranged from 0.45% to 2.03%, 
and Fe 203 ranged from 0.10% to 1.59%. Hahn-Weinheimer and 
Hirner (1977) repor ted the average composition of 28 chr ysotile 
samples from Quebec an d Newfoundland w as 42.123% SiO 2, 
41.868% MgO, 0.48% FeO, and 1.357% Fe203. They also reported 
0.418% Als03, 0.019% CaO, 0.004% CoO, 0.006% Cr203, 0.052% 
MnO, 0.087% NiO, 0.002 TiOz, and 13.8% H20*. 

The ideal and observ edcomp ositions for asbestiform 
amphiboles often differ because cations are ea sily substituted for 
one another in the A, B, and C sites in the amphibole crystal struc- 
ture. This result sina wi derange of compositional v ariations. 
Using the nomenclature developed by the International Mineralog- 
ical Association, amphiboles are categorized as (1) magnesium— 
iron—manganese-lithium, (2) calcic, (3) sodic—calcic, and (4) sodic, 
encompassing about 75 amphibole end members (Leake et al. 1997). 
The complexity of amphibole nomenclature is pertinent to the asbes- 
tos issue in that current asbestos regulations specifically mention act- 
inolite asbestos, amosite (grunerite asbestos), anthophyllite asbestos, 
crocidolite (riebeckite asbestos), and trem olite asbestos. Wylie and 
Verkouteren (2000) and Meeker et al. (2003) identified asbestiform 
varieties of magnesioriebeckite, richterite, tremolite, and winchite in 
a vermiculite deposit in Libby, Montana. Meeker et al. (2003) further 
indicated that edenite and magne __ sio-arfvedsonite may alsob e 
present in low concentrations. These asbestiform minerals had been 
identified as soda tremolite, richterite, soda-rich tremolite, and trem- 
olite asbestos in past stu dies (Larsen 1942; Nolan et al. 1991 ). So, 
although only f ive forms of amphib ole asbestos are recognized by 
regulatory agencies, other amphibole varieties may possess a fibrous 


Amosite Anthophyllite Asbestos Tremolite Asbestos 
49.70 57.20 55.10 

6.44 29.21 25.65 
39.70 10.12 2.00 

0.03 0.13 0.32 

0.40 (0) 1.14 

1.83 2.18 3.52 

1.04 1.02 11.45 

0.90 0 0.14 


or asbestiform habit.T able 5 i sts com positions fort he ma jor 
amphibole asbestos varieties. 

Chrysotile has a surf ace charge that can be positive or ne ga- 
tive depending on its source. Most chrysotile has a positive charge, 
reflecting the net positive charge of the (MgOH)* layer on the outer 
surface lay er of the fiber. Fi bers from which weathering has 
removed the (MgOH)* layer, exposing the si lica-rich layer below, 
have negative charges. The size and sign of the charge also change 
when the fiber is suspended in solutions of different pH and compo- 
sition. Ions in the solution may be adsorbed onto the fiber’s surface, 
changing the surf ace charge (Chowdhury and Kitch ener 1975 ; 
Hodgson 1986). Zeta potentials for chrysotile range from 13.6 mv 
to 54 mv for selected samples (Cho wdhury and Kitchen er 1975; 
Hahn-Weinheimer and Hirner 1977) . Treatment of chrysotile with 
acid re moves (MgOH)* layers, mimicking we athering, and p ro- 
duces a ne gative surface charge, which ranged to-16.6 mv for a 
sample from Dzhetygara District in Kazak hstan (Gracheva 1972; 
Chowdhury and Kitchener 1975). 

The surface charge for asbestiform amphiboles is negative with 
zeta potentials ranging from —10 mv to —40 mv for selected samples 
(Ralston and Kitchener 1975; Hodgson 1979). The negative charge 
is attributed to the silica-rich layers exposed on the fiber surface. 

The isoelectric poin t or pH for zero potential for chrysotile 
ranges from 10.5 to 11.3, depending on the source of the fiber and 
the method o f measurement. Chr ysotile flocculates from solution 
when its isoelectric point is reached. Amphiboles, however, main- 
tain their strongly ne gative surface charge at higher pH levels and 
remain dispersed under conditions that cause chrysotile to floccu- 
late. These properties were used to advantage in highly alkaline 
cement mixes where the amphibole fibers, not being flocculated, 
helped to disperse the chrysotile, which would normally have floc- 
culated in the cement mix (Hodg son 1986). The isoelectric points 
for several amosite and crocidolite samples examined were between 
2.2 and 4.0 (Prasad and Pooley 1973). 

Asbestos often is used in chemical applications where resis- 
tance to chemicals is of paramount importance. Table 6 gives data 
on the effect of v arious acids and caustic soda on asbestos after 
long exposure at room temperature and for sh ort exposure at boil- 
ing temperatures. Strong acids aggressively attack chrysotile, 
which is resistant to 25% caustic but is attacked by strong caustic 
(70%) at its boiling temperature (Badollet 1951). 

Most amphibole f iber varieties are more ac id re sistant than 
those of chrysotile. They are not entirely acid resistant, ho wever, 
and can e xhibit weight losses of 2% to 23% through d issolution 
when e xposed to concentrated —_ acids at higher temperatures. 
Because of their higher iron contents, actinolite and amosite exhibit 
greater weight loss whene xposed toacids thandothe — other 
amphibole asbestos varieties (Hodgson 1979, 1986). 
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Table 6. Solubility of asbestos 


Percent Loss in Weight, Refluxing 2 hr, 25% Acid or Caustic 


Type HCl CH3COOH H3PO,4 H2SO,4 NaOH 
Actinolite 20.31 12.28 20.19 20.38 9.25 
Amosite 12.84 2.63 11.67 11.35 6.97 
Anthophyllite 2.66 0.60 3.16 2.73 1.22 
Chrysotile 55.69 23.42 55.18 55.75 0.99 
Crocidolite 4.38 0.91 4.37 3.69 1.35 
Tremolite 4.77 1.99 4.99 4.58 1.80 
Percent Loss in Weight, Room Temperature 26°C for 528 hr, 25% Acid or Caustic 
Type HCl CH3COOH H3PO4 H2SO4 NaOH 
Actinolite 22.55 12.14 20.10 20.60 9.43 
Amosite 12.00 3.08 11.83 11.71 6.82 
Anthophyllite 2.13 1.04 3.29 2.90 1.77 
Chrysotile 56.00 24.04 56.45 56.00 1.03 
Crocidolite 3.14 1.02 3.81 3.48 1.20 
Tremolite 4.22 1.41 4.89 4.74 1.65 


Source: Table originally published in a paper by M.S. Badollet in the CIM Transactions (1951). Reproduced with permission from the Canadian Institute of Mining, 
Metallurgy, and Petroleum. 


Table 7. Effect of temperature on loss in weight of asbestos fibers 


% Loss in Weight 


Temp., Time, Anthophyllite Tremolite 
°C hr — Amosite = Asbestos Chrysotile Crocidolite Asbestos 
204 2 0.23 0.05 0.30 0.08 0.04 
316 2 0.57 0.24 0.85 0.25 0.08 
371 2 0.80 0.30 1.78 0.49 0.13 
427 2 0.98 0.38 2.17 0.73 0.22 
482 2 .07 0.41 2.83 0.83 0.26 
538 2 16 0.44 3.99 0.86 0.29 
593 2 36 0.52 10.38 1.00 0.37 
649 2 39 0.54 12.75 1.04 0.37 
760 2 A3 0.54 13.43 1.03 0.47 
816 2 na” 0.64 na na 0.56 
871 2 52 1.12 13.62 0.93T 0.67 
927 2 na 1.73 na na 1.40 
982 2 ae 2.39 13.77 0.771 2.18 
Source: Badollet 1951; Badollet and Streib 1955. 
* na = Not available. 





ft Iron changing in weight as the result of oxidation. 


Higher temperatu res also cau se other physical ch anges in 
asbestos. Besides dissolution of the fiber in boiling acids, weight can 
also change thr ough w ater loss. Hig her temp eratures e vaporate 
adsorbed w ater first and eventually result in the loss of — structure 
water (OH -). The weig ht loss fo r the amphiboles is considerably 
less than that for chrysotile because much less OH is available to be 
driven of f as w ater. Weight losses for different types of asbestos 
when heated for 2 hr at successive temperatures from 204° to 982°C 
are shown in Table 7 (Badollet 1951; Badollet and Streib 1955). 

Table 8 shows the effect of heating on the tensile strength of 
Canadian chrysotile fiber. The fiber bundles tested were very small 
so that the heat transfer w ould be completed in the 3-min heating 
time. Even after heating at 648°C, chrysotile retained 32% of its 
strength (Badollet 1951). 


Table 8. Effect of heat on tensile strength of Canadian chrysotile 
fiber 


Percent of Original 


Tensile Strength, 
m? Tensile Strength 


Original crude, no heat 903,000 100.0 
Heated 3 min at 316°C 827,000 91.6 
Heated 3 min at 427°C 662,000 73.3 
Heated 3 min at 538°C 538,000 59.5 
Heated 3 min at 649°C 290,000 32.0 


Source: Table originally published in a paper by M.S. Badollet in the CIM 
Transactions (1951). Reproduced with permission from the Canadian In- 
stitute of Mining, Metallurgy, and Petroleum. 


Principal Deposits 

Major asbestos deposits occur in mountain chains of all ages where 
widespread metamorphism has occurred (Figure 7). Deposits in the 
Urals, the Appalachians, and th eR ocky Mountains are classic 
examples. 


Origin and Modes of Geologic Occurrence 


The host rock for most of the world’s chrysotile production is ultra- 
basic in composition (Keith and Bain 1 932; B erger 196 3; Bates 
1969; Whittaker 1979)—-categorized as Type I or Type II deposits. 
Type I deposits occur in alpine-type ultramafic rocks, including 
ophiolites and serpentinites. Type II deposits can be found in strati- 
form ultramafic intrusions. The remaining chrysotile production is 
derived from serpentinized dolomitic lime stone, or Type III depos- 
its. Amosite and crocidolite are found in metamorphosed ferrugi- 
nous sedimentary formations, or Type IV deposits, which include 
banded ironstones, ferruginous qua rtzites, and iron-rich silic ified 
argillite (Ross and Virta 2001). Tremolite asbestos and anthophyllite 
asbestos are associated with metamorphosed ultrabasic rocks. 

The geologic a ge of as bestos deposits ranges greatly from 
earliest Precambrian in Zimbabwe and Swaziland to Upper Juras- 
sic in Califo rnia. The On tario, Un gava, and Brazil depo sits are 
Precambrian. De posits of the Ea stern Townships, Vermont, and 
Newfoundland are Mid-P aleozoic in age and are associ ated with 
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Figure 7. World asbestos deposits 


early folding in the Appalachian mountain belt. The deposits of 
western Canada are associated with mountain building during the 
Late Paleozoic, while the deposits in Kazakhstan and Russia range 
from Early Paleozoic to Late Paleozoic or Triassic in age. 


Structures 


Faulting, folding, or shearing played a major role in the formation 
of chrysotile deposits in alte red ophiolite sequences (Cooke 1937; 
Lamarche and Wicks 1975). The basic sequence followed was (1) 
serpentinization of ultramafic rock s; (2) co mpression associ ated 
with volume increase and tec tonic col lisions result ing in thrust 
faulting, shearing, more serpentinization, and formation of chryso- 
tile; and (3) release of compression resulting in gravity faulting, 
jointing, and brecciation; followed by succeeding cycles. The intro- 
duction of swarms of small intrusive dikes of acidic to intermediate 
composition also contributed to the fracturing and opening of the 
rock. Fracturing, in turn, led to serpentinization and the formation 
of chrysotile fiber. 

Most chrysotile ore dep osits are found in serpentinized per i- 
dotitic rather than in dunitic host material. It is believed that the ser- 
pentinized dunitic bodies tend to flow when subjected to stress, 
thereby aiding in the development of fracturing in the surrounding, 
more brittle peridotitic bodies. 


Asbestos Veining 


Chrysotile asbestos is referred to as_ cross fiber when the fibers le 
transverse to the vein, and as_ slip fiber when the fiber lies in the 
plane of the vein (Cooke 1937; Gold 1967; Whittak er 1979). The 
orientation of cross-fiber chrysotile ranges from normal to sharply 
inclined to the vein walls. When sharply inclined, it is referred to as 
oblique fiber. The f iber in cro ss-fiber and slip-f iber veins may be 
straight, gently curved, or contorted. Fiber containin g sharp flex- 
ures is apt to break easily. 

Partings are present in ma ny of the veins, either as micro- 
scopic discontinuities or as irregularly shaped inclusions composed 
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of picrolite, serpentine, brucite, and magnetite, or combinations of 
these. The veins may be relatively persistent or short and lenticular, 
in the form of stockw orks or in parallel systems known as ribbon 
fiber. The y may be f issure fillings, replacements, or stress-relief 
features, and many are the r esult of ac ombination of t hese pro- 
cesses. Some very short fiber is derived from a variety referred to as 
mass fiber. Mass fiber consists of either the complete replacement 
of most of the original mineral constituents by fiber, each grain of 
which has a dif ferent fiber orientation, or by adense network of 
fine, reticulating replacement veins. Both varieties result in a very 
high con tent of short f iber, and the rock, which appears to be 
largely fibrous, is sometimes referred to as “fur rock.” 


Chrysotile Deposits in Ultrabasic Rocks in North America 


Ultrabasic depos its encompass the Type I and T ype II deposits. 
Accounting for about 90% of the world production of asbestos, 
Type I d eposits generally contain cross- or slip -fiber veins (Ross 
and V irta 2001). Examples o f th ese types of deposits occur 
throughout the world. Typical are the chrysotile deposits in the 
Eastern Townships, Quebec, Canada, which occur along a major 
serpentine belt that arcs northea stward into the Gaspé Peninsula 
and southward into the Appalachian mountain belt of Vermont. 

Most of the major deposits are located along ar egion 90 km 
long that lies parallel to and 80 km southeast of the St. Lawrence 
River. The region extends from a point near East Broughton, Que- 
bec, southwestward past Thetford Mines and Black Lake to Asbes- 
tos and Danville. 

This serpentine belt is atypical ophiolitic comp lex of g ab- 
broic and dioritic rocks, and of serpentinized pyroxenite, peridotite, 
and dunite. The complex is associated with granitic, rodingitic, and 
talc-carbonate rocks and is a partially serpentinized ultrabasic intru- 
sive emplaced in the crust along faulted zones of weakness. It may 
have been extruded onto, or just under, unconsolidated aluminous 
and siliceous sediments in a eugeosyncline ocean basin. Magmatic 
differentiation within the ultramafic magma is thought to have been 
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responsible for the formation of the various pyroxenite, peridotite, 
and dunite phases found in the complex. Chrysotile formed mainly 
in highly serpentinized peridotite (harzburgite containing 10% to 
15% enstatite) and is found in num erous places along the strike of 
the comple x. The complex is belie ved to ha ve been a submarin e 
extrusive, simplifying the explanation of the source of water for ser- 
pentinization, the allowance for large volume change, the presence 
of fiber as open fracture fillings in stockworks, and the banded fiber 
in ribbon zones. It also explains the presence of pillows, most of 
which ar e gradationally ser pentinized from the surface inw ard 
(Yamarche and Riordon 1981). 

Another example is the Shabani deposit, situated about 160 km 
east of Bulawayo, Zimbabwe. This deposit is renowned for its low 
iron content, resulting from the low concentration of magnetite in 
the fiber, and its long fiber length (Bowles 1959). The deposit lies 
near the base of a lenticular ultrabasic sill, which is 14 km long and 
2 to 5 km wide and intrudes Early Precambrian gneisses. The sill, 
which strikes northwest and dips about 40° SW, is composed of 
dunite at the base, overlain by peridotite, pyroxenite, and gabbro. A 
swarm of younger diabase dikes cuts the ore zone. Strong zones of 
shearing, both parallel and oblique to the basal contact, truncate the 
dikes. The intrusion and shearing have caused strong serpentiniza- 
tion of the dunite and heavy talc-carbonate alteration, particularly 
along the footwall shear zone. The fiber is present as a stockwork of 
cross-fiber veins described as stress-controlled dilation seams. The 
quality is good, and the length of the fiber is as much as 38 mm in 
places (Laubscher 1964, 1968; Oldham 1968; Wilson 1968). 

A third example of chrysotile in ultrabasic rock is near Coal - 
inga, Cali fornia. Unlike the pre vious tw o e xamples, the Coalinga 
deposit is a mass fiber deposit of chrysotile. Instead of the fiber being 
present in veins as cross or slip fibers, it is distributed throughout the 
entire rock mass. The deposit is an ultrabasic intrusive that trends 
northwestward, covers an area about 20 km long and 5 to 8 km wide 
(Munro and Reim 1962), and intrudes into Jurassic sediments in Late 
Jurassic or Early Cretaceous times. It is a highly sheared serpentinite 
with abundant slickensides, and the ore is extremely platy. Boulders 
of massive serpentinized material are scattered throughout the lo ose 
platy serpentine. Landslides, for which there is evidence, may have 
contributed to the e xtreme deform ation of the serpentine. The ore 
contains abundant short chrysotile fiber. 


Chrysotile Deposits in Dolomite 


In addition to the large deposits of chrysotile asbestos found in ser- 
pentinized peridotite, comparatively small tonnages are mined from 
Type III, or ser pentinized dolomitic limestones (Hall 1930; duToit 
1946; Pelletier 1964; Van Biljon 1964; Rowbotham 1970). Much of 
such fiber is of high quality and free of the magnetite that is com- 
monly associated with most deposits of ultrabasic origin. 

Chrysotile of this type was mined in the Carolina District in 
the Transvaal, South Africa, and in the Salt River and Sierra Ancha 
regions in Arizona, United States. The Arizona deposits, approxi- 
mately 60 km northeast of Globe, are tabular in shape and are ina 
serpentinized dolo mitic li mestone formation. Serpentinization 
occurred during the intrusion of diabase sills. Chrysotile is found in 
thin discontinuous veins. The fiber ranges from harsh to soft and 
from a fe w millimeters to se veral ce ntimeters lon g. Unlike the 
ultrabasic deposits, the Globe deposit is relatively free of magnetite 
(U.S. Bureau of Mines 1945; Li 1975). 


Crocidolite and Amosite Deposits 


Examples of Type IV deposits occur in South Africa, where croci- 
dolite and amosite are foun din deposits known as banded iron- 


stones, ferruginous quartzites, or iron-rich silicified argillites (Hall 
1930; duToit 1946; Frankel 1953; Cilliers et al. 1961; Keep 1961; 
Cilliers, Le, and Genis 1964; Pelletier 1964; Dreyer and Robinson 
1981). Cro ss-fiber veins are present as closely sp aced ribbons 

roughly conformable with the bedding, which in some localities is 
distorted and dips steeply. Most crocidolite veins are less than 50 to 
80 mm thick, and most of the fiber is between 6 to 19 mm in length. 
Amosite veins commonly are 250 to 300 mm thick. 

Crocidolite is found over a lar ge area o f Cape Province ina 
belt of the Lower Griquatown series of the Transvaal system. Croc- 
idolite and amosite are found in similar formations in the vicinity of 
Pietersburg in northern Transvaal. In some places, the two varieties 
are side by side in the same vein. A vein composed of crocidolite at 
one end and amosite at the other is called a doublet. In the Pieters- 
burg Area, a silky, dusty blue variety of amosite called montasite, 
sometimes confused with crocidolite, has been found. 

An amosite-bearing banded ironstone formation crops out for 
a distance of more than 30 km near Penge in the Lydenburg District 
of the Transvaal. The f iber-bearing banded ironstones and associ- 
ated sedimentary members dip so uthwestward at about 20°. Thin, 
persistent sills of dolerite that are conformable with the bedding 
have intruded this sequence. Mapping inthe T ransvaal region 
revealed that the deposits were located on the loci of intersections 
of anticlinal or synclinal structures generated by super imposed 
north- and east-trending folds. Sim ilar patt erns of cross-folding 
were observed in many crocidolite deposits in the Northwest Cape 
and elsewhere. 


Anthophyllite, Tremolite, and Actinolite Deposits 


Of the cou ntries in which anthophyllite asbestos dep osits are 
known, Finland was formerly the most impo rtant producer with 
major deposits at Paakkila in the parish of Tuusniemi in e astern 
Finland and Maljasalmi in K  uusjarvi Parish. The Finnish antho- 
phyllite asbestos deposits were a series of lenses of amphibolitized 
and serpentinized ult rabasic ma terial, which appeared to have 
become detached from lar ger bodies during an ear ly period of 
severe deformation. The serpentinized amphibolite lenses were in a 
biotite gneiss that had been intruded by Late Karelian granites and 
pegmatite (Aurola 1954; Ross and Nolan 2003). 

Anthophyllite asbestos is found near Greenmo untain in 
Yancey County, North Carolina. Most of the deposits, which are 
associated with altered peridotit es and p yroxenites, consisted of 
mass fiber, although cross and slip fibers are more common in other 
parts of the state. Similar material has been found in the n earby 
state of Georgia (Conrad, Wilson, and Allen 1963). 

Italy has produced some _long-fiber tremolite fro m small 
deposits at Val Malenco, in the Sondrio District 1 00 km no rth of 
Milan. Tremolite fiber has also been found in the Aosta District 
north of Turin in the Italian Alps. 

Amphibole asbestos also has been found in Bulgaria, India, 
Romania, Taiwan, Turkey, and the former Yugoslavia. Most of the 
Indian production is fro m Rajasthan. Although some deposits of 
fibrous actinolite ha ve b een re ported, production ise xtremely 
small. 


TECHNOLOGY 

Exploration Techniques 

Geophysical 

Where there are few outcrops of asbestos-bearing ultrabasic rocks, 
aeromagnetic and ground magnetic surveys are emplo yed in the 


early stages of exploration (Low 1951; Conn 1967). Ground mag- 
netic surveys may be used to check and define in more detail 
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anomalies obtained by an airborne survey of a la rge area. If the 
area for exploration is small, the ground survey may be used by 
itself. 

Magnetic surv eys are used to locate ultrabasic bodies — and 
define potential ore depo sits because of their association with sec - 
ondary magnetite formed during extensive serpentinization. Man y 
asbestos deposits in ultrabasic rocks contain more magnetite than 
does barren serpentine. 


Diamond Drilling 


Diamond drilling is used to assess and define the limits of an asbes- 
tos deposit. Because most asbestos ore bodies ar e large, it is cus- 
tomary to drill vertical holes on a grid pattern. In the first stages of 
exploration, a wide interval (often 61 m) is used. When an asbestos- 
bearing zone is encountered, a narrower interval is used. Ifa 
deposit is elon gated in one direction, holes are s paced atc loser 
intervals across the strike. Narrow, tabular ore bodies are explored 
using angled holes to give the attitude and tru e thickness of th e 
body. 

Preliminary drill holes are used to determine whether orn ot 
the fiber has a preferential vein angle. If the angles of the vein inter- 
sections appear random, no changes are made to the drilling pro- 
gram. If the deposit exhibits prominent v ein angles that di verge 
from the average 45°, the attitude of all later drill holes are cor- 
rected for this variation. 

When drilling is im practical, trenching or the use of adits or 
shafts and lateral workings may offer the only means of assessing a 
deposit. 


Evaluation of Deposits 
Evaluation 


An asbestos deposit is e valuated on size, fiber yield or gr ade, and 
quality of fiber(Dean and Mann 1968; Conn and Mann 197 1; 
Stewart 1981). Although the size of a mineral zone is established 
using geophysical or drilling techniques, yield and qua lity of fiber 
are evaluated through laboratory and visual methods. The simplest 
method for deter mining yield is visual, using drill core sections. 
Each vein of cross fiber is recorded and the vein width is measured 
and recorded in mu Iltiples of 1.6 mm. Because many veins are of 
irregular width, an average vein width is used. Allowances also are 
made when veins contain partings or the fiber is kink ed (which 
causes the fiber to break into shorter lengths than the vein width), or 
the fiber is sharply inclined to the vein walls (in which case the vein 
width is smaller than the fiber length). To estimate fiber yield, the 
total drill core length is divided into the sum of the average vein 
widths in the core section. As an example, each 1.6-mm vein of 
fiber in a 1.5-m section corresponds to about 0.1% fiber in the rock. 

Because it is not easy to determine the slip-fiber length by the 
normal visual metho ds of logging core, laboratory assistance usu- 
ally is required. 

Fiber Value Determination. After the fiber yield of the ore is 
determined, the value of the fiber and the value of the ore in dollars 
per ton are estimated. The fiber is graded using the Quebec Standard 
(QS) Test developed by th e Quebec Asbestos Mining Association 
(QAMA; see Table 9; Asbestos Textile Institute and QAMA 1975). 
This test is performed on the QS testing machine, which consists of 
a stack of three sieve boxes with 12.7-mm (4-in.), 4-mesh-per-inch, 
and 10-mesh-per-inch screens, stacked top to bottom, and a bottom 
box serving as a pan. Exactly 454 g of asbestos fiber is placed in the 
top sieve, and the stack of sieves is shaken using a rotary shaker. The 
weight of f iber on each sc reen and the bottom pan is determined. 


Table 9. Quebec Asbestos Grading System’ 


Group No. 1 


No. 1 crude. Cross-fiber veins having %/4-in. staple and longer. 


Group No. 2 


205 


No. 2 crude. Cross-fiber veins having %/s-in. staple up to 9/4 in. Run-of-mine 
crude consists of unsorted crudes. Sundry crudes consist of crudes other than 


specified here. 


Group No. 3—Commonlly referred to as textile or shipping fibers 


Guaranteed Minimum Shipping Test 


V2 in., oz 


4 mesh, oz 


10 mesh, oz 


3F 10.5 3.9 1.3 
3K 7 7 1.5 
3R 4 7 4 
3T 2 8 4 
3Z ] 9 4 
Group No. 4—Commonly referred to as asbestos-cement fiber 
4A 0 8 6 
AD 0 7 6 
AH 0 5 8 
AK 0 4 9 
AM 0 4 8 
AR 0 3 9 
AT 0 2 10 
AZ 0 1.5 9.5 
Group No. 5—Often referred to as paper stock grades 
5D 0 0.5 10.5 
5K 0 0 12 
5M 0 0 1] 
SR 0 0 10 
5Z 0 0 8.6 
Group No. 6—Paper and shingle fibers 
6D 0 0 
OF 0 0 
Group No. 7—Shorts and floats 
7D 0 0 5 
7F 0 0 4 
7H 0 0 3 
7K 0 0 2 
7M 0 0 ] 
7R 0 0 0 
7T 0 0 0 
7RF and 7TF Floats 0 0 0 
7W 0 0 0 
Groups No. 8 and 9—Sands and gravels 
8S 0 0 0 
Minimum 50 |b/ft® 
8T 0 0 0 
Minimum 75 |b/ft8 
9T 0 0 0 


system. 
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More than 75 |b/ft8 


Adapted from Asbestos Textile Institute and QAMA 1975. 
* As of 2003, the grading standards had not been converted to the metric 
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Multiplication factors are applied to the weight in each size fraction, 
giving a total point score for the sample. Comparing the point score 
to a graph of point score versus fiber value, which was previously 
developed for this or similar deposits, determines the average fiber 
value. 

If extraction of the fiber is not done, average fiber value can be 
approximated on drill cores or face readings. The average vein 
widths (assumed to equal fiber length) are measured in the drill 
core or working face. These lengths are sorted into the QS Test 
screen-size categories. To estimate the fiber fraction in each cate- 
gory, the total length of fiber measured is divided into the total fiber 
length contained in each QS Test size category. As an example, if 
the sum of the v ein widths measured in a drill core is 57.2 cm and 
vein widths (assumed to equal fiber lengths) in the +12.7 mm QS 
Test size category totals 16.5 cm, this size category represents 29% 
of the total measured f iber length. By multiplying 29% by 454 g, 
the weight of asbestos fiber used in a QS Test, it is estimated that 
the +1 2.7-mm size fraction repr esents a weight o f about 13 2 g. 
These calculations are repeated for the other QS Test size catego- 
ries. Once the weight in each QS Test size fraction is approximated, 
the pr ocedure previously discus sed—using multiplication factors 
and graphs of point score versus fiber value—is used to estimate 
average fiber value. 

In both of the pre vious cases, the fiber value must be con- 
verted into a do llar-per-ton value, so the yield also must be calcu- 
lated. As described, the total le ngth of the core section orf ace 
measured is divided into the total measured fiber length to deter- 
mine the percent yield per ton of ore. For example, 57.2 cm of mea- 
sured fiber in a 25.9-m drill core represents a yield of 2.2%. A 
correction is ma def or the a verage v ein angle in the deposit, 
assumed to be 45° in this example. The corrected yield is equal to 
2.2% divided by the sin 45°, or 3.1%. If the average fiber value was 
determined to be $400/t, the indicated ore value is calculated to be 
3.1% of $400, or $12.40/t. 


Face Readings 


On the surface or in underground workings, channel sampling may 
be employed. One method is to take a linear reading along either 
wall of a drift or crosscut. Anoth er method in volves taking cross 
sections at intervals of 1.5 malong the back an d both walls to 
ensure that v eins running parallel tothe drive are note xcluded. 
Because the rock tends to break along fault planes, it is difficult to 
obtain representative results. 


Bulk Sampling 


Because the various methods of logging and sampling seldom give 
entirely dependable results, b ulk sa mpling is the most a ccurate 
means of determining yield, f iber value, and ore v alue. Even bulk 
sampling, however, can give an appreciably higher fiber value than 
that obtained in a commercial mill, because it is not easy in the lab- 
oratory to simulate the conditio ns of an o perating mine and mill. 
From the time of blasting to the final product, the fiber is subjected 
to a good deal of handling under real operating conditions. Some 
handling is rather severe, and breakage of fibers can occur. 

Bulk sampling often is used as a means to arrive at a suitable 
factor to be applied to drill-core data, as described with the multi- 
plication factors and point-score-value graphs. The sampling may 
be done by diamond-drilling a bl ock of ground at close intervals 
prior to mining and milling. The cores can be read visually and then 
milled. If prec autions are taken to avoid contamination and th e 
sample is sufficiently large, results should be rea sonably reliable 
despite the erratic distribution of fiber in the rock. 


Tensile Strength 

In the preceding paragraphs, measurements and evaluations are based 
entirely on the length of the fiber. For many applications, the fiber is 
valued for the strength it lends to the pr oduct. Strength evaluations 
should include tests on the product made with the subject fiber. 


Tonnage and Grade 


To estimate the tonnage and grade of a deposit from diamond drill- 
core data, individual drill holes may be weighted according to their 
intervals by using the polygonal meth od. An alternative procedure 
is to use cross sections, or groups of cross sections and, by weight- 
ing the ind ividual hol es in each sec tion, de termine the average 
grade for each section. 

A third meth od employs contoured cross sections, which is 
based on a reasonable interpolation of the intervening area between 
drill holes. T his me thod permits the estimator to m ake use ofa Il 
available geological information inhis interpolation. In open-pit 
operations, contoured horizontal sections corresponding to expected 
mine level intervals may be prepared and can serve as a useful guide 
to mining. Separate horizontal sections contoured for rock value and 
fiber value per ton permit the min e operator to produce a more 
balanced mill feed with respect to both fiber content and grades. 
Mining 
Chrysotile mining developed through a succession of mining prac- 
tices and equipment. Originally , the simplest hand methods were 
employed in shal low open-pit workings. Later, when pi ts reached 
considerable depth, o verhead cableway derricks were used. No w, 
power shovels and hea vy-duty trucks have replaced other loading 
and transporting equipment for open-pit quarry methods. 

In its early history , most ch rysotile w as m ined in Ca nada 
using underground methods, which included glory holes, shrinkage 
and sublevel stoping, and block caving. Now open-pit mining pre- 
vails. Surface mining offers advantages in recovery, grade control, 
economy, and safety. The shift to open-pit mining resulted mainly 
from the introduction of lar ge-capacity power shovels, trucks with 
higher payload capacities, impro ved rock-drilling equipment, and 
new blasting agents and techniques. 

In Africa, chrysotile is still mined underground. Most ore bod- 
ies are tabular in shape with a pronounced dip so that the economic 
limit for qua rry mining is reached at a comparatively early stage. 
Ore widths in the lar ger mines commonly range from 20 to 60 m 
and as much as 120m. Some ore bodies, notably in the Shabani 
District of Zimbabwe, are long. In one case, development extended 
for 5km along the strike and was being de veloped or diamond 
drilled to more than 300 m in depth. 

Several underground methods have been used. Sublevel stop- 
ing and caving may be initiated by blasting holes drilled upward 
from sublevel crosscuts, starting first on the hanging-wall side and 
retreating over a considerable width toward the footwall. Develop- 
ment and retreat also may be along _ the strike of the ore. In some 
cases, high pressures tend to develop from an arching effect. These 
pressures can be released by cutting a vertical slot that may extend 
to the surface. In the sublevel stoping method, a slot also may be 
opened across the center of the ore body. The holes that are fanned 
out from the sublevel drifts are blasted toward the slot, and mining 
proceeds as a system atic retreat in two directions away from the 
opening. 


Processing 


Mill flow lines are designed to suit the characteristics of a given ore 
body. Most raw fiber is recovered through a dry process that has 
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been used almost exclusively si nce the inception of 
asbestos milling in Canada during the early 1900s. 

Mill feed is deri ved from th e underground or pit operation. 
Primary crushing may be done in underground stations, in the case 
of an underground mine; or ina_ surface plant, in the case of an 
open-pit mine. Although jaw or gyratory crushers are mainly used, 
some hand sorting may still be done in countries where labor costs 
are low. Hand sorting removes barren rock and recovers pieces of 
the larger veins used to produce No. | or No. 2 crudes. 

Ore concentration isan impor tant step int he mi lling of 
chrysotile and is particularly important for lower-grade ore bodies. 
It is not unco mmon to discard as much as 40% of the mine or e 
through selective impacting and screening in the primary and sec- 
ondary crushing circuits. Some producers use magnetic pulleys for 
upgrading the mine ore, althoug h not all asbestos ore bodies ar e 
amenable to this type of separation. 

The next step is to dry the ore. Most of the moisture is con- 
tained in the finer (-38 mm) fraction. At some plants, this fraction 
is screened and dried separately from the oversize (38 to 178 mm) 
material. Although the selection of a dryer is based largely on local 
preference, the two most commonly used are the rotary and vertical 
dryers. Fluidized-bed dryers also have been used. Generally, there 
is less mechanical damage to the fiber when vertical-tower and flu- 
idized-bed dryers are used than with rotary kiln-type dryers. Rotary 
dryers, however, are preferable and are more effective for open-pit 
ores that might contain snow and ice. Oversize material can be sep- 
arated before drying and byp assed to reduce the pebble-milling 
action of rotary dryers. 

There should be ad equate storage to p rotect the ore between 
drying and the main stage of milling. Besides assuring an adequate 
and more uniform supply of ore to the mill, further d rying (up to 
1% moisture loss) takes place during storage. The size of storage 
facilities varies with mill capacity. 

Chrysotile fiber is released and separated from gangue by suc- 
cessive stages of crushing or comminuting by impact. Impactors ate 
designed to release the fiber from the host rock and at the same time 
produce a minimum of fines. Fiber released by crushing is lifted by 
air suction, leaving most of the rock as a reject to go to the next 
stage of impacting and eventually to tailings. Finer fractions gener- 
ally are screened out prior to air separation to avoid aspirating a 
large portion of host rock fines along with the fiber. Rotary aspira- 
tors designed to present a uniform layer of material to the aspirating 
hood are commonly used to improve the aspirating efficiency. The 
products of these f irst stages of separation may be consider ed as 
concentrates. They contain a large percentage of rock particles and 
must be further treated. 

The concentrates are further graded and u ndergo a series of 
cleaning operations for the p urpose of remo ving sand and dust. 
Screens, trom mels, spe cific-gravity ai r sepa rators, a nd m odified 
forms of these, such as graders and dusters, further clean the fiber 
and separate it into standard-grade lengths. 

In the grading mill, the fiber within each grade is further sub- 
divided according to f iber quality. It is then subj ected to several 
stages of screenings by means of shaking screens, gyratory screens, 
conventional trommels, trommel-like graders, and rotary dusters. 

When well-opened or fluffed-out grades are required, the fiber 
is specially processed in one or more of av ariety of machines. 
These range from graders or Willows mills (a fixed cylindrical cas- 
ing with a rotating center shaft to which beater arms are attached) to 
one of several types of high-speed hammer mills, disk gr inders, or 
pulverizers. The type of machine or machines used depends on the 
length and type of fiber to be processed and the degree of opening 
or fluffing required. This additional treatment is generally given to 
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Figure 8. Generalized flow sheet of asbestos processing 


the shorter fibers. A generalized flow sheet of the milling process is 
given in Figure 8. 

A large volume of a iris usedinac hrysotile mill, most of 
which is for separating fiber from rock and dust by air suction and 
classification. An additional volume of air is required to reduce dust 
levels in the mill building to meet regulatory standards. Mills with a 
capacity of approximately 5,000 tpd of ore use 236 to >378 m/sec 
of free air. The average consumption in Canadian mills is approxi- 
mately 7 to 14 t of air per ton of ore treated (Rozovsky 1957; Kula 
and Wiser 1970). Modern practice requires that the air be filtered 
before being discharged from the mill into the open. Extensive bag 
filter units have been installed in all mills. 

In Zimbabwe, South Africa, and Swaziland, beneficiation of 
chrysotile does not differ greatly from Canadian practice. One fea- 
ture of African milling is the need to control moisture content care- 
fully; particularly during the dry season it may be too low. Under 
extremely dry conditions, fibers may break or be damaged more 
easily. 


MARKETING 


Product Grades and Specifications 


The most widely recognized test for classifying asbestos is the QS 
Test developed by QAMA, which has specifications for the various 
fiber grades based onthe quantities of fiber that remain on each 
screen. Used for production control, the test determines the specifica- 
tion of the grade of fiber for sale. This test has been partially adopted 
by countries other tha n Canada, but in some cases the results are 
expressed in percentages instead of the ounces that Canada uses. 

Wet classification and screening also have been used to moni- 
tor fiber lengths, nonfibrous fractions, and dust content during pro- 
duction. The McNett” or the Clark * wet-testing machine may be 
used for this purpose (Mining in Canada 1967). 

A Ro-Tap* machine is sometimes used to evaluate further the 
QS sieve fractions. Many asbestos mill operators believe that the 
Ro-Tap gives a better distribution of the fiber lengths than the QS 
testing machine does. 

Many customers use density measurements as a guide in pro- 
ducing specific products. In this case, the density of the asbestos 


* Any use of trade, product, or firm names is for descriptive purposes only 
and does not imply endorsement by the publisher. 
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fiber is determined by f illing a cu bic-foot box or a fraction of a 
cubic-foot box with fiber. The box is then weighed, and the density 
is expressed as pounds per cubic foot (Mining in Canada 1967). 

Many customers have developed their own tests for evaluating 
the performance of fiber in their finished products. The tests cover 
properties such as absorption, bulk, color, compressibility, flexing, 
grit, magnetite content, penetration, so luble salts, strength units, 
surface area, tensile strength, troweling, and viscosity (Mining in 
Canada 1967; Cossette and Delvaux 1979). 

Fiber producers in other places, such as the Commonwealth of 
Independent States (CIS), South Africa, and Zimbabwe, developed 
their own testing methods for grading. Most fibers are sold accord- 
ing to the QS Test because amosite and crocidolite are no longer 
mined. 

Classification standar ds for grading chrysotile are gi ven in 
Table 9. Amo site and crocidolite were generally not graded using 
the QAMA standard. 


Uses 
Asbestos Use by Group 


Several thousand products were manufactured in the past that took 
advantage of the unique properties of asbestos. Some of the present 
and past uses for asbestos by grade and product type are discussed 
in this section (Badollet 1948; Mining in Canada 1967; Hodgson 
1985; EPA 1988; Roskill Information Services Ltd. 1990; Harrison 
et al. 1999; Rice and Heineman 2003; also see U.S. Bureau of 
Mines and U.S. Geological Surv ey Minerals Yearbook chapters on 
asbestos for U.S. end use break out by f iber grade). Demand for 
crudes and Group 3 fiber has declined as manufacturing has shifted, 
in response to changing co nsumption patterns, to a gr eater use of 
shorter fiber. Groups 4 through 7 are the most commonly used 
fibers, with Group 7 fiber dominating. The crudes and groups are as 
follows: 


Crudes No. 1 and No. 2—Customers employ crudes to pro- 
duce a long, spinning fiber for use in textiles. A desirable fiber 
for textiles is flexible, soft, low in soluble salts and magnetite, 
and easily car ded without an excess drop in shorts. Fiber of 
this quality is desirable for all textile applications. Crude fiber 
has been used as felts in laminates, along with resins, to form 
a strong molded sheet for use in airplanes, boats, and so forth. 
By the late 1980s, demand for crude fibers began to diminish, 
and comparatively little crude asbestos currently is sold. 
Group 3 Milled Fibers—Chr ysotile fibers that meet this clas- 
sification may be used in te xtiles. Group 3 fiber also may be 
employed in asbestos papers, electrolytic diap hragms, g as- 
kets, and insulating blocks. Some of the fibers of this group 
are used in laminates with resins. Like the No. 1 and No. 2 
fibers, deman d for Gro up 3 ha s declined as manufacturing 
needs have evolved. 


Group 4 Milled Fibers—Many grades of fibers in this group 
are used in asbestos-cement products such as boards, jack ets, 
pipe, sheets, andav_ariety of hand- molded articles. Othe r 
applications are for bra ke li nings, clutch facings, g askets, 
millboards, papers, and plastics. 

Group 5 Milled Fibers—Products made with _ these f ibers 
include asbestos-cement pipe and sheets, brake linings, corru- 
gated or flat boards, electric al pan els, gask ets, millboards, 
papers, and plastics. 


Group 6 Milled Fibers—Chr ysotile fibers of this group are 
used in asbestos-cement corrugated and flat sheets, boards, 
brake linings, gaskets, millboards, papers, and plastics. 


¢ Group 7 Milled Fibers—This grade of chrysotile is used in 
papers, cements, asphalt road pavement, asphalt roof coatings, 
brake linings, clutch facings, gaskets, millboard, paints, paper, 
plastics, and welding rods. 


¢ Floats—Chrysotile floats may be used in coatings. 


Asbestos Use by Product Type 


The selection of asbestos fiber for a particular application depends 
on the processing method and the desired properties of the final 
product. Examples of major uses for asbesto s fiber and factors 
that influence the choice of fiber grade and type are given in this 
section. 


Asbestos-Cement Products 


Pressure pipe that must conform to hydrostatic test specifications is 
produced outside of the United States from Groups 4,5, and 6 
fibers. In the past, chrysotile was blended with crocidolite to ensure 
a good modulus of rupture, but cr ocidolite is no longer used to 
manufacture asbestos-c ement pipe. Fle xural and impact strength 
requirements for asbesto s-cement sheets usually can be met by 
using a Group 6 fiber. Formulations for corrugated sheets generally 
include some Group5 material to improve adhesion of the wet 
sheets during th e for ming process. The asbestos content o f pipe 
ranges from 15% to 25 %; for sheet, 20% to 50%; and for shingle, 
10% to 30% (EPA 1985, 1988). 

In all asbestos-ceme nt products ma de by t he wet -machine 
process, drainage is an important fiber characteristic because it has 
direct bearing on the production rate. Preference is given to fast- 
filtering fibers. Amosite was once included in the formulation as a 
filter aid but is no longer used. 

The strength or drainage requirements for shingles made by a 
dry process are not so exacting and can be satisfied with Group 6 or 
a blend of Groups 6 and 7. Othe r asbestos-cement building prod- 
ucts may use fibers from Groups 4, 5, 6, and 7. 


Asbestos Paper and Millboard 


Asbestos fibers are used with an organic binder to manufacture a 
variety of millboard and paper products, such as _ electrical insula- 
tion, pipe coverings, and roofing felt. Various blends of Groups 3, 
4,5, and 6 fibers are used for this application, depending on the 
desired strength and porosity of the paper. 

Felt for pipeline wrap applications is composed of 85% asbes- 
tos, with the remainder made up of cellulose fiber and binder. Mill- 
board is a heavy cardboard-like material that can contain from 60% 
to 95% asbestos, alt hough typical formulatio ns use 70% to 8 0% 
asbestos. Commercial paper for insulation u se, including cor ru- 
gated paper, contains up to 98% asbestos. Ro Ilboard, which con- 
sists of tw o layers of asb estos paper glued together with sodium 
silicate, gen erally is co mposed of 70% to 8 0% asbestos (EPA 
1988). Average asbestos contents of roofing felts are about 85% but 
can approach 95% (Meylan et al. 1978; EPA 1988). Paper used in 
flooring felt as a backing for vinyl sheet floor products contains 
about 85% asbestos (EPA 1988). 


Asphalt Products 


Group 7 asbestos fiber, in combination with asphalt and various sol- 
vents, forms the basis of a wide variety of products such as caulking 
compounds and spray or brush-on roof coatings and also for asphalt 
road pavements. In asphalt products, asbestos contents ran ge from 
5% to 12% for bituminous coatings, 10% to 25% _ for roof putties, 
and 1% to 5% for liquid sealants (Me ylan et al. 1978; EPA 1985, 
1988). 
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Caulking and Sealing Compounds 


Combinations of long fiber asbestos with cement and other ingredi- 
ents, along with w aterproofing resins, are used to p roduce special 
types of caulking compo unds. Some caulks and sealants may use 
Group 3 fiber; others use short asbestos and floats (Groups 7, 8, and 
9). These are combined with various types of resins and other mate- 
rials to produce a soft plastic caulking compo und, which can b e 
controlled either to remain soft or to set up as a hard mass. 

In caulking and sealing compoun ds, asbestos contents rang e 
from 1% to 5% for adhesives and cement; 5% to 25% for caulking, 
glazing, and patchi ng compounds; 2% to 15% for paints; 2% to 
10% for plasters; and 3% to 5% for spackles (Me ylan et al. 197 8; 
EPA 1985, 1988). 


Friction Materials 


A wide variety of products are classified under the friction materi- 
als category. Products are made with fibers ranging from Group 3 
spinning grades to the sh orter Group 7, with shorter Groups 5, 6, 
and 7 dominating. 

Brake linings and pads contain 30% to 70% asbestos depend- 
ing on the application (Rosato 1959; Meylan et al. 1978; Hodgson 
1985). Drum brake linings contain as much as 60% asbestos, and 
disk brake pads from 25% to 30% (Meylan et al. 1978; Py e 1989; 
Harrison et al. 1999). Brake formulations also are different for cars 
and trucks. The co mposition of brake lining comp ositions in cars 
averaged 55% asbestos in 1968; th at of trucks was 33% asbestos 
(Meylan et al. 1978). 

Some clutch plates are made using asbestos open-weave cloth 
impregnated with resin and bonded to a steel disk. Most are manu- 
factured by molding a dry resin-fiber blend under cond itions of 
high temperature and pr essure onto a packing plate. F or the f irst 
method, a Group 3 f iber is required, whereas the molding pr ocess 
uses a Group 5, 6, or 7 fiber. 

Most automobile brake linings bonded to a steel shoe are made 
from Group 7 fiber in a semiwet extrusion process, whereas hea vy 
blocks for railcars and large vehicles use Groups 5 or 6 fibers, dry- 
molded and machined to finished dimensions. Groups 6 and 7 are 
used in disk brake-pad formulations. 


Gaskets 


Latex asbestos paper made from Group 7 fiber can be densified and 
used for gasketing, but most sheet-packing material is formed on a 
sheeter ma chine by aca lendering process. This la tter method 
requires a longer fiber in the Groups 3, 4, or 5 categories that have 
been cleaned and opened. The fiber is blended with natural or syn- 
thetic ru bber, plasticizers, and other ingredients in a high-shear 
mixer to form dough that is later calendered into sheets of various 
thicknesses. Fibers from Groups 6 and 7 may also be used to manu- 
facture gaskets. 

Packings can be made with loose fiber, formed of asbestos and 
binders, w oven into br aided asbe stos products, and made using 
asbestos yarns. Asbestos content varies depending on the use, with 
higher fiber levels associated with higher-temperature applications 
(EPA 1988). In some packing products, asbestos content is gener- 
ally more than 75% and often as high as 100% (Meylan et al. 1978). 


Plastics 


Asbestos, or a combination of asbe stos and glass fiber, is used to 
reinforce some structural plastics. The asbestos may be in the form 
of a mat, or as paper or cloth, to form laminates with resins such as 
polyesters, phenolics, thermosetting si licones, me lamines, a nd 
furanes. Short Group 7 fiber and floats also are used as fibrous filler 


for the production of molded phenolic resin and polyester parts. In 
such ap plications, freedom from abr asive particles is espe cially 
important to hold die wear at a minimum level. Fibers of Groups 3, 
4, 5, and 6 also may be used to reinforce plastics. 

The average asbestos content of plastic in the mid-1980s was 
17% (EPA 1985). Ph enolic co mpounds contained 50% to 60% 
asbestos, and other resins may have required as little as 5% asbestos 
(Meylan et al. 1978). Asbestos co ntents of vinyl flooring r anged 
from 8% to 30% (Rosato 1959; Me ylan et al. 1978; EP A 1980, 
1985, 1988). 


Textiles 


Long spinning grades of chrysotile are used to manufacture textiles 
for various applications. Fibers of Groups 1, 2, and 3 are used for 
this process. 


Consumption 
Current Consumption 


The actual worldwide consumption of asbestos, in weight, has been 
poorly documented in terms of end-use breakdown and e ven total 
consumption. 

In 2002, brake linings and pad s, gaskets, and asphalt roof 
coatings comprised the b ulk of U.S. consumption. Of that, asphalt 
roofing compounds accounted for about 80% of U.S. consumption, 
gaskets for 8%, friction products for 4%, electrical and thermal 
insulation for 4%, and miscellaneous uses for 4%. This is a consid- 
erable change from 1978 when asbestos-cement pipe and sheet and 
flooring were the major U.S. markets. Table 10 presents a timetable 
of asbestos consumption in the United States from 1965 to 2002. 

In 2000, world consumption of asbestos fiber was about 1.83 
Mt. The lar gest consuming region was Asia and the Middle East, 
with an estimated 861,000 t, followed by Europe with 691,000 t, 
South America with 207,000 t, Central and Nor th America with 
35,000 t, Africa with 30,500 t, and Oceania (consisting of Australia 
and New Zealand) with 1,250 t. Mo st of the asbestos was used to 
manufacture asbestos-cement products. The largest users of as bes- 
tos were, in descending order by tonnage, Russia, China, Brazil, 
India, Thailand, Japan, Ukraine, Indonesia, Uzbekistan, and the 
Republic of Korea (Table 11). All other countries appear to have 
consumed less than 20,000 t each since 1998 (Virta 2003). 


Historical Consumption 


Based on qualitati ve de scriptions, asbestos -cement products are 
thought to ha ve dominated the asbestos-manufacturing industries 
since the early 19 00s. A descr iption of the 1930s asbestos indus- 
tries in manufacturing countries implied that asb estos-cement cor- 
rugated and flat sheet, pipe, and roofing tile were the major markets 
for asbestos (Bowles 1955). The low cost of asbestos-cement prod- 
ucts, th eir durability and ef fectiveness, and th e unsophisticated 
technology required to make these products would have been major 
factors leading to their widespread use, particularly for developing 
countries with limited mineral and monetary resources ( Bowles 
1955). Rosato (1959) indicated th at, in the later 1950s, asbestos- 
cement products for commercial and industrial b uildings and pri- 
vate homes consumed the largest quantity of asbestos. No estimate 
was made, however, on percentage of consumption. In 1980, asbes- 
tos-cement products reportedly accounted for about 66% of world 
consumption of asbestos. In regions where alternative construction 
materials were available, the demand for asbestos-cement products 
was proportionally smaller, anda much wider variety of other 
asbestos pro ducts were de veloped. Asbestos-cement products 
accounted for only 45% and 43% of the U.S. and Western European 
markets, respectively (Table 12). 
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Table 11. Asbestos production, trade, and consumption in 2000, t 
Apparent Apparent 
Country Production Imports Exports Consumption’| Country Production Imports Exports  Consumption® 
Europe Central and North America 
Azerbaijan 0 8,250 0 8,250 Canada 320,000 125 315,000 4,800 
Belarus 0 0 65 -65 El Salvador 0 1,680 0 1,680 
Belgium—Luxembourg 0 98 0 98 Mexico 0 26,900 0 26,900 
Bulgaria 350 (0) 0 350 Panama 0 1,280 0 1,280 
Croatia 0 2,590 0 2,590 United States 5,260 14,600 18,800 1,130 
Czech Republic 0 1,400 0 1,400 | Total (North America) 325,000 «44,600 ~—«- 334,000 ~—S— 35,800 
Estonia 0 180 0 180 | South America 
France 0 16 46 -30 Argentina 254 2,080 0 2,330 
Germany 0 189 0 189 Bolivia 0 982 0 982 
Greece 0 501 8,950 -8,450 Brazil 209,000 35,500 63,100 182,000 
Hungary 0 3,560 0 3,560 Chile 0 1,460 0 1,460 
Ireland 0 1,000 0 1,000 Colombia 0 12,200 0 12,200 
Italy 0 87 0 87 Ecuador 0 4,390 0 4,390 
Kazakhstan 233,000 0 174,000 59,200 Peru 0 na 0 na 
Kyrgyzstan 0 17,300 0 17,300 Uruguay 0 809 0 809 
Latvia 0 857 0 857 Venezuela (0) 2,730 0 2,730 
Lithuania 0 1,360 643 713 | Total (South America) 210,000 ~—-<60,100 63,100 — 207,000 
Moldova 0 5 0 5 | Asia and Middle East 
Poland 0 19 14 5 China 350,000 72,000 11,800 410,000 
Portugal 0 4,710 0 4,710 India 14,500 110,000t 0 125,000t 
Romania 0 10,200 0 10,200 Indonesia 0 54,900 0 54,900 
Russia 752,000 27,200 332,000 447,000 lran 2,000 0 0 2,000 
Slovenia 0 893 0 893 Japan 0 98,600 0 98,600 
Spain 0 15,600 126 15,400 Korea, Republic of 0 29,000 0 29,000 
Ukraine 0 80,900 0 80,900 Malaysia 0 na 0 na 
United Kingdom 0 246 2 244 Philippines 0 na 0 na 
Uzbekistan 0 43,400 0 43,400 Oman 0 2,350 0 2,350 
Yugoslavia (former) 563 607 0 1,170 Pakistan 0 4,160 0 4,160 
Total (Europe) 986,000 221,000 516,000 691,000] Saudi Arabia 0 0 9,730 -9,730 
Africa Singapore 0 A 0 4 
Algeria 0 900t 0 900T} — Sri Lanka 0 na 0 na 
Egypt 0 nat 0 na Taiwan 0 5,420 0 5,420 
Morocco 0 na 0 na Thailand 0 121,000 0 121,000 
Nigeria 0 na 0 na Turkey 0 19,500 0 19,500 
Ghana 0 648 0 648 | Total (Asia) ~ 367,000 ~ 516,000 21,500 ~ 861,000t 
Senegal 0 1,780 0 1,780 | Oceania 
South Africa 18,900 10,200 16,600 12,500 Australia 0 1,250 0 1,250 
Swaziland 12,700 0 — 10,000t 2,690t| — Total (Oceania) 0 1,250 O: =< 1,250 
Tunisia 0 na 0 na Grand total (world) 2,070,000 856,000 1,100,000 ,830,000 
Zimbabwe 152,000 0 140,000t 12,000t 
Zambia 0 na 0 na 
Total (Africa) 184,000 13,500t 167,000 30,500T 


* Apparent consumption calculated as production plus imports minus exports, not adjusted to account for changes in government and industry stocks. Negative 
Pp p p p p p | 9 9g Y 9g 


value indicates shipments from stocks. 
t Estimated data. 
tna = Not available. 


With the onset o f the asbestosh ealth issue inthe 19 70s, 
demand for asbestos products declined in the United States and 
Western Europe, where noncement applications dominated. Conse- 
quently, the percentage of asbestos-cement products in the asbestos 
world market increased, rising to 80% in Africa; 76% in Asia, East- 
ern European countries, and South America; and 60% in Oceania in 


1980 (Roskill Information Services Ltd. 1983). With the continued 
decline in the use of asbestos in the 1980s and 1990s, markets have 
shifted e ven more toward asbestos-cement products. In 2002, 

asbestos-cement products are thought to account for more than 98% 
of the world’s consumption of asbestos (Virta 2002). Other markets 
for asbestos are paper, textiles (comprising yarn, thread, cloth, tape, 
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Table 12. World consumption of asbestos, 1974 and 1988, kt 


Friction 
Year Region Construction Products Other Total 
1974 North America 820 105 225 1,150 
Central and South 150 20 20 190 
America 
Western Europe 830 60 100 990 
Eastern Europe 870 30 150 1,050 
Africa 30 15 5 50 
Asia 680 70 50 800 
Oceania 170 10 10 190 
Total 3,550 310 560 4,420 
1988 North America 90 20 10 120 
Central and South 190 35 25 250 
America 
Western Europe 450 10 20 480 
Eastern Europe 2,100 50 200 2,350 
Africa 40 18 3 61 
Asia 850 18 75 943 
Oceania 110 ] 2 116 
Total 3,830 152 338 4,320 


Source: Roskill Information Services Ltd. 1990. 


or ro pe), the rmal and _ electrical insulation, g askets, and friction 
products, includin g brake or clut ch pads. Some spec ialty pl astic 
products are still manufactured. 


Historical Trends in Consumption, by Region 


North America. For much of the 20th cen tury, the United 
States was the largest user of asbestos. The expanding population, 
the abundance of available capital for in vestment in the relati vely 
new asbestos industry, and the large demand for construction of 
housing, public buildings, and roads were major contributing fac- 
tors. Within a couple of decades of having begun its asbestos indus- 
try, the United States became a world leader in usage and held that 
position through the 1960s. During that time, the Un ited States 
accounted for 30% to 83% of world apparent consum ption. In the 
1960s, the United States was replaced by the former Soviet Union 
as the leading user of asbestos. After that time, use of asbestos in 
the United States declined rapidly in response to asbestos-related 
health issues. 

In Central America, Costa Rica, Cuba, the Dominican Repub- 
lic, El Salv ador, Gu atemala, Honduras, Jama ica, Nicarag ua, and 
Panama have been small consum ers since the 1 960s, using only a 
few thousand tons annually. Canada’s exports of asbestos overshad- 
owed its relati vely small asbestos-manufacturing industry . From 
1940 to 1970, consumption in Canada probably was around 45,000 t 
annually and currently is estimated to be less than 10,000 t annu- 
ally. Consumption in Mexico gradually built up to 79,000 t in 1980 
and then declin ed to an estima ted 27,000 t in 2000. In that same 
year, Cu ba, the Dominican Republic, El Salvador, and P anama 
were the only other North American countries believed to be using 
asbestos. 

Europe. After the United States, Europe was the ne xt region 
to develop a signif icant asbest os-manufacturing industry. Through 
the first half of the 20th century, the United Kin gdom became the 
major European consumer, followed by many other European coun- 
tries. By 1930, Belgium, Germany, Luxembourg, and the United 
Kingdom were major suppliers of asb estos prod ucts throughout 
Europe and Asia. Demand in the former S oviet Union exceeded 


that of the United Kingdom by 1950 and that of the United States 
by 1970. 

Between 195 0 and 1 960 the as bestos indu stry in Euro pe 
experienced its greatest expansion up to that ti me, increasing to 
1.17 Mt f rom 507,000 t in 19 50. Consumption increased sig nifi- 
cantly in Aust ria, Be lgium—Luxembourg, C zechoslovakia, Den- 
mark, France, West Germany, Italy, the Netherlands, Poland, the 
former So viet Union, Spain, Sweden, Switz erland, the Uni ted 
Kingdom, and the former Yugoslavia. A significant portion of the 
growth during the 1950s can be attributed to the continuing recon- 
struction efforts in Europe following World War II. 

The asbestos health issue, which affected U.S. markets by the 
mid-1970s, also began to affect asbestos use in Europe. After 1980, 
demand in all large consuming Eu ropean countries, e xcept the 
former Soviet Union, began to decline. In the 1990s, production in 
Kazakhstan and Russia declined significantly, and many European 
countries, and eventually the European Union, voted to ban the use 
of asbestos. Consumption was estimated to be 691,000 t in Europe 
in 2000, mostly in the former Soviet Union. 

Asia. Growth in the Asian (including Middle Eastern co un- 
tries) markets lagged behind that of Europe and the United States. 
Cultural and go vernmental differences guiding infrastructure and 
technological development, and f iscal restraints all contrib uted to 
the slow growth in the asbestos segment. It was not until the 1950s 
that significant manufacturing industries developed, increasing con- 
sumption to an estimated 667,000 t in 1970 from 25,400 t in 1950. 
In the early stages of the industry, China and Japan accounted for 
the largest increases. The 1980s brought about a shift in manuf ac- 
turing in Asia with increased prod uction in India, In donesia, Iran, 
the Republic of Korea, and Thailand. In 2000, China accounted for 
48% of the apparent asbestos consumption in Asia, mainly to sat - 
isfy its own domestic d emands. India w as the ne xt largest con- 
sumer, with 15% of the mar ket, followed by Thailand with 14%, 
Japan with 12%, India with 8%, Indonesia with 7%, and the Repub- 
lic of Korea with 4%. 

Africa. Consumption in Africa has been rather low through- 
out most of the 20th century, peaking in the 1990s. Slow population 
growth, limitations on land amenable to development, slow dissem- 
ination of new technologies, governmental policies toward develop- 
ment, and fiscal restraints influenced the progress of the asbestos 
industry in Africa. Significant consumption did not occur until the 
1970s when 90,300 t were used. Although erratic in its consump- 
tion, Nigeria, with the largest African population, w as the lar gest 
user of asbestos. After the 1970s, consumption in most countries in 
Africa began to decline. Consumption in Africa was estimated to be 
about 30,500 t in 2000, distributed among several countries. 

South America. The asbestos industry in South America was 
very small until the 196 Os when Brazil began producing asbestos. 
By 1970, Argentina, Brazil, Colombia, and Venezuela had the most 
active asbestos-manufacturing industries in South America. By the 
mid-1970s, Brazilian productione xpanded, an d Brazil soon 
became the dominant South Amer ican producer and consumer of 
asbestos. With the onset of the asbestos health issue, consumption 
in most South American countries declined. Consumption in South 
America w as estimated to be  207,000t in 2000, with Brazil 
accounting for about 88% of consumption. 

Oceania. Both Australia and New Zealand produced and con- 
sumed asbestos in the early part of the 20th century. Consumption 
peaked in 1975 with Australia accounting for most of the v olume. 
With the asbestos health issue of the 1970s, production and con- 
sumption declined to 1,250 t in 2000 (Virta 2002). 

In looking at the 20th century as a whole, total asbestos pro- 
duction w as estimated to be around 174 Mt between 1 900 and 
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Table 13. Changes in apparent consumption, by decade, f 
id 1920 1930 1940 1950 1960 1970 1980 1990 2000 
Gastesptid 205,000 389,000 540,000 1,283,000 2,213,000 3,544,000 4,836,000 3,980,000 1,830,000 
Changes in Estimated Consumption, by Continent, by Decade, t 
World na* 184,000 151,000 743,000 930,000 1,330,000 1,290,000 -855,000 2,150,000 
Europe na 86,800 102,000 277,000 665,000 627,000 1,010,000 -222,000 -1,890,000 
Africa na 11,200 -13,300 8,180 19,000 61,700 -16,500 —10,800 -32,600 
Central and North na 82,500 18,900 454,000 -4,020 106,000 -255,000 -403,000 -115,000 
America 
South America na -823 739 10,600 26,400 61,100 168,000 —61,200 -993 
oc and Middle na 4,770 26,700 -12,900 197,000 447,000 394,000 -88,300 -104,000 
‘ast 
Oceania na -758 15,500 6,450 26,600 28,900 -6,130 -69,700 -115,000 
Major Changes in Consumption between Decades, by Country, Decreasing Order, #*§ 
1930s 1940s 1950s 1960s 1970s 1980s 1990s Current Decade 
Europe FSU +36,700 UK +71,800 FRG +80,000 FSU +317,000 FSU +227,000 FSU +789,000 FSU +681,000 nena (former) - 
BLEU +18,800 FSU +32,800 FSU +65,300 UK +55,400 France +69,000 FRG +191,000 UK -77,800 Italy -62,300 
Germany +7,060 France +19,100 BLEU +21,500 FRG +52,400 Spain +62,300 Italy +48,200 Italy -118,000 France -63,600 
Cyprus +6,730 BLEU -19,100 France +19,800 Italy +48,500 Italy +59,000 UK -56,400 Germany -351,000 Poland -65,600 
Spain +5,480 Poland +49, 100 FSU -1,520,000 
Africa RSA +13,800 RSA -27,100 Algeria +1,550 Egypt +5,950 RSA +48,400 Zambia -15,600 RSA +78,800 RSA +17,400 
Congo +1,340 Algeria +4,640 Nigeria +34,400 RSA -98,000 Nigeria -12,000 Tunisia -7,180 
RSA -21,300 Zambia +15,600 Saudi Arabia - Algeria -16,500 
50,600 
North America Canada +61,300 US +44,600 US +423,000 US -16,700 Canada +50,000 US -309,000 Mexico -39,700 Mexico -12,400 
US +40,700 Canada -26,300 Mexico +27,000 Mexico +39,000 US -326,300 US -31,300 
Canada -71,200 
South America Brazil +8,720 Brazil +17,600 Argentina +21,100 Brazil +157,000 = Argentina-14,500 Brazil +18,500 
Brazil -32,000 
Asia and Japan +6,230 Japan +15,500 India +5,610 China +81,200 Japan +227,000 Japan +79,400 Indonesia +57,900 China +224,000 
Middle East 
Korea +5,590 Japan -14,400 Japan +80,200 China +91,400 China +68,300 Iran +48,900 Korea -47,100 
India +5,520 India +12,500 Korea +36,000 Saudi Arabia China -55,300 Iran -70,200 
+52,200 
India +26,100 India +47,100 Japan -106,000 Japan -194,000 
Oceania Australia +14,700 Australia +3,360 Australia +25,700 Australia +25,100 Australia -64,800 


Source: Virta 2003. 
* na = Not available. 


+ BLEU = Belgium-Luxembourg; FRG = West Germany; FSU = Former Soviet Union (countries of 
Africa; UK = United Kingdom; US = United States. 
+ Data are rounded to no more than three significant digits; may not add to totals shown. 


Kazakhstan, Russia, Ukraine, and Uzbekistan); Korea = Republic of Korea; RSA = South 


§ Part of the change in consumption in major asbestos-producing countries such as Canada, FSU, and RSA includes asbestos that has been added to or removed from company stocks in 


addition to that used in manufacturing. 


Table 14. Asbestos prices, US$/t 


Canadian Fiber 
Grade 5 
$924-$1,280 


Grade 3 
$2,020-$2,440 
Source: Industrial Minerals 2002. 


Grade 4 
$1,390-$1,950 


Grade 6 
$574-$824 


Price 


2000. Assuming some loss during processing, the total amount of 
asbestos consumed for manuf acturing during the 20th century 
would be in the range of 140 Mt to 160 Mt. Decadal changes by 
region, and countries that account for the bulk of the shift in asbes- 
tos consumption between 1920 and 2000, are given in Table 13. 


Prices 


Table 14 gives the latest publishe d prices for chrysotile from Can- 
ada and South Africa. 


South African Fiber 
Group 6 
$300-$350 


Grade 7 
$284-$588 


Group 5 
$360-$440 


Group 7 
$200-$290 


Asbestos Substitutes 

In response to environmental and liability issues, the use of asbestos 
substitutes and alternative products has increased. Product manufac- 
turers have been replacin g asbestos with di fferent materials, rede- 
signing old products to eliminate the need for asbestos, or designing 
new products that require neither asbesto s nor asbestos substitutes. 
Some of the factors considered in making the switch include the cost 
of the substitute, cost of the additional manufacturing, and the cost 
of the pr oduct design, plus prod uct performance. Possible health 
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risks, many of which are unknown over the long term, also have to 
be considered when using substitutes (Hodgson 1985; EPA 1988). 

Examples of materials substituted for asbestos include aramid 
fiber, cellulose f ibers, ceramic f iber, fibrous glass, graphite flak e 
and fiber, mica, polyeth ylene fiber, polyprop ylene fiber, polytet- 
rafluoroethylene fiber, steel f ibers, and w ollastonite. Examples of 
alternative products include aluminum, vinyl, and wood siding; alu- 
minum pipe and sheet; asphalt co atings; ductile-ir on pipe; f iber- 
glass sheet; polyvinyl-chloride pipe; prestressed co necrete and 
reinforced concrete pipe; semimetallic brakes; urethane co atings; 
and vinyl composition floors (Hodgson 1985; EPA 1988; Harrison 
et al. 1999; Roskill Information Services Ltd. 1990; also refer to the 
Asbestos Substitutes chapter in this book). No single substitute has 
proved to be as versatile as asbestos. 


REGULATORY AND ENVIRONMENTAL CONSIDERATIONS 
Health and Safety 


Asbestos-related disease is one of the most widely studied subjects 
of modern epidemiology (WHO 1986; Bignon, Peto , and Sar raci 
1989). It includes asbestosis (a lung fibrosis resulting from long- 
term, high-level exposures to airborne fibers), lung cancer (usually 
resulting from long-term high-level exposures and often correlated 
with asbestosis), and mesothelioma (a rare form of cancer of the 
lining [ mesothelium] 0 f the thoracic and abdom inal ca vities) 
(Omenn et al. 1986). 

Concerns over its health effects were first raised in the early 
1900s in the United Kingdom, but it was not until the early 1960s 
that researchers established a posit ive correlation between worker 
exposure to asbestos fibers a ndr espiratory cancer diseases 
(Selikoff, Chur g, and Hammond 1964; Murray 1990). This trig- 
gered a significant research effort to unravel important issues such 
as the influence of fiber size, shape, durability or persistence in the 
lungs, trace elements, and exposure levels and duration with health 
effects (van Oss et al. 1999; Churg and Wright 1994; ATSDR 2001; 
Rice and Heineman 2003). It is generally agreed that the inhalation 
of long (generally greater than or equal to 5 um), thin, and durable 
fibers in high concentrations over a long period of time pose th e 
greatest health risk. Shorter fibers penetrate deeper into the lung, 
but longer fibers are more difficult to clear (Timbrell 1982; Finkel- 
stein and Dufresne 1999). 

Fiber solubility is suggested to be the second most critical fac- 
tor. Chrysotile is more soluble than amphibole asbestos and is more 
rapidly removed, reducing its residence time in the lung. Du ration 
of exposure to asbestos is important because long exposure periods 
increase lung burden, with long and/or high exposure levels coun- 
teracting the effects of fiber solubility. Different asbestos types also 
appear to activate phagocytic leukocytes differently, with crocidol- 
ite and some chrysotile samples being the most active (van Oss 
et al. 1999). Research suggests that iron content may be important 
in asbestos-induced toxicity (ATSDR 2001). 

Although the subject is still debated, many health scien tists 
believe that there is su fficient evidence to state that the genotoxic 
and carcinogenic potentials of all asbestos-fiber types are not iden- 
tical; in p articular mesothelial cancer is most strongly associated 
with amphibole f ibers (Gardner and Po well 1986; Demen t 200 1; 
Gibbs 2001; Nolan et al 2001; Wilson and Price 200 1; Bernstein, 
Chevalier, and Smith 2003; Bernstein, Rogers, and Smith 2003). 

The issue of asbestos as a contaminant in ore bodies also is a 
concern ( Nolan, Langer, and Wilson 19 99; Hull, Abrah am, and 
Case 2002; Peipins et al. 2003). As a means of def ining the types 
that may contain asbestos as_ = a_ contaminant, tw o studies wer e 
recently conducted on talc and vermiculite deposits. In the study of 


U.S. ta lc deposi ts, i t w as det ermined th at talc fo rmed thro ugh 
hydrothermal processes consistently lacks amphiboles as accessory 
minerals. Talc bodies formed through contact or regional metamor- 
phism, ho wever, consistently contained amphibol es, | ocally as 
asbestiform varieties (Van Gosen et al. 2004). In U.S. vermiculite 
deposits, preliminary st udies suggest that f ibrous amphiboles are 
most likely to be associated with zoned, alkalic/calcic, quartz-poor 
plutons, such as the vermiculite deposit near Libby, Montana (Van 
Gosen et al. 2002). 


Regulation 


Environmental and liabili ty issues continue to affect the as bestos 
industry. As the concern o ver the health risks posed by low-level 
exposures to asbestos increased, the United States and other coun- 
tries have enacted stricter exposure regulations. More emphasis is 
being placed on environmental exposures than in the past. 

Some coun tries have o pted for a broader appr oach and have 
adopted regulations that also minimize exposure of the general pub- 
lic to environmental asbestos fibers by banning or restrictin g asbes- 
tos imports and types of application s. Countries that h ave banned 
(either a complete ban or a ban with exemptions) or are phasing out 
the use of asbestos, and in some cases asbestos pro ducts, by 2005, 
include Ar gentina, Austria, Belg ium, Ch ile, Denmark, Finland, 
France, German y, Italy, the Netherlands, Norway, Poland, Saudi 
Arabia, Sweden, Switzerland, and the United Kingdom (Virta 2002; 
International Ban Asbestos Secretariat 2004). In 2005, the European 
Union banned asbestos use by its members in most applications. 


OUTLOOK AND FUTURE TRENDS 


Legal actions and adverse publicity on asbestos have taken their toll 
on asbestos mark ets, despite m uch stricter asbestos regulations. 
World consumption declined from an estimated 4.84 Mt in 1980 to 
about 1.83 Mt in 2000. Although a few countries have increased or 
maintained their produ ction throug h 2002, con sumption has 
declined significantly in most countries. This trend is expected to 
continue because of in creased pressure to reduce or ban asbestos 
usage in major consuming countries. 

Despite the current ban s and continued opposition to the use 
of asbestos, mark ets for asbestos probably will co ntinue to e xist 
into the future. Consumption can be expected to decline as substi- 
tutes and alternative products gain favor in re maining world mar- 
kets and as additional countries enact bans on the use of asbestos. 
This process will occur over many years, and even then, there prob- 
ably will remain specialized applications for asbestos, particularly 
for matrix-based products. 
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Barium Minerals 
Paul Mills 


INTRODUCTION 


The word barium comes from the Greek word barus, which means 
heavy. The common barium minerals are barite and witherite. Barite 
is by far the predominant barium mineral used by industry. Barite is 
also known as barytes, and in the area around Potosi, Missouri, it is 
called tiff. Barite has been fo und in man y areas arou nd the w orld, 
and the mineral is mined and processed in numerous countries. 
Because the mineral has a high density and is chemically inert, it is 
ideal for use in the petroleum, automotive, and paint industries, and 
in other applications. The purpose of this chapter is to help one iden- 
tify barite, locate the mineral, an d understand its uses and the w ay 
the mineral is currently being mined. The reader is also referred to 
the Barium Minerals chapter in /ndustrial Minerals and Rocks, 6th 
edition (Brobst 1994), 


PRODUCTION, RESOURCES, AND RESERVES 


The four top barite-pro ducing countries in the — world are China, 
India, Morocco, and the United States, according to the information 
compiled and reported by the U.S. Ge ological Survey (U SGS). 
Table 1 is based on information supplied b y the USGS (Sear Is 
2004), which outlines the reserves and production for 2002 and esti- 
mated values for 2003. Values are given in thousand metric tons. 

The reserve base is the in-place demonstrated (measured plus 
indicated) resource from which reserves are estimated. The reserve 
base includes those resources that are currently economic and mar- 
ginally economic, along with some that are not currently economic. 

Not all the barite reserves have been identified. There are still 
possible locations for new or additional barite reserves. 


GEOLOGY 


Mineralogy 

Chemically, barite is barium sulfate with the formula of BaSOy. It 
can be identified by its high sp ecific gravity, which is 4.50 g/em? 
when in pure form. The mineral has a hardness of 3.0 to 3.5 on the 
Mohs hardness scale and belongs to the or thorhombic crystal sys- 
tem. It can also be ide ntified by its white streaks and vitreo us to 
pearly luster. The cleavage of the mineral is perfect on {001} but 
imperfect on {010}. It normally has thick to thin tabular crystals, an 
example of which is the desert rose, a cluster of reddish barite crys- 
tals. Barite comes ina variety of colors, including yellow, white, 
brown, gray, and blue; it can also be colorless. 
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Table 1. World mine production, reserves, and reserve base, kt 
Mine Production 
: Reserves Reserve Base 
2002 2003 2002 2002 

Algeria 45 50 9,000 15,000 
Brazil 55 35 2,100 5,000 
China 3,100 3,500 62,000 360,000 
France 75 eo 2,000 2,500 
Germany 120 125 1,000 1,500 
India 600 900 53,000 80,000 
lran 220 250 nat na 
Korea, North 70 70 na na 
Mexico 150 180 7,000 8,500 
Morocco 470 470 10,000 11,000 
Russia 60 60 2,000 3,000 
Thailand 24 30 9,000 15,000 
Turkey 120 100 4,000 20,000 
United Kingdom 60 60 100 600 
United States 420 480 26,000 60,000 
Other Countries 420 290 12,000 160,000 

Total (rounded) 6,000 6,700 200,000 740,000 





* Estimated. 


tna = not available. 


The mineralogical name for the carbonate barium mineral is 
witherite, which has a chemical formula of BaCO 3. Unlike barite, 
witherite is not chemically inert. Witherite can dissolve in water 
and, when dissolved, can cause an environmental hazard. 


Origin and Mode of Occurrence 


Barite forms in many geologic environments and can be found with 
both metallic and nonmetallic minerals. The barite can either be the 
major component of the material or only a minor fraction. In most 
cases, the barite must be a majo r component of the material and 
must be of substantial thickness for the ore to be economic. There 
are three main types of deposits: vein, residual, and bedded. 


Vein, Filling, and Replacement Deposits 


The vein de posits are epigenetic deposits of hydrothermal origin 
with the barite precipitated from solution and filling or replacing 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


220 Industrial Minerals and Rocks 





rocks along fractu res or other st ructures. The b arite w as often 
deposited in fault fractures or along bedding planes. Because of the 
nature of the deposit, the barite-mineralized zone can vary greatly 
in length and width. It is not uncommon for the main mineralized 
zone to pinch and swell along the fracture str ucture, an d the se 
zones tend to pinch out on each end. The deposit can have fractures 
filled with barite radiating from and perpendicular to the main bar- 
ite zone. The barite is normally white, but sometimes is stained by 
secondary iron oxides. The common impurity is quartz, but at times 
the ore is associated with metallic minerals such as pyrite and mar- 
casite. Some veins contain only quartz and perhaps calcite as impu- 
rities. Many of the v ein deposits with low amounts of imp urities 
have been used by the paint industry. 


Residual Deposits 


The residual deposits are of hydrothermal origin. The host rock, 
which in most cases had been __ limestone or dolo mite, has been 
removed by extensive weathering. The barite, which filled fractures 
in the host rock, is now contained in unconsolidated material such 
as clay. The depth to which the barite has been liberated depends on 
the depth of the weathered zone, which can be as deep as 100 m. 
Generally the barite content in the unconsolidated material is low. 
Because it is easier to min e unconsol idated material than rock 
material, and it is less difficult to separate the barite from unconsol- 
idated material, a residual depo sit can still be eco nomical e ven 
though the barite content is low. The barite in a residual deposit is 
white in co lor. The major im purity associ ated with the ba rite is 
quartz, b ut pyrite, ma rcasite, g alena, and fluorite canalso be 
present. 


Bedded Deposits 


The bedded barite deposits are stratiform deposits that are part of a 
sedimentary sequence. This type of deposit typically is found with 
units of chert, mudstone, and siltsto ne. The origin of the bedded 
barite deposits in Ne vada and elsewhere has been ac ontroversial 
subject. Early workers suggested that the deposits in Nevada were 
formed byh ydrothermal rep lacement of limestone or chert 
(Gianella 1940; Ketner 1963). Dunham and Hanor (1967) first sug- 
gested that the dep osits were pen econtemporaneous with th e 
enclosed sediments and that th e barium was derived from h ydro- 
thermal fluids. Numerous studies in the late 1960s to early 1980s 
added much new data an d generally supported the sedimentary- 
hydrothermal characterization of the deposits. Much of t hese data 
were summarized by Papke (1984) and Harben and Bates (1990). It 
has now been fairly well established that the bedded barite deposits 
are of submarine-exhalative origin. Barium in fluids moved upward 
along fissures in the ocean floor and discharged from submarine hot 
springs, where it c ombined with sea water sul fate to form barite. 
This process explains the many sedimentary features as well as the 
local replacement and alteration of adjacent rocks. Biological activ- 
ity was no doubt important, especially in producing the sulfide ions 
that reacted with metal or hydrogen ions, but a source of introduced 
barium in solution was needed to form the typical bedded deposit of 
nearly pure, thick barite. Many details about the exact environment 
of deposition are still being debate d, and the origin of the deposits 
has not been resolved to everyone’s satisfaction. 

Bedded barite varies in thickness and length. The thickness, 
length, and purity of the d eposit will vary with the relationship of 
the sedimentary process and submar ine hot springs at the time of 
deposition. The length of the deposit can be more than 300 m and 
the thickness more than 30 m. The deposit can also be short in 
length and narrow in thickness. Bedde d barite is ge nerally light to 
dark gray. The barite is normally interbedded with chert or argilla- 


ceous material. The major impurity is quar tz. Bedded barite con- 
tains several percent of or ganic carbon and is common ly rich in 
hydrogen sulfide. Brachipo ds an d ot her fossils are sometimes 
present as a mold or replaced by barite. 


MAJOR DEPOSITS 


United States 
Arkansas 


The large bedded deposit near Magnet Cove, Arkansas, is a bedded 
deposit that is folded into a plunging syncline. The barite is gray to 
blue-gray in color with some interbedded black shale. The barite is 
tightly bound with quartz and black shale. The mining in this area 
started in the 1940s, f irst by the open-pit method and later by 
underground mining. The deposit was last mined in the late 1970s. 
Flotation was required to process the ore. The material was used by 
the petroleum industry. 

Georgia 

The Cartersville Area contains several bar ite deposits, which are 
considered to be hy drothermal in origin, filling fault and fracture 
zones (Kesler 1940). These are residual deposits because the host 
rock has been eroded away, leaving the barite ore in the resulting 
clay beds. Some of the ore is_ tightly bou nd with quartz, which 
means that the ore must be crushe d to about 70 mesh for the barite 
to be separated from the waste material. Flotation or a combination 
of jigs and flotation have been used to recover the ore. The barite is 
white in color, but because some iron oxide is present with the pro- 
cessed ore, it has a light brown color. Mechanized mining started in 
the early 1900s, an d continues today. The barite from this ar ea is 
generally used in the industrial grade market. 


Missouri 


The Potosi Area has _ se veral bar ite dep osits, wh ich are residual 
deposits. The barite is believed to be hy drothermal filling of fault 
fractures. The host rock weathered away, leaving the ore in reddish 
clay. The bari te ore is white. The ass ociated minerals are drusey 
quartz, agate, weathered marcasite, some galena, and goethite. The 
ore is not tightly bound with any of the associated minerals; there- 
fore, a washing plant has been used to recover the barite. The pro- 
cessed ore was light to dark bro wn because of the presence of the 
iron oxide. Han d-mining started in this areain the 1800 s, and 
mechanized mining started in the late 1920s. The last mine in this 
area was closed in the 199 Os.The material has been used by the 
petroleum, paint, and medical industries after further processing. 


Nevada 


There are several active barite mines in the Battle Mountain area. 
The barite deposits in this area are bedded barite deposits. The ore 
is light to dark gr ay and is associated with argillaceous rocks and 
chert. Some of the deposits in this area are pure enough to be mined 
and shipped without any additional processing. The remainder of 
the ore requires jigs or a combination of jigs and flotation to sepa- 
rate the barite from the waste material. There are also numerous 
vein and bedded deposits in Nevada. Some of the mining operations 
in Nevada began in the 1940s. The open-pit mining method is cur- 
rently used in Nevada. The ore is used in the petroleum industry. 


Tennessee 


The Sweetwater area has several residual barite deposits. The barite 
is associated with fluorspar and some ir on oxide. A w ashing plant 
containing barrel screens, dewatering screws, and jigs w as used to 
recover the ore. The barite deposits in this area were mined until the 
1990s. The ore was used mainly by the petroleum industry. 
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Other Countries 
Brazil 


There is an active mine in the Camamu Area. The barite is a vein 
deposit and some goethite and limonite are associated with the ore. 
The open-pit method is used to mine the ore. The ore is obtained 
using selective mining and washing/screening to separate the waste 
product. 


Canada 


There are several unmined bedded deposits in the Yukon Territory, 
and th ere are deposits in No va Sco tia and Ne wfoundland. The 
method u sed to process the or e in Nova Scotia v aries with the 

deposit. One deposit requires flotation, and another requires tables 
and/or jigs to process the ore. The Newfoundland deposit requires 
flotation to process the ore. 


China 


There are several barite deposits in China. A lar ge bedded deposit 
in the Hunan Pro vince is fold ed into a plunging — syncline. The 
deposit has a very long strike but is only a few meters in thickness. 
The ore is mined by the open-pit method, and in some areas, short 
drifts and shafts are u sed to retrieve the ore. The ore is mined by 
hand, the grade is controlled by hand picking and selection. 

An ore deposit in Guangxi Pro vince is of vein origin. The ore 
is white, with some iron oxide associated with the barite. The ore is 
mined by the open-pit method, and in the area of Yong Fu, the ore is 
retrieved using th e underground mining method. The ore is mined 
and selected by hand. There are also se veral residual deposits 
located in the Guangxi Province. 

A deposit of barite in Guizhou Province also is of vein origin. 
The ore is bright white and can be used by the paint industry. The 
ore is hand-mined and selected. 


India 


The major barite mine in India is a bedded deposit. The ore, which 
is dark gray, has been folded into a plu nging syncline. The esti- 
mated reserves of the deposit are approximately 70 Mt. 


Mexico 


There are se veral bedded depo sits in the Herm osillo Area. The 
deposits are very similar to those in Nevada. Some of these deposits 
were reported by Poole, Madrid, and Oliva-Becerril (1991). The ore 
is light to dark gray in color. The ore was separated from the sili- 

ceous waste by jigs. There are some deposits that require a combi- 
nation of jigs and flotation. Other deposits in Mexico are located in 
the Pueblo, Monterre y, and Durang o areas. Op en-pit minin g has 
been used to retrieve the ore. 


Other Deposits 


There are also barite de posits in Morocco, Ireland, France, Ger- 
many, Italy, Iran, North Korea, Thailand, Turkey, Algeria, Russia, 
and several other countries. 


TECHNOLOGY 


Exploration Techniques 

Many barite deposits are located by the discovery of an outcrop or 
float material found in streams, drainages, and road cuts. After the 
initial discovery, additional work is done to determine the extent of 
the deposit. This is normally done through mapping the outcrop or 
location of the float material. When the outcrop is located, a series 
of trenches are normally dug perpendicular to its strike to determine 
the length and size of the deposit. Ore samples are collected from 


the trenches to determine the qua lity, composition of the ore, and 
rough economics of the deposit. The first tests performed will indi- 
cate if the material can be marketed and can also indicate the cost 
involved to bring the ore to market. 

The discovery of the first outcrop or deposit can assist in locat- 
ing other similar ones. T he barite deposit ma y be displac ed into 
additional segments as a result of faulting. The mapping of the fault 
structures in the area might lead to locating e xtensions of the barite 
deposit. Also, depositional information might assist in locating other 
deposits. In Arkansas, the barite deposits that have been mined are 
located at the boundary between the Arkansas Novaculite and the 
Stanley Shale. The deposit loca ted near Magnet Cove, Arkansas, is 
about 96 km from the deposits in the Fancy Hill District, but all the 
deposits are in the same geologic sequence. 

After the deposit has been located, and it has been determined 
that the deposit warrants additional investigation, drilling is used to 
determine the depth and quality of the oreinv ein and bedded 
deposits. Normally, reverse-circulation, air-hammer drills are gen- 
erally used for drilling up to several hundred meters in depth. The 
drill cuttings are collected at intervals, keeping the ore zone sam- 
ples separate from the overburden samples. The drill cuttings can 
be used in a series of tests th at determine the economics of the 
deposit. Specific gravity normally is run on every sample collected 
of the ore zone.Onaco mposite of the ore zon e sa mples, the 
amount of mercury,cadmium, and water-soluble alkaline earth 
metals is sometimes tested. The drilling sample can also be used in 
tests to determine the best method to upgrade the ore. Tests such as 
liberation size, sink float test, and plant pilot test can be used to 
determine reco very method an d estimated cost for reco very. It 
should be noted that because of the nature of the reverse-circulation 
drilling method, som e samples can be contaminated with upper 
formation material. 

If higher accuracy or additional information is required, core 
drilling is then used. Core drilling is also used to reach to greater 
depths. Core drilling is mo re expensive than air -hammer drilling, 
but it can eliminate contamination and allow additional information 
to be gathered. With the core retrieved, the angle of the ore zone 
can be measured and any fault zones can be located. In some cases, 
the direction of mo vement along fault planes can also be deter- 
mined. In addition, the relationship between the ore and waste 
zones can be more clearly d efined. Specific gravity and mercury, 
cadmium, and water-soluble alkaline earth metals contents can be 
determined from the core samples to estimate the quality and mar- 
ketability of the ore. Metallurgical testing can be done to determine 
the recovery method required to market the ore. 

When evaluating a residual deposit, auger drilling or trenching 
using a large backhoe or excavator is used to determine depth, qual- 
ity, and quantity of the barite. When the ore zone is shal low, the 
trench method can then be used to collect samples and map the ore 
zone. When the barite zone is deeper than 6 m or below the reach of 
the backhoe bucket, drilling is required. The samples collected are 
tested for the percentage of barite. The mixed clay and barite can be 
used to determine the recovery method. In most cases, the clay is 
removed, and liberatio n and p ilot tests are p erformedon the 
remaining rock material to determine the method of recovery and 
economics of the ore. 

When evaluating an ore deposit to determine if the ore will be 
economic, special care needs to be tak en to analyze the possible 
effects of associated minerals .If the mining op eration e xposes 
unoxidized minerals such as pyrite, these minerals will possibly 
react with rainwater and cause an acid water discharge. The state of 
Nevada now requires that a potential acid generating test be per- 
formed on the ore and mining/upgrade process. 
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Figure 1. The Rossi mine 


From the information g athered about a deposit, a mine plan 
can be de veloped. Mo st barite mining operations today use the 
open-pit method to extract the ore. This type of mining is ideal for 
near-surface deposits with various angles of dip. Barite has on rare 
occasions been mined using underground meth ods. Under ground 
operations are normally used for deeper deposits. Also, this method 
is sometimes used at the later stages of mining where the open-pit 
method was used in the beginning phase. The barite operation at 
Magnet Cove, Arkansas, is a good example of this type of mining. 
The underground method can also be used when property rights or 
other factors restrict th e extent of the surface disturbance. In all 
cases, the ore body must be evaluated to determine which method is 
the best from an economic and safe _ty standpoint. Figure 1 isa 
photo of the Rossi Mine, an open-pit barite mine located in Nevada. 

Much care m ust be tak en to remo ve the mined barite with as 
little waste contamination as possible to reduce processing costs. In 
some cases, it is very difficult to eliminate the waste because of the 
nature and type of deposit. In a residual deposit, a high percentage of 
the material is waste, and current mining equipment is not capable 
of separating th eclay waste. Therefore, the ore-bearing w aste is 
mined and hauled to the processing plant for separation. A bedded 
barite that has thinly bedded sha le, chert, or argillite also is mined 
and hauled directly to the processing plant with very little waste sep- 
aration. If the bedded or vein barite zone is pure enough and of suffi- 
cient size, the ore zone may then be mined to produce barite that will 
meet specifications with out further processing. In many cases, the 
waste on the hanging wall of the ore must be removed first. Removal 
allows the mining equipment to mine the ore cleaner and with less 
waste contamination. When the dip of the barite is ne arly vertical, 
the barite sometimes can be mined leaving the waste on both side s 
of the ore. In some of the hand-mining operations in China, the ore 
is removed and the waste is left in place. 


Barite Processing 


Several processes have been developed and u sed to separate th e 
waste material from the barite. Each method has its own unique 
requirements and limita tions. The processes that can be used ar e 
hand selection, screens, washing, jigs, tables, spirals, and flotation. 
One or a combination of several different methods may be required 
to separate the waste from the barite. 


Hand Selection 


Hand mining, or selection by hand, can be done in areas where the 
cost of labor is lo w and/or wh ere hand selection will achieve the 
desired quality of barite. In some areas of t he world, the cost of 
labor is low enough that the barite deposit can be min ed and the 
barite separated from the waste by manual labor or hand selection. 
The laborers must be able to easily identify the ore and determine 
quality. To aid in the separation, the waste and ore should have dif- 
ferent colors or other physical differences that are easily discernible 
by eye. A dep osit of high-purity white barite flanked by bro wn 
sandstone would be easy to separate by hand. Separation by hand is 
used by the Chinese to produce the high brightness barite used in 
the U.S. paint industry. The bar ite that is iron stained or contains 
minerals that will cause the brightness and whiteness to drop is 
removed by manual labor. There are optical sorters that can remove 
off-white product, but nothing is_ better than the human eye and 
hand. 


Screening 


Screening or the com bination of crushin g and screening can 
remove some clays, fine-grained waste, or other waste with differ- 
ent br eaking characteristics th an barite.S creens ar ei deal for 
removing some clay and subsoil, wi th the barite produced as 0 ver- 
size and the waste as fines. This removes the lower specific gravity 
material and raises the specific gravity of the final barite product. In 
some cases, screening has been used to raise the specific gravity of 
ore from a deposit that consists of shale and bari te. Be cause the 
shale breaks in a different manner than the barite, some of the shale 
can be remo ved by screening. Some screening is currently be ing 
done in Nevada. 


Washing 


Washing the ore with a de watering scre w, barrel screen, or logs 
removes special types of clays and subsoils where material is hard to 
break up. A washing-type system is used mainly wi th residual type 
deposits, but can be used on other deposits as well. The object of this 
method is to remove large amounts of clay from th e rock material. 
The material can be either ore-bearing mate rial that will be sent to 
an additional process to complete the separation or material that will 
meet specif ications with out an y additional w ork. In one area in 
China, dewatering screws are used to wash away the clay mate rial 
and the resulting material is drilling-grade barite. The barite process- 
ing plants in Geor gia, Tennessee, Missouri, and Brazil allu se or 
used washing in the first stages of operation. 

Jigs 

Jigs are used all over the world to separate barite from other rocks 
and minerals. Jigs use pulsating water to sepa rate barite from the 
waste by gravity. The feed must be crushed finer than a predeter- 
mined liberation size, namely the size to which the ore mu st be 
crushed to liberate the barite from the waste. The feed size also 
must be the size that the jig can handle. 

Several different brands of jigs and several different jig config- 
urations are available. Some jig s are capable of handling crushed 
material the size of a large sand grain. Most jigs operating today 
handle crushed material that is 12.5 mm in diameter or less. The way 
the jig works is that crushed feed is constantly being added on top of 
a screen. Water is added in the lower part of the jig below the screen, 
filling the j ig several centime ters a bove the screen. Excess w ater 
runs off the e nd of the screen, carrying with it some of the waste 
material. The jig has a plunger or other method to pulsate the water. 
The pulsating water lifts the feed material, allowing the heavy barite 
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to sink to the bottom. The lighter w aste stays at the top and is 
washed off the end of the jig. The barite is removed from the bottom 
by what are called “cups. ” A cup is a pipe ab out 1 cm ab ove the 
screen to the top of the jig. The barite fills the pipe from the bottom. 
The material is then rem oved by a series of pipe or slides. In some 
cases, jigs are used in series to upgrade the material. There must be a 
difference in the specific gravity between the waste product and the 
barite for this met hod to work. In Nevada, jigs are used to separate 
waste from ore. Th e waste material has a specif ic gravity of about 
2.75, while that of the barite ore is greater than 4.20. Figure 2 is a 
diagram of a typical jig plant. 


Spirals and Tables 


Spirals and tables are used infrequently because of the cost to oper- 
ate the u nits. Both m ethods use specific gravity and the material 
movement to separate the waste from the ore. 


Flotation 


Flotation can also be used to sep arate the waste from the barite. 
This method is used when the liberation size is finer than what a jig 
or other equipment can handle. Normally, the feed for a flotation 
cell is 40 mesh or finer. The flotation method uses a chemical to 
float either the barite or waste into a froth. The separated barite is 
normally called a filter cake, because a filter is used to remove the 
excess water from the barite. 


MARKETING 
Uses and Specifications 


According to the USGS (Searls 2004), during 2003, approximately 
95% of all the barite mined and pr ocessed in the United States was 
used by the petroleum industry. The remaining 5% was used by the 
industrial market and the medical field. 

In the petroleum industry, the barite is used to make what is 
known as “drilling mud.” Barite and other additives in drilling mud 
assist in several ways during drilling. The barite serves as a weight- 
ing material that increases the hydrostatic pressure of the drilling 
mud and thus controls high-p ressure zones that are encountered 
during drilling . Proper weighting prevents what indu stry cal ls a 
“blowout.” Because the barite is soft, it does not damage or cause 
abrasion problems to drilling tools such as the bits and drill pipe. 
Also because of its softness, it will also act much like a lubricant. 
Finally, because barite is chemically inert, it does not react with or 
interfere with other components used in the mud. 

The American Petroleum Institu te (API) has set speci fications 
for the barite used in the oil in dustry. These specifications primarily 
deal with specific gravity, particle size, and maximum quantities of 
some impurities. The barite must have a minimum specific gravity of 
4.20 g/em?. It must also be ground to a po wder where at least 97% 
will go through a 200 mesh sieve. The amount of water-soluble alka- 
line earth metals must be below a prescribed amount, 250 mg/kg. In 
addition to the specifications set by API, the barite used in the drill- 
ing fluids on the of fshore drilling rigs in the Gulf of Me xico must 
meet specifications set by the U.S. Environmental Protection Agency 
(EPA) on mercury and cadmium content. 

Barite is used in the industrial mark et in such products as traf- 
fic cones; brake linings; paint; sound-deadening materials in auto- 
mobiles, golf balls, and foam; and as filler in several other products. 
The barite specifications for industrial products also involve specific 
gravity, particle size , and quantities of im purities. Some of these 
products have an additional specification for brightness or white- 
ness. The barite specifications vary depending on the needs required 
by the final product. For example, the barite in automobile brake lin- 
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Figure 2. Typical jig plant 


ing normally has a specific gravity of 4.35 or higher. A barite with 
higher specific gravity normally contains fewer impurities such as 
quartz. The lower quartz or silica content results in a higher-quality 
brake lining because quartz is very abrasive. In addition, man y of 
the industrial products have a specification on max imum particle 
size. The maximum particle size is important in some products such 
as brake pads and sound-deadening sheets that ha ve a par ticular 
thickness. If the ground barite is larger than the thickness of the 
material, it could cause holes in the product. Color can be a factor 
in the sound-deadening barriers for automobiles if it is visible. 
Color can also be a factor to a paint manufacturer. In paint applica- 
tions, av ery white bari te with a high brightness is pref erred 
because it is easier to tint or control the final color of the product. In 
the paint industry, grind size of the barite is also important because 
particle fineness will affect paint gloss. An instru ment used in the 
paint industry, a Hegman gauge, is used to determine the maximum 
size and fineness of the ground barite. 

The medical industry uses barite that has been through a spe- 
cial process that prod uces a very high-purity barite. Th is barite is 
used in lo wer and upper g astrointestinal tests. Be cause ba rite is 
dense, x-rays do not penetrate the material and it shows up on the 
x-ray. The mineral witherite, whic h is a barium carbonate, canno t 
be used by the medical profession because it dissolves in water and 
is poisonous to humans. 

Therefore, not all barite deposits are suited for every barite 
use. If one is loo king for barite for use in the paint industry , one 
would need to locate a deposit that has a high whiteness and bright- 
ness. The material would need to have a specific gravity exceeding 
4.35 and also a low calcium and silica content. The deposit should 
not have minerals o r contaminates that w ould cause the barite to 
become discolored. For example, the barite in Georgia is white, but 
iron oxide is present, which caus_ es the f inal product to be ligh t 
brown. Barite that meets the high-purity, high-gravity, an d high- 
brightness/whiteness standards is normally referred to as paint- 
grade barite. The value of paint-grade barite is much higher than 
drilling fluid-grade barite because of these requirements. 

A barite with a specific gravity that exceeds 4.35 but has an 
associated mineral that results ina lower brightness or white ness 
may be ideal for the brake industry. This material, ho wever, would 
also need to be low in silica and calcium content to be usable in the 
brake industry. 

Barite deposits useful for oil and gas drilling must have barite 
that can be separated to give a minimum specific gravity of at least 
4.20. The color of the barite is not a factor. The deposit must be 
low in mercury, cadmium, and water-soluble alkaline earth metals 
to be usable for of fshore drilling rigs. The se lling price of crude 
drilling-grade barite is re latively low. Therefore, processi ng and 
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transportation costs are leading factors in determining whether a 
deposit is economic. 


Competitive Substitutes 


As reported by the USGS (Searls 2004), alternatives to barite in the 
drilling mark et include ce lestite, ilmenite, iron ore, a nd synthetic 
hematite. Normally, iron ore, ilmenite, or hema tite is used when a 
drilling mud with a very high density is required. All three minerals 
have a higher density than barite. IImenite, iron ore, and hematite are 
also harder than barite. The greater hardness of these minerals can 
result in higher wear than experienced with barite. Celestite has the 
same hardness as barite, but is lower in density. None of these min- 
erals have had a major impac t on the barite usa ge in the drilling- 
fluid industry. 

The industrial sound-deadening market can use calcium car- 
bonate instead of barite when the thickness of the sound-deadening 
sheet is not an issue. 


Packaging and Transportation 


Crude barite is normally transported by ship, bar ge, rail, and/or 
truck. In most cases, the material is transported from the mine to its 
final destination by a combination of several different modes. The 
means of travel depends greatly on what types of transportation are 
available in the area. Crude ore is generally transported in open-top 
barges, railcars, or trucks. In the case of white barite, which is used 
in the filler industry, special care must be tak en to prevent color 
contamination. Therefore, the bari te is transported in bar ges and 
railcars with tops to pre vent cont amination from river water and 
other possible contaminants. 

The finished barite in the drilling fluid market is normally sold 
in bulk, bulk sacks, or paper bags. In the United States, the majority 
is shipped in bulk by truck, rail, ship, or barge. Paper bags are the 
second most pop ular means of packaging, followed by bulk super- 
sacks. Because a large amount is shipped in bulk, temporary silos 
are used at the oil well sites to hold t he bulk material. Grinding 
plants and warehouse locations have large bulk silos with warehouse 
space for bagged material. The bag material is normally labeled with 
lot numbers that relate to production dates and quality records. Bulk 
shipments can also be traced to production and quality records. 

In the industrial/filler barite market, the finished barite is also 
sold and shipped in bulk, bulk sacks, and paper bags. Bulk is still a 
major way that the barite is sold, but paper sacks and bulk sacks are 
playing a much bigger role. Man y industrial barite consumers use 
batch methods to make their products, and paper bags fit their needs 
better than large bulk silos. Most of this barite is shipped by truck. 
Generally, e very truckload is certified ind ividually with the lot 
number and quality results recorded. 


Economics or Competitive Factors 


The United States imports bari te from se veral different sources. 
Today, much of the imported bari te is from China and India. The 
duty and fees associated with importing barite must be tak en into 
consideration. The current costs of these fees can be obtained by 
contacting the U.S. Customs and Border Protection (CBP) agenc y. 
The fees can change: therefore, it is recommended that one check 
the current rate with CBP . The product CAS (Chemi cal Abstracts 
Service) numbers, such as 2511.1 0.5000 for crude bar ite and 
2511.10.1000 for ground barite, are required. 

Each country has dif ferent import requirements, an d some 
countries ha ve barriers to stop or restrict barite import. These 
requirements and laws can ch ange rapidly, so itis best to check 
with the country’s custom officials to determine current laws per- 
taining to barite import and export. 


When determining the economics of a barite deposit, one must 
consider not only the cost to mine and process the ore b ut also the 
cost to obtain proper permits. Mining laws can vary for every coun- 
try and every state or province of that country. When evaluating a 
barite deposit, a copy of current mining law for that country or state 
should be o btained. Local go vernment officials should be able to 
explain which permits are req uired to perform exploration and/or 
mining in the area. In most cases, the governing agency will require 
a mining and reclamation plan to obtain a mining ore xploration 
permit, and possibly several environmental and area impact studies 
will be required. These could include cultural, archaeological, ani- 
mal habitat, and water usage studies of the effect of the ore on rain 
runoff and dam safety, and assessments of the effect of the mining 
on groundwater and any other en vironmental issues pertaining to 
that area. When a permit is issu ed, a bond is required prior to an y 
disturbance of the area. The bonding amount required in many 
cases will be equal to or slightly greater than the amount estimated 
to complete the reclamation of the planned disturbed area. Depend- 
ing on the size of the project and government permitting require- 
ments, it could take anywhere from a few months to several years to 
obtain the permits required to be gin the exploration and/or mining 
of a deposit. 

The initial study of a deposit can determine the type of mining 
required to retrieve the ore and a rough idea of the method required 
to process the ore. A rough estimate of mining and processing costs 
can be estimated from this information. 

Other costs that need to be considered when determin ing the 
economics of a deposit include the cost to maintain the permits, the 
cost of any testing or monitori ng required by a perm it, the cost of 
utilities, the cost of operating the processing plant, the cost of labor 
in the area, the cost to acquire the property, and the cost for the min- 
eral right by purchase or ro yalties. Another item to consider is the 
revenue that the processed ore will generate. If a competitor locates 
a deposit where the mining or processing gives them a price advan- 
tage, this advantage could affect the amount of revenue that would 
be received from the finished ore. Also, if the total demand were to 
drop and affect the total tons produced and sold, this would affect 
the cost structure of the operation. 


REGULATORY AND ENVIRONMENTAL CONSIDERATIONS 
Environmental, Health, and Safety 


As mentioned before, minerals associated with the ore are a main 
concern when mining and processing barite. In many barite depos- 
its, quartz is pre sent with the barite. If the level of quartz is high 
enough, the ore must be handled so as to reduce the respirable silica 
level. Dust masks may be requi red when processing and handling 
some barite because of the silica level. Water trucks are used during 
mining to reduce the amount of dust in the air. 

If unoxidized minerals such as pyrite are present with the bar- 
ite, acid mine drainage or low-pH runoff could result from ground- 
water or storm water contact with the pyrite. The acidic runoff may 
also leach additional minerals from the ore, resulting in runoff with 
a low pH and high minerals concentration. Both the runoff of this 
water as well as the accumulation of this water in mining pits are of 
possible en vironmental concern. Th ese is sues must be addressed 
within the context of the environmental requirements in place in the 
jurisdiction within which the mining occurs. 


Reclamation 


After the exploration and/or mining has been completed, reclama- 
tion of the disturbed areas must be performed. Generally, open pits 
are left open with fences along the high walls for safety reasons. In 
some areas, where acid mine runoff is not a concern, the mining pit 
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will fill with water, forming a lake that can be used for recreation 
purposes or wildlife habitat. In some rare cases, the mining pits are 
backfilled to prevent the m fr om filling wi th w ater. The are a is 
sloped to blend withthe surroundings. Under ground mining 
entrances are sealed to prevent entrance by unauthorized personnel. 
The waste piles are sloped to a 3:1 ratio to minimize erosion. Th e 
slopes may also h ave earthen terraces to mi nimize the effects of 
runoff. After the area has been sloped, it is planted with an assort- 
ment of local vegetation. Using plants not native to the area is not 
recommended unless approved by the go verning agency. Ther e 
have been several cases in hist ory when non-nati ve plants ha ve 
caused major problems. 

Haul roads, trenches, plants sites, and other disturbances are 
sloped to blend with the surrounding topography and seeded . All 
buildings are dismantled, and water wells are sealed. 


Closure and Decommissioning 


The appropriate go verning agenc y will monitor pro gress during 
reclamation. Often, the amount of bonding can be reduced as some 
areas are completed. When the total area is completed, a re quest 
can be submitted to close the operation and release all bonding. The 
amount of time required to complete the closure process will v ary. 
The governing agency will want to make sure that the vegetation is 
well established and that all runof fis controlled . They will also 
want to determine if the water discharge from that area meets their 
requirements. Areas deemed by an inspector as not meeting the 
requirements may have to be reworked. After the agency has deter- 
mined that the area is stable and up to requirements, the complete 

bonding is then released. 


Variations 


In the United States, each state has different methods for handling 
bonding and release. Also, some states require special permits for 
water dams, which will affect the tailing ponds used in the jig and 
flotation methods. Some states restrict the amount of land that can 
be reclaimed for a particular end use. F or example, Missouri will 
not allow more than 10% of the disturbed area to be used for wild- 
life habitat. In addition, a 3:1 slope is widely accepted for reclaimed 
land, but on some occasions, other slopes are used because of local 
requirements or variances. Some barite deposits may be located in 
air-sensitive zones where the air emission requirements are much 
more restrictive. These are just some of the possible variances that 
can be encountered concerning en vironmental, health, and safety 
issues. Local governmental agencies will be able to supply informa- 
tion on the requirements for their area. 

Many countries around the world ha ve regulations and 
requirements very similar to those in the United States. A few coun- 
tries have mining regulations that are not as strict or as demanding 
as those in the United States and other countries. Regulations for 
each country of interest can be obtained fro m the go vernmental 
agency dealing with mining. 


OUTLOOK AND FUTURE TRENDS 


The u se of b arite has been historically tied to the oi] in dustry 
because more than 95% of the produced barite is used in that 


market. As the price of crude oil increases, normally there is more 
activity in the search for new oil fields. Greater activity means that 
more barite is needed for the drilling mud used in oil e xploration. 
With the price of crude oil reaching all-time highs in 2004 and with 
predictions that worldwide oil consumption will increase by about 
2% annually, the immediate future for the barite industry appears to 
be good. The long-term future of barite usage in the petroleum mar- 
ket depends on the development and use of alternate energy sources 
and how such use will af fect the oil industry. The de velopment of 
new energy sources that will lower the demand for crude oil should 
also decrease the demand for bari te. The barite mark et would also 
be affected if a replacement for barite could be located. Of course, 
any replacement material for the oil business would need to be as 

soft as barite to prevent excessive wear, have sufficient weight to be 
an effective weighting material, and be chemically inert so t hat it 
would not harm the environment. 

The other 5% of the barite market is for industrial uses. The 
largest user in this market is the automotive-related industry. Their 
uses include sound-deadening materials, brake linings, and aut o- 
motive paint. The demand or the lack of demand for new automo- 
biles affects this market. The new automobile market is consumer 
driven. Part of the brake market is for after-market or replacement- 
type parts. As ar esult, part of the brake market is driven by new 
car production, and part is driven by car maintenance. A possible 
indicator for the automotive market is the information released by 
the automakers concerning plant closures, layoffs, callbacks, and 
manufacturing expansions. 
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Diath ee. a a 2 oe Aa eee 
Bauxite 
Vincent G. Hill and Errol D. Sehnke 


Bauxite is the primary raw mate rial used to pr oduce alu minum 
metal. In addition to this dominant industrial end use are a number 
of very significant nonmetallurgical applications for bauxite-based 
and -sourced materials. These spec ialty applications include such 
critical industrial uses as abrasives, cements, chemicals, and refrac- 
tories. Bauxite used in producing end products for these and other 
specialty applications must meet more stringent compositional and 
physical requirements than the crude ore commonly employed for 
aluminum production. Although there are substantial bauxite 
resources in the world, premium-grade bauxite ores suitable for use 
in these special niche markets have, over time, been limited to a few 
principal sources, such as China and Guyana. Precluding any major 
disruptions within these leadi ng producer nation s, adequate sup- 
plies of nonmetallurgical-grade bauxite are expected to be available 
to satisfy worldwide demand well into the next century. Now, as in 
the future, it is presumed that basic raw material costs will remain 
the determining factor controlling the economic competitiveness of 
bauxite-based products in the diverse and e xtremely competitive 
industrial minerals sector of the international marketplace. Further- 
more, there appears to be an increasing trend toward supplying alu- 
mina (Al 203), the ref ined form of bauxite, to m eet e ver mor e 
demanding high-end re quirements in the w orld’s nonmetallur gical 
markets. Under these circumstances, metallurgical-grade bauxite is 
being increasingly refined into specialty-grade alumina in produc- 
tion facilities that have been specifically modified to produce high- 
purity alumina for these rapidly expanding markets. 

Bauxite is anaturally occurri ng, heterogeneo us weathering 
product composed primarily of one or more aluminum hydroxide 
minerals, plus various mixtures of silica (SiOz), iron oxide (Fe2O3), 
titania (TiO2), aluminosilicate (clay, etc.), and other impurities in 
minor or trace amounts (Shaffer 1975, 1983; Patterson et al. 1986). 
The principal aluminum hydroxide minerals found in varying pro- 
portions within bauxite are gibbsite, Al(OH)3, and the polymorphs 
boehmite and diaspore, both AlO(OH). Table 1 gives selected prop- 
erties of these principal bauxite minerals. 

Bauxite is typically classified according to its intended com- 
mercial a pplication: abr asive, c ement, c hemical, m etallurgical, 
refractory, and so forth (Andrews 1984; Hill 1994). Of all bauxite 
mined, approximately 85% is ulti mately converted into aluminum 
metal; an additional 10% goes to nonmetal uses, such as various 
forms of alumina, the oxide of aluminum; and the remaining 5% 
goes to nonmetallurgical-grade bauxite applications (Figure 1). As 
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a result, the bulk of bauxite produced in the world is currently used 
as feed for manuf acturing alumina via the wet -chemical ca ustic- 
leach method commonly known as the Bayer process. Subsequently, 
the majority of t he re sulting alumina is in turn employed as the 
feedstock for the production of aluminum metal by the electrolytic 
reduction of alumina in a molten bath of natural or synthetic cryo- 
lite (Na3AIF¢). This is called the Hall—Héroult process. Depending 
on the grade and mineralogy of the bauxite used, the industry stan- 
dard is that it takes approximately 4-6 t of dried bauxite to produce 
2 t of alumina, which in turn yields 1 t of aluminum metal. In cur- 
rent market terms, the approximate value for 0.45 kg (1 Ib) of each 
of these aluminum industry products, in U.S. dollars, is as follows: 
$0.01 for metallurgical-grade bauxite, $0.10 for alumina, and $0.75 
for primary aluminum metal. It should be not ed here that, within 
the industry, the term metallurgical grade refers to bauxite conven- 
tionally used to produce alumina via the Bayer process and thus is 
primarily for aluminum production. 

Beyond this use o f bauxite—to p roduce primary aluminum 
metal—lies the critical area of nonmetallurgical or specialty applica- 
tions that quantitatively comprise about 5% of total worldwide crude 
ore production. Precise figures on worldwide bauxite production and 
consumption levels within nonmetallurgical mark ets are not com- 
monly available on a systematic or routine basis for collection and 
analysis. It is c urrently accepted, however, that the principal indus- 
trial end uses for nonmetallurgical-grade bauxite, ranked in order of 
total m arket value, are in the refractories and abrasi ves fields. In 
addition, the cement, chemical, and steel industries also consume 
significant quantit ies of bauxite for other indu strial application s 
(Clarke 1977; Harben and Dickson 1983; Benbow 1988; Bolger 
1997; Crossley 2001; Taylor 2003c). Furthermore, a wide variety of 
high-quality abr asive, ceramic, chemical, and refractory pr oducts 
are also produced direc tly from bauxite-deri ved, specialty-grade 
Bayer process alumina (Figure 1). This recently gro wing and 
expanding group of high-quality, high-end products includes 


¢ Aluminum chemicals (e.g., aluminum fluoride, aluminum sul- 
fate, and sodium aluminate) 


¢ Flame retardants, fillers, and pigments for various pa int, 
paper, plastic, and polymer products 


¢ Activated aluminas for adsorbents, de siccants, catalysts, and 
catalyst supports 


¢ Calcined aluminas for abrasives, ceramics, and refractories 
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Table 1. Properties of major bauxite minerals 


Industrial Minerals and Rocks 








Gibbsite, Al(OH)3 or Boehmite, AIO(OH) or Diaspore,’ AIO(OH) or 
Chemical Composition Al203°3H2O Al,03°H2O Al203°H20 
Al2O3 content, wt % 65.35 84.97 84.98 
Combined hydroxyl (OH) group content, wt % 34.65 15.03 15.02 
Crystal system Monoclinic Orthorhombic Orthorhombic 
Hardness, Mohs scale 2.2-3.5 3.5-5.0 6.5-7.0 
Specific gravity 2.3-2.4 3.01-3.06 3.3-3.5 





Source: Shaffer 1983; Patterson et al. 1986. 


* Diaspore differs from boehmite by having a more closely packed and tightly bonded atomic structure. 


Bauxite 


Calcined Special Alumina Chemical Cement 
Products Products Production Products Products 


Slag Adjuster 


Fused ve || Special 


Activated 
Bauxite 


Alum Portland Aluminous 
Bayer Cement Cement 
Process 


Abrasive Proppant High Iron 
Refractory Welding Flux : Low Iron 
Alumina 
Trihydrate 
Calcined Specialty-Grade 

Alumina Alumina 


Calcined 
ange rae Specialty-Grade 
Alumina 


Fused Refractories | |Abrasives|| Ceramics Sintered Desiccants 
Alumina Alumina 


Abrasive High-Purity 


Activated Alumina 
Alumina Trihydrate 


Adsorbents Chemicals 
Pharmaceuticals 
Flame Retardants 


Pigments 


Refracto: Alumina Cement - ; 
az ms 


Aluminum ‘ 
= 
Catalyst Carrier 


Figure 1. Aluminum industry flow diagram 


¢ Hard-bumed (sintered) calcined aluminas to produce tabular 
alumina, principally for high-performance refractory materials 
¢ Fused aluminas, mainly for abrasives and refractories 
This generalized al uminum industry flo w diagram, fro m 
bauxite ore through alumina production to aluminum metal, gives a 
broad overview of the numer ous products and end uses that ar e 
derived from bauxite. 
The rock name beauxite was first used in 1845 for an earthy, 
red rock th at had been disco vered in 182 1 by Pierre Berthier , a 
French chemist, close t o th e sm all vi llage of Les Beauxde 
Provence in southern France. Berthier’s initial data suggested that 
this material was an alumina hydrate with two molecules of water. 
It was subsequently determined by thermal analysis, however, that 
the substance was a mixture of monohydrate and trihydrate minerals, 
as well as minor amounts of iron oxides, clays, and fine-crystalline 
silica. Diaspore had been discovered in 1801 and gibbsite in 1822. 
The rock name was, however, retained for this impure mixture of 
aluminous minerals. When the name of the village was changed to 
Les Baux around 1885, Sainte Claire Deville suggest ed that the 


rock name should reflect this, and it was changed to the term known 
today—bauxite (Bracewell 1962; Regnier 1988). 

In 2002, the most recent year for which complete annual pro- 
duction data are a vailable, 22 co untries reported bauxite mine pro- 
duction, and total world production amounted to 144 Mt of bauxite. 
This was an increase of 5% over 2001 production. The U.S. Geologi- 
cal Survey (USGS) estimates the 2003 total w orld bauxite produc- 
tion, froma similar number of producing n ations, as essential ly 
unchanged from that for 2002. Australia, Guinea, Jamaica, Brazil, 
and China, in order of volume, accounted for slightly more than 75% 
of the total bauxite mined during 2002, wit h a similar v olume pro- 
jected for 2003 (Plunk ert 2004). In terms of nonmetal lurgical-grade 
bauxite production, the principal sources of supply presently are very 
limited and comprise only a handfu | of possible s ource nations; that 
is, abrasive grade: Australia, Ch ina, Greece, Guinea, Guyana, and 
Italy; and refractory grade—Brazil, China, and Guyana. In addition, 
with the current world bauxite prod uction at the 144-Mt le vel, the 
size of the total world nonmetallurgical bauxite sector is estimated at 
7.2 Mtpy. 
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Total known world reserves for all types of bauxite are suffi- 
cient to meet cumulative world aluminum metal demand well into 
the next century. Although bauxite reserves are known to occur in 
as many as 50 different countries, nearly 90% of the reserves occur 
in only a dozen countries. The sheer magnitude of these reserv es 
(23 billion t) is suf ficient to ensure a readily accessible supply for 
the future (Table 2). 

Past estimates of world bauxite reserves were about | billion t 
in 1945, almost 3 billion t by 1955, nearly 6 billion t in 1965, about 
17 billion tin 1975, approximately 2 1 billiontby 1985, and 
roughly 23 billion t in 1995. It is expected that in 2005 the estimate 
of total world bauxite reserves will remain near or be slightly above 
the 1995 level of 23 billion t. Currently, Guinea, with 7.4 billion t of 
bauxite reserves, and Australia, with 4.4 billion t, together possess 
approximately one-half of the world’s known reserves. Growth in 
reserves has more or less paralleled the expansion of world bauxite 
production capacity. Although major new discoveries are the pri- 
mary factor in reser ve increase s, production eco nomies resulting 
from technological advances and large-scale operations have also 
permitted the inc lusion of lower grade bauxite previously consid- 
ered subeconomic. In the early 1990s, it w as reported that there 
were at least 211 known bauxite deposits in the world containing a 
minimum of | Mt of reserves (Roullier 1990; Bardossy and Bourke 
1993). Considering the added probability of discovering additional 
bauxite deposits, plus the lik ely possibility of emplo ying lo wer 
grade bauxitic materials and other alternative sources of al umina, 
resources for the production of aluminum metal remain adequate to 
satisfy demand well into the future. The case is not quite as compel- 
ling for nonmetallu rgical grades of bauxite, which normally must 
meet very rigorous quality re quirements and are sup plied from a 
markedly smaller number of worldwide sources. Even so, preclud- 
ing any major disruptions within the small number of curren t pro- 
ducer nations, adequate reserves of nonmetallurgical-grade bauxite 
are a vailable to — satisfy pro bable fut ure w orldwide ind ustrial 
demand (Table 2). 

The annual world “in place” nonmetallurgical-grade bauxite 
mine production capacity at the end of 2 003 was estimated at 
approximately 8.1 Mt, about 5% of the esti mated total w orldwide 
crude bauxite production capacity (Table 3). 

Table 4 lists the princi pal nonmet allurgical-grade ba uxite 
producers of the world for 2003. 


GEOLOGY 


Aluminum is the earth’s most abundant metallic element, making 
up approximately 8% of the planet’s crust; it is present in virtually 
every common rock type. Consequently, the derivation of bauxite is 
extremely variable and includes a wide variety of source rocks. It is 
principally a weathering product formed as residual deposits at or 
near the earth’ s surf ace under tr opical or sub tropical we athering 
conditions. As such, bauxite is classified as a specific type of later- 
ite, a highly weathered residual subsoil or material rich in second- 
ary oxides of iron, aluminum, or both, nearly devoid of primary 
silicates, and commonly containing quartz and kaolin. The forma- 
tion of laterite is the direct result of intense chemical weathering, or 
degradation, of preexisting rock units. When this weathered rock is 
enriched in iron oxides and hydroxides, it is termed ferruginous lat- 
erite. If, however, it is enriched in alu minum hydroxides, such as 
gibbsite, boehmite, or diaspore, it is termed bauxite. As might be 
expected, there is commonly a complete compositional continuum 
of these weather ing products extending from ferruginous laterite, 
through aluminous laterite and bauxitic laterite to bauxite, depend- 
ing on the amount of aluminum versus iron enrichment. 


Table 2. World bauxite resources, January 2004, Mf 





Reservest Reserve Baset 

Australia 4,400 8,700 
Brazil 1,900 2,500 
China 700 2,300 
Guinea 7,400 8,600 
Guyana 700 900 
India 770 1,400 
Jamaica 2,000 2,500 
Russia 200 250 
Suriname 580 600 
Venezuela 320 350 
Other countries 4,300 5,000 

World total* 23,000 33,000 





Source: USGS 2004. 
* Total world resources: Bauxite resources are estimated to be 55 to 
75 billion t, located in South America (33%), Africa (27%), Asia (17%), 
Oceania (13%), and elsewhere (10%). 
t USGS resource/reserve definition. 
+ Data may not add to totals shown because of independent rounding. 


In the weathering process, aluminum is retained in aluminum 
hydroxide minerals while other constituents are leached from the 
parent rock. Through out geologic time, conditions favorable for 
formation of b auxite existed in areas and geological periods that 
provided warm, wet climates with alternating wet and dry periods; 
aluminous parent rocks with high permeability and readily soluble 
minerals; good subsurface draina ge; and long per iods of tectonic 
stability which permitted deep weathering and preservation of 
residual land surfaces. 

Bauxite has formed intermittently throughout most o f geo- 
logic history, from the Precambrian to the present. This “bauxitiza- 
tion” process, and the preservation of its products, appears to have 
been more intense during certain periods than others and more than 
three-fourths of the world’s bauxite resources occur in geologically 
young deposits. Moreo ver, most of these occurr ences started to 
form in the late Tertiary or earlier, and continued to be enriched in 
aluminum throughout the Quaternary, with the conditions for their 
formation even persisting to the present. Throughout the Tertiary, 
conditions were particularly favorable for widespre ad later ization 
and the formation of many large, high-grade bauxite deposits. The 
deposits from this time tend to be predominately of gibbsitic com- 
position with minor amounts of boehmite. During the Mesozoic, 
bauxite developed extensively on carbonate rocks in karst terrain 
predominately with boe hmite and | ocally im portant d iaspore, as 
well as minor gibbsite. P aleozoic bauxite de posits, mainly in the 
Devonian and Car boniferous periods, are more restricted and 
chiefly contain diaspore and boehmite minerals. A broad time rela- 
tionship has been recognized with boehmite and diaspore tending to 
be more abundant in older bauxite deposits and gibbsite more dom- 
inant in the younger deposits. Commonly, diaspore is found to be 
far more abundant in Paleozoic bauxite than in more recent depos- 
its, boehmite dominates in Mesozoic bauxite deposits, and gibbsite 
is the key mineral in Cenozoic deposits. 


Mineralogy and Physical Properties 

Although bauxite deposits contain a wide variety of minerals, most 
of the nonmetallurgical bauxite ores consist almost en tirely of the 
aluminum hydroxide minerals, g ibbsite, boehmite, and diaspore 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


230 Industrial Minerals and Rocks 





Table 3. Worldwide summary of metallurgical- and nonmetallurgical-grade bauxite mines (2003) 


Total Year-End Metallurgical-Grade 


Total Year-End Nonmetallurgical-Grade 








Region and Country Number of Mining Operations Capacity, ktpy Capacity, ktpy 
North America and Caribbean 
United States ] 500° 
Jamaica 5 13,400 
South America 
Brazil gt 13,500 390 
Guyana 3t 1,300 275 
Suriname 2 4,700 
Venezuela ] 5,000 
Europe and Central Eurasia 
Albania at o# 
Azerbaijan§ ] 170 
Bosnia and Herzegovina at ot 10 
Croatia at o# 10 
France 2 200 
Greece 5t 2,000 515 
Hungary 2 1,000 
Italy 250 
Kazakhstan 2 4,400 
Romania \t of 
Russia 5 4,000 100 
Serbia and Montenegro 630 
Turkey 300 
Africa 
Ghana 500 200 
Guinea 3 15,800 100 
Mozambique 9 
Sierra Leone \t oF 
Asia 
China 20-50t** 8,500 3,500 
India 12 8,500 1,500 
Indonesia ] 1,300 
Iran ] 400 
Malaysia ] AO 
Pakistan ] 8 
Oceania 
Australia 6 54,500 50 
139,9001t 8,107 





* Bauxitic clay mining operation. 
ft Includes idled mining operations. 
t Temporarily idled capacity. 


§ Includes mining operations producing materials that substitute for metallurgical-grade bauxite. 


** Includes numerous small-scale nonmetallurgical mining operations. 
tt Bauxite and bauxite equivalents. 


(Table 1). Mixtur es of gibbsit e and boeh mite are common in al | 
types of bauxite, boehmite and diaspore less common, and gibbsite 
and diaspore rare. In this re gard, some high-grade refractory baux- 
ite consists solely of gibbsite with minor amounts of __ kaolin 

[Al2Siz05(OH)4]. The common impurities found in both metallur- 

gical and nonmetallurgical bauxite are aluminosilicate (clays, etc.), 
quartz (SiO), hematite (Fe2O3), goethite [FeO(OH)], rutile (TiO2), 
and anatase (TiO2). The most common high-alumina clay minerals 
associated with bauxite are the kaolin group of minerals; however, 
illite and chlorite occur in small amounts in some deposits. Hema- 
tite and g oethite are the most abundant iron impurities in man y 


bauxites and the principal reason f or the red and brown colors that 
are characteristic of countless bauxite deposits. They often occur as 
nodules, as concretions, and asf inely disseminated fo rms inter- 
grown with aluminous minerals. Aluminum substitution for iron in 
goethite r esults in the formati on of aluminous goethite that is 
known to occur in various bauxite deposits, especially in Jamaica 
and Suriname. In fact, the amount of alumina present in the form of 
aluminum sub stitution within goethitecan reach su bstantial 
amounts, as much as 5%—7% in Jamaican ores and 9%—25% in var- 
ious Surinamese deposits. Magnetite [(Fe, Mg)Fe2O,4] and ilmenite 
(FeTiO3), also occur in some bauxites, particularly those that are 
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Table 4. Principal nonmetallurgical-grade bauxite producers (2003) 











Estimated Total 
Year-End 
Nonmetallurgical- 
Grade Capacity, Type of 
Region and Country Company Mine Location ktpy Nonmetallurgical-Grade Bauxite 
North America 
United States C-E Minerals/Imerys Group Andersonville, Georgia 500 Refractory bauxitic clay/refractory grog 
South America 
Brazil Cia Brasileira de Bauxita Paragominas, Para 20 Refractory and abrasive 
Mineracao Curimbaba Ltda. Pocos de Caldas, Minas Gerais 225 Abrasive, chemical, proppant, sintered 
product, and slag adjuster 
MSL Minerais S.A. Caracuru, Para 145° Refractory, abrasive, and chemical 
Guyana Berbice Mining Enterprise Ltd. (Bermine)/ Berbice—Kwakwani/Aroaima 175 Chemical and cement, refractory and 
Aroaima Mining Co. abrasive capacity idled 
Linden Mining Enterprise Ltd. Linden—Mackenzie/Kara 100 Refractory, abrasive, chemical, and 
(Linmine)/Omai Bauxite Co. cement 
Europe 
Bosnia and Herzegovina _Energoinvest Jajce and Bosanska Krupa 1ot Cement 
Croatia Istrian Bauxite Mines Rovinj, Istrian Peninsula 1ot Cement 
France Mines et Minerais du Languedoc/Garrot Bédarieux area, Hérault 80 Cement (reprocessed bauxite mine 
Chaillac S.A. waste dump material) 
Sodicapei Villeveyrac, Hérault 120 Cement 
Greece Hellenic Mining Enterprises S.A. Ghiona and Oeta mountains— 215 Abrasive, cement, and slag adjuster 
(Elmin S.A.) Lamia area 
Silver & Baryte Ores Mining Co. S.A. Ghiona and Parnasse mountains 300 Cement, abrasive, and slag adjuster 
ltaly Sardabauxiti SpA Olmedo, Sardinia 250 Cement, abrasive, and slag adjuster 
Russia Severnaya Onega South of Archangelsk 100 Refractory: 5-20 ktpy 
Cement: 20-100 ktpy 
Africa 
Ghana Ghana Bauxite Co. Ltd. Awaso/Sefwi Bekwai 200 Chemical grade—Variable output, 
depends on demand 
Guinea Compagnie des Bauxites de Guinée Sangaredi, Bidikoum, and Silidara 60-100+ Abrasive 
Mozambique E.C. Meikle Plc of Zimbabwe Alumen and Morondo 9 Chemical 
Asia 
China Dengfeng Clay Mine Dengfeng, Henan 40 Calcined produc 
Gongyi Refractories Gongyi, Henan 40 Calcined produc 
Guiyang Refractories Guiyang, Guizhou 80** Calcined produc 
Guiyang Shawen Yindu Cement Guiyang, Guizhou AO Calcined produc 
Guizhou Star Minerals (C-E Minerals j-v) | Guiyang, Guizhou 100 Calcined produc 
Henan Bo’‘ai Refractories Bo’ai, Henan 100** Calcined produc 
Henan Mianchi CalBaux Mianchi, Henan 60** Calcined produc 
Henan Mines & Refractories Zhengshou, Henan 200** Calcined produc 
Jie Xiu Bauxite Plant Jie Xiu, Shanxi 35 Calcined produc 
Jiaozuo Xizhangzhuang Clay Jiaozuo, Henan 20 Calcined produc 
Nanchaun Minerals Group Co. Ltd. Nanchaun, Chongqing 150 Calcined product—Abrasive 
Qinyang Mines Qinyang, Henan 20 Calcined produc 
Shandong Boshan Bauxite Zibo, Shandong 20 Calcined produc 
Shandong Hongshan Bauxite Zibo, Shandong 46 Calcined produc 
Shandong Wangcun Bauxite Zibo, Shandong 100 Calcined produc 
Shanxi Yangquan Bauxite Yangquan, Shanxi 220°* Calcined produc 
Shanxi Yangquan Refractories Yangquan, Shanxi 300** Calcined produc 
Xiaoyi Bauxite Plant Xiaoyi, Shanxi 30-40 Calcined produc 
Yuci Yuci, Shanxi <30 Calcined produc 
India Ashapura MineChem Ltd. Raigad (Western Ghats), 500 Cement, chemical, and abrasive 
Maharashtra; Kutch and Jamnagar, 
Gujarat 
Gujarat Minerals Kutch and Saurashtra, Gujarat 500 Abrasive, chemical, refractory, and 
cement 
Saurashtra Calcine Bauxite (SCABAL) Western Ghats and Gujarat 500 Calcined and green product 
Malaysia Johore Mining & Stevedoring Co. Pengerang, Johore 40 Cement, refractory, and chemical 
Pakistan Black Mountain Minerals Manshera 8 Specialty product 
Oceania 
Australia Comalco Weipa, Queensland 200 Abrasive and slag adjuster 
Alcan Gove PTY Ltd. Gove, Northern Territory 300 Abrasive and cement 





Note: j-v = Joint-venture compa 
* Closure planned by end of 
t Temporarily idled capacity. 


ny. 
2003. 


t Abrasive-grade bauxite production discontinued at the end of 2001. 
§ Numerous small-scale bauxite mining operations are not listed. 
** Possible partial or total closure. 
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derived from mafic igneous rocks. The titanium minerals found in 
bauxite include the primary minerals ilmenite or rutile and titanifer- 
ous magnetite, and the secondary minerals anatase and leucox ene 
(TiO) formed during weathering. Titaniferous hematite and sphene 
(CaTiSiOs) have also been noted in some bauxite deposits (Patter- 
son et al. 1986). 

To be technically correct, it mu st be noted that the aluminum 
hydroxide minerals present in ba uxite are true hydroxides and do 
not contain w ater of hydration, as frequently r eferred to in some 
older publications. Nevertheless, the commercial terms trihydrate 
and monohydrate are commonly used by industry to differentiate 
various types of bauxite (T able 1). Bauxite that is totally or nearly 
all gib bsite bearing is calleda_ trihydrate ore; if boeh mite or 
diaspore or mixtures of both are the dominant minerals, the bauxite 
is typically referred to as a monohydrate ore. If substantial amounts 
of both gibbsite and boehmite are present, the bauxite is commonly 
termed a “mixed ore” (Shaffer 1983). 

Bauxite occurs in many different forms, and its physical 
properties, stru cture, and te xture v ary mark edly between and 
within deposits. It may occur as botryoidal, brecciated, claye y, 
earthy, f ine-grained to massive, nodular, platy , pisoliti c or 
coarsely ooli tic, saccharoidal, v ermicular, or even v esicular 
forms. Additionally, the color of bauxite ranges widely, with the 
most common ones being shades of red and brown. In terms of 
other p hysical pr operties, the in-situ specif ic gra vity of most 
bauxite is normal ly between 1.5—2.4, b ut some types ha ve been 
found to be ash igh as 3.7 . This wide ran ge is principally t he 
result of variations in porosity, amounts of iron-bearing minerals 
present, and types of bauxite minerals in the ore (Shaffer 1983; 
Patterson et al. 19 86). With regard to hardness, diaspore usually 
has a greater hardness than either gibbsite or boehmite because of 
its tightly bonded and denser atomic structure. 


Classification of Deposits 


Bauxite deposits occur in an extremely wide variety of geologic cir- 
cumstances and physic al shape s; consequently, man y classif ica- 
tions have been proposed by geologists to describe the occurrence 
of bauxite. Bauxite deposits have been variously classified accord- 
ing to their chemical composition, geologic origin, mineral compo- 
sition, texture, topog raphic pos ition, underly ing rock type, and 
mode of occurrence. Each of these classification schemes and sev- 
eral others that have been proposed based on other attributes have 
all added to the general knowledge of the world’s bauxite deposits, 
and each has its o wn merits. The geology of bauxite deposits has 
been treated at great length by three excellent works to which read- 
ers are referred: Bardossy 1982; Bdardossy and Ale va 1990; and 
Patterson et al. 1986. 

A widely applied method of classification is to assign all baux- 
ite to either karst or lateritic type s or, as modi fied, to carbonate and 
silicate deposit types. Yet another classification system, which has 
also recei ved wide acceptance, is based ont he shapes a nd occur- 
rences of bauxite deposits. A modification of this latter classification 
organizes the varied kinds of bauxite dep osits into blanket, pocket, 
interlayered, and transported (detrital) deposit types (Figure 2). 

Blanket deposits of bauxite and aluminous laterite occur at or 
near the earth’s surface and consist of flat or nearly flat-lying layers 
of v ariable thickness and wi de laterale xtent (Figure 2A, B, C). 
Thickness may vary from 1 m or less to 40 m in special instances, 
although 4-6 m is the average. Laterally the layers may extend over 
an area covering many kilometers. The majority of these deposits are 
residual, ha ving fo rmed from underlying alum inosilicate-bearing 
rocks of varying types, and only avery few contain transported 
material. Overburden on these deposits may be absent or extend up 


to 10 m in thickness. Large blanket deposits are known to occur in 
Australia, India, South America, and West Africa. 

Pocket deposits occur principally as infillings of karst depres- 
sions formed on limestone and dolomi te, but some are associ ated 
with other rock types (Figure 2 D, E). They vary greatly in shape and 
volume. The size of these pocket deposit depressions may range in 
depth from less than 1.0 m to greater than 30 m. In some cases, the 
bauxite-filled dep ressions occur asi solated, i ndependent bo dies, 
while at other locations the depressions coalesce and contain lar ge 
and e xtensive amoun ts of b auxite. They occur on the Car ibbean 
Islands of Jamaica and Hispaniola, as well as across southern Europe. 

Interlayered bauxite deposits occur as discontinuous beds and 
lenses interstratified in sedimentary or volcanic rocks, and in some 
cases, along the contact between igneous or metamorphic rocks and 
overlying younger units (Figure 2E, F). They normally formed at a 
weathering surface as one of the other types of bauxite deposits and 
subsequently were buried. Thus, they are mainly remnants of ol d 
residual blanket deposits that were co vered by youn ger rocks, but 
they may also include transported bauxite that has been enclosed by 
sedimentary rocks. Interlayered bauxite deposits have been found 
in Brazil, China, Guyana, Russia, Suriname, the United States, and 
southern Europe. 

Detrital ba uxite deposit s result from the ac cumulation and 
preservation of transported bauxi te that has erod ed from other 
deposits (Figure 2F). Examples of this type of deposit were kno wn 
to occur in the now depleted bauxite mining areas of central Arkan- 
sas. Detrital deposits that overlie eroded aluminosilicate rocks have 
been termed Tikhvin-type deposits, named after a type locality in 
Russia, and are found at localities scattered throughout Eurasia and 
northern China. 


Major Bauxite Provinces of the World 


The major bauxite deposits of the world may be grouped into a series 
of provinces that are iden tified in the following sections and are 
shown in Figure 3. 

As noted, bauxite is common ly divided or classif ied on its 
mode of occurrence and parent ro ck, as karst bauxite (dep osits 
overlying weathered carbonate rocks) and lateritic bauxite (deposits 
derived from underlying aluminosilicate rocks). The first four prov- 
inces presen ted in this listing contain pr edominantly kar st-type 
deposits, with the remaining four containing principally lateritic- 
type depo sits. The areal extent and distribution of these bauxite 
provinces is as follows. 


Caribbean Province 


This province extends from Jamaica through Haiti and the Domini- 
can Republic to Puer to Rico. The kno wn deposits occur mainly as 
infillings in steep-walled depressions formed by the coalescence of 
typically uniform, vertical, cylindrical pipes that are located along 
intersecting faults in the limestone bedrock. Postdepositional fault- 
ing and erosion have resulted in the subsequent transport and depo- 
sition of th e bauxite to fo rm lar ger deposits. Metallur gical-grade 
bauxite is the principal bauxite produced from this province. 

In Jamaica, the deposits fill sinkholes and channels and blanket 
uneven depressions in the karst surface of middle Tertiary age lime- 
stone. Individual ore bodies range from pockets containing a fe w 
hundred metric tons of bauxite to basins containing millions of met- 
ric tons. The soil o verburden is only about 0.3—0.6 m thick. Jamai- 
can bauxite in the plateau area is largely gibbsitic, with less than 3% 
boehmite. In contrast, the bauxite in the downfaulted blocks con- 
tains up to 20% boehmite, and alu minous goethite is the pr incipal 
iron mineral. Ore grade is 45%-49 % Al 203, 0.8 %-8.0% SiOz, 
17%-22% Fe203, and 2.5% TiO. Particle size varies from less than 
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Adapted from Patterson et al. 1986. 
Figure 2. Typical occurrences of bauxite 


1 to 40 pm. The bauxite deposits of the Dominican Republic and 
Haiti are similar in age, genesis, and grade, and are identif iedas 
“Jamaican-type” or terra rossa bauxite, occurring as concentrations 
of soft, earthy material in karst depressions (Figure 2D). 


Mediterranean Province 


This province extends from Turkey through Greece, Albania, Ser- 
bia and Montene gro, Bosnia and Herzegovina, Croatia, Hung ary, 
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F. Blanket and interlayered-detrital deposits, 
Arkansas, United States 


Italy, and into France, with smaller associated deposits in Spain and 
Austria. The principal ore mine ral is boehmite, although afew 
bauxite deposits contain a mixture of both boehmite and gibbsite— 
in an even smaller number, gibbsite is predominant (Hungary), and 
in others, significant amounts of diaspore are present (Turkey). This 
is the bauxite province in which bauxite mining and processing was 
first developed and put into produc tion, and where bauxite is still 
mined by underground methods. 
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Figure 3. Major bauxite provinces 


Many of t he European deposits are associated with poc kets 
and depressions in the karst weat hering surface of Mesozoic car- 
bonate beds that h ave been buried, folded, and faulted subsequent 
to the development of the bauxite (Figure 2E). 


Central Urals—Kazakhstan Province 


This pro vince includes subsidiary occurrences in the T ikhvin area 
near Boksitogorsk, east of St. Petersburg on the northwestern margin 
of the Moscow Basin, and also areas in Ukraine. Deposits vary from 
bauxite horizons grading into bauxitic clay, and finally clay intoa 
series of bauxite horizons in clay. The deposits in the Ural Mountains 
are mainly karst-type bauxites. The mineralogy varies from predomi- 
nantly gibbsite in many areas of Kazakhstan to predominantly boeh- 
mite in the Urals. Much of the bauxite from this pro vince is a high 
silica variety and low grade in comparison with ores from other parts 
of the world. The depo sits in the T ikhvin district, the Urals, and 
Ukraine are relatively lower in silica content. Most of the mining i n 
the Urals region is by underground methods, but open -pit mining 
methods are used in Kazakhstan and elsewhere. 


China Province 


This province extends from the Benxi-Fuxian re gion in Liaoning 
Province in northern China southwestward to Guang xi in southern 
China, and then into Vietnam. Most of the deposits occur in Car- 
boniferous and Permian sedimentar y rocks and consist chiefly of 
monohydrate-type bauxite, mainly diaspore, with signif icant 
amounts of boehmite, particularly in Guizhou Province and V iet- 
nam. Virtually all the Chinese deposits either contain or are closely 
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associated wi th ka olinitic flint clay, which me ans that they have 
high re active si lica (aluminosilicate) le vels. In f act, c ommercial 
definitions of what is actually termed bauxite differ between China 
and the rest of the world, with Chinese diasporic high-alumina clay 
being classified as “equi valent” to bauxite. China is noted for its 
nonmetallurgical-grade bauxite production, whichis centered in 
Guizhou, Henan, Shandong, and Shanxi provinces. 


African Province 


This pro vince comprises the Guinea an d Camer oon shields. The 

Guinea Shield a rea extends from Guine a-Bissau to Gha na and 

northward into B urkina Faso and Mali. Deposits are part of an 
extensive area of | aterization associated with Precambrian igneous 
basement terrain, and include a boehmite content of as much as 
15%. The Cameroon Shield contains deposits de veloped on the 
extensively laterized terrain in this central African shield area. The 
continuation of this province extends southeastward from the South 
Atlantic co ast across south-cent ral Africa and b eyond to Mala wi 
and Mozambique. 

In Guinea, the reported bauxite reserves are the largest known 
for any country in the world (Table 2) and mining is currently con- 
ducted inthe Fria, Kindia, and Sa ngaredi districts. At the Fria 
deposit, the bauxite is composed of red gibbsitic earth with hard 
concretions, lumps, and crusts. Gibbsite is the principal bau xite 
mineral. The ore horizon is ab out 8-12 m thick and co vered by a 
thin soil th at is 0.1-0.2m_ thick. Typical ore grade is 48% total 
AlyO3, 21% Fe 203, and 2 .5% SiOz, of which about 30% is very 
fine-grained quartz. 
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The Débélé deposit near Kindia is generally 6-8 m thick with 
a thin soil cover of between 0.3 and 0.5 m. Gibbsite is the principal 
ore mineral in the Kindia district. Typically, Débélé ore averages 
48% Al203 and 1%—-3% SiOd. 

The large bauxite deposits of th e Sangaredi district occur as 
lateritic caps on inland plateaus at ele vations of about 275 m or 
more above sea level. The deposits ha ve been dissected by stream 
drainage systems. Most of the ba uxite is believed to ha ve formed 
through weathering o f De vonian or po st-Devonian schists and 
sandstones. The thickness of the Sangaredi deposit averages more 
than 20 m and, before mining, exceeded 40 m in some locations. 
Overburden, whe re prese nt, consi sts of thin topsoil. Typical ore 
contains 57%-—60% Al203, less than 1% SiO 2, and 2%—-4% Fe 203. 
When mining commenced in 1973, this was the richest single baux- 
ite deposit known to exist anywhere in the world. The upper zone of 
the Sangaredi deposit con tained only a few percent boehmite, b ut 
mining has no w progressed to lower benches where the monohy- 
drate content has incr eased to almost 10%. To extend the overall 
life of the mining project, op erations have been e xpanded to the 
adjacent Bidikoum and Silidara ore bodies. 

There are anumber of lar ge bauxite deposits known to b e 
present in central Guin ea, which remain unde veloped because of 
access and infrastructure issues. Extensive deposits occ ur in t he 
Dabola and T ougué districts with ba uxites that repo rtedly contain 
47%-52% Al203 and 3%-4% SiO». 


South Asia—Australian Province 


This province consists of the Australian, Indian, and Sou theast 
Asian subprovinces, described in the following paragraphs. 

The Australian Subprovince includes Australia’s major baux- 
ite deposits of the Darling Range, Gove Peninsula, Mitchell Plateau, 
and Ca pe York Peninsula. These contain both in situ and tran s- 
ported materials that were deeply weathered during Cretaceous and 
Miocene times. The mineralogy is dominated by gibbsite, but a sig- 
nificant amount of boehmite is present. 

The bauxite deposits of the Darling Range in Western Austra- 
lia occur as a residual capping on Precambrian granite, gneiss, and 
intrusive crystalline rocks. They occur ina belt approximately 
350 km long and 60 km wide located about 30 km inland and parallel 
to Australia’s western coastline. A loose blanket of soil (0.3-0.6 m 
thick) mixed with loose pisolites covers the deposits. The upper por- 
tion of the ore is characterized by a ferruginous hardcap about 1.5 m 
in maximum thickness. The bauxite zone has an a verage thickness 
of about 4 m, but locally may be more than 12 m thick. The ore is 
characterized by a low alumina and high quartz-sand content; how- 
ever, the reactive silica is typically less than 2%. General composi- 
tion is 38%—46% A103, 10% —23% SiOz, 11 %-16% Fe2O3, and 
about 4% TiOo. 

The Gove deposits in the Northern Territory are large lateritic- 
type bauxite deposits that underlie remnants of an un dulating pla- 
teau of laterized sediments. Most deposits in the district are 3-4 m 
thick, but may range up to 10 m. The bauxite consists chiefly of 
gibbsite, but some boehmite is pr _esent, es pecially at shal low 
depths. Silica contents are low and occur mainly in kaolinite. A typ- 
ical section of baux ite exposed by mining operations has 2 m of 
overburden, below which is 3 m of loose pisolitic bauxite, 1.5 m of 
cemented pisolitic bauxite, 1 m o f tubular bauxite, and 5 m of fer- 
ruginous and siliceous _ barren laterite. The pi solites are usually 
about 5 mm in diameter . The nor mal grade for Go ve bauxite is 
reported as 48.7% Al203, 3.6% reactive silica, and 17% Fe203 
(Shaffer 1983). 

The major Weipa deposits in Que ensland, Australia, occur in 
the upper portion of a flat lying to gently undu lating laterite that 


extends for more than 160 km along the western coastline of the 
Cape York Peninsula. Th e bauxite ranges in thickness froma few 
meters to nearly 10 m and is covered by a 0.3—1.0 m soil overburden 
(Figure 2A). Average ore thickness is about 4 m. The upper portion 
of the bauxite deposits contains spherical pisolites, which occur in a 
loose, reddish bro wn, silty sand matrix. The pisolites are normally 
1-20 mm in diameter. Below the pisolitic bauxite there is a marked 
change to a zone of nodules and concretions usually high in iron and 
silica. The ore is am ixture of gibbsite and boehmite. The deposits 
are associated with underlying Tertiary kaolinitic sands, from which 
they were probably derived. The grade of the beneficiated bauxite is 
53%-58% Al203, 4%-7% SiOz, and 12% Fe203. 

Other significant Australian bauxite deposits are the extensive 
and undeveloped deposits of the Mitchell Plateau and nearby Cape 
Bougainville in the Kimberley region of Western Australia. 

The Indian Sub province includes the deposits of India in 
Andhra Pradesh, Bihar, Karnataka, Kerala, Madhya Pradesh, Maha- 
rashtra, Orissa, and t he western state of Guja rat. Smaller deposits 
occur in Jammu and Kashmir _, with additional occurrences in 
nearby Pakistan. Deposits are usu ally of the blank et type (Figure 
2B) and are part of a widely de veloped lateritic terrain. Gi bbsite 
dominates in this subprovince. 

The Southeast Asian Subprovince includes the bauxite depos- 
its in Malaysia and Indonesia. Gibbsite dominates, with goethite 
and some clay minerals being the principal impurities. Both in situ 
and transported bauxite are present, the latter associated with sedi- 
ments fringing nepheline syenite intrusions. 


North American Province 


This province consists of the Arkansas region and the Appalachian 
Valley and Ridge province, plus the Coastal Plain re gion of the 
southeastern United States. These deposits are generally gibbsitic 
in nature. It should be noted here that the United States is no longer 
a major producer of bauxite, and, in recent times, domestic mines 
have supplied less than 1% of the U.S. requirement for bauxite. The 
only active bauxite mines remaining in the United States are sur- 
face operations in the southeastern United States that produce baux- 
itic materials, a natural mixture of bauxitic clay and bauxite with a 
very low iron oxide content, used primarily for the production of 
alumina calcines. 


South American Province 


This pro vince inc ludes the bauxite deposits associated with the 
Atlantic Shield, the Central Brazilian Shield, the Guiana Shield, and 
the recent sediments of the Amazon synclinal basin. This pro vince 
extends from Co lombia through Venezuela, Guyan a, Su riname, 
and French Guiana into Brazil. Throughout this province, lateriza- 
tion developed on the extensive erosion surface that overlies Pre- 
cambrian basement rocks. The province contains major reserves of 
nonmetallurgical bauxite. 

Bauxite deposits in Guy ana and Surinam eare scat tered 
throughout a narro w belt extending along the con tact between the 
Precambrian crystalline rocks of the Guiana Shield and the sedimen- 
tary beds of Tertiary or later age that form the Atlantic Ocean coastal 
plain, an area roughly paralleling the coastline and ranging from 24 
to 110 km. These deposits usually rest on kaolinitic clay and range 
from exposed outcrops to ore bodies overlain by as much as 60 m of 
sand and clay, although the average overburden is about 20 m. Other 
deposits of bauxite and laterite occur in these countries at higher ele- 
vations on hill and plateau tops south of the coastal belt. The princi- 
pal alumina mineral is gibbsite and the ore is high grade; typically 
55%-60% Al 203, 2 %—-5% SiO 2, and less than 3% Fe 03. Both 
countries h ave beene xporters of ab rasive- and refractory-grade 
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bauxite, with Guyana known throughout the world as a premier pro- 
ducer of nonmetallurgical-grade bauxite. 

In the large blanket deposits scattered throughout the Amazon 
Basin of northern Brazil, bauxite occurs as a residu al capping on 
dissected plateaus a few hundred meters above the Amazon or other 
nearby rivers. The ore in the se deposits has normally developed as 
two distinct horizons on un consolidated Tertiary sediments and is 
usually covered by 4-10 m of yello w plastic clay. The upper zon e 
consists of a layer up to 1.5 m thick of nodular gibbsitic bauxite that 
is rich in iron oxide an d underlain by a similar thickness of hard, 
blocky, ferruginous, and siliceous concretions in clay or ferrug 1- 
nous laterite. The lo wer ore zone c onsists of a 1- to 7-m layer of 
hard, massive bauxite with clay seams and an un derlying mottled 
kaolin clay. Ore thickness a verages about 5 m. The approximate 
grade after washing is 55% Al2O3, 3.5% SiOo, and 11% Fe203. The 
bauxite in northern Brazil and Venezuela is of the gibbsitic type and 
contains only minor amounts of boe _hmite. In ad dition, several 
small- to medium-siz e deposits of nonmetallu rgical-grade bauxite 
are known to occur in the Almeirim district of the 1 ower Amazon 
Basin, Brazil. 

The bauxite occurrences described in these eight broad geo- 
graphical provinces hold most of the known bauxite reserves of the 
world, but there are minor areas outside of these regions that con- 
tain other, less significant, bauxite deposits. 


TECHNOLOGY 


The exploration and de velopment of non metallurgical-grade baux- 
ite deposits generally involves the same basic techniques as those 
employed for metallurgical-grade deposits. 


Exploration and Evaluation Techniques 


In the se arch fo r baux ite, the exploration geologist primarily 
focuses on areas where geological evidence indicates that condi- 
tions were favorable atone time for the f ormation o f laterite. 
Regions where the paleoclimate was tropical in the geological past 
are deemed prime target areas because, as previously stated, laterite 
and bauxite are believed to ha ve formed under similar tropical or 
subtropical weathering conditions. In these tropical a reas, la nd- 
forms that have re mained te ctonically stable and ha ve been pre- 
served from erosional destruction are considered to be v ery good 
bauxite exploration tar gets. Such weathered lan dforms or erosion 
remnants include mesas, plateaus, peneplains, base-leveled areas, 
gently rolling areas, or gradual slopes—all of which h ave or d id 
have adequate drainage top romote the f ormation of bauxite 
(Schellmann 1975; Shaffer 1975, 1983). 

The first stage of planning a bauxite exploration program usu- 
ally entails a thorough study of the regional geology, physiography, 
and an y pre vious reports o n exploration or mining operations 
within the are a of interest. The initial re gional appraisal shou Id 
include a re view of topo graphic maps (rarely available for remote 
tropical areas), aerial photographs, satellite imagery, and mosaics 
prepared fro m airborne side- looking radar (SLR) surveys. In th e 
Amazon Basin of Brazil, where extensive cloud co ver and dense 
rain forest canopy masks the underlying land surface, SLR methods 
have proven effective in revealing the hidden topography. In some 
cases, geobotanical techniques using true- or false-color air photos 
and satellite images have be en used to identify vegetation t ypes 
associated with alum inous laterites ( Henderson, Penf ield, and 
Grubbs 1984). 

After specific target areas have been defined, reconnaissance 
by helicopter or fixed-wing aircraft can provide valuable accessi- 
bility and logistical support information. Surface prospecting for 
float samples in ri ver drainage systems has long beena_ reliable 


guide in the disco very of bauxite deposits. Furthermore, vertical 
channel sampling of indurated an d resistant outcrops exposed in 
stream valleys can often furnish the first positive identification of 
the presence of bauxite in an exploration area. Detailed evaluation 
and development require drilling, pitting, or trenching to provide 
samples for chemical analysis. Accurately recovering those sam- 
ples, however, can be a major problem because of the widely vari- 
able physical nature of bauxite ores. _ Drilling equipment 
appropriate for drilling the soft terra rossa—type bauxites of the 
Caribbean area is completely unsuited for testing the hard massive 
diaspore deposits of China or Turkey. To overcome this problem, a 
wide v ariety of t est p itting a nd dri Iling te chniques ha ve been 
employed to evaluate bauxite deposits. The drilling methods have 
included various percussion and rotary drilling systems, such as 
churn or cable-too | drills, rotary auger drills, rotary core drills 
with diamond or tungsten carbide bits using air or water to lift the 
cuttings, and reverse circulation or vacuum rotary drills. Detailed 
surface mapping and topographic surveying are essential to docu- 
ment drill-collar and test-pit locations and elevations. In the case 
of nonmetallur gical bauxite tar gets, development drilling is usu- 
ally more closely spaced in order to facilitate selective mining of 
this high-quality material. 

It is difficult, if not impossible, to visually identify the miner- 
als present in bauxite because of their extremely fine particle size. 
Consequently, sophisticated laboratory techniques are required for 
their qualitative and quantitative analyses. As a result, exploration 
and development samples are usually shipped to well-equipped lab- 
oratories for detailed analysis. Before the early 1970s, exploration 
samples were analyzed for ir on oxide, silica, titania, and lo ss on 
ignition (LOD, and th e alumina content was mathematically esti - 
mated by difference. This information was supplemented by ana- 
lyzing composite samples for mi nor consti tuents. The m ost 
significant deter minations for bauxite are its alumina and silica 
contents. The available or e xtractable alumina and reactive silica 
were determined by laboratory bomb (autoclave) digestion tests for 
metallurgical-grade bauxite. The experience from the se tests pro- 
vided the background for evaluating and predicting the behavior of 
a particular bauxite in a specific Bayer process refining plant. Both 
total alumina and available alumina (alumina reco verable by low- 
and high-temperature Bayer processes) were normally determined. 
In addition to t otal silica, it was important to analyze for re active 
silica be cause the latter combines with alumina and soda in the 
Bayer process to form insoluble sodium aluminum silicates that are 
lost as red mud in an alumina plant’s waste stream. 

The current availability of x-ray diffraction and x-ray fluores- 
cence spectroscopy eq uipment with integrated computer systems 
now permit the rapid qual itative and quantitative determination of 
the mineral ogy and chemical com position of asample , which 
serve as the basis for the determination of a bauxite’s Bayer plant 
processing characteristics. 

The det ermination of the suita bility or v alue of a parti cular 
bauxite to produce sme Iter-grade or spec ialty alumina basic ally 
depends on the amount of bauxite, caustic soda (NaOH), and energy 
consumed to produce | t of alumina. As previously indicated, this is 
principally controlled by the amount of available alumina and reac- 
tive silica present in the bauxite. Reactive silica contents of more 
than 8% are usually uneconomic for treatment by the normal Bayer 
process because approximately 1.1 units (weight unit) of alumina 
and 1.2 units of soda are lost for each unit of reactive silica in the ore 
(McCawley and Baumgardner 1985). The “average bau xite usage 
rate” and the “average caustic soda usage rate” are parameters devel- 
oped by the alumina industry to assess the feasibility of employing a 
specific ore for use as a_metallurgical-grade bauxite/Bayer refinery 
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Table 5. Ideal characteristics for metallurgical-grade bauxite (Bayer plant feed) 


Ideal Grade Characteristic 


Impact if Inadequate 





Low “reactive silica” (>1.5%-<3.0%) (kaolinite) 


High extractable alumina (>49%) 
Low organic carbon 


Low boehmite (<3%) 


Low goethite (tolerable in a high-temperature plant 
or with high hematite) 


Low moisture (can create dust nuisance if too low) 
Iron content (ideally >5%-< 15%) 
Low quartz 


Low impurities and trace elements 


Soft and friable 


Dissolves readily 


Low titania 


Low carbonates 


Increases caustic usage, a critical operating cost factor. 


Increases capital and operating costs for mining, processing, and especially mud disposal (larger 
equipment, bigger containment dams, and increased materials handling). 


Increases operating costs by reducing plant efficiency and lowers product quality. Alternatively 
increases capital costs by adding organics removal facility. 


Precludes low-temperature processing that can increase capital and operating costs. 


Slows clarification, lowers product quality, and increases alumina loss via mud circuit. Increases 
capital (equipment size) and operating costs (plant efficiency). 


Increases capital costs (larger evaporation facility), fuel consumption, and shipping costs. 
Low iron can lower product quality. High iron dilutes alumina content of bauxite. 
Increases maintenance costs (pipe wear). Increases caustic usage in high-temperature plants. 


Can lower process efficiency (sulfur, chlorine, calcium) and metal quality (gallium, zinc, vanadium, 
phosphorus) 


Increases mining and grinding costs. 


Increases capital (larger digestion equipment) and operating costs (reduces plant efficiency, longer 
residence times). 


Can increase caustic usage in high-temperature plants. 


Can require special processing. 





Source: Bardossy and Bourke 1993. 


feedstock. In 1993, Bardossy and Bourke presented a listing of 
13 parameters they felt would define an “ideal” bauxite ore for use 
by a Bayer process refinery (Table 5). These are all critical factors 
that should be given detailed consideration during the determination 
of the economic viability of developing a bauxite deposit as a source 
to provide feed for a Bayer plant. 

One important measure of the qua lity of a crud e bauxite ore 
noted in T able 5 is the amount o f organic carbon contaminants it 
contains; this is especially si gnificant for the production of spe- 
cialty-grade alumina products. During the Bayer pro cessing of 
bauxite ores, organic carbon contaminants in the ores undergo deg- 
radation to sodium oxalate (Na2C2Oxz) that builds up to equilibrium 
concentrations and remains in the recycled liquor of an alumina 
plant. In turn, this sodium oxala te in the leach liquors causes pro- 
cessing, disposal, and product quality problems during the produc- 
tiono f alumina and, hence, mu st be re moved from the le ach 
solution when its concentration re aches the supers aturation point. 
Extensive amounts of research h ave been de voted to the best and 
most economical means for removal and disposal of sodium oxalate 
from Bayer refinery circuits. 


Mining and Beneficiation 


Bauxite mining is analogous to the mining or quarrying of other 
ores and industrial minerals, a nd does not emplo y any unusual or 
unique methods. Moreo ver, the min ing of nonmetal lurgical-grade 
bauxite consists of the same standard procedures and techniques 
that are customarily applied to the extraction of metallurgical-grade 
bauxite ores. In fact, in some cases, special quality grades of baux- 
ite are selectively mined simultaneously with associated metallurgi- 
cal ore -grade material. In t hese instances, the high-quality crud e 
bauxite is stockpiled in separate holding areas to a wait the special 
handling and processing that is required for nonmetallurgical-grade 
raw materials (Everts 1984). 

An industry survey conducted by the I nternational Alumin - 
ium Insti tute found that mi nes pr oducing metallur gical-grade 


bauxite for export markets in 1998 generated about $1.4 million in 
revenue pe rhec tare mined, and atypical mining operation 
employed about 200 people for each million metric ton of bauxite 
produced (International Aluminium Institute 2000). 

In recent year s, 85%—90% of total w orld bauxite production 
has been by 0 pen-pit mining meth ods, with th e remainder reco v- 
ered f rom un derground oper ations, principally in China, eastern 
and southern Europe, and Russi a (Patterson et al. 1986; Martyn 
1992). In op en-pit operations, bauxi te is normally e xtracted from 
strata typically 4-6 m thick under overburden that may range up to 
10 m thick, covered by a thin layer of topsoil with its asso ciated 
vegetation. At some nonmetallurgical mining sites, the overburden 
thickness may reach 70 m or more. In most instances, the topsoil is 
removed and stockpiled for use in reclamation programs at mine 
closure. Many ores are soft and sufficiently unconsolidated to be 
easily loosened and loaded by mechanized heavy equipment, while 
others consist of hard, dense ba uxite requiring blas ting to rel ease 
and prepare the ore for reco very. Open-pit bauxite mining opera- 
tions ordinarily emplo y various combinations of backhoes, b ucket 
wheel excavators, bulldozers, draglines, power shovels, and scrap- 
ers for the stripping of overburden from the ore. In addition, drag- 
lines, front-end loaders, and power shovels are commonly used to 
excavate and load the crude ore. Loading is usually into haul trucks, 
or directly into rail cars or onto conveyor systems, for transport to 
bauxite processing facilities or stockpiles. 

Depending on the nature of the bauxite, underground opera- 
tions typically use a basic array of standard und erground mining 
techniques, which include block ca ving combined with shrinkage 
stoping, sublevel stoping, top slicing, longwall, and room-and-pillar 
methods. Excessive water inflow is a significant problem at most of 
these m ines, particularly in w orkings de veloped belo w the karst 
water table. In these cases, de watering shafts are often drilled to 
lower the active water level at the mine site (Shaffer 1983). 

Normally, the beneficiation or treatment of bauxite is typically 
limited to crushing, washing, and drying of the crude ore. After the 
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bauxite is mined, it is crushed and screened to remove fines, and in 
some instances is washed or wet screened to eliminate clay and sil- 
ica contaminants. At a few special mining operations, heavy media 
separation techniques are emplo yed to reduce the iron content or 
remove c alcareous cont aminants from th e ore. Fre e m oisture in 
crude baux ite, as mined, mayr ange from5% to 30% . C onse- 
quently, metallurgical and nonmetallu rgical grades of bau xite that 
must be transported appreciable distances are normally dried before 
shipment. Drying facilitates the handling of some types of bauxite, 
and the degree to which a specific type of bauxite is dried depends 
in part on its indi vidual handling and dustin g characteristics. As 
indicated, because crude bauxite may contain substantial amounts 
of free moisture, drying results in savings on fr eight charges that 
may more than offset the drying costs. Bauxite from Guinea is usu- 
ally dried to 3%-6% moisture, whereas Jamaican bauxite, because 
of its fine earthy nature and the potential to create dust problems, is 
shipped with about 15% moisture. Bauxite destined for use in abra- 
sives and refractories is f ired or calcined at 900°-1,650°C to 
remove b oth fre e m oisture and chemically c ombined h ydroxyl 
groups. Usually , ab rasive grade material is calcined at around 
1,100°C and refractory grade calcinat ion is carried out at a higher 
temperature, generally about 1,650°C. For most other applications, 
the normal drying process entails heating crude bauxite in rotary 
drying kilns at about 300°—315°C, which removes most of the free 
moisture and produces dried baux ite ready for shipment. It is from 
this point that nonmet allurgical-grade bauxi te under goes special 
processing procedures to ensure it meets the strict market specifica- 
tions demanded by individual end users. 


Alumina Production 


Practically all alumina produced commercially from bauxite is 
obtained via a process _ patented by Karl Josef Bay er in 1888. 
Although research on aluminum extraction from other mineral raw 
materials has continued for many years, this method has remained 
the standard for the industry . Bayer process ref ining of bau xite is 
the common starting point for the production of both smelter-grade 
and specialty aluminas (Figure 1). Item ploys aca ustic leach of 
bauxite ore in a solution of sodium hydroxide (NaOH) at ele vated 
temperature and press ure, followed by separation of the resulting 
sodium aluminate (NaA1O2) solution and selective precipitation of 
the aluminum as aluminum hydroxide [Al(OH)3]. 

The actual processing conditions, such as the leach tempera- 
ture, digestion holding time, and caustic concentration, as well as 
the operating costs, are greatly influenced by the type of bauxite to 
be processed. As a result, a Bayer alumina plant is designed to han- 
dle a sp ecific type of ore and , without major p lant modifications, 
ordinarily cannot efficiently process a bauxite that is markedly dif- 
ferent from one that the refinery was originally designed to use. A 
listing of the preferred attributes sought in a metallur gical-grade 
bauxite and their impact on the efficiency of a Bayer refinery have 
been outlined in Table 5. 

A Bayer process refinery is, in essence, a device for heating 
and cooling a large, continuously recirculating stream of caustic 
soda leach solution. Bauxite is added at the high-temperature point, 
red mud wastes are separated at an intermediate temperature, and 
alumina is precipitated at the low-temperature point in the cycle. 
The process is initiated by mixing crude or raw bauxite, which has 
been washed, and crushed or ground to 90% minus 10-mesh screen 
size with preheated, recycled, spent leach solution. Lime is added 
during this initial step to control the phosphorus content and to 
increase the solubility of alumina within the plant feed. The result- 
ing slurry, containing 40%-50% solids, is pumped along with addi- 
tional sodium h ydroxide leach solution to pressur ized digesters 


where high- pressure steam is used to raise the temperature. Alu- 
mina and some of the silica are dissolved during this step, soluble 
sodium aluminate is formed, and a complex sodium aluminum sili- 
cate is precipitated from the process stream. Because these complex 
sodium aluminum silicate compounds represent a loss of both alu- 
mina and soda, a low reactive silica content is extremely desirable 
for metallurgical-grade bauxite ores. 

Digestion, in dig ester vessels 3-4.5 min diameter and up to 
about 30 m high, takes from 30 min to 8 hr, depending on the plant 
design and type of bauxite ore. Leaching temperatures may range 
from about 105°C to about 290°C, with most modern plants typically 
operating at between 200°C and 240°C, and corresponding pressures 
ranging from about 4,000 g/cm? to more than 15 ,000 g/cm. The 
lower temperature ranges are used for bauxite in which nearly all of 
the available alumina is present as gibbsite. The higher temperatures 
are required to digest bauxite having a large percentage of boehmite. 
Normally, at 140°C or less, only gibbsite and kaolin-group clay min- 
erals are soluble in the caustic soda liquor , whi le at t emperatures 
greater than 180°C, alumina present as monoh ydrate or t rihydrate 
and also some alumina com bined with clay minerals in the bauxite 
are recoverable and placed into solu tion. In terms of reactive silica, 
below 140°C only the silica in aluminosilicate minerals (clays, etc.) 
is soluble in the caus tic soda solution, whereas above 180°C all or 
part of the free quart z present in the bauxite feed is also attack ed by 
the liquor. Caustic concentration of the leach solution, expressed as 
grams per liter of caustic soda, usually ranges from approximat ely 
170 to 400 gpl, depending on whether it is a low- or high-temperature 
Bayer refinery. The digestion of boehmitic bauxite requires stronger 
caustic concentrations, for longer holding times at higher pressures 
and temperatures, than gibbsitic ores (McCawley and Baumgardner 
1985; Patterson et al. 1986). 

The resulting slurry of sodium aluminate solution and insolu- 
ble red mud fr om the dig esters is cooled to atmospher ic boiling 
temperature, and a coarse sand waste fraction (mainly iron oxides 
and silica) is removed by gravity separators or wet c yclones. The 
fine solids in the red mud are then separated by decantation of the 
overflow in settling tanks measuring about 4.5 m in depth and 15 to 
40 m in diameter . A f locculating agent such as star ch is added to 
increase the settling rate of the red mud particles. These red m ud 
wastes are then pumped to tailings ponds or containment areas for 
drying and final disposal. The pr egnant o verflow solu tion from 
these thick ening tanks is f urther clarified by filtration and placed 
into precipitating tanks ranging in size from 8 to 9 m in diameter 
and up to 30 m in depth (McCawley and Baumgardner 1985). 

In the precipit ators, the clarified sodium aluminate-rich liquor 
is cooled until it becomes supersaturated at approximately 50°—70°C, 
then is seeded with fine crystals of aluminum hydroxide that ini- 
tiate precipitation of alumina from the cycling flow of mechani- 
cally stirred liquor .The alumina is precipitated as alumina 
trihydrate, with the coarser frac tion (typically >0.044 mm) sepa- 
rated by sedimentation or filtration, and washed (Taylor 2003a). 
The finer alumina fraction is recycled as nucleation seed for sub- 
sequent al umina cryst allization, and t he remaining spent leach 
solution containing some caustic soda is filtered and reconstituted 
and, together with the alumina re maining in solution, is recycled 
to the plant digesters. This regeneration of the soda lost in the pro- 
cess is ordinarily made u p by adding caustic soda or soda ash 
(Na2CO3) and lime to the spent leach solution to bring it up to the 
appropriate caustic concentration before it is recycled. The major- 
ity of the filtered and w ashed alumina trihydrate is fired or cal- 
cined at between 1,000°C and 1,200°C to produce smelter-grade 
alumina for making aluminum me tal. A smaller am ount of the 
alumina, which is destined for some specialty markets, is calcined 
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Table 6. Chemical analysis of typical raw bauxite ore, by grade’ 








Major Oxidest 
Grade Al,03* SiO» Fe203 TiO2 
Metallurgical8 50-55 0-15 5-30 0-6 
Cement 45-55 Maximum 6 20-30 3 
Abrasive Minimum 55 Maximum 5 Maximum 6 Minimum 2.5 
Chemical Minimum 55-60 Maximum 5-18 Maximum 2 0-6 
Refractory Minimum 59-61 Maximum 1.5-5.5 Maximum 2 Maximum 2.5 





Source: Everts 1984; Russell 1999. 
* All values are in weight percent. 
t Most of the remainder represent hydroxyl (OH) groups. 
¢ Total alumina. 


§ Bauxite conventionally used to produce alumina via the Bayer process (i.e., primarily for the production of aluminum metal). 


at about 1,200°-1,400°C to convert the aluminum trihydrate into 
alpha alumina (@-Al203). The remaining po rtion of the w ashed 
alumina product may be left in trihydrate form for direct specialty 
alumina uses or it may be further purified and processed under 
controlled conditions to produce a variety of high-quality materi - 
als for uses other than metal production (Figure 1). 

Over time, various modifications to the standard Bayer pro- 
cess have been attempted to resolve the problem of high silica lev- 
els in some bauxite o res. Bauxite containin g 8%-15 % reacti ve 
silica may be processed by either a soda-sinter process that is used 
directly on the high-silica bauxite feed or by a combination Bayer- 
sinter process applied to bauxite processing plant red mu d waste 
streams. The largest numbers of modified processing plants in oper- 
ation have been combination Baye r-sinter ref ineries where th e 
high-silica bauxite is first subjected to a traditional Bayer caustic 
leach. The resulting red mud residue, containing sodium aluminum 
silicates, is sintered with limestone and soda ash. Then the sintered 
mass is le ached with water to recover alumina and soda. I n other 
instances where diasporic or other low-grade ores are encountered, 
as in China and Russia, a soda-sinter process is used to produce alu- 
mina. In this process, the lo w-grade bauxite is sintered with sod a 
ash in rotary sintering kilns. This is followed by a water leach of the 
sinter residue and a carbon dioxide treatment of the resulting liquor 
to precipitate aluminum h ydroxide. Additional desi lication of th e 
liquor is required, and this is achieved in a final autoclaving stage. 
Alumina produced by either the soda-sinter or combination process 
is relatively high-purity material and completely free from organic 
coloring matter and thus v ery white, so it commands a pre mium 
price in the specialty alumina market. In addition, the insoluble res- 
idue (brown mud) resulting from leaching the sintered materials has 
a composition some what similar to that of portland cement. The 
upper limit of reactive silica in bauxite for use by the combination 
Bayer-sinter process is about 15% _ . Both the soda- sinter and th e 
combination Bayer-sinter processes are based on bauxite of mar- 
ginal quality and require extensive amounts of energy, which make 
them unattractive candidates for widespread application around the 
world. 


MARKETING 

Commercial Applications 

Nonmetallurgical-Grade Bauxite 

The bauxite used for produ cing abrasive, chemical, and refractory 
products must meet much more rigid compositional re quirements 
than the crude ore commonly used for aluminum metal production, 
as shown in Table 6. 


Specifications for the premier grades of bauxite are based on 
the processing requirements and special properties required of their 
final commercial products. The natural chemical impu rities that 
exist within these specialty-grade raw materials are not chemically 
removed from the ore during a _ refining procedure, as is the case 
with me tallurgical-grade bauxite where im purities are el iminated 
through the Bayer process. Nonmetallurgical ores ar e used in an 
essentially unre fined chemical form, as a direct feedstock for t he 
production of their ultimate end products. 

The general chemical requirements for the principal classes of 
specialty-grade bauxite, as outlined in Table 6 and listed in terms of 
their increasing total alumina content within the raw or crude ore, 
are as follows 


* Cement grade —moderate to moderately hi gh alumina con- 
tent, low silica. Iron oxide content may be high for production 
of some grades b ut should be lo w in grades requiring struc- 
tural strength. Diaspore is preferred but not essential for this 
application. 


Abrasive grade—high alumina content, low silica, moderately 
low iron oxide, low titania. Iron is often added during the elec- 
tric arc furnace fusion process to achieve correct iron oxide to 
silica ratios for formation of ferrosilicon slag. 


Chemical grade—high alumina con tent, should be gibb sitic 
ore, very low iron 0 xide and o ther acid-soluble oxides, silica 
(and clays) preferably low but not critical. The silica typically 
separates out as an insoluble residue during acid digestion ; 
however, very high silica cont ents do su bstantially inc rease 
material handling costs. In som e instances, t his material is 
essentially equivalent to crude or green gibbs itic refractory- 
grade bauxite that has not been calcined. 


Refractory grade—high alumina content, low silica, low iron 
oxide, low titania, and very low alkalies. 


As a side note, it must be pointed out that when analyzing sta- 
tistics for these different raw materials and finished products (crude 
bauxite, dried bauxite, calcined product for abrasives and refracto- 
ries, fused product, sintered product, etc.), they have different con- 
version factors from ore to product, and so are not equivalent on a 
weight-for-weight basis. 

The principal nonmetallur gical-grade bauxite mark ets, in 
terms of value, are discussed in the following sections. 


Refractory Applications 


Refractories are commercial produc ts c reated from he at-resistant 
materials tha t possess the capacity to mai ntain t heir form a nd 
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Table 7. Alumina-silica refractory products 


Refractory Type Raw Materials 





Low-medium alumina (30%-50% Al2O3) 
Medium-high alumina (50%-70% Al2O3) 
High alumina (70%-90% Al2O3) 
Extra-high alumina (90%-100% Al2O3) 


Flint and semiflint fireclays, plastic and semiplastic fireclays, kaolin, and pyrophyllite 
The andalusite-kyanite-sillimanite group of minerals, synthetic mullite, kaolin, and various bauxitic clays 
Natural bauxite-based materials (calcined) 


Calcined Bayer-process alumina, tabular alumina, and fused alumina 





Table 8. Typical chemical compositions and physical properties of calcined refractory-grade bauxite't 








Guyanese Domestic High-Alumina 
Bauxite Chinese Grades of Bauxite Brazilian Bauxite Grades of Bauxite 
RASC* 85 75 Caracuru$ 70 60 
Alumina 89.10 87.50 84.50 78.60 85.00- 86.00 70.50 60.50 
Silica 6.50 6.00 6.50 14.50 9.60-10.20 25.30 35.80 
Iron oxide 1.25 1.50 1.50 1.20 1.80-2.10 1.40 1.31 
Titania 3.00 3.75 4.00 3.50 1.60-2.20 2.68 2.25 
LOl 0.15 0.20 0.20 0.20 <0.10 na** na 
Bulk density 3.15 3.10 2.80 2.70 3.20-3.30 2.85 2.80 
Pyrometric cone equivalent (PCE) 40+ 38 37 na 39 37 





* Standard producer product specifications. Grade based on alumina content. 


t All analytical values except bulk density (g/cm) and PCE are in weight percent. 


t Refractory A-grade Super-Calcined. 
§ Production ceased at end of 2003. 
** na = not available. 


strength when subjected to highly elevated temperatures amid vary- 
ing extremes of mechanical stress and chemical attack by hot gases, 
liquids, or molten and semimolten substances. In the modern econ- 
omies of the world, alumina is the primary ingredient for a signifi- 
cant portion of the products used in high- temperature ind ustrial 
applications. Alumina-based refractories are crucial components in 
nearly all high-temperature metallurgical, cement, ceramic, glass, 
and petrochemical manu facturing processes of modern in dustry 
(Crookston and Fitzpatrick 1983; Benbow 1989; Ramsahoye 1991; 
O’Driscoll 2001). The alumina content of a particular refractory 
may range from 30% to 100%, depending on the e xact nature of 
raw material from whic h it is made and its intended application. 
The t otal spe ctrum of alumina-silica (Al 203+ SiOz) refractory 
products is delineated in Table 7. 

Aside from the lower alumina categories, which are based pri- 
marily on clay minera Is, and those products composed of natural 
aluminum sili cate mi nerals [a ndalusite (Al  2SiOs),k yanite 
(AlySiOs), or sillimanite (Al 2SiOs)], refractories containing more 
than 45%-5 0% alumina rely heavily on bau xite as_ the origin of 
their contained aluminum o xide. In general, the ability of an alu- 
mina-based ma terial to resist high t emperature i ncreases wi th 
increasing alumina content. 

By value, refractory applicat ions remain th e premiere non- 
metal market for bauxi te. Some refractories with e xtra-high alu- 
mina con tent are pr oduced dire ctly from the premium quality 
alumina derived by processing me _tallurgical-grade baux ite ores 
(Figure 1 and Table 7), but the majority of standard refractory prod- 
ucts incorporate a calcined or fire-treated form of bauxite for their 
raw material base. These natural bauxitic materials provide users of 
refractory products with a reasonably pr iced, high-alumina feed- 
stock that is readily available and in relatively abundant supply. 

Bauxite suitable for u se in re fractory applications must meet 
very stringent physicochemical requirements. To satisfy the high- 
temperature operating demands of quality refractor y products, a 


high alu mina, lo w iron oxid e co ntent bau xite, ge nerally with a 
2.5% maximum Fe 03 content aft er calcination, is required. The 
alumina content, on a calcined ba sis, should be at least 86.5%, 
although it is often closer to 90% _ for the highest quality pro ducts. 
To keep the formation of low-melting-temperature glasses to a min- 
imum, only trace amounts of alkalies and alkaline earths should be 
present in the raw ore (0 .02%-0.60% on a calcined basis). Exces- 
sive titania has an adverse impact on the high-temperature proper- 
ties of f ired sh apes, and th e titania c ontent commonly must be 
limited to a 4% maximum in the calcined product. The silica con- 
tent ought to be low, usually below 7.5%, but levels exceeding 10% 
may be acceptable; however, it should be present principally within 
anatural clay miner al and not as fr ee quartz (W ittmer 1982 ; 
Andrews 1984). The typical r ange of chemical co mpositions and 
related physical properties that various producers cite for their cal- 
cined refractory bauxite are characterized in Table 8. 

The final market acceptance of the bauxite for a refractory use 
is contingent upon the physical and chemical qualities of the com- 
mercial end produ ct into which it is to be included or combined. 
The dimensional stability of fired refractories relies principally on 
the conversion of the contained alumina and silica within refractory 
raw materials to the highly stable corundum (a-A1,03) and mullite 
(3Al203°2SiO2 or Al 6Si2013) mineral phases of these oxides 
(Schneider, Seifert- Kraus, and Majdic 1982). Strict con trol of the 
feedstock grade and calcination pr ocess to achie ve these physico- 
chemical conversions, and to maximize the density of the materials 
on a consistent and unvarying basis, are crucial to the production of 
quality refractory products (Everts 1984). 

A number of physical tests are customarily applied to calcined 
products to assess their suitability for use as refractory raw materi- 
als. Chief among them are the following: determination of PCE, a 
measure of the material’s soft ening or deformation temperature; 
measurement of bulk density; and calculation of apparent porosity. 
These a re cri tical me asurements th at enable am anufacturer t 0 
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Figure 4. Transformation sequence—aluminum hydroxide minerals to alpha alumina 


appraise the potential capability of a raw material to endure the 
very harsh operating en vironments continually encountered by 

refractory products. Because PCE is based on an alumina standard 
(a PCE of 42 for pure alumina), materials with greater alumina con- 
tents may be expected to have higher PCE values. Ordinarily this is 
the case; however, the presence of alkalies or alkalin e earths will 
significantly decrease the PCE value of a refractory material and 
the resultant effect will be poor creep resistance in the final refrac- 
tory product. Bulk density, which imparts a number of critical phys- 
ical prop erties to th e finished refractory, has also been found to 
fluctuate with the alumina content of the calcine. A high bulk den- 
sity normally impro ves product re sistance to shrinkage, ho t load 
strength, cold crushing strength, hot modulus of rupture, and abra- 
sion resistance but, at the same time, decreases the thermal shock 
resistance (W ittmer 1982). Lo w p orosity, which co rrelates in a 
given material with high density, is also a highly valued attribute. It 
lends ad efense against the encroachment of liqu ids or gases in 
harsh corrosive operating environments, thereby reducing the rate 
of erosion sustained by the refractory and increasing its functional 
life. 

The green o r raw bauxite th at is judged to be o f refractory 
grade is usually f ired at temp eratures inthe range of 1,400°—- 
1,800°C to transform the material into a co mbined corundum and 
mullite product. This roasting or firing procedure is termed “calci- 
nation,” and it is con ventionally carried out in rotary or vertical 
kilns with the processed mate rial under going v ery pro nounced 
chemical and physical changes. During this intense heating process, 
all free moisture and ch emically comb ined h ydroxyl groups are 
expelled from the bauxite. The silicate minerals, present principally 
as clays, sustain solid-state changes and are transformed into mul- 
lite. This transformation is accompanied by the release of silica, 
which in tur n combines with the additional amounts of alumin a 
present within the bauxite to form further amounts of mullite. The 


alumina minerals present within the bauxite (bayerite, boe hmite, 
diaspore, gelatinous boe hmite, gibbsite) e xperience a series of 
marked c hanges foll owing the loss_ of the ir co mbined h ydroxyl 
groups and they develop into transitional aluminas or “phases” (chi, 
eta, ga mma, rho, etc.) prior toreaching theh igh-temperature- 
derived, alpha-alumina-crystal form (Figure 4). 

A portion of this contained alumina is consumed by reaction 
with the liberated silica, as indi cated previously, to form mullite, 
and the remainder of the aluminum oxide forms corundum (alpha 
alumina, the stable form of anhydrous alumina). The original alu- 
mina content of the crude bauxite is a primary determinant in the 
resulting total alpha-alumina content of the calcined product, and 
crude ores with the highest alumina levels produce calcines with 
the greatest corundum content. Perhaps one of the most signif i- 
cant points to note in Figure 4 is the relatively low temperature at 
which diaspore converts directly to alpha alumina, starting just 
above 500°C. This low conversion temperature has major implica- 
tions on the energy input requirements for the production of a cal- 
cined pr oduct f rom baux ite with a hi gh d iaspore co ntent. The 
entire series of phase changes results in an overall densification of 
the refractory product, and these transformations must be carried 
to tot al com pletion to prevent further shrinkage of the material 
during subsequent processing and its final utilization within high- 
temperature operating environments. W hen the calcination pro- 
cess is completed, the f inished product has an alu minum ox ide 
content of 86.5%—89.0%; in some cases it may even reach 90%, 
and the material has become so solid that its density is 3.10 g/cm? 
or greater (Table 8). The optimum bulk density for most commer- 
cial applications is 3.25 g/cm*. After calcination, the final product 
should have maximum density and mini mum porosity. Typically, 
2 t of crude ore is required to produce approximately 1 t of calcined 
bauxite. In addition, the LOI of the calcined product is customarily 
less than 0.5% (Tables 8 and 9). 
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Table 9. Comparative chemical analyses of calcined refractory-grade bauxite’ t 


Chinese Bauxite 











Guyanese 

Bauxite Shaft-Calcined Grades Rotary-Calcined Grades Calcined Domestic Bauxite 

RASC# 85 80 85 80 70 60 
Alumina 89.0 87.8 80.9 89.8 82.0 70.9 66.7 
Silica 5.13 5.54 14.5 16.3 4.08 10.1 21.4 27.8 
Iron xide ° 1.76 0.19 1.30 2.27 2.96 2.98 1.70 2.05 
Titania 3.47 3.87 3.48 3.45 4.14 3.83 3.49 aa 
CaO 0.02 0.12 0.14 0.34 0.10 0.21 0.03 0.08 
K2O 0.006 0.08 0.12 0.18 0.56 0.24 0.01 0.06 
Na2O ND& 0.03 0.04 0.05 0.06 0.07 ND& 0.06 
MgO 0.007 0.09 0.09 0.10 0.10 0.08 0.04 0.07 
LO 0.10 0.00 0.08 0.00 0.00 0.00 0.17 0.03 





Source: Wittmer 1982. 


* Chemical analyses by U.S. Bureau of Mines, Albany Research Center, Albany, Oregon. 


f All analytical values are in weight percent. 
t Refractory A-grade Super-Calcined. 
§ Not detected. 


Following the calcination step and a subsequent cooling time, 
calcined refractory-grade bauxite is usually stored in enclosed areas 
for bulk shipment to its intended industrial ma_rkets. The ca Icined 
bauxite, which is normally in lump forma t this st age, requires 
crushing, grinding, and sizing before its f inal use as a refractory 
product. At this point, maintaining a rigid control on the proportion 
of fines is of extreme importance because optimum refractory prop- 
erties require a balanced particle size distribution. In its ultimate use 
as arefractory, the calcined baux ite product is mixed with binders 
and pressed, extruded, cast, and shaped into a v ariety of forms that 
are then dried and transferred to kilns for firing. The calcined refrac- 
tory-grade bauxite is also used in unfired monolithic refractories 
(Shaffer 1983). 

It should be noted here that another source of material suitable 
for use in refractory applications and products is the calcined baux- 
ite used to produce brown fused alumina (Figure 1). Ac tually, it is 
estimated that 40%—50% of the brown fused alumina produced from 
calcined bauxite is used for refractories (O’ Driscoll 2001). The chief 
advantage of fused alumina over other high-alumina refractory raw 
materials is its higher mechanical and chemical corrosion resistance. 
Currently, some degree of mark et growth is antici pated for bro wn 
fused alumina in the refractories sector. 


Economic Considerations 


The principal cost factors associated with the processing and produc- 
ing calcined refract ory-grade baux ite are acquisi tion of crude ore, 

labor wage rates, fuel charges, and transportation rates for the move- 
ment of the f inished product to market. Because of the high ener gy 
requirements associated with the processing of these materials, the 
sensitivity of calcined materials to energy costs is of primary concern 
in the de velopment and continued viability of refractory operations. 
This is demonstrated by the fact that the calcination phase of produc- 
ing a quality high-alumina calcined bauxi _ te (85%-90% Al 203) 
requires approximately 13 x 10° Btu/t of product produced at a cal- 
cining temperature ranging from 1,700°C to 1,800°C (McMichael 
1990). In addition, economy of sc ale plays ane xtremely crucial 
role in the cost of production for such bulk mining enterprises, and 
low costs are us ually associated with the highly developed infra- 
structure an d me chanization of la rge-scale me tallurgical ba uxite 
mining operations. This effectively imposes a limiting factor on the 
number of econ omically viable nonmetallur gical-grade deposits 


capable of potentially providing refractory-grade raw materials for 
major international markets. 

For refractory-grade bauxite, as with most industrial minerals, 
the basic commodity price is a cr ucial factor in the economics of 
development and continued maintenance of product markets. The 
trade-off between price and produ ct pe rformance is a pri mary 
determinant in the choice of refractory-grade bauxite, as opposed to 
various substitute materials in a variety of refractory applications. 
Examples of this price v ersus market tension are provided by syn- 
thetic mullite, created from kyanite and sillimanite, and refractory 
grogs, produced principally from kaolinitic clay, which constitute 
feasible pr oduct substitutes f or medium-alumina-content baux ite- 
based refractories (Dickson 1982; McMichael 1990). 


Sources of Supply 


A limited number of bauxite ores have been fou nd to meet the 
stringent physical and chemical specifications expected of re frac- 
tory-grade bauxite, particularly within the very high-temperature 
fields encountered in most industrial ap plications. Consequently, 
the chie f source s of refractory-grade b auxite traditi onally ha ve 
been lim ited to Guyana, foll owed by China, and more recently, 
Brazil. The highest quality materials have historically been sup- 
plied from South America, and, in particular, from mines in Guy- 
ana. As aresult , be cause of i ts high quality, the RASC product 
from Guyana has frequently been used as a reference standard for 
comparison wit h ca Icined refrac tory ba uxite from alt ernative 
sources of supply (Tables 8 and 9). In fact, until the late 1970s, 
refractory-grade bauxite from Guyana amounted to approximately 
80% of the world’s supply of this product. At that time, a combina- 
tion of labor, technical, and mining difficulties within Guyana led 
to a se vere market shortage that was only alleviated through the 
large-scale in troduction of refractory ra w materials fr om China 
into t he North Ame rican and European ma _rkets. The w orld’s 
refractory materials users accomplished this substitution in source 
of supply through some fundamental co mpromises an d product 
adjustments. Chine se bauxite is composed primar ily of diaspore 
[AlO(OH)], which has a greater hardness and, as a result, is more 
difficult to process than the Guyanese ore, which is composed prin- 
cipally of gibbsite [Al(OH) 3] with subo rdinate amounts of boeh- 

mite [AIO(OH)] (Clarke 1 989). Moreo ver, unf ired Chinese 

refractory bauxites contain greater amounts of alkalies and alkaline 
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Table 10. Mineralogical composition of calcined refractory-grade 
bauxite 





Phase Guyana China Brazil 
Corundum (alpha alumina) ~65-70 ~70-80 55-65 
Mullite >15 <10 30-35 
Glass ~12 ~20 nat 





Source: Schneider, SeifertKraus, and Majdic 1982; O'Driscoll 1995. 
* All values are in weight percent. 
tna = not available. 


earths than most other refractory-grade bauxite, resulting in high 
glass levels within the final calcined product (Table 10). 

Currently, China has continued to expand the level of its cal- 
cined refractory bauxite exports and strengthen its market position 
to the degree that it has become the primary supplier of these high- 
alumina refractory raw materials to the world. In the early 1990s, 
some di versification of this re stricted supply structure be gan to 
occur, with the development an de xpansion of e xport-oriented 
refractory bauxite production capacity in Brazil. Initially, the first 
inroads into world mark ets by Brazilian refract ory bauxite were 
made at the e xpense of Guyanese product. That is because bo th 
Brazilian and Guyanese refractor y-grade bauxite are principally 
gibbsitic ore, whereas Chinese ba uxite is predominately composed 
of diaspore and diasporic kaolin. By the late 1990s, the Brazilians 
had captured approximately 13% of the market, compared with a 
17% share for the Guyanese, while the Chinese maintained the ir 
dominance with an estimated 70% share of the world’s refractory 
bauxite mark et (Russell 1999). Af ter Brazil, China, and Guyana, 
other current sources o f refract ory-grade bauxite are relati vely 
minor. Greece produ ces some materi al that has been used largely 
for domestic and European markets. India has limited production 
capacities that, until recently,h ave principally supplied on ly 
domestic markets. Production from Suriname, the third largest sup- 
plier tothe U.S. mark etin the early 1980s, ceased in 1983 . 
Recently, further restructuring of the world’s refractory bauxite pro- 
ducers occurred with the announcement that MSL Minerais S.A., 
one of Brazil’s larger refractory bauxite producers and a major sup- 
plier to European mark ets, clos ed its operations in November— 
December of 2003 (Taylor 2003e). This eventually may provide a 
new marketing opportunity for Guyana and a chance to regain some 
of its previously lost market share. 

Guyana. In Gu yana, the so urce of refractory-grade bauxite 
over time has been the state- owned Guyana Mining Enterprise Ltd. 
(Guymine), which was responsible for mining and t reating bauxite 
ore for the Bauxite Industry Development Company Ltd. (Bidco), the 
government’s sales and mark eting or ganization. In 1992, Guyana 
began restructuring the administration of its bauxite mining industry 
in an attempt to cut losses and lift productivity in order to eventually 
privatize its bauxite interests. The reorganization resulted in the for- 
mation of two new mining companies responsible for managing the 
operations that had previously been under the authority of Guymine: 
Linden Mining Enterprise Ltd. (Linmine) and Berbice Mining Enter- 
prise Ltd. (Bermine). Both Linmine and Bermine are currently under 
government financial control (Anon. 2002; Taylor 2003e). 

As noted, from the late 19 70s, a major po rtion of all bauxite 
mined in Guyana was used as feed to produce calcined refracto ry- 
grade bauxite (Lachmansingh and Nooten 1977). During the 1990s, 
this percentage dropped and meta Ilurgical-grade bauxite production 
once again gained a greater share of the country’s total bauxite out- 
put. This was because a metallurgical-grade bauxite mine opened at 


Aroaima on the Berbice River in 1991 and its dried ore was exported 
for the production of smelter-grade alumina. Refractory-grade baux- 
ite production has been predominantly d erived from what are no w 
Linmine’s mining operations near Linden on the Demerara Ri ver 
and in limited amounts from the mining operations in the Berbice 
River area of the Kwakwani district, operated by Bermine. The oper- 
ations at the Lin den location, ap proximately 100 km south of the 
nation’s capital, Georgetown, have historically provided the majority 
of Guyana’s R ASC production (Hinds 1983, 1984). In 2001, Lin- 
mine reportedly h ad the capacity to produce 600,000 tpy of crude 
ore for nonmetallurgical purposes, and its processing plant’s capac- 
ity was rated at approximately 300,000 tpy (Crossley 2001). Never- 
theless, in recent years, actual production has fallen well below these 
former output levels (Anon. 2001). 

China. Coincident with the supply difficulties that developed 
within Guyana in the late 1970s, China was gradually able to gain 
a major point of entry into the world’s re fractory-grade ba uxite 
markets (C oope 1 981; Lebauer 19 82; Holro yd an d McCrack en 
1993). In the early 1990s, total Chinese production of refractory- 
grade bauxite was esti mated at approximately 2 Mtp y, with more 
than 7 00,000—800,000 _tpy e xported to in ternational mar kets 
(Wang and Liu 1993). Accurate estimates of production levels are 
complicated, as stated earlier, by the fact that commercial defini- 
tions of what is actually classified as bauxite differ between China 
and the rest of the world. Currently, China is estimated to produce 
approximately 4.5 Mtp y of refractory clay s an d baux ite, with 
exports totaling 1.0—-1.2 Mtpy of refractory-grade bauxite (Cross- 
ley 2001). The sig nificant level of production and the associated 
market share that these Chinese refractories have attained since the 
market squeeze of the late 1970s was accomplished by overcoming 
a variety of product supply and quality problems. 

Unlike Guyana, where a single uniform refractory bauxite prod- 
uct is produced from a few principal sources of ore, Chinese refrac- 
tory-grade material is produced fr om many sources throughout the 
country and this has resulted in a wide variety of calcined refractory- 
grade bauxite pr oducts (Table 9 ). Guizhou, Henan, Shan dong, and 
Shanxi provinces are the main producing regions of the cou ntry and 
each has a diverse number of independent centers for the calcination 
of refractory materials (Wang and Liu 1 993; Zhong 1993; Crossley 
2001). In turn, each calcining oper ation may have a v ariety of ra w 
material sources or mining areas from which to draw cru de ore. 
Nonetheless, the two leading refractory-grade producers are Guizhou 
and Shanxi provinces, with Guizhou providing bauxite of both higher 
alkalinity andhi gher density (O’Driscoll2 001). Gen erally, 
refractory-grade bau xite from so uthern Ch ina has_a hig her alkali 
content than ore from the northern part of the country. Beyond the 
issue of feedstock quality and v ariability is the additional 
complication creat ed by the nat ure and quality ofthe calcining 
processes empl oyedtopr oduce Chinese refract ory products. 
Traditional rudimentary natural draft shaft kilns are apparently used 
to produce a major portion of the Chinese calcined refractory-grade 
bauxite. These systems by their very design do not readily provide 
consistent and reliab le qual ity con trol for the pr oduction of high- 
quality products that meet strict market specif ications. In other 
calcining operations, antiquated batch “beehive” or round-type kilns, 
which are even more unreliable, provide a portion of the production. 
The introduction of moder rotary-type calcining equipment greatly 
improved the production situation. These systems normally produce 
a uniform, well- burned ba uxite th at commands a pri ce superior to 
that of sha ft- and round-kiln products. Despite t his improvement in 
equipment, not all the quality problems were solv ed, because 
inadequately designed and operated combustion systems on some of 
the rotary kilns reportedly caused marked fluctuati ons in b urning 
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rates, with an associat ed variability produced in the bulk density of 
the final calcined product. 

In essence, all of these factors led to a very complicated quality 
control and product reliability problem for the consumers of Chinese 
abrasive- and refractory-grade products. To overcome these issues, in 
the mid-to-late 1990s, various Western mer chants an d con sumers 
created several China-based subsidiaries or joint v enture companies 
and set up processing facilities to supply ne _w and more reliable 
nonmetallurgical b auxite p roducts to the inte national mark ets. 
Consequently, inrecen t years, great st rides ha ve been made at 
improving the quality and rel iability of Chinese nonmetal lurgical- 
grade bauxite products. It was estimated in early 2003 that rotary 
kilns pr oduced ap proximately 1 5% of C hina’s ref ractory-grade 
bauxite (Crossley 2003b). Currently, many of the former state-owned 
enterprises ha ve been privatized, and the Chinese — government’s 
efforts to end calcining operations with poor environmental or safety 
records, especial ly shaft and roun d kilns, has signif icantly reduced 
the previous overcapacity of the Chinese refractory bauxite industry. 
The closi ng of the polluting kiln — s, alo ng with the go vernment 
terminating operations at _ several ille gal and unsafe mines, has 
increased the price of raw bauxite and reduced overall supply. 

Brazil. The expanded development of refractory-grade bauxite 
deposits in Brazil during the mid-t o-late 1980s offered the op portu- 
nity for further diversification in the worldwide sources of raw mate- 
rials available t o refractory cons umers, especially in the Nort h 
American and European markets. MSL Minerais S.A ., a subsidiary 
of the private Brazilian industrial group CAEMI Mineracao e Meta- 
lurgia S.A., entered the international market in the early 1990s with 
material from its Caracuru bauxite mine int he Jari re gion of t he 
Amazon R iver b asin, no rthern Br azil (Dick son and Har ben 1 986; 
Clarke 1989). MSL managed this mining operation in the Almeirim 
district of Para state from 1985 until the end of 2003. In 1989, a new 
and modern 200,000 tpy beneficiation plant came online to upgrade 
the run-of-mine ore. This development was in turn foll owed by t he 
start-up in July 1990 of MSL’s first 60,000 tpy rotary kiln to produce 
calcined refractory-grade bauxite. This refractory-grade bauxite pro- 
duction facility was expanded in August 1994 with the addition of a 
second 60,0 00 tp y ro tary-calcining unit (O’Driscoll 199 5). W ith 
facility streamlining and bot h ki Ins in operation, MSL Minerais 
upped its production capacity to nearly 150,000 tpy of calcined baux- 
ite. Until the operation’s closure at the end of 2003, Europe remained 
MSL’s principal export market, with the United States and Japan tak- 
ing minor amounts of its product (Taylor 2003e). 

United States. Although U.S. sour ces of b auxite for alumina 
refractories e xist and are bei ng worked, with mining occurring in 
Andersonville, Geor gia (Crossle y 2001), the volume of bauxite 
required by U.S. industry demands that the importation of foreign- 
derived material be employed to meet market need. This is a fact that 
was made very evident during shortfall in production from Guyana in 
the late 1970s and early 1980s. The domestically produced bauxite is, 
in actuality, a natural mixture of bauxite and bauxitic clay, with a low 
to intermediate tot al alumina content, for which U.S. refractory and 
chemical manufacturers have developed a wide v ariety of applica- 
tions (Dickson 1982). It occurs as bauxite and bauxitic clay lenses 
and pockets developed within the kaolin deposits of the Alabama and 
Georgia coastal plain. These deposits are usually small and only con- 
tain a fe w tens of thousands of me tric tons of ore in each pock et or 
lens. This ore contains ab undant silica, but is generally low in iron 
and exceptionally low in alkalies (Table 9). 


Demand 


The refractory industry is neither buoyant nor growing, and world- 
wide consumption o f ref ractory-grade bauxite is currently esti- 


mated to be between 95 0,000 tpy and 1.1 Mtp y (Russell 1999 ; 
Crossley 2001). 

Throughout the 19 80s, 1990s, and into the early part of the 
twenty-first cen tury, the to tal annual consumption o =f calcined 
refractory-grade bauxite inthe United States by the refractories 
industry ranged fromahigh of 524,000 tin 1988 to alow of 
115,000 t in 2002, reported on a dry equivalent weight basis by the 
USGS (Figure 5). This general gradual downward trend parallels 
the decline in U.S. p rimary metal production, most no tably, U.S. 
steel production. 

Calcined bauxite consumption in refractories fell from 
460,000 t for 1981 to 286,000 t in the economic recession of 1982, 
but recovered strongly to total 524,000 tin 1988. Affected by an 
economic slowdown in the early 1990s, the U.S. co nsumption of 
calcined bauxite in refractories fell to 328,000 t in 1991, about 28% 
below the 1981 level of consumption. In 2002, the last year for 
which reported figures are presently available, the U.S. refractory 
industry consumption of calcined bauxite had fallen to 115,000 t, as 
noted, a recent all-time low. 

Calcined refractory-grade bauxite has found wide application 
as a principal feedstock for the 60%—90% alumina content category 
of refractory shapes and specialty products (castables, plastics, and 
ramming mixes). This is largely because it is the lowest cost, high- 
alumina raw material that is readily available and in abundant sup- 
ply in the w orld’s industrial minerals markets. This usage by the 
refractories industry is closely tied to the production and consump- 
tion of primary metals— in particular, iron and steel. On a world- 
wide basis, it is estimated that the iron and steel industry consumes 
approximately 70% of all high-al umina refractories (Everts 1984; 
Ramsahoye 1991; Cole 2001). 

Although the iron and steel industry remains the major market 
for refractory bau xite products, technolo gical shifts o ver the last 
decade or more have resulted in the expanded use of higher perfor- 
mance specialty refractories, bringing about a marked decline in the 
consumption of refractories per ton of steel produced in the world. 
It has gone from 23-30 kg of refractories per ton of steel in 1970 to 
the current level of about 10 kg/t (Crossley 2001; Moore 2004). It is 
now noted, ho wever, that this downward trend has apparently 
started to level off. These changes have occurred primarily because 
of the transition a way from trad itional ingot casting methods of 
producing metal toa continuous casting means of steelmaking, 
with an ac companying inc rease in the employment of the basic 
oxygen furnace and the electric arc furnace within the ferrous met- 
als industry. Although overall demand for refractories in general 
has been projected to decline, as unit consumption continues to fall 
within th e iro n and steel industry, the outlook for high-quality 
Bayer alumina-based refractories remains somewhat more optimis- 
tic (see Specialty-Grade Alumina section, this chapter). A prefer- 
ence has developed for hig her pe rformance refractories, such as 
high-alumina materials, and this has meant that these products have 
increased their market share over the more traditional lo wer 
alumina categories of r efractories (f ireclay, pyrophyllite 
[A1Si205(OH)], etc.) (Benbow 1989; McMichael 1990). 

The entire U.S. demand repor tedly accounts f or approxi- 
mately 50% of the western w orld’s refractor y-grade bauxite con- 
sumption. In 1981, imported refractory-grade bauxite accounted for 
65% of the refractory bauxite consumed in the United States. In 
1987, imports had increased their market share to 84%. By 2002, 
imported refractory bauxite am ounted toro ughly 95% of U.S. 
refractory bauxite consumption. 

Table 11 identif ies foreign sources of calcined refracto _ ry- 
grade bauxite for U.S. industrial use. 
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Figure 5. U.S. refractory industry consumption of calcined bauxite 
Table 11. U.S. imports of calcined refractory-grade bauxite, kt 
Source 
Year Brazil China Guyana Suriname Other Total’ 
1981 0 122 101 28 <0.5 251 
1982 0 55 52 22 2 131 
1983 0 51 66 0 0 117 
1984 0 78 110 ] <0.5 190 
1985 0 94t 102 <0.5 <0.5 196 
1986 0 112 109 0 0 221 
1987 0 163 107 0 0 270 
1988 0 103 98 5 <0.5 206 
1989 0 176 74 0 5 254 
1990 0 126 84 0 <0.5 210 
1991 0 104 69 0 7 180 
1992 0 174 54 0 9 238 
1993 16 66 53 0 0 135 
1994 2 153 25 0 0 181 
1995 3 131 7 0 17 223 
1996 6 119 59 0 17 201 
1997 17 84 62 0 17 180 
1998 72 92 32 0 22 218 
1999 33 75 42 0 17 167 
2000 9 117 36 0 20 181 
2001 10 59 18 0 4 90 
2002 5 97 8 0 <0.5 110 





Source: USBM 1981-1994; USGS 1995-2003. 
* Data may not add to totals shown because of independent rounding. 
t Excludes 75,496 calcined t purchased for the NDS. 
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Throughout the 1980s impo rts into the United States princi- 
pally came fro m Guyana and China. As pre viously noted, ship- 
ments from Guyana have declined in recent years, while those from 
China have te nded to increase and, c urrently, the Chinese ship- 
ments to the United States remain at higher levels than either Guy- 
anese or Brazilian impor ts. In 1981, China accounted for 49% of 
US. calcined refractory-grade bauxite imports, Guyana 40%, and 
Suriname 11%. At the end o f the decade, in 1990, China supplied 
60% of these imports, Gu yana provided 40%, and there were no 
imports from Suriname, where production of refractor y bauxite 
ceased in 1983 (Dickson and Harben 1986). By 1994, China’s share 
of U.S. calcined refractory-grade bauxite imports had risen to 85%, 
while Guyana’s shipments fell to 14% and Brazil accounted for 
about 1% of the total. In 2002, China accou nted for 88% of these 
imports, Guyana provided 7%, and Brazil supplied 5%. 

Because refractory-grade bauxite plays a critical and strategic 
role in the economy of the United States, the U.S. government has 
maintained stocks of t his ra w ma terial int he Na tional De fense 
Stockpile (NDS) for use during times of international turmoil and 
possible supply or market disruption. At the close of the 2003 fiscal 
year, the Defense Logistics Agen cy (DLA), manager of the NDS, 
listed the ca Icined re fractory-grade bauxite in ventory as 42,400 
metric calcined t (41,800 lon g calcined t). Under the ne w Depart- 
ment of Defense An nual Materials Plan (AMP), submitted to the 
U.S. Congress by the Defense National Stockpile Center, the DLA 
proposed the sale of up to 43,70 O metric calcined t (43,000 long 
calcined t) of refracto ry-grade bauxite during the 2004 fiscal year 
(i.e., all of the current in ventory). This or the remaining inventory, 
whichever is lower, is the maximum amount recommended for dis- 
posal during the fiscal year under the new AMP, and the actual level 
of sales will depend upon the pr evailing mark et conditions. The 
sales are part of the continuing U.S. government effort, following 
the end of the Cold War, to eliminate the NDS program. 


Prices 


Calcined refractory-grade bauxite prices remained relatively stable 
during 2003, with only a slight increase in the price s of Chinese 
material imported into the United States in the latter half of the 
year. This developing trend of increasing Chinese prices continued 
throughout the first half o f 2004. App roximate baseline inter na- 
tional market prices for refractory-grade bauxite imported to U.S. 
markets from Brazil, China, and Guyana are published monthly by 
the trade journal Industrial Minerals. In mid-2004, the price range 
for bulk Brazilian refractory-grade bauxite was $115-$130/t, free 
on board (f.0.b.) Brazil. The pr ice quotes for Chinese refractory- 
grade bauxite, minimum 87% AlzOs3, f.o.b. trimmed Chinese ports, 
were as follows: Shanxi, shaft lump, $125—$140/t; Shanxi, rotary 
lump, $125—-$140/t; and Guizhou, rotary lump, $110—-$120/t. The 
price range fo r Guyanese refractory-grade bauxite w as $ 160- 
$170/t, f.0.b. barge U.S. Gulf Coast. Marketplace adjustments are 
regularly appl ied to these base prices, depending on g rain size 
specifications, size of order, and fuel cost factors. Because Chinese 
bauxite accounts for such a large portion of the refrac tory-grade 
market, fluctuations in the pricing of Chinese material have an 
immense effect in the ent ire industry. In 2003, bauxite exported 
from China was subject to a pay-as-you-go license fee of 230 Chi- 
nese yuan ($27)/t (Crossley 2003b). 


Abrasive Applications 


Abrasives are materials used to smooth, roughen, polish, or clean 
surfaces, or simply to remove materials for the purpose of altering 
surface shap e or dimensions. Abrasives generally achie ve their 
objective through a rubbing action but also may work by impact. 


Producing calcin ed abrasi ve-grade bauxite is equivalent to 
processing refractory-grade material, except it is calcined at lower 
temperatures. Some of this calcined bauxite is use d directly as an 
inexpensive abrasive product, but by far the largest amount is used 
as the feedstock for the manufacture of brown fused alumina. 

Fused aluminum oxide abrasive grain (artificial corundum) is 
produced by the electrofusion of either calcined bauxite or Bayer- 
process alumina (Figu re 1). In bot h instances, fusion is accom- 
plishedin electric arc furna ces a tte mperatures ine xcess of 
2,000°C, the only difference being the resulting end pro duct. Cal- 
cined abrasive-grade bauxite provides the feedstock for the produc- 
tion of brown fused alumina (F igure 1). Brown fused alumina 
normally contains between 94% and 97% Al203. Between 1.2 and 
1.5 t of bauxite are required to produce | t of brown fused alumina 
(Crossley 2002 a). Fu sion of calcined, h igh-purity, Bayer -process 
alumina, on the other hand, produces white fused abrasi ve grain 
(Figure 1 and Specialty-Grade Al umina section). White fused alu- 
mina contains 99.5%—99.9% Al,O3. 

Abrasive-grade bauxite, th e feedstock for bro wn fused alu- 
mina, is prepared from low-silica, lo w-alkali material that is c al- 
cined at temperatures of approximately 1,100°C. This is lower than 
the firing temperature normally used for refractory-grade bauxite but 
high enough to en sure that the calcin ed product does no t readily 
reabsorb moisture to reform hydrated co mpounds. The calcined 
bauxite is then electrofused in the presence of ground coke and iron 
borings that aid the electromelting process and facilitate the removal 
of impurities by electromagnetic separation. The mix is usually cal- 
cined bauxite ( 80%), coke (5%), and iron bo rings (15%). Fusion 
takes place at temperatures ab ove 2,000°C and usu ally requires 
2,750-4,400 kW-hr of energy per metric ton of brown fused alu- 
mina. As indicated, the process requires the addition of special addi- 
tives to thee lectric arc furnace to form a ferrosil icon sla g that 
scavenges impurities. A source of carbon is needed to act as the 
reductant for the oxides of iron a nd silicon to form the slag, and 
coke is the preferred source. The iron content is adjusted by the 
addition of iron borings and the ferrosilicon usually contains about 
16%-18% silicon. The magnetic susceptibility of ferrosilic on pro- 
vides an efficient means of separating it and its associated impurities 
from the fused alumina product. This separation is achieved by pass- 
ing the crushed artificial corundum through magnetic separators. 

Both chemical and physical criteria are used to determine if a 
calcined bauxite meets the specif ications required f or the produc- 
tion of brown fused alumina. As in the case o f refractory- grade 
bauxite, the most critical chemical components for abrasive-grade 
bauxite are alumina, silica, iron oxide, titania, alkalies, and mois- 
ture—as both free and chemically combined h ydroxyl groups. To 
maximize the efficiency of the electrofusion process, the alumina 
content of bauxite used for abrasive applications should be as high 
as possible, and a minimum alu mina content of 80% on a calcined 
basis is normally requi red for this application. Ev en thou gh the 
mineralogy of the bauxite itself is not of major significance, gibb- 
sitic bauxite generally comprises the major portion of the feedstock 
to this industry . Silica is the most significant impurity and very 
costly to remove. In general, the upper limit on the silica content in 
calcined abra sive-grade mat erial is 5%. Unlik e refractory- grade 
bauxite, the iron oxide con tent is not as critical, and it cane ven 
reduce the need for iron additives to promote ferrosilicon forma- 
tion, provided that the iron oxide:silica ratio does not e xceed 3:1, 
although it is reported that the optimum ratio for this grade is closer 
toa value of 2:1. Titania, which is invariably present in bauxite, 
ideally needs to be in the range from 2% to 4%. If the titania con- 
tent is too lo w, the corundum crystal structure is af fected and the 
toughness of the fused alumina grain is impaired. Alternatively, if 
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Table 12. Comparison of typical calcined abrasive-grade bauxite’ 

Australia (Weipa) China (Nanchuan) China (Henan) Italy Guineat Guiana 
Alumina 82-85 90-93 86-89 82-87 89-91 86-89 
Silica 4.6-5.6 2.5-3.7 5.0-7.0 4.6-5.6 1.0-2.0 4.0-4.8 
Iron oxide 5.5-7.0 0.4-0.9 1.2-2.0 5.5-7.0 4.0-5.0 3.5-5.0 
Titania 3.1-3.7 3.0-3.5 3.4-4.0 3.1-3.7 3.8-4.5 3.0-4.0 
CaO 0.01-0.02 0.14 0.1-0.2 0.1 maximum 0.01-0.02 0.02-0.03 
K2O + Na2O + MgO nat 0.4-0.6 0.7-1.0 na na na 
LOl 0.2-0.8 0.2-0.4 0.8 maximum 0.7-1.0 0.5-1.0 
Bulk density (g/cm?) na 2.50-2.60 2.50-2.58 na na na 





Source: Russell 1999; Crossley 2002a. 
* All analytical values except bulk density are in weight percent. 
t Production ceased in 2001. 
tna = not available. 


the t itania cont ent is abo ve the 4% threshold le vel, it must be 
reduced to below 4% in the ferrosilicon phase, which is exception- 
ally costly. As with refractory-grade bauxite, low concentrations of 
alkalies are a requisite of abrasive-grade material in order to mini- 
mize the formation of a glass pha se. This fact is of particular sig- 
nificance if the ca Icium oxide (C aO) content rises to more than 
0.1%. The presence of moisture or chemically combined hydroxyl 
groups can be a potential hazard leading to the possible explosive 
generation of su perheated steam. Therefore, the LOI of the cal- 
cined bauxite should not exceed 1%, and co vered storage is com- 
monly u sed fo rab rasive-grade pr oducts. T able 12 gi vesa 
comparison of the chem ical composition of a variety of calcined 
abrasive-grade bauxites. 

Besides t hese s trict c hemical specifications, a brasive-grade 
bauxite also must meet certain physical standards. As pre viously 
mentioned, the calcined abrasive-grade feedstock should have been 
fired at temperatures high enough to ensure that the calcined mate- 
rial does not readily reabsorb moisture to reform hydrated com- 
pounds before it is fused in an electric arc furnace. Particle size is 
especially critical for abrasive production. The upper limit on par- 
ticle size is 50 mm with the lower threshold set at a 100-me sh 
(0.150 mm) screen size. If the material is too coarse, complete cal- 
cination may not be achieved, and any material finer than 100 mesh 
is likely to create dusting problems, resulting in material losses dur- 
ing handling, transportation, and fusion. 

Depending on the chemical com position of the bauxite feed, 
two main types of bro wn fused alumina are produced, regular and 
semifriable. The primar y distinguishing f actor is the amount of 
TiO? present, with the semifriable variety having the lower titania 
content (<2% TiOz). In the production of the semifriable material, 
Bayer alumina is added to the process in order to reduce the levels 
of silicon and titanium impurities in the final brown fused alumina 
product (O’ Driscoll 2003). 

As indicated earlier, a significant portion of the world’s cur- 
rent brown fused alumina production is u sed beyond the abrasive 
sector and a substantial amount finds use in refractory applications, 
as monolithics and shaped products (Figure 1). Inthe abrasives 
market, abrasive grain fused al uminas are used prim arily in three 
basic ways: (1) loose form; (2) dispersed form glued to a flexible 
backing (coated abrasive product); and (3) bonded form comprising 
closely packed grains held together in a three-dimensional form by 
inorganic or organic bonds (bonded abrasive product). Coated and 
bonded products are the main abrasive markets for brown fused 
alumina. 


Sources of Supply 


The principal sources of abrasive-grade bauxite are Australia, China, 
Greece, Guyana, and Italy . Collectively, these countries supply the 
majority of the world’s abrasive-grade bauxite. The world’s produc- 
tion capacity for brown fused alumina is currently estimated at about 
1 Mtpy (O’Driscoll 2001). Until 1987, Suriname was also an impor- 
tant supplier of abrasi ve-grade bauxite, espe cially to the United 
States, but has withdrawn from the market. Additionally, Guinea, an 
intermittent supplier of abrasi ve-grade bauxite, once ag ain ceased 
production and dropped out of the market at the end of 2001 (Cross- 
ley 2002a). Over the last decade or so, as a result of aggressive prod- 
uct pricing, Chinah as gro wn into the positio nofb eingak ey 
supplier to the w_ orld’s abrasi ve bauxite mark ets ( Gasser 2002). 
China’s existing pr oduction capacity for bro wn fused alumina is 
estimated at some 450,000-—5 00,000 tpy. Reportedly, there are more 
than 60 producers, with most located in Guizh ou and Hen an prov- 
inces, but some are also located in Guangxi, Shanxi, and Sichuan. 
Current exports are on the order of 300,000 tpy, which have steadily 
risen since the mid-1990s (O’ Driscoll 2001). 

A possible new supplier to international markets may be India 
(Taylor 2003b). Although In dia currently impo rts 40% —60% of its 
calcined bauxite requirements from China, efforts have recently been 
made to mark et abrasive-grade material from the state of Gujarat to 
world markets. Nonetheless, a fundamental question still exists as to 
the quality and quantity of nonm _ etallurgical-grade bauxite that 
Indian sources will be eventually capable of supplying to export mar- 
kets. It is noted that calcined nonmetallurgical-grade bauxite from 
India typicall y contains more iron, titania, and CaO than similar 
material from China and Guyana; however, the Indian bauxite is 
reported to be comparatively easier to grind (Crossley 2001). 


Demand 


Currently, worldwide demand for calcined abrasi ve-grade bau xite 
is estimated at approximately 800,000 tpy to 1 Mtpy (Russell 1999; 
Crossley 2001). Through the 1980s, 1990s, and into the twenty-first 
century, the to tal annu al consum ption o f calcined abra sive-grade 
bauxite in the United States by the abrasives industry has ranged 
from a high of 32 8,000 tin 1984 to alow of 52,000 tin 2002, 
reported on a dry equivalent weight basis by the USGS (Figure 6). 

Table 13 identifies foreign sources of calcined abrasive-grade 
bauxite destined for U.S. industrial users. 

At this time, the overall consensus is that the future for bauxite- 
based abrasives is not particularly bright. It is a mature market that is 
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Figure 6. U.S. abrasive industry consumption of calcined bauxite 
Table 13. U.S. imports of calcined nonrefractory-grade bauxite, kt 
Source 
Year Australia Brazil China Guyana Suriname Other Total’ 
1981 15 0 12 35 6 <0.5 68 
1982 10 0 18 17 14 <0.5 59 
1983 8 0 14 22 47 ] 92 
1984 24 0 18 0 <0.5 <0.5 42 
1985 23 0 4] 4 <0.5 <0.5 69 
1986 14 0 48 9 11 <0.5 83 
1987 6 0 10 22 4 <0.5 43 
1988 20 0 152 15 0 <0.5 188 
1989 8 0 147 96 0 26 277 
1990 14 0 173 52 0 108 348 
1991 16 0 96 0 0 5 117 
1992 8 0 88 0 0 13 108 
1993 12 0 86 0 0 4 102 
1994 7 24 137 0 0 0 168 
1995 15 38 154 0 0 54 259 
1996 <0.5 6 118 26 0 ] 151 
1997 23 17 125 0 0 25 190 
1998 15 2 99 59 0 0 175 
1999 22 ] 94 12 0 2 132 
2000 28 11 82 0 >0.5 129 
2001 61 2 75 3 0 11 152 
2002 47 5 67 0 <0.5 127 








Source: USBM 1981-1994; USGS 1995-2003. 
* Data may not add to totals shown because of independent rounding. 
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in broad decline, and demand for brown fused alumina in the abra- 
sives se ctor has slo wly de clined b ut is no we xpected to re main 
static or drop at only a reduced rate in the future. In recent years, 
demand for abrasive-grade bauxite in North America and, to some 
extent, Europe, has decreased be cause of cheaper Chinese e xports 
of brown fused alumina entering the international marketplace. 


Prices 


As with many industrial minerals, prices for abrasive-grade bauxite 
are difficult to trace because a huge amount depends on the precise 
chemical and physical specifications of the material. As a gen eral 
tenet, ab rasive-grade bauxite ores sell for around tw o-thirds the 
price of refractory-grade bauxite. The ne wsletter Mineral Price- 
Watch quoted the mid-2004 price range for abrasive-grade bauxite, 
f.o.b. China, as $65—$70/t (Anon. 2004b). Chinese abrasi ve-grade 
bauxite is typically th e cheapest product a vailable because it nor- 
mally has a relatively high calcium oxide content. 


Cement Applications 


In terms of volume—metric tons of material used—cement applica- 
tions have become the lar gest market for nonmet allurgical-grade 
bauxite. Two types of aluminous cement are produced directly from 
bauxite (low- and high-iron varieties; see Figure 1). Additionally , 
some bau xite is use d to upg rade the alumina content of the ra w 
materials used to produce ordinary portland cement. 

In cement products, the higher the alumina content, the more 
rapid the h ardening rate and th e better the refractory properties. 
These factors have lead to the added use of calcined alumina for the 
production of a special class of high-purity calcium al uminate 
cement (CAC). CAC is typically produced from high-purity lime- 
stone and calcined alumina in pl ace of bauxite an d contain 70%— 
80% Al1203, 18%—-25% CaO, and less th an 2% total silica, soda, 
magnesia (MgO), and iron oxide impurities. Normally, it is desig- 
nated as high-grade CAC (>70% Al203). 


High-Alumina Cement 


Aluminous cement differs from standard portland cement, both in 
its chemi cal compos ition a nditsenduses. The ra w ma terials 
employed to produce high-alumina cements are normally bauxite 
and limestone, whereas portland ceme nt uses al uminous clay or 
shale rather than bauxite. As a consequence, high-alumina cement 
consists of calcium aluminates as opposed to aluminosilicates and 
it is often termed calcium aluminate cement. It is used principally 
in the cast ables sector of the monolithic refractories market. The 
calcium aluminate cements are commonly classified commercially 
by their alumina contents as low (CAC40), medium (C ACSO), or 
high (C AC>70) gr ades, with co lor gr ading f rom d ark gr ay to 
white. The lo w- and medium-grade v arieties are deri ved f rom 
bauxite raw materials and are differentiated on their iron conte nt, 
while the high -purity variety is only sourced from alumina feed- 
stock. The mo st frequently used alumin ous cements are in the 
40%-50% Al203 range, which are described as the lo w—medium 
grade CAC, with the >70% CAC or higher purity grade CAC being 
used in lower volumes and more high-end applications. The ty pi- 
cal range and associ ated differences in chemical compositions 
encountered within the low- and medium-grade calcium aluminate 
and portland cements are shown in Table 14. Please note that the 
high-purity c alcium al uminate ce ments are not included in this 
table, only the low- and mediu m-alumina grades (CAC40 = high 
iron, CACSO = low iron). 

Concrete made with high-alumina cements are characterized by 
their ra pid setting times, as shor tas2—4 hours, with structural 
strength developed within 24 hours, as compared with con ventional 


Table 14. Comparative chemical analyses of high-alumina and 
portland cements’ 


High-Alumina Cement 





Low Iron High Iron Portland 

(CAc50)* (CAc40}* Cement 
Calcium oxide 34-40 30-40 58-67 
Silica 4-6 3-6 19-26 
Alumina 50-57 38-56 4-11 
Iron oxide 1-3 10-18 2-5 
Titania 0.5-2.5 0.5-2.0 0.5-1.0 
Magnesia 0-1 0-1 0-5 
Sulfur trioxide 0-1 0-1 0-2.5 





Source: Andrews 1984. 
* All values are in weight percent. 
t Medium-grade calcium aluminate cement. 
+ Low-grade calcium aluminate cement. 


Table 15. Typical specifications of high-alumina cements 


High-Alumina Cement 








Low Iron High Iron 
Parameter (CAC50)° (cAc4o)}t 
AlzO3:SiO2 10:1 (minimum) 10:1 (minimum) 
AlgO3:Fe2O3 20:1 (minimum) 2.0-2.5:1 (preferred) 
AlgO3:TiO2 16:1 (minimum) nat 
Mineralogy Not critical Boehmite or diaspore 


Free moisture 5 wt % (preferred maximum) 


50-100 mm 


Preferred dry 


Particle size Not critical 


Source: Andrews 1984. 
* Medium-grade calcium aluminate cement. 
t Low-grade calcium aluminate cement. 





tna = not available. 


portland cement-based concrete that may require several days to 
harden. In fact, the initial strength of CAC-based concrete after 1 day 
is proportionally the same as that for portland cement-based concrete 
after 28 days (MacZura 1992; O’ Driscoll 2000). 

Fundamentally, there are two principal types of high- alumina 
cement produced from ba uxite feed: high and low iron, which are 
also termed low- (CAC40) and medium- (CACS50) grade calcium 
aluminate cements (T able 1 5). Both v arieties can be used in 
castable refractories with operating temperatures up to 1,200°C. 
The high-iron type, often termed Ciment Fondu, when used in con- 
junction with a suitable aggregate such as a refractory grog, can be 
employed as arefractory cement and mortar that retains its integrity 
up to 1,300°C. These high-alumina cements are also resistant to 
chemical attack by corrosive agents (i.e., salt water, etc.). 

Bauxites used in high-alumina or calcium aluminate cements 
range considerably in chemical composition. The primary chemical 
determinant affecting the selection of bauxite for use in high- 
alumina cement is the silica content, or, more precisely, the alumina- 
to-silica ratio. A high — silica cont ent hampers the rapid hardening 
property of the cement. This means the silica content must be con- 
trolled and a typical industry requirement is that the Al 703:SiO2 
ratio should be at least 10:1, which normally excludes bauxite con- 
taining more than 6% SiOz from use in high-alumina cements. For 
the low-iron compositions, it is common to specify an iron oxide 
content of less than 2.5%, whereas for the high-iron grade (Ciment 
Fondu), contents of 25% may be acceptable in certain applications, 
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although the norm lies in the 10%-—18% range (Table 14). Iron con- 
tributes to the hardening properties and acts as a flux, but if present 
in excessive amounts, it may have adverse effects on the cement’s 
refractoriness and overall strength. 

The two main methods employed to produce high -alumina 
cement are the fusion and sinteri ng techniques. In the fusion pro- 
cess, an oil -fired, L-shaped vertical shaft/reverberatory hearth kiln 
is nor mally used to pro duce th e high-alumina cement prod uct, 
whereas a rotary kiln is used to fire the bauxite and limestone raw 
materials in the sintering process. The productio n method used 
often dictates the ph ysical requirements of the bauxite feedstock 
chosen by acement producer. In processes using rotary kilns, where 
the bauxite is ground and mix ed with limestone before sintering, 
particle size of the crude bauxite is of minor importance. On the 
other hand, the fusion method for manufacturing high-iron Ciment 
Fondu involves charging a mixture of coarse, lumpy, monohydrate- 
type bauxite (boehmite or diaspore) with limestone into a combina- 
tion vertical shaft/reverberatory furnace where rising volatiles from 
the fusion hearth preheat the descending feed. The molten furn ace 
discharge is cast in to pigs th at are subsequently ground and size 
classified to cement fineness. This operation is dependent on coarse 
feed (50-100 mm) to prevent channeling of the hot gases in th e 
shaft furna ce. As indicate d, boehmite or diaspore is normally 
selected because of their lo w LOI, which results in lo wer levels of 
disintegration and thereby presents less interference with g as flow 
through the f urnace feed. Economic concerns pro vide yet another 
impetus for selecting monohydrates, because they customarily have 
free and chemically combined hydroxyl contents of 1 5%—-17%, 
compared with the normal 35%—40% for gibbsitic bauxite (Table 1). 
This has an ob vious impact on the fuel requirements plus materials 
handling and transportation costs incurred by cement manufacturers. 

The alumina content of low-iron type, high-alumina cements 
normally ranges from 50%-57% Al203, which is slightly above the 
levels found in the high-ir on, Ciment Fondu types but well b elow 
the levels found in high-purity CAC (CAC70-80) produced directly 
from alumina feed stock. Silica also can be tolerated in quantities 
similar to that permi tted in the high iron—grade material, an d typi- 
cally is in the 4%-6% range (Table 14). The most striking dif fer- 
ence in che mical com position between th e lo w- an d high-iron 
grades is in their iron oxide content. The maximum ac ceptable 
amount of Fe 703 allowed in the lo w-iron type may reach 3%, 
although it is actually more commonly maximized at 2.5% . This 
translates into a mi nimum Al 703:Fe203 ratio of 20:1 The tit ania 
content is also of sign ificance for this material, with a minimum 
Aly03:TiO2 requirement of 16:1. Alt hough the high -iron grade is 
usually produced in oil-fired vertical shaft/reverberatory hearth fur- 
naces, the low-iron type is ordinarily produced in rotary kilns or in 
a few instances by fusion in elec tric arc furnaces (Andrews 1984; 
O’Driscoll 2000). In this latter case, a product s imilar to Ciment 
Fondu is produced thou ghusu ally lo wer in iron content 
(Alj03:Fe203 usually greater than 20:1) and a finer-sized bauxite 
feed can be used to manufacture this product, with optimum results 
obtained using calcined bauxite. 


Portland Cement 


This is the most frequently used binder in the commercial produc- 
tion of concrete. The essential raw materials for portland cement 
are limestone and high-alumina clay or shal e. In some cases, the 
alumina content of the clay or shale feedstock is too low for the for- 
mation of the required min eral phases during sintering of th e 
cement and, therefore, bauxite is used to upgr ade the feed. One of 
the parameters typically used to determine the suitability of the raw 
materials for this application is the SiO2-to-(Al203 + Fe 203) ratio, 


commonly known as the “silica modulus,” which in this case should 
ideally be in the range of 2 .6—2.8 with the alumina content exceed- 
ing the iron oxide. The principal criterion for suitability is a hi gh 
level of alumina content (Andrews 1984). 

Beyond the use of baux ite to increase the alumina con tent 
within the raw materials em ployed to produ ce portland cement, 
there are se veral other compellin g explanations why the cement 
industry has turned to bauxite as an additive in the manufacture of 
this product. By using low-silica bauxite, the industry is able to uti- 
lize low-grade, high-silica limestone that has previously been clas- 
sified as subgrade material and in turn this has greatly increased the 
limestone reserves available for use as feed to the portland cement 
industry. Additionally, reduction in alkali content can be achie ved 
by using a bauxite-based feed that in return permits a broader range 
of reactive aggregates to be inco rporated into the final concrete 
mix. Besides these factors, other advantages include improved kiln 
control and increased product uniformity, improved materials han- 
dling, andared uction in freight costs. Ne vertheless, although 
chemically ideal for use in ceme nt production, bauxite is usually 
prohibitively expensive and used only as an additive in portland 
cement, typically forming only 2%—3% of the raw mix, and not as a 
basic feedstock. 

In addition to the previously mentioned cements, there are 
also two variants of portland ce ment, one kno wn as blast furnace 
cement, which is derived from the aluminous slag produ ced as a 
coproduct of the iron industry, and the other based on fly ash wastes 
from coal power plants. The y are both signif icant competitors to 
bauxite’s use as an additive to portland cement. 


Demand 


Worldwide use of b auxite in the cement industry is estimated at 
about 1.0-1.2 Mtpy (Russell 1999; Crossley 2001). This places the 
use of bauxite in cement at the top of the list of all nonmetallurgical 
markets, interms of tonnage. The to tal global mark et for high- 
purity CAC is currently estima ted to be 500,000-550,000 tp y, and 
is forecast to remain at these levels in the near future (Russell 1999; 
O’Driscoll 2004). 

In 2001, the USGS started reporting the U.S. cement industry’s 
annual consumption of bauxite, as reported on a dry equivalent unit 
basis. It was found that the cement industry consumed 268,000 t of 
bauxite in 2000, 302,000 tin 2001, and that the consumption level 
had risen to 324,000 t by the end of 2002. Although the markets for 
cement in Europe and North America are growing at moderate rates, 
demand is e xpected to substantia lly increase in Asia, especially in 
China, where con sumption is e xpanding very rap idly in both the 
refractory and building materials markets. 


Prices 


There is a signif icant price dif ferential be tween bauxite used for 
aluminous cement p roduction and that for portland cement, with 
bauxite used in aluminous cement (55%-56% Al2O3) being at least 
double the price of bauxite for portland cement (Russell 1999). The 
difference is even greater between the high-end products, with CAC 
reportedly four or fives times more expensive than portland cement 
(O’ Driscoll 2000). 


Chemical Applications 


The bauxite used directly for chemical applications is very high qual- 
ity material and, in some cases, is basicall y equivalent to crude or 
green gibbsitic refractory-grade bauxite that has not been calcined. 
The most direct use of bauxite within the chemicals industry 
is inth epr oduction of alumin umsu lIfate [Al(SOq)3 or 
Aly(SOq)3°18H20], also commonly known or referred to as alum, 
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which is used principally as a flocculating agent in water and efflu- 
ent treatment. This chemical application is de rived from the fact 
that polyvalent ions suc h as Al***, and to al esser degree Fe***, 
have the capac ity to function as flocculating and coagul ating 
agents. The tri valent aluminum ion is normally favored over the 
ferric spe cies be cause of it s grea ter floccula ting capabil ity a nd 
absence of color. Dissolving high-quality, specialty- grade bauxite 
in sulfuric acid (H2SO4) commonly produces this compound, and 
only certain types of bauxi te are amenable to this acid treatment. 
The solubility of gibbsite in H2SOy, is significantly higher than that 
of boehmite and, therefore, gibbsitic bauxite is commonly used for 
this ap plication. Diaspore is re latively insoluble in sulfuric acid, 
except at tem peratures around 300°C. The kaolin th at is often 
present in ba uxite also dissolves at a ra te comparable with gibb- 
site; in fact, kaolin also can be used as a feedstock to produce alu- 
minum sulfate. A much purer chemical form of aluminum sulfate, 
free from iron con tamination, is often pro duced by direct acid 
treatment of Bayer -process alu minum h ydroxide ( Figure 1 and 
Specialty-Grade Al umina section). This hi gh-quality, c olorless, 
iron-free product is specifically used as a sizing agent in the paper 
industry. 

Some of the other principal chemicals that theoretically can be 
manufactured from bauxite are aluminum chloride (AICI; or 
AICl3°6H20), aluminum fluor ide (AIF3), and sodium aluminate, 
although the preferred feedstock for the higher purity forms of 
these chemicals is, once again, aluminum hydroxide derived from 
the Bayer process (Figure 1 and Specialty-Grade Alumina section). 
Treating heated b auxite with chlorine gas is a comm on me thod 
used to commercially produce aluminum chloride. 

The most significant requirement for chemical-grade bauxite 
is that its acid-so luble iron oxide content should be low. Chemical 
manufacturers customarily spec ify a ma ximum Fe 203 content of 
2.0%-2.5%, or an AlzO3:Fe203 ratio of about 23:1 or higher. None- 
theless, this is nota n extremely stringent specification and it is 
totally dependent on the ultimate end use of the material, because 
much greater iron oxide levels may be tolerated in some water and 
effluent treatment applications. Even less crucial is the silica con- 
tent because silica separates out as an inso luble residue during the 
acid digestion process. Usually, silica levels of 10% and higher in 
the raw bauxite ore can be tolerated; however, toxic ions must be 
avoided an d high le vels of or ganic compounds ad versely af fect 
water quality (Andrews 1984; Benbow 1988). In practice, the U.S. 
chemical industry often utilizes bauxite with high silica contents for 
water treatment applications, even though these high silica le vels 
substantially increase material handling costs. 

Another special type of chemical-grade material is prepared by 
low-temperature roasting (400°-800°C) of low-iron g ibbsitic baux- 
ite. The resultant produc t isa residue of coarse, ab rasion-resistant 
particles that retain only 4%— 10% chemically co mbined h ydroxyl 
groups. As this is a reversible process, the “activated” bauxite readily 
recombines or adsorbs moi sture. This mak es activated bauxite an 
excellent drying agent for gases and organic liquids. In fact, this par- 
tially dehydrated material is also known for its porosity and high sur- 
face area, which greatly cont ribute to it s reactivity and enhance its 
use as an adsorbent for sulfur- and fluorine-based compounds. Acti- 
vated bauxite is commonly used as adecolorizing and moisture 
removal agent for the food and chemical processing industries. How- 
ever, activated bauxite’s use as a Claus catalyst for the removal of sul- 
fur from sourg as inthe petr oleumin dustry has been mostl y 
superseded by purer acti vated al uminas produced di rectly from 
Bayer-process aluminas (Figure | and Specialty-Grade Alumina sec- 
tion). Actually, in the late 1990s, it was reported that only one signif- 


icant producer remained as a supp lier of acti vated bauxite to world 
markets, the Porocel Corporation that produces both activated baux- 
ite and alumina at its Little Rock, Arkansas, plant (Russell 1999). 


Sources of Supply 


The principal sources of chemical-grade bauxite are Brazil, Ghana, 
and Guyan a. Currently, itis es timated that arou nd 80% _ of the 
world’s chemical-grade bauxite produced each year is supplied by 
Guyana. 


Demand 


Currently, w orldwide demand fo r chemical-grade bauxite is 
roughly estimated at about 300,000-350,000 tpy (Russell 1999 ; 
Crossley 200 1). Through the 198 Os and into the 1990s, the total 
annual consumption of chemical-grade bauxite in the United States 
for direct use within the chemicals industry has ran ged from a low 
of 169,000 t in 1982 to ahigh of 281,000 tin 1983 (Figure 7). In 
recent years, this information has been withheld by the U.S. go v- 
ernment to avoid disclosing company proprietary data; nonetheless 
the general le vel of U.S. consumptio n through various econo mic 
cycles is readily evident in the available data. 

The current global outlook for ch emical-grade bauxite markets 
is generally downbeat or negative. Aluminum chemical production is 
amature to declining mark et fo r baux ite. In creasingly, as no ted, 
Bayer alumina has tak enover from bauxite in th e production of 
higher quality alumin um su Ifate pro ducts. Fur thermore, the ent ire 
market for alum itself is under great pressure because of technologi- 
cal advances occurring within its water treatment and papermaking 
applications. 


Prices 


Because of the high-alumina conten t of chemical-grade bauxite, it 
can command a premium price, but below that of refractory grade 
because no calcination cost is included in its production. Prices for 
chemical-grade bauxite are reportedly stable and estimated in the 
range from $40/t to $50/t f.0.b. for bulk shipments (Russell 1999). 


Special Applications 
Slag Adjuster 


The iron and steel indus tries commonly use additi ves to control the 
viscosity of slags developed in metal production. There are two prin- 
cipal areas in ferrous metallurgy where bauxite may be used as a slag 
adjuster. The primary use is in iron making, where bauxite is added to 
control the desulfurization capacity and fluidity of the sl ag and 
which, at the same time, provides feed for the manuf acture of blast 
furnace cement. In addition, ra w bauxite is also used to cont rol the 
viscosity of slags during the production of steel. In general, monohy- 
drates (b oehmite or di aspore) ar e f avored for these applications. 
Worldwide consumption of bauxite in steelmaking is estimated to be 
in the range of 350,000—400,000 tpy (Benbow 1989; Russell 1999; 
Crossley 2001). 

Most bauxite used as a flux in iron and steelmaking must be 
high in alumina content, usually greater than 55%, and low in sil- 
ica content. The m aximum tolerable SiOz content common! y is 
7%. Only trace amounts of sulfur and phosphorus may be present 
in bauxite used in the iron and _ steel industry. Low moisture con- 
tent, both free and chemically combined hydroxyl groups, is also 
desirable. 

Bauxite supplied to pig iron producers as a slag adjuster is 
predicted to be a gr owth area for the specialty use sector; even so, 
demand is closely tied to the overall fortunes of the steel industry 
(Russell 1999). 
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Figure 7. U.S. chemical industry consumption of bauxite 


Proppants 


The special ty mark et products kno wn as_proppants, o r pr opping 
agents, are associated with hydraulic fracturing, empl oyed in the oil 
and gas industry to enable hydrocarbon recovery from deep petro- 
leum reservoirs. In the hydraulic fracturing procedure, oil or gas held 
at great dep ths in t ight rock formations is released b y using high- 
pressure fluids to crack open the host strata. Grains of sand or other 
materials, known as proppants, are usually introduced into the frac- 
tures to k eep them open and provide permeable st ructures through 
which the gas or oil may migrate and be collected by a recovery well. 
For shallow reservoirs, selected quartz sands with high natural sphe- 
ricity and roundness are sufficient to resist the loading pressure of the 
overlying rock. At greater depths, in excess of 3,000 m, quartz prop- 
pants are unable to prevent fracture closure and sintered bauxite is 
chosen for this application (Crossley 2002a; Taylor 2003c). The gen- 
eral chemical specif ications for bauxite used in the manufacture of 
proppants are high alumina content and low silica and clay content, 
with the associated iron oxide content not being critical. The bauxite 
is ground to a particle size of less than 12 um and then agglomerated 
into very small spher es prior to bein g sintered at around 2,000°C. 
The sintering process forms randomly oriented alpha-alumina cry s- 
tals that pro vide the material with its toughness and high-bearing 
strength. To provide a product with maximum permeability, the prop- 
pant is screened into a restri cted range of particle si zes, extending 
from 6- to 8 0-mesh (3.35- to 0.18-mm) screen size. The most fre- 
quently used size is the 20 - to 40 -mesh (0.85- to 0.42 5-mm) ran ge 
(Andrews 1984). 

Demand for calcined bauxite in proppant applications is likely 
to increase in the future because of the h ydrocarbon ind ustry’s 
increasing use ofh _igh-pressure fluid injecti on tech niques to 
enhance deep and tight reservoir recoveries, plus the global trend 
toward greater production depths for both oil and gas. 
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Miscellaneous Minor Applications 


In addition to the u ses already described, there are s ome m inor 
applications that require calcined bauxite as a pr imary feed stock. 
Although the principal applications of calcined bauxite remain in 
the refractory and abrasive industries, a few other very specialized 
commercial uses have been developed for this fired product, among 
which are welding flux materials and road surface ag gregate. In 
total, these specialty end uses com prise a v ery small share of the 
entire nonmetallurgical-grade market. 

Techniques for submer ged arc welding require th euse of a 
granular flux to shield the molten weld pool from the atmosphere 
during the weld’ s application or placement. Various propr ietary 
compositions exist and in some cases calcined bauxite is inco rpo- 
rated into the se formulations. Calcine dba uxite may ,insom e 
instances, make up to 25% of the welding flux. In this special appli- 
cation, the most crucial specif ication involves the residual moisture 
content after calcination. It is mandatory that the moisture content 
should not exceed that allowed for c alcined refractory-grade mate- 
rial (i.e., 0.5%). The reason f or this rigorous requirement is the 
potential for any moisture present within the flux to reduce to hydro- 
gen, if it is e xposed to a welding arc. Should this occur, and if the 
molten weld pool absorbs the hydrogen, it will induc e brittleness 
into the weld. Likewise, tight specifications also govern the presence 
of sulfur and phosphorus, which are detrimental to the weld. When 
present at high concentration s, the y induce por osity and cracking, 
and atl ower concentrati ons, the y a dversely affect the impa ct 
strength of the we Id. Very few bauxite produce rs specifically se Il 
welding-grade material, as the ma rket for this pro duct is rather 
small. Chinese producers are mostly locate din Zun yi, Guizhou 
Province, southern China, and reportedly have a total annual output 
of 35,000 t. In the past, a Brazilian producer was also known to sup- 
ply a fe w thousand metric tons to world markets. During the late 
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1990s, prices f or welding -grade bauxite generally fluctuated in the 
$85-$100/t, f.o.b. China (Zhanjiang), range (Russell 1999). 

Another very unique b ut, nevertheless, potentially significant 
market for calcined bauxite is as a special anti-skid road a ggregate. 
This use w as originally de veloped in the United Kingdom and has 
been tested for more than 20 years in that country. As this anti-skid 
material is the most expensive form of road a ggregate, the calcined 
bauxite-epoxy resin mix is only used at the most crucial ro_ ad loca- 
tions to prevent accidents (i.e., road junctions, sharp corners, traffic 
lights, and pedestrian crossings in residential and urban areas). Even 
though this is currently only a small-volume usage, it is projected 
that its consumption will increase as markets are developed, particu- 
larly in Europe. This specif ic specialty application has seen only 
limited use in U.S. markets. 


Specialty-Grade Alumina 


A wide variety of high-quality abrasive, ceramic, chemic al, and 
refractory products are produced di rectly from specialty-grade 
Bayer-process alumina and cal cined alumina (Figure 1 ). As has 
been noted, these products and their associated markets require 
quality raw materials with greater alumina contents than can be 
provided by nat urally occurring no nmetallurgical-grade baux ite. 
The difference between specialty-grade alumina and nonmetallur- 
gical-grade bauxite as sources of supply to these very demanding 
markets is pr imarily one of product purity and cost. Methods of 
production, product specifications, and commercial markets have 
been addressed in broad and general terms in the preceding dis- 
cussion of no nmetallurgical-grade b auxite pr oducts. T ypically, 
Bayer-produced alumina is the starting point for most of the cal- 
cined alumina and alumina trihydrate used as feedst ocks in these 
specialty alumina applications. Today, specialty-grade alumi na 
plays an increasingly important role in the industri al minerals 
marketplace as the demand for superior product s cont inues to 
grow. To take advantage of the higher prices of fered for these 
materials, nearly all major alumina producers have converted a 
portion of their production capacity to the supply of specialty- 
grade alumina. Producing specialty-grade aluminum hydroxides, 
which differ in co lor, particle size, purity, an dv arious other 
attributes from normal smelter-grade product, have required sub- 
stantial capi tal in vestment in separate processing and handling 
facilities. Table 16 lists the key facilities that produce specialty- or 
nonmetallurgical-grade alumina products. 

In 1975, alumina produced for nonm etal applications totaled 
1.7 Mt, whereas in the late 1990s the worldwide total was estimated 
at closer to 5.1 Mt (Russell 1999). The International Aluminiu m 
Institute (2000) reported that world alumina production in 2002 
totaled 56 Mt and approximately 8% of this (roughly 4.4 Mt) w as 
alumina for nonmetallurgical uses. This may be a slight underesti- 
mate for the nonsmelter -grade alumina because some Bayer ref in- 
eries do not typically di fferentiate bet ween smelter- and 
nonsmelter-grade product in their total production figures. It is esti- 
mated that about 65% of the nonmetallurgical-grade alumina output 
is used directly to pr oduce specialty Bayer alumina products; th e 
remainder is proc essed i ntoc alcined spec ialty-grade al umina 
(Table 17). 

Specialty-grade alumina is normally classified according to its 
soda (Na2O) content, crystal size, specific surface area, and parti- 
cle-size distri bution. They are characteristics that infl uence th e 
commercial appl ications for which these special prod ucts ar e 
finally used and the markets in which they compete. 

The major specialty- grade products and their mark ets, listed 
in the general order of increased ener gy input requirements for 
product production, are described in the following sections. 


Alumina Trihydrate 


A prime workhorse or key feedstock for the specialty alumina mar- 
ket (Figure 1) is al umina trihydrate [Al(OH)3], also referred to as 
aluminum h ydroxide [Al(OH) 3], orless © commonly known as 
hydrated alumina (Al203°3H2O), and often termed ATH by indus- 
try. It is used in hundreds of chemical, filler, flame retardant, phar- 
maceutical, pig ment, w ater tr eatment, a nd z eolite a pplications. 
Furthermore, it is extremely important to note the great complexity 
of the alumina trih ydrate sector and how, like bauxite, it may be 
produced in one country, refined or processed in another, and mar- 
keted in yet a third. 

Alumina trihydrate is the principal high- quality feed for the 
manufacture of avery wide array of aluminum chemicals. Even 
though specialty-grade alumina and nonmetallurgical-grade bauxite 
are considered as the primary sources for a great number of alumi- 
num-based chemicals, only a few are produced in significant com- 
mercial qua ntities ( e.g., al uminum chloride, aluminum _ fluoride, 
aluminum sulfate, and sodium aluminate). Nevertheless, this results 
in a considerable tonnage of high-purity aluminum hydroxides with 
low soda, silica, and iron oxide contents used on an annual basis for 
the production of aluminum chemicals. 

The key end use for anhydrous aluminum chloride is as a cata- 
lyst in organic reactions. It is one of the p rincipal catalysts used in 
the alkylation of aromatic compounds, such as benzene, by alkyl 
halides (Friedel-Crafts reactions). Aluminum chloride is also used 
in the production of v arious cosmetics and pharmaceuticals and in 
the manufacture of titanium dioxide (TiO), which is used as a pig- 
ment for paints. 

Treating specialty-grade alumina with gaseous hydrogen fluo- 
ride, liquid hydrofluoric acid, or fluosilicic acid (H 2SiF¢) produces 
aluminum fluoride. This product is mainly used as synthetic cr yo- 
lite in the makeup of the molten bath (Na3AIFe*Al2,03) employed in 
the electrolytic reduction of sm elter-grade alumina t o aluminum 
metal by the Hall—Héroult pro cess. It i s currently esti mated that 
aluminum fluoride consumption in the production of primary alu- 
minum metal varies from 10 to 30 kg/t dep ending on the smelter 
technology employed, with the worldwide average placed at about 
20 kg/t (Roskill Information Services 1993; Russell 1999). 

As pre viously noted, aluminum su Ifate (alum) is e mployed 
primarily as a flocculating or coa gulating agent in water and efflu- 
ent treatment. In addition, commer cial-grade aluminum sulfate is 
widely used in the manufacture of paper. In the current mark et- 
place, there are basically three grades of aluminum sulfate: indus- 
trial, low-iron, and iron-free alum. 

Sodium aluminate is used principally for the production of 
synthetic zeolites used inthe manufacture of detergents. The 
mostim portantcom mercial form iste rmed zeolite A 
{ Nay2[(A1O2) }2(SiO2) 12]*27H20 or Na 20°A1ln03°2S10°4.5H20O } ’ 
used as a nonphosphate deter gent builder that enhances or main- 
tains the cleaning efficiency of the surfactant by controlling water 
hardness. Since the late 1960s, be cause of environmental concerns 
about the ill ef fects of waste phosphates in natural water systems, 
governmental le gislation restric ting or bann ing the use o f phos- 
phates in detergents has boosted the worldwide demand for zeolite 
A to nearly 1 Mtpy (Russell 1999). 

Beyond these wid e-ranging ap plications inthe chemical 
industry, aluminum trihydrate also plays an all-important role as an 
additive and filler for paint, paper, plastic, and polymer products— 
most significantly in the field of flame retardants. 

Specialty-grade alumina from the Bayer process is an inorganic 
mineral product that has a lar ge number of t he attributes needed to 
make it an effective and competitive contender in the commercial 
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Table 16. Principal plants producing specialty-grade alumina products (2003)' 


Estimated Total Year- 
End Specialty-Grade 





Alumina Capacity, 
Region and Country Company Location ktpy* Product 
North America 
Canada Alcan Brockville, Ontario 18 Activated alumina 
Alcan Vaudreuil, Quebec lonquiére, 142 Specialty hydrate, dry hydrate, specialty 
Quebec) calcined aluminas 
United States Alcoa Point Comfort, Texas 220 Dry hydrate, calcined alumina 
Almatis Bauxite, Arkansas Specialty hydrate, reactive alumina, tabular 
alumina, cement 
Almatis Dalton, Georgia Filler, ground alumina hydrate 
Almatis Leetsdale, Pennsylvania Calcined and tabular alumina 
Almatis Port Allen, Louisiana Activated alumina 
Almatis Vidalia, Louisiana Activated alumina, catalysts, absorbents 
Aluchem Cincinnati, Ohio 25 Secondary production of hard-burned 
calcined alumina 
Aluchem Jackson, Ohio 25 Secondary production of intermediate 
calcined alumina and reactive alumina 
Sherwin Alumina—BPU Corpus Christi, Texas 300 Wet and dry hydrate, calcined alumina, 
Reynolds Inc. chemical-grade alumina 
Kaiser Aluminum & Gramercy, Louisiana 200-300 Chemical-grade alumina, flame retardants 
Chemical Corp. 
Ormet Corp. Burnside, Louisiana 6+ Wet and dry hydrate, chemical-grade alumina 
Porocel Corp. Little Rock, Arkansas 23 Activated alumina 
UOP L.L.C. Baton Rouge, Louisiana 22.5 Activated alumina 
South America 
Brazil Alcan Saramenha, Minas Gerais 10 Specialty alumina 
Alcoa Pocos De Caldas, Minas 125 Hydrated alumina, calcined alumina 
Gerais 
Europe 


Bosnia and Herzegovina 
France 


Germany 


Greece 


Hungary 


Netherlands 


Romania 

Russia 

Serbia and Montenegro 
Slovakia 


Slovenia 


Energoinvest 


Alutech Aluminas 
(Pechiney) 


Almatis 


Aluminium-Oxid Stade 
GmbH (Hydro Aluminium/ 
Dadco) 


Martinswerk GmbH 
(Albemarle Corp.) 


Nabaltec GmbH 


Aluminium de Grece, S.A. 
(Alutech-Pechiney) 


Ajkai Alumina (Magyar 
Aluminium-MAL) 


Motim Co. Ltd. 
Almatis 


Oradea Alumina Enterprise 


Boxitogorksy Glinozem 


Aluminijuma Podgorica 


ZSNP 


Silkem d.o.o. (MAL/Talum) 


Birac, Vlasenica 
Gardanne 
Ludwigshafen 


Stade 


Bergheim 
Schwandrof 
Beotia, Distomon 
Ajka 


Mosonmagyarévar 


Rotterdam 


Oradea, Bihor 


Boksitogorsk 


Podgorica, Montenegro 


Ziar-nad-Hronom 


Kidricevo 


AO (Closed because 
of civil conflict) 


135 


410 


350 


80 (Bayer plant 
closed in 1994) 


230 


80 


20 (Plant closed 
in 2001} 


200 


140 


100 (Plant closed 
for reconstruction) 


66 


Some chemical-grade alumina 


Wet, dry, and ground hydrate, calcined, and 
very low soda aluminas 


Tabular alumina, calcined specialty alumina, 
spinel 


Chemical-grade alumina 


Calcined specialty alumina, activated 
alumina, specialty hydrate 


Secondary production of filler and calcined 
alumina for ceramic and refractory products 


Small amount of hydrated alumina 
Calcined specialty alumina, specialty hydrate 


Calcined specialty alumina, fused alumina 


Tabular alumina and calcium aluminate 
cement (50 ktpy of calcium aluminate cement 


capacity) 
Tabular, hydrate, and specialty aluminas 


Calcined specialty alumina, specialty hydrate, 
white fused alumina (110 ktpy of white fused 
alumina capacity) 


Chemical-grade alumina 


Some chemical-grade alumina 


Specialty alumina—Tabular and ground 
aluminas, plus zeolites 
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Table 16. Principal plants producing specialty-grade alumina products (2003) (continued) 


Estimated Total Year- 
End Specialty-Grade 





Alumina Capacity, 
Region and Country Company Location ktpy* Product 
Spain Alumina Espafiola, S.A. San Ciprian 14 Some chemical-grade alumina 
Asia and Eurasia 
China Namchaun Xianfeng Alumina hydrate, calcined alumina 
Almatis Qingdao Tabular alumina 
Shandong Aluminium Corp. Zibo Shi, Shandong Some specialty-grade alumina (180 ktpy of 
(Chinalco) alumina chemicals) 
India Almatis Falta Specialty alumina, ground hydrate 
Indian Aluminium (Indal) Belgaum, Karnataka 100 Some chemical-grade alumina 
(Hindalco Industries) 
Indian Aluminium (Indal) Muri, Bihar 40 Chemical-grade alumina 
(Hindalco Industries) 
Madras Aluminium (Malco) — Mettur, Tamil Nadu 12 Some chemical-grade alumina 
(Sterlite Industries) 
National Aluminium Damanjodi, Orissa AO Some chemical-grade alumina 
(Nalco) 
Japan Almatis Moralco Works, Iwakuni Tabular alumina 
Almatis Naoetsue Ground hydrate 
Nippon Light Metal Shimizu, Shizuoka 215 Calcined specialty alumina, specialty hydrate 
Co. Ltd. 
Showa Denko KK Yokohama, Kanagawa 220 Calcined specialty alumina, specialty hydrate, 
chemical-grade alumina 
Sumitomo Chemical Kikumoto, Ehime 219 Calcined specialty alumina, specialty hydrate, 
Co. Ltd. chemical-grade alumina 
Korea Korea General Chemical Mokp’o 70 Chemical-grade alumina 
Corp. 
Turkey Eti Aliiminyum, A.S. Seydisehir, near Konya 120 Specialty alumina (35 ktpy of aluminum sulfate 
capacity) 
Oceania 
Australia Alcan Gove PTY Ltd. Gove, Northern Territory 60 Chemical-grade alumina 
Alcoa Kwinana, Western Australia 270 Dry hydrate 


Australian Fused Materials = Rockingham, Western 


Australia 


Secondary production of calcined alumina 





* Bayer process alumina, and excludes most fused alumina production. 


t Where available. 


t Temporarily idled in February 2001; restarted at the end of 2003. 


Table 17. Estimated worldwide specialty-grade alumina 
consumption, ktpy 


Calcined Alumina 





Market sector 











Refractories 400 
Tabular alumina 300 
Whitewares and electrical insulators 250 
Fused alumina 225 
Activated aluminas 150 
Polishing aluminas 60 
Total “7,385 
Alumina Trihydrate 
Chemical usage (water treatment, TiO2 pigment manufacture, etc.) 1,500 
Aluminum fluoride production 430 
Flame retardants 400 
Other fillers 200 
Total 2,530 





Source: Russell 1999. 


filler market. These include a white or near-white color, large volume 
production base ensuring dependable supply, consistency of chemical 
and physical properties, availability in a broad range of particle-size 
distributions, chemical i nertness, nontoxicity, and, ultimately, cost- 
effectiveness. Furthermore, alumina trihydrate’s widespread use as a 
filler is di rectly related to its fire-retardant an d smok e-suppressant 
properties (Sleppy et al. 19 91). The use of alu mina trihydrate as a 
flame-retardant filler in plastics and rubber has de veloped int 0 a 
major market for this specialty product. The majority of this alumina 
trihydrate filler fee dstock is used in plastic applications, b ut a sub- 
stantial quantity is also used in rubber, particularly for carpet backing 
applications. In the early 1970s, the demand in this market increased 
significantly as a resul t of U.S. le gislation designed to restri ct the 
flammability of carpeting materials. 

Basically, there are tw o principal types of fire retardant alu- 
mina trihydrate: those produced directly from Bayer-process hydrate 
by milling and products made by dissolving and re-prec _ipitating 
Bayer alumina. They are typically referred to as milled and precip- 
itated product s. The prec ipitated grades usually achieve higher 
prices, profitability, and growth rates than the standard mil led 
products (Rothon 2004). 
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All flame or fire retardants succeed by disrupting one or more 
stages of the normal combustion process. In the case of alumina tri- 
hydrate, it operates principally in the initial stages of the combustion 
process: heating and decomposition. Aluminum hydroxide decom- 
poses at above 200°C to give alumina and water vapor. This reaction 
is strongly endothermic, resulting in the absorption of about 280 cal- 
ories per gram of alu minum hydroxide. The maximum decomposi- 
tion rate for aluminum hydroxide occurs between 300°C and 350°C, 
which roughly corresponds to the range of decomposition tempera- 
tures for the most commonly used commercial polymers. Therefore, 
when a polymer containing alumina trihydrate is heated, the alumi- 
num hydroxide decomposes endothermally, acts as a heat sink, and 
slows the rate of temperature rise, and the rate of decomposition of 
the polymer. Additionally, the water vapor given off also serves to 
dilute any combustible gases generated and acts as a vapor barrier 
preventing oxygen fro m reaching the fla me, thereby impeding the 
progression of a fire (Sleppy et al. 1991). 

The added smok e-inhibiting capacity of alumina trihyd rate 
fillers is largely attributed to the development of solid-phase char- 
ring during th e comb ustion pro cess, instead o f soot fo rmation. 
Moreover, smoke suppression is also probably partly related to the 
resulting endothermic dehydration of the burning material. 

In the early 1990s, it was reported that alumina trihydrate held 
45%-50% by volume of the entire flame-retardant market (Schmitt 
1993). Annual w orldwide consumption for this application is cur- 
rently estimated to be approximately 400,000 tpy. 

Alumina t rihydrate sui table for use as a funct ional f iller, 
extender, or pigment in paper and paint products must meet very 
strict color and brightness speci fications. This is also e specially 
true for spe cialty filler applications suc h as a lumina trihydrate’s 
use in the manufacture of synthetic marble (onyx), where white- 
ness is acrit ical element. The aluminum hydroxide produced by 
the Ba yer pr ocess is no rmally an of f-white color be cause of 
organic impurities originating from the bauxite ore and present in 
the caustic liquor, which impart a yellowish color to the hydroxide 
product. Therefore, special purification techniques are necessary 
to satisfy the coating and filler market demand for white hydroxide 
products. These meth ods include reprocessing the Bayer refining 
plant hydroxide by further dissolution in caustic and high-tempera- 
ture tr eatment (liq uor burning) of the Bayer-process liquor to 
destroy organic impurities and, thereby, whiten the f inal product 
(Sleppy et al. 1991). 

Other specialty applications for alumina trihydrate include use 
in the pharmaceutical industry for dental hygiene products such as 
toothpaste, the manufacture of antiperspirants, and use in stomach 
antacid products. 

Specialty alumina trihydrate, particularly fine, high-whiteness 
grades, command a note worthy premium on price 0 ver smelter - 
grade alumina, and a re also less susceptible to market volatility. 
The prices quoted in 2002 f or some of these spec ialty materials 
were as follo ws: $400/t for grou nd alumina trihydrate, $700/t for 
superfine alumina trihydrate, and up to $1,400/t for coated grades. 
This compared with $ 400/t for calcined alumina and $ 500-$600/t 
for ground calcined alumina (Crossley 2002b). 


Activated Alumina 


This category of specialty alumina is produced from dry alumina tri- 
hydrate by partial calcination or low-temperature roasting to remove 
the major ity, but not all, of its chemically | comb ined h ydroxyl 
groups. This partial deh ydration process is typically carried out at 

temperatures in the range of 250°— 900°C, under str ictly controlled 
circumstances, so that only 4%—10% of the chemically bonded 
hydroxyl gro ups in the feed are retained in the f inal commercial 


product. As with activated bauxite, this is a reversible process and it 
provides an activated alumina that readily adsorbs moisture. 

Activated aluminas are employed as desiccants, catalysts, and 
catalyst supports (Figure 1). The higher purit y of act ivated spe- 
cialty-alumina products has enabled them to largely replace acti- 
vated bauxite in many applications and launcha_ variety of ne w 
markets of their own. An actual example of this changing market 
structure is the case where activated alumina has essentially taken 
over from bauxite in the Claus catalyst market. The Claus process 
is principally used to recover sulfur in industrial processing opera- 
tions where signi ficant amounts of hydrogen sulfide are released 
(petroleum refineries, natural gas plants, and steel mills). In the 
early 1970s, act ivated ba uxite was t he exclusive Cl aus cata lyst 
used for sulfur recovery, but by the mid-1970s, activated alumina 
had become a much more important player. This was driven by a 
broad industry effort to raise the le vel of catalyst effectiveness to 
meet increasingly more stringent air pollution standards. 

In the catalyst support sector, activated and calcined aluminas 
are employed to support a number of catalysts in v arious applica- 
tions, mainly in th e petroleum re fining industry. Moreover, one of 
the most important uses o f alumina as a catalyst support is in the 
field of catalytic converters for pollution control on automobiles. 

Activated alu mina products are usually sold as granules or 
ball shapes, although some are also produced as powder. 

The total annual w orldwide market for acti vated alumina has 
grown rapidly during the last 10 years and is current ly estimated to 
be on the order of 90,000—150,000 tpy (Pearson 1999; Russell 1999). 


Calcined Alumina 


The other major w orkhorse or chief feedstock in the area of spe- 
cialty applications is calcined alumina, whichis the primary ra w 
material for numer ous high-quality en d uses in the abrasi ves, 
ceramics, and refractories industries (Figure 1). Beyond the signifi- 
cant role it plays on its own in these various specialty applications, 
it is also the primary feedstock fo r the preparation of sintered and 
fused aluminas that include such high-end products as tabular alu- 
mina and white fused alumina. Tabular or sintered al umina is 
mostly used in high-performance refractory ma terials, wh ereas 
white fused a lumina is mainly used for grinding abrasi ves and in 
some refractory applications (MacZura 1992). 

Basically there are three categories of calcined alumina, which 
are based on the soda (Na2O) content and total amount of impurities 
in the final product. The tw o most common t ypes are normal- and 
low-soda calcined al umina, pr oduced by firing B ayer-process alu - 
mina, while the thirdis high-purity calcined alumina, with an alu- 
mina content higher than 99.9%. A portion of this latter category 
consists of ultra-high—purity alumina, with a 99 .99% Al,O3 content, 
produced by the decomposition of aluminum-based salts, and thereby 
not directly derived from Bayer-process products (Russell 1999). 

Normal-grade calcined al uminas have a so da content higher 
than 0.1% and generally less than 0.3%, with a total alumina con- 
tent of 99.0%—-99.5%. Low-soda calcined aluminas, on the other 
hand, occasionally referred to as thermally reactive aluminas, have 
an Al,03 content of 99.7% and contain less than 0.1% Na2O. 

The critical economic considerations associated with the pro- 
cessing and producing calcined specialty aluminas are generally the 
same as those that were discussed for calcined non metallurgical- 
grade bauxite prod ucts (i.e., fuel costs, economy-of-scale is sues, 
etc.). As previously stated, the calcination process is a very energy- 
intensive industrial procedure. In the case of calcined alumina, the 
conversion to alpha alumina oc curs at about 1,100°-1 ,450°C. As 
with bauxite, the traditional means of calcining specialty-grade 
alumina is in standard rotary kilns, with typical production rates of 
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50-350 tp d. Ne wer fluid-flash 0 r stationary calciners ha ve been 
developed, however, to replace rotary kilns in the production of all 
but the higher purity—grade alumina calcines. Flash calciners have a 
much greater production capacity, up to 1,550 tpd, lower energy use 
(30%—40% fuel savings), lower capital and maintenance costs, plus 
lower workforce requirements. They are an excellent fit for Bayer 
refinery plants producing large volumes of smelte r-grade alumina 
for metal p roduction. Nonethelss, few specialty-calcined products 
have the volume of commercial applications in their niche markets 
required to justify the high production capacity of flu id-flash cal- 
ciners (Sleppy et al. 1991). 

The refractory industry is by far the most significant market 
for calcined specialty alumina; it c omprises an estimated 60% of 
the to tal production. Calcined alum ina is used e xtensively in th e 
production of high-purity calcium aluminate cement (CA C70-80), 
which finds wide use as cements, concretes, and mortars in refrac- 
tory applications and as binders in monolithic formulations, partic- 
ularly gunning mix es an dcastab les ( Russell 1999; O’Driscoll 
2000). Additionally, this sector also consumes a major tonnage of 
tabular alumina that is made directly from calcined alumina feed. 
Low-soda calcined alumina is used extensively within the ceramics 
industry for app lications in wh iteware, porcelain and electrical 
insulators, tiles, and newly developed high-technology uses such as 
integrated circuit substrates and bioceramics. The ceramics account 
for approximately 25% of t he calcined alumina market. The key 
properties that alumina imparts to a ceramic product are high wear 
resistance, corrosion resistance, excellent electrical insulation, high 
mechanical strength, and good thermal conductivity (Roskill Infor- 
mation Services 1993). In the abrasives industry, calcined specialty 
alumina is used in two principal sectors. The previously mentioned 
and largest volume use is as the primary feedstock for the produc- 
tion of white fused alumina. The other major application is for pol- 
ishing and lapping compounds. 

In the late 1990s, worldwide production capacity for all grades 
of calcined alumina was estimated at 1.15 Mt of product. This figure 
could even be placed as high as 2 Mt, i f the calcined specialty alu- 
mina used to produce white fused and tabular alumina, plus spinel- 
based refractories, were inclu ded in the estimate (Russell 1999; 
O’Driscoll 2003). 


Sintered Alumina 


As noted earlier, calcined specialty-alumina feed is use d to manu- 
facture ta bular alumina, a thermally stable form of alpha a lumina 
(a-Al203). Tabular alumina is a high-density, high-strength form of 
a-Al203 produced by sintering agglomerated shapes of ground cal- 
cined alumina at 1,800°— 1,900°C in shaft or rotary kilns. At these 
elevated temperatures, the alpha alumina recrystallize sto form 
large, elongated, tablet-like corundum crystals from which tabular 
alumina rec eives its nam e. Occasionally in the sintering process 
temperatures approaching 2,050°C, the fusion point of alumina, are 
used for some special products. In the firing process, however, other 
factors such as residence tim eof the feedstock may significantly 
influence the de velopment and ultimate size of the table t-shaped 
alpha-alumina crystals and, in some special instances, sintering aids 
such as MgO or SiO» may be added to the kiln feed (Russell 1999; 
Taylor 2003d). 

These hard-b urned (sintered) calcined alumin as ha ve g ood 
resistance to thermal shock and physical erosion, so they are princi- 
pally used as raw materials for high-performance refractory materi- 
als (Figure 1). In fact, the largest consumer of tabular alumina is the 
refractories industry, which reportedly accounts for about 95% of 
the product demand (Russell 1999; Taylor 2003d). One of its mo st 
important applications is its use in blast furnaces and steel mills for 


the handling of molten metal in the production of steel. Smaller end 
markets include abrasives, electrical insulators, and catalyst carriers. 

The total worldwide market for tabular alumina is currently 
estimated at 270,000—300,000 tpy. Nevertheless, at present, the glo- 
bal supply of tabular alumina exceeds demand, and this oversupply 
situation is likely to continue in the near future. Significant short- 
term growth is not e xpected, owing to an inc rease in com petition 
from low-cost alternative raw materials across the entire refracto- 
ries market, as tabular alumina finds itself in direct competition 
with white fused alumina, brown fused alumina, and other specialty 
fused or sintered materials for this ever-tightening market. 

In mid-2003, average selling prices for tabular alumina were 
reported around $800/t, with con siderable variation depending on 
the specifications and volumes sold (Taylor 20034). 


Fused Alumina 


This category of specialty alumina is used primary as a feedstock to 
the abrasives and refractories industries because of fused alumina’s 
extreme hardness and high meltin g point. There area v ariety of 
fused aluminas, however; the two most common types are brown 
and white fused, with bro wn being the most widely manufactured 
type. As already observed, brown fused alumina is produced from 
calcined nonmetallur gical baux ite, while the hig her p urity white 
fused al umina is manufactured di rectly from calcined spe cialty- 
grade alumina with a minimum 99.5% Al 203 content (Figure 1). 
The feed for this application should also have a coarse particle size 
and a low soda (Na 2O) content. Pink and ruby fused aluminas are 
also derived from this same calcined specialty-alumina raw mate- 
rial. The overall toughness of the wh ite fused pro duct is increased 
by adding up to 2% chromium oxide (Cr203), which produces a 
pink, red, or ruby fused alumina product. These latter g rades are 
used entirely for grinding wheel applications (O’ Driscoll 2003). 

Like brown fused alumina, white fused alumina is produced in 
electric arc furnaces at temper atures above 2,000°C. White fu sed 
alumina contains 99.5%—99.9% Al Oz, and, after fusion, is crushed 
and ground, magnetically separated, and often acid washed. 

There are three basic categories of white fused alumina, which 
are defined by their soda content: regular (0.4% Na 2O), medium 
(0.05% Na20), and low (0.018% Na 0). In addition, another criti- 
cal parameter is the crystal size of the product (Russell 1999 ; 
O’Driscoll 2003). 

The high-energy inputs required for the pr oduction of fused 
aluminas have determined that these production facilities should be 
sited in areas producing ab undant supplies of lo w-cost electricity, 
such as regions with plentiful sources of hydroelectric power. 

White fused alumina is used mainly for grinding abrasives but 
also in the refractory industry, where it is of ten employed when 
dense refractories requ iring high purity at hig h temper atures are 
needed, with the regular and medium soda grades most widely used 
in these applications. 

In mid-Sep tember 2003, wh ite fused alumina prices were 
quoted at $53 O/t, f.o.b. China, and were on the rise because of 
increasing calcined alumina cost s (O’Driscoll 2003). In compari- 
son, at the same time, prices for Chinese bro wn fused alumina 
(lump <40 mm, f.o.b. China) were $200—$220/t (O’ Driscoll 2003). 
White fused alumina abrasive grain is traditionally more expensive 
than its fellow fused product, brown fused alumina. 


Transportation 


The aluminum industry derives its supply of bauxite and alumina raw 
materials from mines and Bayer refineries that are spread throughout 
the world. Thus the industry developed the adage, “What is bauxite? 
It is red and comes in ships. ” On a more serious not e, ocean freight 
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charges and other transportation costs can be very high in relation to 
the actual overall value of the basic metallurgical-grade raw material 
used by the industry. Consequently, the eco nomics of tr ansporting 
and handling these bulk materials are extremely important factors in 
determining expansions of production and siting new alumina refin- 
eries and smelters for the production of aluminum. The potential for 
obtaining substant ial sa vings on ra w materials shipping costs is a 
major part of the logic behind locating Bayer alumina refineries at or 
near bauxite mines. As noted earlier, on average it takes roughly 2 to 
3 t of bauxite to produce | t of alumina, which has significant impli- 
cations for t he volume of materi als shipped through the aluminum 
production cycle. The same general type of transportation and han- 
dling cost issues are also at play when the choice is made by a partic- 
ular nonmetallurgical bauxite producer to supply a specific sector of 
the industrial minerals mark et. In the case of the nonmetal lurgical- 
grade t rade, higher v alue products are usually involved t hat are 
shipped in smaller tonnages or lots. In fact, these smaller t onnages 
may even be “piggyback ed” with ot her industrial mineral b ulk car- 
goes for shipment to market. Because of the great international dis- 
tances between the source of supply and mark ets, shipping and 
handling char ges are a sizeable component of the entire industry’ s 
total raw materials b udget, and tran sportation efficiency is essential 
to achieving and maintaining industry profitability. 

Because of its low cost, water transport via ship and barge is 
the preferred, if not the only viable, means emplo yed for mo ving 
bauxite-alumina bulk cargoes throughout the world. Over the years, 
major i mprovements in the o perating e fficiencies and shippi ng 
infrastructure for e xporting the se b ulk c ommodities h ave bee n 
achieved by expanding stockpiling facilities, using faster shipload- 
ing equipment, dredging and deepening ports, and employing larger 
bulk cargo ships. In cases of ocean shipping, transportation costs 
typically diminish with increasi ng carrier size and shipping dis- 
tance. Large carriers, such as the 65,000 dead-weight-tonnage Pan- 
amax c lass,ha ve bee nfoundt obe the most c ost efficient 
oceangoing vessels for the meta llurgical-grade baux ite—smelter- 
grade alumina cargo trade (Dre wry Business Publications 1993). 
Typical shipping times for nonmetallurgical-grade bauxite to Euro- 
pean markets is 6-8 weeks from China and 2—3 weeks from South 
America, which are in addition to the lead times required to pro- 
duce the product and move it to port facilities. 

In North America and parts o f Europe, the use of railroad 
transportation is typically limited to short-distance haulage because 
of its normally higher costs. Rail transport is used extensively in 
China and some African cou ntries, however, for the movement of 
bauxite ores from mines to processing facilities or ports for export 
shipment. In o ther c ountries, various combinations of both truck 
and rail transport are used to mo ve bauxite overland to processing 
plants or markets. 


ENVIRONMENTAL CONSIDERATIONS 


During the last 25 years, bauxite mining and processing operations 
have made signif icant strid es in addr essing the environmental 
impacts of their industry . The principal areas of possible adv erse 
environmental impact for both metallurgical- and nonmetallurgical- 
grade bauxite operations are located at the mines, bauxite benefici- 
ation/processing plants, and Bayer alumina plants. 

In 1991, a worldwide survey of 18 metallurgical-grade baux- 
ite mining oper ations determined that the area mi ned at these 
reporting sites ranged from roughly 2 ha to 450 ha, with the aver- 
age bein g 76 ha. The total number of hectares per year direc tly 
impacted by the mining operations amounted to 1,368 ha (Martyn 
1992). The 18 min ing locations used in the survey repr esented 
65% of total world bauxite production at the time. 


The International Al uminium Institute (2000) conducted a 
second survey in 1998 covering 27 mining locations representing 
72% of the world total bauxite production. The su rvey found that 
metallurgical-grade ba uxite mining occurs in four ma in cl imate 
groups, and the 1998 distribution was Tropical 48%, Mediterranean 
39%, Subtropical 13% , and Temperate 0.5%. The vegetation types 
impacted by the bauxite mining ope rations were ma inly for ests 
(76%), followed by agriculture and pasturelands (19%) and shr ub- 
lands (2%). Postmining land use was determined by this second 
survey to be 70% returned to native forest; 17% to pastureland and 
agriculture; 7% used for urban an d industrial de velopment, hous- 
ing, and recreational purposes; and 3% to com mercial forest. The 
total area mined per year in 1998 was reported as 1,591 ha, 80% of 
which was identified as wildlife habitat, and 11% (175 ha) of which 
was tropical rainforest. The earlier and smaller 1991 survey placed 
the ye arly w orldwide tot al area mined for metallur gical-grade 
bauxite at 1,368 ha. In 1998, 577 ha of mined area was identified as 
possessing important fauna species; of these, 527 ha or 91% was to 
be restored to wildlife habitat by planting of suitable vegetation. It 
was also r eported that the companies resp onsible f or pr oducing 
60% of the world’s metallurgical-grade bauxite had established 
theiro wn plant nurseries for the purp oses of reforestation and 
revegetation. In 1998, reclamation plans were in place at 90% of the 
surveyed mines, compared to 55% in 1991, and the e xisting recla- 
mation rate was found to be 1,256 ha/year. 

The higher value of most nonmet allurgical bauxite, as com- 
pared to metallur gical-grade ma terial, usually mak es it economi- 
cally viable for these open-pit operations to be developed to greater 
depths, so it is often necessary _ to dispose of lar ger quantities of 
overburden. In low-lying swampy areas where there is abundant 
groundwater, artificial lak es are sometimes con structed and the 
overburden removed by suction dredge. This has been the case for 
several mines in Su riname. These lakes or ponded areas must be 
carefully constructed to avoid large-scale destruction of the native 
tropical forest. Consequently, owing to circumstances such as these, 
well-designed mine re clamation pro grams must be established to 
ensure that these affected sites are rehabilitated to meet acceptable 
standards when mining operations cease. This often means replac- 
ing topsoil and refo resting the mined areas. In man y parts of the 
world, this is achieved by setting aside and preserving topsoil 
stripped from active mining sites for later use on reclaimed areas. 

Monitoring and controlling the environmental effects of baux- 
ite mining and ore processing opera tions are continuing responsi- 
bilities and generally include monitoring progr ams for the 
following parameters: air quality , dust levels, groundwater quality, 
and liquid effluents. Consideration also must be given to the fauna, 
flora, and local human inhabitants near these various operations. At 
the processing site where bauxite is beneficiated by crushin g and 
washing, proper sedimentation facilities are necessary, so that pro- 
cess water can be reused and the tailings may be properly disposed 
of. The drying and calcinin g facilities also need to be fitted with 
dust precipitators to protect air quality and prevent a high level of 
dust from leaving the plant’s stacks. In the production of aluminum 
chemicals from bauxite, the proper disposal of acidic residue poses 
an environmental concern at some locations. 

A major issue for the alumina and bauxite industry is the dis- 
posal of the massive amounts of red and brown mud residues gener- 
ated from alumina production . The industry hash _ eld two major 
international meetings to addres s this issue, the first in Ki ngston, 
Jamaica, in 1986 and the second in Perth, Australia, in 1992. At the 
Perth m eeting, it w as est imated th at the w orld’s alumina plants 
were then producing more than 66 dry Mtpy of bauxite tailings or 
red mud residues. Depending on the quality of the bauxite and the 
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technical design of the Bayer plant, between 1.1 and 6.2 t of red 
mud are generated for each metric ton of alumina produced (Haus- 
berg et al. 2000). This red mud w aste stream contains insoluble 
sodium al uminate si licates, F e203, TiO2, and trace amounts of 
other oxides of metals such as nickel, vanadium, and zinc. The fol- 
lowing li sting gi ves some ide a of the e xtremely wide range of 
chemical composition found in red mud residues from dif ferent 
bauxites: Fe 203, 30%—60% ; SiO2, 3% —50%; Al203, 10%—20% ; 
Na2O, 2%-10%; CaO, 2%-8%; and TiO, trace-10%. Apart from 
the alkalinity imp arted by the Bayer caustic leach solution, th e 
waste stream residue is che mically stable an d nontoxic (Interna- 
tional Aluminium Institute 2000). 

Significant research has been devoted to developing methods 
of drying, handling, treating, and design ing storage and co ntain- 
ment areas forr ed mud w astes, plus rehabilitation of the w aste 
ponds. In addition, extensive effort has also focused on developing 
economic alternati ve us es f or this cur rent waste product. These 
have included, among many others, the possible use as an agricul- 
tural soil conditioner, in ceramics for the manufacture of brick and 
tile, in water treatment to filter wastewater effluent, in plastics as a 
filler material, and as iro n oxide —based pig ments for use in the 
cement and construction materials industries. To date, efforts have 
not been highly successful in f inding or de veloping a lar ge-scale, 
economically workable end use for the alumina industry’s red mud 
wastes. 


OUTLOOK AND FUTURE TRENDS 


The p rincipal end uses of — nonmetallurgical-grade baux ite ar e 
directly related to the production and consumption of raw materials 
for basic heavy industry, such as primary metals, cement, chemi- 
cals, ceramics, and so forth (Wright 1990). This serves to make the 
demand for specialty-grade bauxite cyclical, as it is directly tied to 
the basic movements of heavy industry—the “smokestack” compo- 
nent of the world economy—a trend that is expected to continue 
well into the future. An additional concern facing producers of non- 
metallurgical-grade bauxite is that most of these markets are mature 
and neither new nor likely to expand in the foreseeable future. 

In the case of ref ractories, the highest v alue market for non- 
metallurgical bauxite, the outlook for possible future growth lies in 
the de velopment of more adv anced refra ctories wi thi ncreased 
product longe vity or greater endur ance within very harsh, high- 
temperature en vironments (Jai n 1994) . More sophisticated and 
demanding applications are bein g developed throughout the w orld 
for refractories, via the modernization of primary metal production 
processes (iron, copper, etc.), and this driving force will continue to 
stimulate demand for high-quality calcined bauxite products in the 
future (Fisher et al. 1993; Moore 2004). 

As with all industrial minerals, an intense and persistent com- 
petition for markets exists throughout the en tire spectrum of non- 
metal applications for bauxite. Th is situa tion wil 1 c ontinue a nd 
intensify o ver time as more sophist icated applications are devel- 
oped for alumina-based materials. For the top-end and high-quality 
markets, nonmetallurgical bauxite will remain under sharp mar ket 
pressure from Bayer-process aluminas. 

Relatively new major suppliers of nonmetal lurgical bauxite 
to the w orld market, such as Brazi | and India, wil 1 continue to 
help diversify the sources of world supply and ensure the e xist- 
ence of a stable, long-term raw material resource base for the rest 
of this century. 

A major restructuring and conso lidation of the entire alumi- 
num industry occurred toward the end of the twentieth century and 
start of the twenty-f irst century, leaving only two or thr ee major 
integrated world producers, principally Alcan and Al coa. This has 


had and will continue to have only a slight impact on the nonmetal- 
lurgical-grade bauxite component of the industry but may result in 
significant implications for future international markets and sources 
of supply for alumina products (Crossley 2003a; Anon. 2003). This 
may be particularly true for the remaining inde pendent, medium- 
sized (200- to 300-tpy level) producers of alumina trihydrate, which 
are currently estimated to number fewer than 20 facilities scattered 
around the world (Table 16). 

The chief influence driving future demand for nonmetallurgi- 
cal-grade bauxite and specialty-grade alumina will remain the con- 
tinued general strength and vita lityof thew orld’s major 
industrialized econ omies and their ne wly developing industrial 
competitors, such as China with its explosive levels of industrial 
growth. It is reported that China currently consumes more steel than 
the Eu ropean Union ( Cole 2001) . Hence, China holds a unique 
place in the future because of its status as both a major consumer of 
the world’s raw materials and its role as a key supplier of nonmetal- 
lurgical-grade bauxite to world markets. The expansion or contrac- 
tion of these nonmetallur gical-bauxite and specialty-grade alumina 
markets are very closely tied to the w orld’s basic hea vy industry, 
and it will remain so well into the future. 
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Beryllium Minerals 
Phillip Sabey 


BERYLLIUM AND ITS USES 

Beryllium (Be), no. 4 in the Periodic Table of Elements, is a natu- 
rally occurring element that is generally reported as the 44th most 
abundant element in the earth’s crust. Beryllium is ubiquitous in the 
environment and is found natura lly in soil, surface and gr ound- 
waters, coal and oil, wood, foodstuffs, and gemstones such as aqua- 
marine and emerald. The general population has daily exposure to 
naturally occurring beryllium from ambient air and drinking water, 
as well as through dietary intake. 

Beryllium was disco vered in 1798 by the Fr ench chemist 
Louis Nicolas Vauquelin, who originally named the element glucin- 
ium. In 1828, the German scientist Friedrich Wohler extracted it in 
its metallic form and renamed it beryllium. Beryllium has been an 
essential material in the manufacture of products for the aerosp ace 
and defense, automoti ve, ener gy, medical, and el ectronics indus- 
tries for more than half a century. It is a unique material that exhib- 
its physical and mechanical properties unmatched by any other 
metal. On a pound-fo r-pound basis, beryllium is six times stiffer 
than steel, making it one of the most rigid metals. It also has two 
thirds the density of aluminum, making it one of the lightest metals. 
Beryllium possesses high heat-absorbing capability and has dimen- 
sional stability over a wide range of temperatures. Because of its 
unrivaled combination of qual ities, be ryllium has bec ome an 
increasingly important material for a wide range of commercial and 
governmental app lications. For example, hundreds of millions of 
people worldwide enjoy the benefits of keeping in touch, working 
more productively, or maintain ing communications dur ing emer- 
gencies with cellular phones and computers manuf actured with 
beryllium-containing materials. 

The commercial v alue of beryllium w as recognized in 1926 
when a copper-nickel-beryllium alloy was patented. Application of 
copper-beryllium allo ys, beryllium oxide ceramics, and metallic 
beryllium grew during World War II in the aerospace and defense, 
automotive, energy, medical, and electronics industries. The esti- 
mated global mark et value for beryllium-containing m aterials is 
approximately $700 million per year. 

Beryllium is a strate gic and critical material for many indus- 
tries and poses no special health risk in the solid form , which is 
most commonly encountered by the public. The beryllium industry 
produces three primary forms: the greatest production volumes are 
of beryllium-containi ng alloys (e.g ., coppe r-beryllium, nick el- 
beryllium), followed by beryllium me tals, with beryl lia ceramics 
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(beryllium oxide [BeO]) taking third place. Metals such as copper, 
nickel, and aluminum, when alloyed with small additions of beryl- 
lium, may be processed to achieve remarkable combinations of 
physical properties such as high strength, formability, and hardness. 
Depending ont he desired strength and electrical conductivity, 
copper-beryllium—wrought products typically contain 0.15% to 
2.0% berylliu m. Cop per-beryllium a lloys are desi gned for and 
specified in highly engineered applications in the electronics, auto- 
motive, household appliance, plastic mold, and aerospace indus- 
tries be cause of the unique combinations of such pr operties as 
strength, el ectrical and therma | c onductivity, m agnetic transpar- 
ency, and corrosion resistance. The three primary forms of beryl- 
lium-containing materials a re us ed as cri tical, high-reliability 
components in products such as air bag collision sensors, fire sup- 
pression extinguisher sprinkler head spr ings, x-ray windo ws for 
mammography, medical equipment laser bores, pacemakers, land- 
ing g ear bearings, and weather satellites. Be ryllium-containing 
materials are used in automotive electronics, including the ignition 
control systems of ma ny modern automobile s, to increase gas 
mileage, thereby re ducing air pollution and generation of global 
warming gases. Copper -beryllium products a re integral for both 
wired and wireless commu nications, such as cellular phones and 
pagers. Other applications incl ude computers, oile xploration 
equipment, and plastic injection molding dies. 

Alloys that are high in beryllium (containing 40% to 100% 
beryllium) a re used fora viation and spa ce applications such as 
advanced electroo ptical tar geting and infrared countermeasure 
devices inf ighter aircraft, mis siles,and radar syst ems. Many 
advanced surveillance and extreme performance satel lites also con- 
tain beryllium structures an d electronic components. B ecause of its 
nuclear and mechanical properties, beryllium metal is used in com- 
mercial nuclear reactor applications including experimental electric- 
ity generation projects such as for fusi on reactors andin _ the 
construction of nuclear devices for defense applications. Because of 
its uni que property of transparen cy to x-ra ys, beryllium m etal is 
used in an extremely thin foil form as the tr ansmission window on 
high-resolution diagnostic x-ray equipment, and for CAT scanning 
and mammog raphy equipment. In the fall of 2003, optical-grade 
beryllium me tal w as se lected as the prima ry m irror ma terial for 
NASA’s $825 million James W ebb Space Telescope, which, once 
launched, will allo w scientists to see 10 to 11 billion light years 
away. Beryllium ceramics, produced fr om high-p urity bery Ilium 
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oxide powder (99.5%), are used in lasers a nd electronic packaging 
for high-speed and high-powered integrated circuits. 

Over the years, the range of specific products utilizing bery1- 
lium-containing materials has expanded in step with the advance of 
technology. The demand for features such as higher performance, 
improved reliability, and miniatur ization has cr eated new applica- 
tions for berylliu m-containing materialsinhig h-technology 
devices. There has been no sur ge, however, in the number of ne w 
end-use markets. In fact, beryllium-containing materials were first 
used in the major markets as follows 


Maritime, 1930s 
Computers, 1940s 


Aerospace, 1940s 


Telecommunications, 1940s 


Appliances, 1950s 
Automotive, 1950s 
Plastics (molds), 1950s 
Recreational, 1950s 
Dental, 1960s 

Oil exploration, 1960s 


The United States is the only country other than China and 
Kazakhstan that is currently producing beryllium products from 
beryllium ores and concentr ates. Bertrandite, which is mined in 
Utah, is the principal ore source of domestically produced products. 
Imported beryl, mainly from Brazil, supplements domestic ore sup- 
plies. Table 1 sho ws world production of beryllium in 2002 and 
2003 (estimated). 


GEOLOGY OF BERYLLIUM DEPOSITS 


Although there are mo re than 50 b eryllium minerals (Barton and 

Young 2002), only bertrandite, beryl, and phenakite ar e commer- 
cially important. Table 2 gives the compositions of some beryllium 
minerals. Important beryllium resources occur in several different 
types of deposits w orldwide. Locations of some notable resources 

are shown in Table 3, along with data on size and grade. 


Beryllium in Volcanic Rocks 


Although significant beryllium deposits in volcanic rocks are rare, 
one such deposit at Spor Mountain in Utah is by far the most impor- 
tant source of beryll ium in the world. The o re mineral bertrandite 
occurs asn odules and disseminated fine g rains in volcanic tuff. 
Smaller volcanic rock-hosted deposits have been noted elsewhere in 
Utah and in Arizon a (Shawe 1966), and in New Mexico (Hillard 
1969). A dep osit of metamorphosed tuf fin Australia tha t is 
enriched in rare metals is also weakly enriched in beryllium (Taylor, 
Esslemont, and Sun 1995). 


Beryllium in Pegmatites 


Granitic pegmatites are the w orld’s principal source of beryl. Beryl 
has been mined fro m zones, fracture-filling units, and replacement 
bodies in heterogeneous pegmatites. The principal beryl deposits are 
in zoned pegmatites. Most beryl-rich zones contain only a few thou- 
sand tons of rock, but a few may contain as muchas 1 Mt. Beryl 
occurs in con centrations of approximately 2% in zones containing 
plagioclase, quartz, and muscovite, from which mica is the principal 
product. It is also ab undant in zon es from which spodumene, 
amblygonite, and feldspar are recovered. 
Beryl tends to be f iner-grained in outer zones than in inner 

zones of pegmatites. Much of the fine- and medium-grained ber yl 
of pegmatites in the Black Hills of South Dakota contains abundant 


Table 1. World mine production, reserves, and reserve base 


Mine Production, t* 





Locationt 2002 2003 
United States 80 100 
China 15 15 
Kazakhstan 4 4 
Russia 40 40 
Other countries 1 2 
World total (rounded) “740 “160 





Courtesy of U.S. Geological Survey. 
* Estimated. 
ft Other beryllium-producing countries include Brazil, Madagascar, 
Mozambique, Portugal, and Zambia. 


Table 2. Comparison of some beryllium minerals 





Mineral Chemical Composition % BeO 
Barylite BaBe2Si2O7 15.4-15.8 
Bertrandite Be4Si207(OH)2 39.6-42.6 
Beryl Be3Al2(SiO3)6 10.0-14.0 
Beryllonite NaBePO, 19.8 
Chrysoberyl BeAlO, 16.9-19.7 
Danalite Fe4Be3(SiO4)3S 12.7-13.8 
Eudidymite HNaBeSi30g 10.6-11.1 
Helvite Mn4Be3(SiOu)3S 10.5-15.0 
Herderite CaBePO,4(OH,F) 15.0-15.8 
Phenakite Be2SiO4 44.0-45.6 





Adapted from Warner et al. 1959. 


inclusions of other minerals (Tullis 1952). Large masses of beryl 
that contain almost no inclusions have been found in inner zones, 
and these may extend across several zones. Beryl is evenly distrib- 
uted in some depo sits, but in others it is irre gularly distributed as 
rich aggregates in various parts of a zone. 

No beryllium minerals in p egmatites other than beryl are of 
commercial importance because they are exceedingly rare. Chryso- 
beryl is concentrated in parts of some pegmatites but is much less 
abundant than beryl. 


Beryllium in Quartz Veins 


Beryl has been found in quartz v eins containing cassiterite, w ol- 
framite, molybden ite, sc heelite, and ot her minerals. Such quartz 

veins may occur in greisen deposits (see section on Beryllium in 
Greisen in this chapter), and there is considerable overlap between 
these two deposit types. The concentration of beryl in the outer 
parts of some quartz veins, just as beryl is concentrated in the outer 
part of quartz zones in some pe gmatites, suggests that these quartz 
veins are genetically similar to pegmatites. Beryl has been studied 
in tin veins in Sout h Dakota, England, and else where. Beryl has 
been reported in quartz veins in Colorado (Adams 1953). Phenakite 
and bertrand ite occur in qu artz-scheelite v eins associ ated wit h 
beryllium-rich replacement deposits in Nevada (Barton and Young 
2002), and bertrandite occu rs in quartz-chalcedony veins in Utah 
(Shawe 1966). 


Beryllium in Metamorphic and Replacement Deposits 


Metamorphic deposits that contain beryllium are primarily tactites 
and emerald-bearing schists. Helvite is the chief beryllium mineral 
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Table 3. Significant beryllium deposits and resources 





Deposit(s) Location Resource, tons BeO Grade, % BeO Source 
Volcanic rock-hosted 
Spor Mountain Utah, United States 72,315° 0.71 This volume 
Pegmatite 
Various North Carolina, United States 122,800 0.05 Griffitts 1954 
Various Brazil 42,000 0.04 Soja and Sabin 1986 
Various, Black Hills South Dakota, United States 13,300 nat Runke, Mullen, and Cunningham 1952 
Tanco Canada 1,800 0.20 Cerny 1982 
Hellroaring Creek Canada <1,000 0.10 Barton and Young 2002 
Replacement and skarn 
McCullough Butte Nevada, United States 47,000 0.027 Barton and Young 2002 
Sierra Blanca Texas, United States 11,300 >2.0 Anon. 1986 
Ermakovskoe Russia >10,000 1.3 Barton and Young 2002 
Lost River Alaska, United States >10,000 0.3-1.75 Sainsbury 1963 
Iron Mountain New Mexico, United States <1,000 0.2-0.7 Jahns 1944 
Peralkaline rock-hosted 
Strange Lake Canada 42,000 0.08 Richardson and Birkett 1996 
llimaussaq Greenland >20,000 na Barton and Young 2002 
Thor Lake Canada 13,300 0.76 Richardson and Birkett 1996 
Seal Lake Canada 6,800 0.35-0.40 Richardson and Birkett 1996 
Greisen 
Aqshatau Kazakhstan 16,000 0.03-0.07 Barton and Young 2002 
Boomer Colorado, United States <1,000 2.0-11.2 Hawley 1969 
Vein 
Gold Hill Utah, United States >5,000 0.5 Shawe 1966 
Mount Wheeler Nevada, United States <1,000 0.75 Shawe 1966 





* Remaining reserves 2004. 
tna = not available. 


of tactites and related rocks, but vesuvianite, grossularite, chlorite, 
and possibly other minerals also contain beryllium. The most thor- 
oughly documented beryllium deposit s in tac tites in th e Unite d 
States are in Ne w Me xico (Jahns 1 944) and Alask a (Sainsb ury 
1963), although the Alaskan deposits are of minor significance. At 
the Erma kovskoe deposi ti n Russia, t he la rgest ska rn-related 
deposit in the world, early beryllian vesuvianite skarn was 0 ver- 
printed by late phenakite and bertrandite replacement ore with fluo- 
rite and car bonate (Barton and Young 2002). Other significant 
replacement deposits include be ryllium-fluorite deposits hosted by 
carbonate rocks in Texas (Rubin et al. 199 0), Nevada (Barton and 
Young 2002), and Mexico (Griffitts and Cooley 1978). 


Beryllium in Greisen 


Greisen v ein and repl acement deposits in and ne ar granitic roc ks 
may contain beryllium minerals in addition to tungsten and tin. Such 
deposits are ty pified by the pres ence of fluorite and topaz. Produc- 
tive examples include small b ut high-grade deposits in Colorado 
(Hawley 1969) and large, low-grade resources in Kazakhstan (Bar- 
ton and Young 2002). Beryllium minerals have also been found in 
the classical greisen deposits of Erzgebirge, Germany, and Comwall, 
England. 


Beryllium in Alkaline Igneous Rocks 


Alkaline igneous complexes, some including nepheline syenite and 
other nepheline-bearing rocks, ha ve been repor ted to contain as 
much as 0.76% beryllium oxide. Several large deposits of this type 
occur in the Northwest T erritories and Labrador of Canada (Rich- 
ardson and Birk ett 1996). Beryllium mineral assemblages in such 


deposits are complex. The classical peralkaline syenite complex at 
Ilimaussaq in Greenla nd contains a lar ge beryllium resource of 
unknown grade, and alkaline rocks in the Kola Peninsula of Russia 
also contain beryllium minerals (Barton and Y oung 2002). Small 
quantities of berylliu m-rich alk aline rock have been found in 
Arkansas and Colorado (Warner et al. 1959). 


Beryllium in Coal 


Beryllium also has been found in coal. Sampling of a variety of U.S. 
coal ashes indicated a significant distribution pattern for beryllium, 
with an average of 46 ppm for all of the sample s (Stadniche nko, 
Zubovic, and Sheffey 1961). Accumulation of beryllium in coal was 
determined to be a syngenetic process, and the beryllium content of 
the coal depends primarily on the rocks that contrib uted material to 
the coal-depositional sites. 


DISTRIBUTION OF MAJOR DEPOSITS 
United States 


Because of its st rategic importance, beryllium mineral occurrences 
in the Unite d Sta tes were studied e xtensively in the ye ars after 
World War II, particularly by the U.S. Geological Sur vey and the 
U.S. Bureau of Mines. During this period, the United States did not 
have a reliable domestic supply of beryllium minerals and relied on 
imports to supply most of its requirements. Most domestic beryllium 
was recovered from beryl produced as a by-product of mining other 
pegmatite minerals. After production of bertrandite began in Utah in 
1969, providing the United States with a secure beryllium source, 
little effort was expended to evaluate additional beryllium mi neral 
deposits. 
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One method of evaluating the importance of individual deposits 
is toe xamine the production record of each deposit. S ince 1969, 
nearly all of the U.S. beryllium mineral production has been from 
one mine in Utah, and production of beryl has nearly ceased. The few 
beryl-producing mines that operate are almost all family owned, and 
production from these mines, which exploit pegmatite deposits, is 
sporadic. In the late 1950s, however, beryl was recovered as a by - 
product at as many as 200 operations in 12 different states. Quantities 
produced during this period ranged from a few kilograms to hundreds 
of tons. Because of the wide variation in beryl concentrations within 
an ore body, an individual mine may produce by-product beryl for a 
few years and then cease beryl recovery entirely. 


New England 


In general, Ne w England beryll ium oc currences are either v ery 
small or lo w grade and as such are not economically e xploitable. 
Pegmatitic deposits in New England are grouped into f ive major 
districts, with other scattered occurrences. The major districts ar e 
Middletown, Conn ecticut; K eene and Grafton , Ne w Hampshire; 
and Topsham and Paris-Rumford, Maine. Additional scattered peg- 
matites containing beryl occur in western Connecticut, western and 
central Massachusetts, eastern New Hampshire, and Maine. New 
Hampshire pegmatites were estimated to contain 1,630 tof beryl 
(Page and Larrabee 1962). Nonpegmatitic deposits in New England 
include beryl-bearing granite in western Connecticut, central Mas- 
sachusetts, and eastern Maine; phenakite-danalite-helvite bodies in 
granite in c entral New Hampshire; and beryl-bearing quartz v eins 
in northern Rhode Island. 

The principal beryllium mineral in all the deposits except one 
is beryl, sometimes with associated small quantities of her derite, 
bertrandite, beryllonite, or ch rysoberyl. Because of ionic substitu- 
tion of alk ali metals in the crystal lattice, beryl in Ne w England 
generally contains about 12.0% to 12.5% BeO and may contain as 
little as 9%, significantly 1 ess th an the the oretical Be O c ontent 
(Barton and Goldsmith 1968). 

Beryllium mineral production in New England was limited to 
the recovery of beryl as a by-produ ct of mica and feldspar mining 
in Ne w Hampshir e, Connecticut , and Maine _ beginning in th e 
1800s, and beryl w as recovered sporadically from some of these 
operations until 1963. Most of the beryllium-bearing mines in New 
England were small open pits, and mining equipment was minimal. 


Colorado 


Colorado was one of the largest producers of beryllium minerals in 
the late 1950s. Much o f the production was from a nonpegmatite 
deposit in P ark County. Beryllium w as found in du mps o f the 
Boomer mine, a lead-silv er prospect dating back to the 1890s, and 
this led to the discovery of high-grade, vein-type greisen beryllium 
ore in the old workings. Production began in 1956 and continued for 
a few years. This was most likely the first nonpegmatite ore mined 
in commercial quantities. The most important mineral s present in 
the Boomer deposits are beryl and bertrandite (Meeves 1966). 


South Dakota 


During the late 1950s and early 1960s, South Dakota was the larg- 
est beryllium mineral-prod ucing state in the United States. Beryl 
was recognized in th e pe gmatites of the Black Hills in the late 
1800s, b ut substantial quantities were not produced until 1914. 
Most ber yl was recovered as a by-product of feldspar an d mica 
mining. Minor quantities of beryl continue to be reco vered from 
deposits in Custer County. 

The principal minerals in the South Dakota pegmatites are feld- 
spar, quartz, and muscovite. Bery | w as reported in all pe gmatite 


zones; commercial produ ction, ho wever, was predominantly from 
intermediate zones. Beryl was reported in fair quantities in the wall 
zones of certain pe gmatites, and production w as reported f rom the 
core. Both fracture fillings and replacement bodies may contain beryl. 

Although some deposits in the Bl ack Hills have been investi- 
gated, reserve estimates have varied widely because many deposits 
were not in vestigated fully or de veloped. Runke, Mullen, and Cun- 
ningham (1952) published reserve estimates of 13,300 t, with 2,400 t 
in dump material at 75 properties and 10,900 t in unmined portions 
of the deposits examined. Mining of beryl for beryllium processing 
from South Dakota ceased in the early 1990s. 


Texas 


The Sierra Blanca region in the far western part of Texas was inves- 
tigated in the 1980s by Cabot Corp. as part of a nationwide beryl- 
lium geochemical reconnaissance surv_ ey. This region is 
characterized by five rh yolite bo dies enriched in beryl lium and 
other rare metals (Rubin et al. 1987) that intrude sedimentary rocks. 
Mineralization was emplaced as replacement ore in limestone adja- 
cent to the rh yolite. Beryllium is mainly in bertrandite, but also 
occurs in behoite, ph enakite, berborite [ Be2(BO3)(OH,F)*H20], 
and chrysober yl (Rubin et al. 1990 ). Reserve estimates of these 

deposits were projected to be 11,300 t of BeO contained in deposits 
grading more than 2% BeO (Anon. 1986). A test mine was exca- 
vated and ore samples were evaluated to deter mine optimum p ro- 
cessing method s, b ut because of ado wnturninthe _ beryllium 
market, a commercial operation was not started. 


Utah 


The principal beryllium deposit in the United States is bertrandite- 
bearing tuff that occurs in western Utah. In 1959, beryllium occur- 
rences were discovered in rhyolitic tuff on the lower slopes of Spor 
Mountain in Juab County. The beryllium is associated with fluorite, 
lithium, and uranium minerals, and is re gionally associat ed with 
topaz rhyolite that is enriched in beryllium and other lithophile ele- 
ments suchas niobium and yttrium (Lindsey 1977). Beryl w as 
reported in rhyolite at Topaz Mountain, a few miles southeast of 
Spor Mountain, as ear ly as 1905 (Davis 1984). The beryllium ore 
occurs principally in porous, water-laid Tertiary rhyolitic tuff that is 
overlain by hard, abrasive rhyolite. The tuff rests on a surface of 
Devonian dolomite and limestone. Drilling in the area indicated that 
the tuff ranges in thickness from a few meters to more than 80 m. 

Montoya, Ha vens, and B ridges (19 62) stud ied the chemical, 
mineralogical, and physical properties of the tuff, and found the ana- 
lyzed tuff to contain from 0.2% to 1.8% BeO. Two beryllium-bearing 
minerals were found to be presen t—a hydrated form of bert randite 
and a berylliferous saponite. Each of the mineral forms is predomi- 
nant in certain areas of t he district, but the beryll ium is distributed 
erratically throughout the tuff in individual mineralized bodies. 

Brush Resources Inc. be gan mining this deposit in 1969 by 
open-pit methods. As the company continues to develop new open 
pits, resource information on this area is updated. In its 2003 annual 
report, Brush Resource’s parent company, Brush Engineered Mate- 
rials Inc., estimated its proven reserves to be 6.687 Mt of bertran- 
dite ore at year-end 2003, grading 0.267% Be. Probable bertrandite 
ore reserves were estimated to be 3.519 Mt grading 0.232% Be. 


Other Countries 


Brazil 


Brazil is traditionally the lar gest beryl supplier in the international 
market. The principal beryl-producing areas are the Rio Doce Valley 
and adjacent areas in the state of Minas Gerais, the Campina Grande 
District in the state of Rio Grande do Norte, t he Critais-Berilandia 
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District in the state of Ceara, and the Jequitinhonha River Province in 
the state of Bahia. Soja and Sabin (1986) est imated that more than 
106 Mtofore containing more than 15,000 tof beryllium w as 
present in some properties evaluated in these areas, and almost 99% 
of the contained beryllium isa vailable from the state of Minas 
Gerais. 

All commercially mined pegmatite deposits in Brazil are com- 
plexly zoned or heterogeneous pegmatites. The heterogeneous pe g- 
matites are normallyc | omposed of thre e zones, whi ch are 
progressively coarser grained toward a quartz nucleus. The interme- 
diate zone contains beryl as well as spodumene, columbite-tantalite, 
cassiterite, and semiprecious gemstones. 


Canada 


Beryllium occurrences were first noted in the Thor Lake area, near 
Yellowknife, Northwest Territories, in 1978. Furt her geological 
investigations resulted in the definition of a number of unusual min- 
eral assemblages that appear to be products of the somatic replace- 
ment of syenitic and granitic types. Ber yllium mi neralization, 
primarily as ph enakite, is wide spread in all the rock types in the 
area except the syenite (Trueman, Pedersen, and de St. Jorre 1984). 
In the mid-1980s, Highwood Resources Ltd. be gan drilling in the 
Thor Lake area and identified four different zones—the R zone, the 
S zone, the T zone, and the Lake zone. Much of the b eryllium-rich 
rock was found in the T zone, and reserves were estimated to b e 
450,000 t of ore grading 1.4% BeO in the T zone and 1.3 Mt of ore 
grading 0.66% BeO south of the T zone (Anon. 1985). Preliminary 
studies indicated that recoveries of 80% to 90% could be obtained, 
producing a concentrate containing 10% to 13% BeO. Because of 
difficulties in marketing the products, a mine was never opened at 
this location. 

Large concentrations of barylite and eud idymite have bee n 
reported in per alkaline igneous ro cks near Seal Lake in Labrador 
(Table 3), and a larger (although lower-grade) resource occurs in a 
peralkaline comple x at Strange Lake. The Tanco pe gmatite near 
Lac du Bonnet in Manitoba, which has been mined for tantalum 
and | ithium mi nerals, is a pote ntial source of beryl, with or e 
reserves estimated at 920,000t grading 0.2% BeO (Cern y 1982). 
The Hellroaring Creek prospect west of Kimberley, British Colum- 
bia, is underlain by a beryl-bearing pegmatitic body, with indicated 
ore resources of 500,000 t grading 0.1% BeO (Schiller 1985). 


Russia 


The Ermak ovskoe deposit in T ransbaikalia, Russi a, has be en an 
important source of beryllium. The deposit has been described as 
“skarn-related” ( Barton and Y oung 2002). The ore minerals are 
mainly phe nakite and be rtrandite, but the deposit also contains a 
suite of unusual beryllium minerals as well as beryllian vesuvianite. 
Beryllium enrichment has also be en reported in association with 
alkaline rocks on the Kola Peninsula and in sk arn inf ar eastern 
Russia (Barton and Young 2002). 


Kazakhstan 


Kazakhstan has produced beryllium from an un known source in 
recent years (Table 1). Barton and Young (2002) reported the occur- 
rence of berylliu m-bearing vein, skarn, greisen, and rep] acement 
deposits in the country. The Aqshatau tungsten-molybdenum-beryl- 
lium greisen deposits in cen tral Kazakhstan have lo w-beryllium 
grades but nonetheless constitute a large resource (Table 3). 


China 


China is currently the third leading producer of beryllium (Table 1), 
but little information is available about the source. Beryllium-bearing 


vein, skarn, greisen, and replacement deposits are known in the 
country (Barton and Young 2002). 


Australia 


Beryllium occurs with zirconium, niobium, tantalum, and rare earth 
elements in the Brockman deposit, Western Australia, as bertrandite- 
quartz-carbonate v einlets in metamorphosed tuf f. The Brockman 
beryllium reserves are moderate and low grade. Skarn and replace- 
ment tin ore has been reported to contain as much as 0.5% BeO as 
danalite at Mount Lindsay in Tasmania (Kwak 1983). 


Other Occurrences 


Beryllium has been recovered from sma Il deposits in many coun- 
tries throughout the world, but production has been sporadic. In the 
past 40 years, the countries with the largest contribution to w orld 
production outside the United Stat es, Braz il, Rus sia, China, and 
Kazakhstan, have been Ar gentina, India, Mozambique, Rw anda, 
and Zimbabwe. In the 1990s, beryl from Nigeria was marketed, and 
in recent years, Zambia and Portugal have produced small amounts 
of beryllium. Because of th e nature of beryl mining, production is 
subject to internal political and social pressures in individual coun- 
tries, particularly those in Africa. As a result of limited production, 
deposits in most other countries are not well documented. 


Exploration 


In many cases, the presence of beryl is visible by the nak ed eye. It 
typically occurs as greenish-white crystals, and because it is usually 
associated with c olorless quartz, large c rystals are ea sily distin- 
guished. For other beryllium minerals and finely disseminated beryl 
crystals, a beryllometer is norma lly used in the field for detecting 
beryllium mineralization. The beryllometer uses gam _ ma radiation 
supplied by an antimon y-124 radioisotope to g enerate neutron s 
when the radiation field comes into contact with a beryllium-bearing 
mineral. This equipment is similar to a geiger counter used to detect 
uranium. Beryllometers can be made with a sensitivity of 0.01% Be 
or less. Detection of beryllium in ore is usually folloved by diamond 
drilling and assaying to further delineate beryllium deposits. 
Mining 

Brush R esources mi nes bert randite by op en-pit meth ods at Spo r 
Mountain. Unlike beryl, in which the mineral can be identified by 
color and crystal struct ure, bertrandite mineralization cannot be rec- 
ognized by the naked eye. Consequently, Brush Resources conducts 
geologic and geochemical evaluations on a specific area, followed by 
a drilling program to determine if an economic ore body exists. 

After delineating an ore body, overburden is removed to within 
2 m of the ore by a local earth-moving contractor during the winter 
and spring. This stripping operation usually requires about 9 months 
for completion. In the 2-m cover remaining, drill benches are con- 
structed on 7.5-m centers to take samples of the ore body at 0.6-m 
intervals. Information obtained from analyzing the samples allows 
cross sections and contour maps to be developed. These maps are 
used to plan the mining and processing operations. 

After the maps are prepared, the remainder of the overburden is 
removed, and the ore is mined, typically with a self-loading scraper. 
Because of the irregular ore-grade distribution in the ground, the ore 
is mined from areas defined by drill data and placed in a stockpile in 
layers to obtain a more homogeneous blend. Furt her drilling, sam- 
pling, and assaying of the stockpiled ore is then performed to gener- 
ate a map that del ineates ore-gr ade distr ibution thr oughout the 
stockpile. On the basis of the gr ade distrib ution, stockpiled ore is 
selectively trucked to the mill, which is about 80 km away, for further 
processing. 
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Most of the beryllium ore produced outside the United States is 
from Brazil, where labor-intensive mining of beryl from we athered 
pegmatites is the primary method used. Garimpeiros (laborers) per- 
form allof the mining andco bbingof the ore. Because the 
garimpeiros mine on private land and sell directly to ore buyers, data 
on mining methods and production are scarce. Pe gmatite mining in 
Brazil essentially consists of stoping into e xposed pe gmatites with 
picks and sho vels. Mines are established where ver beryl-rich pe g- 
matites exist. Each stope is w orked by three to five men who pick 
beryl crystals out of the host ro ck and muck out the waste. Other 
garimpeiros (usually women and children) sort through the mucked- 
out material for beryl crystals that were overlooked. Stopes are 
approximately 1.5 m high and 1.0m wide, and a mine can contain as 
many as 40 stopes (Soja and Sabin 1986). 


Beryllium Hydroxide Production 


Beryllium is recovered commercially in the United States from tw o 
ore minerals—bery] and bertrandite. Beryllium hydroxide, the inter- 
mediate prod uct r ecovered from th ese o res, is s ubsequently con- 
verted to beryllium metal, alloys, or oxide. Brush Resources is the 
only company with adequate facilities to extract the beryllium from 
both minerals. Because of the difference in beryllium conte nt of 
beryl and bertrandite, the ores are treat ed separately until the beryl- 
lium is di ssolved, then the two solutions are combined. Figure 1 
depicts a basic flow sheet for Brush Resources’ process. 

Bertrandite ore is crushed and wet-milled to yield a slurry at 
about —20 mesh. The slurry is then leached with a sulfur ic acid 
solution at about 95°C to extract the beryllium, forming a beryllium 
sulfate solution. In co ntrast, after crushing, beryl ore is heated to 
1,700°C and qu enched rapidly in w ater to f orm a frit. The frit is 
heat treated at 1,000°C, ground to about —2 00 mesh, and then 
leached with a concentrated sulfuric acid solution at 250° to 300°C. 
This proc ess e xtracts the ber yllium, form ing a bery] lium sulf ate 
solution. 

After separating t he sol ids fr om both berylli um sul fate solu- 
tions, the two solutions are com bined. Solvent extraction is used to 
remove additional el ements that we re extracted with the berylli um. 
During solvent extraction, the beryllium sulfate solution contacts an 
organic solu tion of di- 2-ethylhexylphosphoric acid inak erosene- 
type organic solvent. Beryllium is selectively dissolved in the organic 
solution. The slow rate of extraction at room temperature is acceler- 
ated by w arming the extractant and leach solution. The —_ loaded 
organic phase is treated with an aqueous ammonium carbonate solu- 
tion and beryllium is stripped fr om the or ganic phase, forming 
ammonium beryllium carbonate (NH4)Be(CO3)3. 

In addition to beryllium, the solvent extraction step dissolves 
iron and small amounts of aluminum and fluoride present in th e 
sulfate leach solution. Heating the strip solution to about 70°C sep- 
arates the iron and al uminum as hydroxide or carbonate precip i- 
tates. Two hydrolysis steps at 95° and 165°C, respectively, remove 
the ammon ia and carbon diox ide and result in th e formation of 
beryllium hydroxide, which is filtered and then drummed for ship- 
ment. Approximately 80% of the beryllium content of both the 
beryl and bertrandite is recovered by this process (Walsh 1979). 


Copper-Beryllium Alloy Production 


To produce a copper -beryllium master allo y, beryllium h ydroxide, 
electrolytic copper, and carbon are combined in an electric arc fur- 

nace. The resultant melt, containing about 4% beryllium, is cast into 
ingots. Remel ting master allo y in gots with addi tional copper and 

other allo ying element s yields the desired copper -beryllium allo y, 
which is then cast into slabs or billets. Slabs of copper -beryllium 
alloys are processed further into strip or plate, and billets are extruded 
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Figure 1. Beryllium hydroxide production from bertrandite and 
beryl 


into tube, rod, bar, and wire products. Table 4 gives specifications for 
some copper-beryllium alloys. 


Beryllium Metal Production 


To produce beryllium metal, beryllium hydroxide is dissolved in an 
ammonium bifluoride solution. F iltering and treating the solution 
with ammonium sul fide removes im purities such as iro n, le ad, 
manganese, and zi nc. The purified solution is conc entrated in an 
evaporator to yield an ammonium beryllium fluoride salt. After the 
salt is removed with a centrifuge and dried, it is fed to a continuous 
induction furnace. Decomposing th e salt at 700° to 900 °C in the 
induction furnace produces molte n anh ydrous beryllium fluoride 
and ammonium fluoride gas, which is captured in scrubbers for 
reuse. Cooled beryllium fluoride is reacted wi th m agnesium in 
batch induction furnaces to produce metallic beryllium and magne- 
sium fluoride. Cooling the mixture produces a solid cake that con- 
tains beryllium pebbles, magne __ sium fluorid e, and unreacted 
beryllium fluoride. Crushing this mixture, followed by water leach- 
ing, yields beryllium metal and magnesium fluoride. After separat- 
ing the magnesium fluo ride, the peb bles are vacuum me lted to 
remove any slag trapped in them, andthe melt is then cast into 
ingots. 

Vacuum-cast ingots are normall y further processed into a 
powder produced by machining the ingot into chips. Chips cut by a 
lathe are removed by a vacuum system, and after passing through a 
cyclone, are automatically loaded into drums. Grin ding ina _ ball 
mill, impact gr inding, or attrition grinding reduces the size of the 
chips. Each of these methods __ produces a dif ferent particle-size 
powder. In attrition gr inding, chips are gro und intoa po wder 
between a f ixed, grooved beryllium plate and a rotating, grooved 
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Table 4. Copper-beryllium alloy specifications 


Chemical Composition, wt % 











Copper Alloy 
Brush Alloy = UNS Number Beryllium Cobalt Nickel Cobalt + Nickel Cobalt + Nickel + Iron Lead Copper 
25 C17200 1.80-2.00 — _— 0.20 minimum 0.6 maximum 0.02 maximum Balance 
190 
290 
M25 C17300 1.80-2.00 _— _— 0.20 minimum 0.6 maximum 0.20-0.6 Balance 
165 C17000 1.60-1.79 _— _— 0.20 minimum 0.6 maximum _— Balance 
3 C17510 0.2-0.6 _— 1.4-2.2 _— _— _— Balance 
10 C17500 0.4-0.7 2.4-2.7 _— — — _— Balance 
174 C17410 0.15-0.50 0.35-0.60 _— _— _— _ Balance 
60 C17460 0.15-0.50 _— 1.0-1.4 _— _— _— Balance 
Courtesy of Brush Wellman Inc. 
Note: Copper plus additions equals 99.5% minimum. 
* — indicates constituent not normally present or present below practical reporting levels. 
beryllium plate. In impact grinding, a high-v elocity stream of air fa Beryllium Hydroxide 


blasts a mixture of chips and 0 versize powder onto a solid bery1- 
lium target. On impact, the chips break into small particles that are 
removed from the chamber by vacuum conveying. A ball mill is 
used when extremely fine powder is required. After grinding, the 
beryllium powder is sized, either with screens or an air classifier. 
Beryllium powder is formed into billets by vacuum hot pressing, 
hot-isostatic pressing, or cold-isostatic pressing, depending on the 
end use of the material. Beryllium metal production flow charts are 
shown in Figures 2 and 3, and specifications are given in Table 5. 


Beryllium Oxide Production 


Beryllium oxide po wderis produced by dissolving beryllium 
hydroxide in sulfuric acid. The resulting beryllium sulfate solution is 
concentrated by evaporation and co oled until the solution is super- 
saturated. During cooling, beryllium sulfate tetrahydrate crystals are 
produced. Wet salt crystals are removed from the mother liquor in a 
centrifuge. Calcining these crystals in a car-hearth furnace at tem- 
peratures up to 1,430 °C decomp oses the salt to be ryllium oxide, 
water v apor, and sulfur dioxide (SOz) and sulfur trioxide (SO 3) 
gases. The gases are fed through scrubbers, and the beryllium oxide 
is cooled, screened, and bagged for shipment. Figure 4 shows a 
beryllium oxide production flow chart. 


INDUSTRY STRUCTURE 


The United S tates has the largest demonstrated capacity to process 
beryllium ore and concentr ates into finished beryllium products and 
supplies most of the rest of th e world with these product s. As 
described previously, Brush Resources Inc., a su bsidiary of Brush 
Engineered Materials Inc., mines be rtrandite and con verts this ore, 
along with beryl, to beryllium hydroxide at its facility in Delta, Utah. 
Beryllium hydroxide is shipped to a plant in Elmore, Ohio, operated 
by Brush Wellman Inc. ( another wholly owned subsidiary of Brush 
Engineered Material s), where it i s converted into beryllium allo ys 
and metal. At its Elmore plant, Brush Wellman also produces beryl- 
lium oxide, which is further processed into basic ceram ic shapes at 
the Brush Ceramic Products Inc. plant in Tucson, Arizona. 

One other company in the United States has the capability to 
process beryllium alloys. NGK Metals Corp., a subsidiary of NGK 
Insulators of Japan, prod uces intermediate for ms of beryllium 
alloys at its plant in Nagoya, Japan. The basic shapes are shipped to 
a plant in Sweetwater, Tennessee, for further processing and distri- 
bution. NGK Metals in Japan repor tedly does not have facilities to 
process the raw materials. 
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Figure 2. Beryllium pebble production 


Ore production f rom labor -intensive operations outside the 
United States is sporadic, except for the largest producers in Brazil, 
China, and some natio ns of the Commonwealth of Independent 
States. Before 2000, the majority of the beryl reco vered in Brazil 
was exported to the United States , and Brazil r emains the largest 
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Figure 3. Beryllium powder production 





Beryllium Powder 


Table 5. Beryllium specifications, wt % 


. National Defense Stockpile 
Commercial fi 








n Hot-Pressed Powder Billet 
Beryllium Powder 
Constituent SP-200F Grade A Grade B Grade C 

Be, minimum 98.5 98.0 98.0 94.0 
BeO, maximum 1.5 1.5 2.2 9.0 
Al, maximum 0.1 0.07 0.10 0.16 
C, maximum 0.15 0.10 0.15 0.25 
Fe, maximum 0.13 0:12 0.15 0.25 
Mg, maximum 0.08 0.08 0.08 0.08 
Si, maximum 0.06 0.08 0.08 0.08 
Other, each, 0.04 0.04 0.04 0.10 
maximum 





Courtesy of Brush Wellman Inc. 


source of beryl imported into the United States. Some bery | ore 
from China has been imported into the United States in pre vious 
years. Recently, China has de veloped some capability to process 
beryl and produce some berylliu m-copper master allo ys. Kazakh- 
stan also has an integrated beryllium industry, based on a stockpile 
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Figure 4. Beryllium oxide production 


of previously mined ores, and has recently restarted oper ations to 
market a restricted range of beryllium products. 


Beryllium Alloys 


Brush Wellman Inc. converts beryllium hydroxide from the Brush 
Resources mine in U tah into a w ide range o f alloys of b eryllium 
with copper, nickel, and aluminum at its smelter in Elmore, Ohio. 
That facility processes the allo ys into a wid e range of different 
shapes, such as pl ate, bar, tube, strip, and wire. Ad ditional strip- 
and rod-finishing facilities in Reading, Pennsylvania, provide preci- 
sion finishing capabilities. Currently, Brush Engineered Materials 
is the only integrated producer of such alloy products in the world. 

Copper-beryllium alloys are used in a wide variety of applica- 
tions and account for approximately 65% of the annual U.S. produc- 
tion of beryllium, on a metal equivalent basis. These alloys, most of 
which contain between 0.15% and 2% beryllium, are used because 
of their combination of high electrical an d thermal conducti vity, 
high strength and hardn ess, good corrosion and f atigue resistance, 
and nonmagnetic properties. Copper-beryllium strip is manufactured 
into electrically co nductive sp rings, co nnector terminals, and 
switches that are used in automobiles, aerospace applications, radar 
equipment, tele communications e quipment, computers, f actory 
automation devices, home appliances, and instrumentation and con- 
trol systems. The principal use of large-diameter copper-beryllium 
tubing is in oil and gas drilling equipment and in bushings and bear- 
ings in aircraft la nding gearand heavy ma chinery. Mechanic al 
enclosures and coupling fittings for electronic amplification repeater 
housings for fiber-optic telecomm unications systems represent a 
significant application for lar ge-diameter copper-beryllium rod and 
tube stock. Small-diameter copper-beryllium rod and wire is exten- 
sively used for the machined miniature sock ets that connect inte- 
grated circuits to printed circuit boards. Copp er-beryllium bar and 
plate is used in the fabrication of equipment used for the resistance 
welding of automobile and appliance bodies; for machinery compo- 
nents; for materials handling syst ems; and for molds used to form 
metal, glass, and plastic components. 
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Smaller quantities of beryllium are also used in nickel- and 
aluminum-base alloys. Electronic connector components that can 
operate at high temperatures such as those in ho usehold cooking 
appliances and springs used to ac tivate fire sprinklers are leading 
uses for ni ckel-beryllium a lloys. Aluminum-ber yllium allo ys are 
used both in aerospace casting applications and as a master-alloy 
additive to inc lude sma II qu antities of beryllium in magnesium 
alloys, which inhibits oxidation during melting operations. 


Beryllium Metal 


Beryllium metal products, which account for about 20% of the 
annual U.S. demand for beryllium, are used principally in aero- 
space and defense applications. The high stiffness, light weight, and 
dimensional stability over a wide temperature range make bery1- 
lium metal useful in satellite and space vehicle structures, inertial 
guidance systems, avionics, and space optical system components. 
Because beryllium is transparent to x-rays, it is used in x-ray win- 
dows. In nuclear reactors, beryllium also serves as a canning mate- 
rial, as aneutron mo derator, in control rods, and as a reflector 
Other applications for metallic beryllium include high-speed com- 
puter components, au dio componen ts, precision electronics pro- 
cessing equipment, and optical scan mirrors. B eryllium me tal is 
used for se veral applications in NASA’s space shuttle, including 
window and door frames. It is also used to manufacture key compo- 
nents of critical guidance and navigation equipment. 


Beryllium Oxide 


Beryllium oxide o r beryllia is an excellent heat conductor , with 
high hardness and st rength. This material also acts as an electrical 
insulator in some applications . Beryllium oxide, accounting for 
about 15% of d omestic demand, se rves mainly as a substrate for 
high-power electronic circuits for radio frequency electronics, auto- 
motive ignition modules, laser bore components, and r adar elec- 
tronic countermeasure systems. — Because it is transparent to 
microwaves, mobile telephone systems and radar systems also use 
beryllium oxide. 


ECONOMIC FACTORS 
Prices 


In the past, prices for importe d beryl and domestically produced 
beryllium products were r eported by the American Metal Market, 
however, that publication no longer tracks beryllium ores and prod- 
ucts. An update on the year-end 2003 prices is not available at this 
time. After Brush Wellman opened its bertrandite mining operation 
in 1969, applications for ber yllium metal were e xpanded in th e 
aerospace and nuclear industries. As these ne w uses were devel- 
oped, pric es re mained rel atively steady to encou rage con tinued 
expansion. In the late 1970s, prices escalated rapidly in response to 
high inflation rates and increased energy costs. At the same time, 
the U.S. Occupational Safety and Health Administration (OSHA) 
and the U.S. Environmental Protection Agency (EPA) promulgated 
new regulations concernin g bery llium a ir emissions. To c omply 
with these regulations, beryllium processing plants were required to 
install ad ditional pollu tion control equip ment, and the additional 
costs were ultimately passed on to the consumer . Inthe 19 80s, 
greater re gulation of waste pr oducts from beryllium mining and 
processing increased disposal cost s. Again, the se cost increases 
resulted in higher prices for the consumer. 


Tariffs and Depletion Allowances 


Tariffs for beryl and beryllium products are sho wn in Table 6. 
Beryllium ores carry a 22% dom estic depletion allowance and a 
14% foreign depletion allowance. 


Table 6. U.S. import duties’ 


Normal Trade Relations 





Tariff Item HTS No.! 12/31/03 
Ore and concentrate 2617.90.0030 Free 
Unwrought beryllium 8112.12.0000 8.5% ad valorem 
powders 

Beryllium, wrought 8112.19.0000 5.5% ad valorem 
Beryllium waste and scrap 8112.13.0000 Free 
Beryllium-copper master alloy 7405.00.6030 Free 


3.7% ad valorem 


5.5% ad valorem 


Beryllium oxide or hydroxide 2825.90.1000 
Other 8112.19.00000 





Courtesy of U.S. Geological Survey. 
* Ore, metal, scrap, and master alloy: Japan, 28%; Kazakhstan, 24%; 
Russia, 10%; Brazil, 9%; and other, 29%. 
t HTS = Harmonized Tariff Schedule of the United States. 


Alternative Materials 


Because of its high cost com pared with that of other materials, 
beryllium is usedi n appl ications in which its properties are 
uniquely enabling. Aluminum, magnesium, and titanium alloys, as 
well as graphite composite materials, may be substituted for beryl- 
lium metal in some applications. Many different copper alloys such 
as p hosphor bron zes may be substituted f or ber yllium-copper 
alloys. These substitutions, however, can result in substan tial loss 
of performance in so me applications, requiring con siderable engi- 
neering, r esearch, and redesign to compensate fo r per formance 
loss. Beryllium oxide may, in some cases, be substituted by alumi- 
num oxide or aluminum nitride. 


SAFETY REGULATIONS 


Beryllium dust and fumes ha ve been recognized as the cause of 
chronic beryllium disease (CBD), a serious chronic lun g disease. 
The disease w as f irst describe d by Dr . Harriet Har dy in 1946, 
before suitable hyg ienic procedures had been established, among 
industry employees and their relatives who had handled dusty work 
clothing. Before modern emission controls came into use, cases of 
CBD were also reported in the 1940s and 1950s among residents of 
communities surrounding beryllium-processing plants. 

To contract CBD, an individual must be exposed to airborne 
beryllium in the form of a dust, mist, or fume. This particulate must 
be small enough (less than 10 pm in diameter) to reach the air sacs 
deep in the lungs and the individual must be sensitive to beryllium. 
Not all individuals exposed to airborne beryllium particulate will 
become sensitized, and of those who become sensitized, not all will 
develop CBD. Scientists believe that the capacity to develop sensi- 
tivity to beryllium is genetically determined and that most people 
are not susceptible to sensitization. 

In recent y ears, various individuals and organizations h ave 
reported that the number of diagnosed cases of CBD has increased 
since the 1980s. The main factors for this apparent increase are the 
change in diagnostic criteria for the disease, improvements in med- 
ical detection technology, and an increase in the number of workers 
evaluated for subclinical CBD. 

Before the late 1980s, workers were diagnosed with CBD only 
when they e xhibited clinical (observ able) symptoms and changes 
were found in chest x-rays or lung function tests. During _ the late 
1980s and early 1990s, the diagnostic criteria changed, and workers 
began to be diagnosed without exhibiting clinical symptoms or mea- 
surable impairment. Workers diagnosed with CBD in the absence of 
x-ray or lung function changes or symptoms of disease are referred 
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to as ha ving subclinical C BD, meaning that they have no clinical 
symptoms or measurable impairment. This diagnosis became possi- 
ble through the application of new technology in medical testing and 
evaluation. Today, workers are ty pically diagnosed on the basis of 
sensitization and the presence, on bi opsy, of microscopic biological 
lung formations called granulomas. The biopsy, which uses a proce- 
dure called bronchoscopy, is required for obtaining samples of lung 
tissue. Bronchoscopy with lung biopsy is medically invasive and has 
its own associated health risks, such as a collapsed lung, bleeding or 
infection, and a possibility of death. 

The natural history of subclinical CBD is not yet kno wn. 
Workers with subclinical CBD may never develop clinical CBD, or 
they may develop clinical CBD o ver time. It is very evident from 
scientific studies, however, that the incidence of subclinical CBD is 
higher than the long observed rate of clinical CBD. If most subclin- 
ical cases of CBD progressed to a clinical state, historical studies 
would have shown much higher rate s of clinical CBD. It is there- 
fore logical to surmise that in most persons, there is no significant 
progression of the subclinical disease. 

Before the late 1980s, the te rm “beryllium sensitization ” 
referred to the inflammatory res ponse in the lungs (health ef fect), 
which was ori ginally as sociated with the early st ages of cl inical 
CBD. Today, however, the term beryllium sensitization has come 
into stricter use to describe a po sitive re sponse to t he testing of 
blood or lung fluid using the beryllium blood lymphocyte prolifera- 
tion test (BLPT). The BLPT isa laboratory test that measures a 
level of respon se whena_ water-soluble beryllium compoun d is 
added to cells isolated from a blood or lung fluid sample. Sensitiza- 
tion does no t describe a health effect in the person but rather a 
response in the blood separate from the person. As detected using 
the BLPT, sensitization is not an illness or disability, and the test 
does not detect subclinical or clinical CBD. Competent authorities, 
such asthe American Conference of Go vernmental Industrial 
Hygienists, the U.S. Army, U.S. Air F orce, and U.S. Navy, have 
published position papers on use of the BLPT, which recommend 
that the BLPT not be used for worker screening in the absence of 
health symptoms. 

Although uncertainties related to the cause of the disease still 
exist, the problem appears to be controlled when establish ed pre- 
ventive m easures ar e e xercised. In beryllium processing plants, 
harmful ef fects are pre vented by maintaining cl ean w orkplaces; 
requiring the use of saf ety equipment such as personal respirators; 
collecting dust, fumes, and mists at the source of deposition in dust 
collectors; instituting medical programs; and putting oth er proce- 
dures in place to ensure safe working conditions. Control of poten- 
tial health hazards may add sign ificantly to the f inal cost of some 
beryllium products. 

OSHA regulates worker exposure to airborne particles contain- 
ing bery Ilium. Current OSHA st andards limit the 8- hour exposure 
level to an average of 2 pg/m? of air, with a peak of 25 g/m? not to 
exceed 30 minutes, and a ceiling concentra tion of 5 pg/ m>. Mine 
Safety and Health Administration regulations, which are the same as 
the OSHA stan dards, affect only the Brush Resources 0 peration in 
Utah. 


Natural and Anthropogenic Sources 
of Human Beryllium Exposure 


The general population is e xposed to naturally occurring beryllium 
from the ambient air , drinking water, and dietary intak e on a daily 
basis. Average ambient concentrations of beryllium in soil range 
from 2.8 to 5 mg/kg. The average ambient concentration in air in the 
United States is 0.00003 pg/m?; the median concentration in cities is 
0.0002 pg/m?. 


Concentrations of beryllium in drinking water range from 10 
to 1,220 ng/L with an a verage of 190 ng/L. The U.S. Ag ency for 
Toxic Substances and Dise ase Registry has e stimated that within 
the United States, about 45% of airborne beryllium results from 
anthropogenic releases of b eryllium. Natural sources suc has 
windblown dust an d volcanic activity account for 55 % of ber yl- 
lium released to the atmosphere. Electric utilities generate about 
80% of the anthropogenic emissions, and industry and metal min- 
ing accounts for about 20%. Beryllium has been measured in rice 
at 72 g/kg (fresh weight), lettuce at 16 pg/kg, ki dney beans at 
2,200 pg/kg, peas at 109 ng/kg, and potatoes at 0.59 pg/kg. Beryl- 
lium has been found in cigarettes at up to 0.74 ug per cigarette. 
The daily intake of beryl lium by nonoccupationally exposed per- 
sons from food and water is ap proximately 0.52 ug per day with 
negligible e xposures f rom ambien t air. The a verage burden of 
beryllium in nonoccupationally exposed persons is 2 00 pg/kg in 
the lung, whereas beryllium concentrations in other organs are typ- 
ically below 80 ng/kg. 


ENVIRONMENTAL REGULATIONS 


Under the Clean Air Act, the EP A has issued standards for certain 
hazardous air pollutants, including beryllium. Beryllium emissions 
for plants that process beryllium materials are limited to 10 g of 
beryllium over a 24-hou r period. Pl ants that machine alloys con- 
taining beryll ium wi th le ss tha n 4% be ryllium by we ight are 
excluded from the hazardous air-pollutant regulations. The EP A 
regulates beryllium at 4 ppb under the Safe Drinking Water Act. 


PROBLEMS AND FUTURE TRENDS 


The beryllium industry is rather limited in scale because a single 
active producer in the United St ates supplies beryllium-containing 
materials from its ra w material s ource and processing plants for 
almost all domestic and m ost w orldwide consu mption. Although 
several other companies have investigated beryllium production as 
a potential business, it is unlik ely that any new plants will be con- 
structed in t he United States, primarily because of t he significant 
costs to construct a plant that meets environmental regulations. The 
commercial o utlook fo r be ryllium-containing materials is f avor- 
able, espe cially given their ability to enable end-use produ cts to 
meet toughening performance de mands for weigh t sa vings and 
miniaturization, greater strength, fatigue and corrosion resistance, 
and thermal and electrical conductivity. Materials producers such as 
Brush Wellman have continued to w ork closely with customers in 
the telecommunications and computer, a utomotive electronics, 
aerospace and defen se, oil and gas, industrial componen ts, and 
appliance industries to ensure new materials are de veloped in step 
with advances in end-use product technology. In the past 20 years, 
for example, Brush Wellman has introduced new proprietary alloys 
such as Alloy 174, Alloy 60, and most recently, Alloy 390, to serve 
the mark et’s higher perfo rmance requirements. On the met allic 
beryllium side, the company has introduced Al BeMet, an al umi- 
num-beryllium-metal-matrix com posite, to fulfill the unique high 
performance needs of the aerospace and defense markets. 
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Boron and Borates 


Steven B. Carpenter and Robert B. Kistler 


INTRODUCTION 


Boron, element number five on the periodic chart, does not occur 
alone in nature. Except for a few rare minerals, it is always com- 
bined with oxygen. Borates are therefore defined as minerals con- 
taining bor ic oxide orbo ron—oxygen molecules. These can 
generally be expressed on the basis of B2O3 in combination with a 
major cation. Borates are sold on the basis of their boric oxide con- 
tent, and most pr oducts and go vernment statistical data are sho wn 
in short tons of B2O3 (rather than B). 

Borates today are used mainly as c hemical raw materials in 
combination with oth er commodities to pro duce products used by 
the ultimate consumers. Fiberglass and gla ss f ibers, glass and 
ceramics, soaps and detergents, fertilizers and herbicides, and wood 
preservatives are the major segments of today’s market, although 
more than 25% of the world’s borates are used in numerous other 
consumer products. 

Economic mi neral conc entrations of borat es are re latively 
rare in nature; however, the major deposits now in production are 
able to adequately supply the existing markets at reasonable prices. 
Currently, the United States and Turkey supply more than 75% of 
the world’s markets from deposits that are found in Neogene age 
(<24 million years), continental sediments. 

The mineral borax may have been known by ancient civiliza- 
tions, but the first authenticated use of borat es was as a flux for 
assaying and refining precious metals in the 8th century AD. China 
was probably the first country to consistently use borates in medi- 
cines and ceramics from about 1000 AD (Smith 1997); the borates 
used were mined from spring deposits and salars or dry lakes in 
Tibet. Marco Polo claimed to have brought the first borates from 
China to Europe, and his home port of Venice became the center 
for fine work in gold, ceramics, and glassware. The use of borates 
to make these items was a well-guarded Venetian “trade secret” for 
many years. Elsewhere in Europe, alchemists, and later the medi- 
cal profession, used smal 1 am ounts of borat es, but the pri ce was 
high (as late as 1790 the price of refined borax was about $3/oz in 
London) and the source of this rare mineral commodity remained 
mysterious. 

Tibet continued to be the source for most borates until the 
beginning of the 19th cen tury wh en sassolite w as disco vered 
around the fumaroles of Larderello, near Pisa, Italy. Commercial 
production began there in 1808, and this area soo n replaced Tibet 
as the major western source of borates. The discovery of borates in 
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the desert marshes o f the N ew World, in b oth North and South 
America in the mid-19th century and their subsequent populariza- 
tion by F.M. “Borax” Smith and others, helped lower the price and 
expand usage into consumer products, especially soaps and deter- 
gents. By 1 890, borates were read ily available in Europe and the 
United States at ab out $75/t. Finally, the discovery and de velop- 
ment of major bedded deposits during the 20th century, first in 
Death Valley and later at Boron, California, and in Turkey, enabled 
this once rare mi neral to e xpand into the ma jor, worldwide c om- 
modity that it is today. 


PRODUCTION AND TRADE 


Commercial borate production is centered in southern Cali fornia, 
western T urkey, northern A rgentina and C hile, sou thern Bolivia 
and Peru, eastern Russia, and northeastern and west-central China 
(Figure 1). The major materials sold are borax pentahydrate (5 mol) 
and decahydrate (10 mol) and bor ic acid, followed by colemanite 
and ulexite mineral concentrates. 

The United States isthe leader in produ ction o f ref ined 
borates and boric acid; about half of the domestic production is 
exported (Table 1). Turkey is the world’s major supplier of mineral 
concentrates and also produces large amounts of boric acid and 
refined borates. Almost 90% of th eir production is sold on the 
export market. 

South American production has usually been sold into Brazil 
and other co untries in the southern hemisphere, with sales mainly 
for agriculture and ceramics. Re cently increased pr oduction, how- 
ever, particularly of boric acid, has moved sales into Asia and North 
America, generally where price is the major consideration. 

Russia produces mainly boric acid from their unique borosili- 
cate deposit near the Sea of Japan. Historically, the former U.S.S.R. 
sent this production by rail as far west as eastern Europe, but with 
the changing economic climate and their adv antageous position 
near tidewater, some of their boric acid now goes to China, South 
Korea, and Japan. Chinese borate production is fr om a nu mber of 
relatively small mines in both the we stern and the northeastern 
parts of that country. Their borate production has yet to equal their 
internal demand, and mo st of the Chinese borates are sold within 
the country; they do, however, export some product to India, Paki- 
stan, Indonesia, and South Korea (Table 2). Figure 2 illustrates cur- 
rent consumption of borates, broken down by end use, in both the 
United States and the world. 
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Figure 1. Major world borate deposits 


Table 1. U.S. borate production, imports and exports, kt of B03 


1999 2000 2001 2002 2003° 





U.S. production 618 546 536 518 536 
Imports for consumption, gross weight 
Borax 8 ] ] <0.5 16 
Boric acid 30 39 56 49 45 
Colemanite A2 26 35 32 14 
Ulexite 178 127 109 125 99 
Exports, gross weight 
Boric acid 107 119 85 84 79 
Colemanite NAt NA NA 5 23 
Refined sodium 370 A13 221 150 142 
borates 





Courtesy of U.S. Geological Survey (USGS). 
* Estimated. 
t NA = not available. 


Table 2. World borate production—all forms, gross weight of ore 
in kt 








Country 2001 2002 2003° 
Argentina 500 510 170 
Bolivia 34 35 33 
Chile 338 330 430 
China 150 145 140 
Iran ] 4 4 
Peru 30 9 9 
Russia 1,000°* 1,000° 1,000* 
Turkey 1,500 1,500 1,500 
United States 1,050 1,050 1,060 

World total (rounded) 4,600 4,580 4,350 
Courtesy of USGS. 

* Estimated. 


GEOLOGY 

Mineralogy 

More than 200 minerals contain boron, but only a few are commer- 
cially important (T able 3). The m ajority of borate minerals can be 
divided into three groups for ease of discussion: sodium and calcium 
borates, magnesium borates, and borosilicates. In general, sodium 
and calcium bo rates are formed under near -surface conditions as a 
result of v olcanic activity and are associated with continental sedi- 
ments and volcanic rocks. Magnesium borates are most of ten found 
with marine sediments, whereas borosilicates are associat ed with 
metamorphic and igneous rock and mineral assemblages. 

Borates co mmonly occ ur wi ththe following elements— 
arsenic, antimony, calcium, iron, lithium, magnesium, manganese, 
silica, and sodium—and zeolite minerals. There is also an apparent 
association with some metals such as gold, iron, and zinc, depend- 
ing on the geologic setting. 


Tests 


The early prospectors’ test for bo rate was to wet the sample with 
sulfuric acid and a little alcohol and light the fumes; “She burns 
green!” was the result of a succ essful test. Wetting a sample with 
specially prepared turmeric or cobalt-nitrate solutions also provides 
quick positive or negative field test results. Today, most commercial 
laboratories detect and iden tify borates usin g atomic absorption 

(AA) or inductively coupled plasma (ICP) methods. 


Chemical Properties 


Boron has the valence state 3+. It forms very strong covalent bonds 
with oxygen and links with either three oxygen atoms to form trian- 
gular planar BO 3 groups or four oxygens to form tetrah edral BO4 
groups (Smith and McBroom 1992). These groups can link together 
by sharing oxygen atoms to form rings, cages, chains, sheets, and 
networks. The resulting borate structures possess a negative charge 
equal to the number of BO, groups they contain, because these 
have a formal 1— charge. As a result, borates form salts and double 
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Figure 2. Estimated world and U.S. borate consumption by major 
end use 


Table 3. Commercially important borate minerals 





Mineral Chemical Composition Wt % B203 
Borax (tincal) Na2B4O7° 10H2O 36.5 
Boracite (stassfurite) Mge6B14026C12 62.2 
Colemanite CazBgO11°5H2O 50.8 
Datolite CaBSiO4OH 24.9 
Hydroboracite CaMgBe011°6H20 50.5 
Kernite (rasorite) Na2B4079°4H20 51.0 
Kurnakovite Mg2BgO11°15H20 37.3 
Pinnoite MgB20493H20 42.5 
Priceite (pandermite) CaB19O19°7H2O0 49.8 
Probertite (kramerite) NaCaB309*°5H2O 49.6 
Sassolite (natural boric acid) H3BO3 56.3 

Szaibelyite (ascharite) MgBO20H 41.4 
Tincalconite (mohavite) Na2B407°5H2O 47.8 
Ulexite (boronatrocalcite) NaCaBs09*®8H2O 43.0 





salts with various cations and with interstitial water (Chang 2002). 
Hydrated borates contain B—OH groups, OT groups, or water. 

The common borates are slightly basic with a pH of 7 to 10. 
Their solubility curves are fairly normal from about 50° to 120°C 
(Garrett 1998). Borax (10 mol) is readily soluble in water and will 
lose 5 mol of water under summer desert conditions to form tincal- 
conite (natural 5 mol). Ulexite and colemanite are only slightly sol- 
uble in water under atmospheric conditions but dissolve rapidly in 
acid. The Russian borate ore minerals, datolite and danburite, and 
the principal Chinese borate ore, szaibelyite, are acid soluble. 


Origin and Modes of Occurrence 


Borates are present in low concentrations in most soils and in many 
rock types. Borates in soil tend to collect on micas and in the molec- 
ular lattice of clay s in concentrations 0 f <10 to >150 pp m B. The 
average concentration in surf ace streams is reported t 0 be about 
0.1 ppm, and in seawater averages about 4.6 ppm (Sprague 1972). 


Borate deposits throughout the world are found in tectonically 
active, extensional terrains near subducted plate bo undaries. They 
are associated with calc-alkaline extrusive rocks, tuff, tuffite, lime- 
stone, marl, claystone, gypsum, and continental silts and sands; the 
ultimate source of the boron, however, is still under discussion. The 
boron may be leached from marine sediments in the mio- or eugeo- 
synclinal continental margins or from earlier granitoids and brought 
to the surface by volcanic activity associated with the subduction of 
plate margins (Kasemann, Erzinger, and Franz 2000). Others sug- 
gest that the B 203 may be leached from the surrounding rocks; 
local ignimbritic volcanism is considered the source for the Kirka 
deposit in T urkey (Floyd, Helvaci, and Mittwede 1997). Limited 
field investigations by the author s indicate that ro cks surrounding 
and downdip from kno wn deposits are usually low in b oron and 
show no signs of having been leached, which casts so me doubt on 
local, near-surface crustal sources for most North American borate 
deposits. 

Most of the commercial-grade borate deposits worldwide are 
associated wi th cont inental sed iments. These can be di_ vided into 
spring and spring-apron deposits, playa or salar accumulations, and 
lake deposits, although there is a gradation between these categories. 

All the major “world class” deposits in North Ame rica and 
Turkey are found within Neogene lake sediments that are associ- 
ated with contemporaneous f aulting and volcanism. T he borates 
within these lake sediments appear to be chemical precipitates that 
formed as the concentration of boron in the lake waters reached 
temporary saturation levels, either because of changes in the evapo- 
ration rate or from pe riodic inf luxes of boron-rich w aters from 
nearby springs. Precip itationof the primary borat e mi nerals 
appears to be controlled by p H. Borax precipitates at a higher pH 
than ulexite and colemanite forms as a primary mineral at a slightly 
lower pH and warmer temperature (Helvaci and Orti 1998). 

The Searles Lake brines, a major borate source in the United 
States, are unusual in that the y have resulted from the progressive 
concentration and decanting of salts from springs quite a distance 
from the lake (Smith 1979). A local spring source associated with 
the tufa cones within the lake itself may, however, also have fur- 
nished at least some of the salts, including the borates. 

Neogene to Recent age salar or playa borate deposits, mainly 
ulexite, are an impo rtant borate source in South America and 
China. The Recent age deposits have near-surface water tables, fed 
by springs that appear to furnish the borates. Depositional control is 
related to spring outflow, borate concentration of the water, pH, and 
possibly changes in pressure. Th ese deposits are within currently 
active volcanic belts associated with plate subduction boundaries. 

Some accumulations of bora tes are directly associ ated with 
active hot springs or fumaroles. Larderello in Italy and Clear Lake 
in California are examples; others such as Antuco in Argentina and 
many of the Tibetan sources are formed from spring waters cool 
enough to be frozen during part of the year. It is clear that surf ace 
water temperatures are not as important as borate content. 

Borate de posits associated with marine sediments appear to 
form in near-shore bays, possibly enhanced by borate springs. The 
borate-enriched se awater is conc entrated during desiccation and 
compaction of the sediments, resulting in the deposition of the pri- 
mary borates. Some accumulations of marine borates are further 
concentrated during uplift, by er osion or dissolution of th e associ- 
ated salts. 

Igneous and metamo rphic borate conc entrations are form ed 
from hydrothermal solutions that accompany granitoid intrusions. 
There is no universal agreement on whether the borates are in the 
magmatic fluids or if th e fluids act on and incorporate borate- 
containing calcareous sediments. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


278 Industrial Minerals and Rocks 

















Death Valley @ 


® Searles Lake 


Bakersfield 


Los Angeles 


“BW 


Arizona 
Pacific 
Ocean 
San Diego 











Figure 3. Major U.S. borate deposits 











Courtesy of Courtesy of U.S. Borax Inc. 
Figure 4. U.S. Borax’s open-pit operation at Boron, California 


The Paleoproterozoic borates of Jilin and Liaon ing provinces 
in eastern China appear to be sedimentary borates that ha ve been 
metamorphosed by the intrusion of later granitic plugs (Peng and 
Palmer 1995) . Other in vestigators subscribe to a granite-related 
metasomatic source for these deposits (Wang and Xu 1964). 

In the Bor deposit in Russia, the source is clearly of magmatic 
origin (Ratkin and W atson 1993). The calcareous host sediments 
were further altered by later brines heated by a second series of 
intrusions (Malinko 1992; Hamet and Stedra 1 994), resulting in a 
relatively high-grade borate skarn. Sullivan, B.C., Canada, where a 
high-boron tourmaline skarn is associated with a large zinc deposit, 
might be an example of either metamorphic or magmatic action. 


Distribution of Major Deposits 
North America 


Almost all of the known borate deposits in the United States are 
found in southern Cal ifornia and adjacent port ions of Ne vada 
(Figure 3). The only other known North American borate deposit 
is in the northern part of Sonora, Mexico. All of these deposits are 
of Neogene age and are associated with continental sediments and 
volcanic rocks. 

United States. United States production is dominated by the 
Kramer borax and kernite deposit located at Boron, California, mid- 
way between the towns of Barstow and Mojave, and by the borate- 


containing brines of Searles Lake, which is located about 65 miles 
north of Barstow. 

U.S. Borax, Inc. (Rio Tinto) mines the large Kramer deposit at 
Boron by open-pit methods (Figur e 4). The ore body consists of 
lake sediments co ntaining up to 90% borax, some of which has 
been converted to kernite by the pressure of burial. The borates are 
within a thick sequence of Miocene-age continental sediments, pro- 
tected from dissolution by a sur rounding series of gr eenish marls 
and clays. The depo sit is underlai n by olivine trachybasalts and 
overlain by up to 300 m of Miocene-age silts and arkosic fanglom- 
erates. Faulting, some of which was p enecontemporaneous with 
mineralization, has of fset portions of the ore body . The ore is 
refined in an adjacent plant where a full range of sodium borate and 
boric acid produ cts are produced. Specialty borate p roducts are 
made at Borax’s Wilmington plant and shipping facility located at 
the Los Angeles harbor. 

Searles Lake, a Holocene sa lar (approximate ly 40,000 years 
old), contains both bedded salts and brines that reach thicknesses of 
more than 40 m and e xtend over several tens of hectares. Searles 
Valley Minerals, Inc. selectively pumps the brines from se veral of 
the salt layers and refines them in the ir plants near the town of 
Trona on the west side of the lake. These brines supply other com- 
mercial salts in addition to sodium borates and boric acid. 

Death Valley continues to produce limited am ounts of cole- 
manite and ule xite/probertite concentrates from a rel atively small 
underground mine located on the east side of Death Valley National 
Park. The American Borate Company (ABC) operates this mine, 
the Billie. None of the other sm all borate deposits in or ar ound the 
park is currently being mined. These deposits are all dated at 
between 5 and 8 Ma. 

Fort Cady Minerals Corporation maintains a small acid-solu- 
tion mining project at Hector, about 30 miles east of Barstow. This 
Neogene-age colemanite deposit is injected with sulfuric acid that 
is pumped to a nearby plant, and calcium meta-borate is prec ipi- 
tated. As of 2004, this plant was on standby status. No other borate 
deposits are in production in the United States. 

Mexico. U.S. Borax and Vitro MEX discovered a small cole- 
manite deposit near the town of Magdalena, Sonora, in 1972 (Aiken 
and Kistler 1992). It is not currently in production. 


South America 


At least 30 borate sources in South America are producing or have 
produced borates. These are all located on the high Andean alti- 
plano or puna near th e common borders of Argentina, Bolivia, 
Chile, and Peru (Figure 5). South American borate producers have 
historically sent muc h of their production to B razil, with smaller 
amounts going to other countries within the Latin American eco- 
nomic trade zone. Most of this pro duction has been b orax and 
ulexite concentrates. Within the last 10 ye ars, however, many of 
the lar ger pr oducers ha ve constructed bo ric acid plants an d 
expanded their markets to include Taiwan, China, Japan, and por- 
tions of the United States and Europe. 

Argentina. All of the kno wn Ar gentine borate deposits are 
located in northwestern Argentina. For many years, South American 
borate pr oduction has been do minated by the T incalayu op en-pit 
borax mine of Borax Argentina (Rio Tinto). This Late Neogene, tec- 
tonically deformed, playa deposit (5 to 6 Ma) is located in Salta Prov- 
ince near the Salar de Hombre Mu erto. Borax Argentina also mines 
Neogene-age ulexite, hydroboracite, and colemanite at Sijes, close to 
Salar Pastos Grandes, and Holocene ulexite from se veral salars in 
Salta and Jujuy provinces. Their main processing plant and new boric 
acid facility are located at Campo Quijano, near the city of Salta. 
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Procesadora de Boratos Argentina (PBA) operates a Neogene 
borax and ulexite deposit at Loma Blanca near Coranzuli in Jujuy 
Province and their plant is located at Palpala, near the city of Jujuy. 
At least seven other active borate mines are on the Argentine puna 
in Salta and Jujuy provinces, all based on Holocene-age salar ulex- 
ite deposits; none of them furnishes large amounts of production. 

Bolivia. The bo rate in dustry in Boli via centers on se_ veral 
salar deposits in the southern portiono f the country andonth e 
southern edge of Salar de Uyuni (Figure 6). Ulexite is the ore min- 
eral in these deposits. The major producers are Cia Minera Tierra 
Ltd. with salar operations at La guna Capina, C halviri, and Pastos 
Grandes, and two companies that operate on the southern edge of 
Uyuni, Minera Rio Grande and Non Metallic Minerals, the latter a 
venture between D. Moscoso and the Chilean bor ate p roducer 
Quimica y Industrial del Borax (Q uiborax). Non Metallic is cur- 
rently the largest borate producer in Bolivia with production capac- 
ity of 100,000 tpa. At this time there is no production fr om the 
brines of Salar de Uyuni itself. Most of the ulexite mined in Bolivia 
is exported as a miner al product. Tierra is the only Bolivian pro- 
ducer of boric acid. Their 15,000-tpa plant located at Apacheta uses 
geothermal heat from the nearby Laguna Colorado hot springs. 

There have been a nu mber of stories about the local bo rate 
industry in the past decade or so. In 2001, the Bolivian government 
temporarily shut down Tierra’s boric acid facility for supplying acid 
to the cocaine trade. In mid-2004, the government revoked the min- 
ing concessions of No n Metallic Minerals fore vading customs 
taxes. The latter charge is being fought in the courts. Both instances 
indicate a heightened interest in this long-neglected corner of the 
country by the central go vernment and are a sign that borates ar e 
becoming a more significant Bolivian export. 

Chile. The Chilean borate prod ucers are all located inth e 
northern portion of the country. The largest, Quiborax, produces a 
number of products, including boric acid, from their plant outsid e 
Arica and their ne wly purchased boric acid plan t in Antof agasta. 
Their main resource base is Salar de Surire near the Bolivian bor- 
der. Other smaller operations ar e located on Salars Ascotan and 
Pajonales. 

Sociedad Quimica y Minera de Chile S.A. (SQM) produces 
boric acid from their large brine deposit on Salar de Atacama as a by- 
product of their lithium and potassium sulfate production. There is 
also a small, independently owned boric acid plant located at Iquique. 

Peru. There is one major p roducer of bor ates in southern 
Peru, Industrie Bitossi S.P.A., which is based in Arequipa; Laguna 
Salinas is their ule xite source. They produce ulexite concentrates, 
much of which is shipped from the port of Matarani to Larderello in 
Italy under the Inkabor label. They also produce boric acid. 


Eurasia 


Turkey is the world’s major borate producer outside of th e United 
States. T heir bora te source s i nclude t he world’ s 1 argest kno wn 
deposits of borax, colemanite, a nd ulexite. These are all Neogene 
age, continental lake-bed deposits located in the northwestern part 

of Anatolia. 

Chinese p roduction is from Paleoproterozoic metasedi ments 
and metavolcanics in Liaoning and Jilin provinces, northeast China, 
and from Holocene-age sal ars in Q inghai an d Xizan g provinces, 
western China. Russian production comes from Bor, a unique meta- 
morphic deposit located near the Sea of Japan. The borate production 
in Kazakhstan, north of the Caspian Sea at Inder, ceased in 2003. 

Turkey. All Turkish borate pr oduction is curren tly under the 
control of Eti Holdings, a state corporation. They produce from five 
distinct areas: Kirka, the Emet Valley, Kestelek, Sultancayiri, and 
the Big adic Basin (Figure 7). The deposit at Kirka consists of 
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9. Tincalayy—Borax 
10. Salar Aguas Calientes S—Ulexite 
11. Loma Blanca—Borax 
12. Salar ChalviriUlexite 
13. Laguna Capina/Pastos Grandes—Ulexite 
14. Rio Grande—Ulexite 
15. Salar Centenario—Ulexite 


. Laguna Salinas—Ulexite 

2. Salar de Surire—Ulexite 

3. Salar de Ascotan—Ulexite 

4. Salar de Uyuni—Brine 

5. Salar Quisquiro—Ulexite 

6. Salar de Atacama—Brine 

7. Salar de Cauchari—Ulexite 

8. Salar de Pastos Grandes—Ulexite 














Figure 5. South American borate deposits 











Courtesy of Robert Kistler. 
Figure 6. Ulexite mining at Rio Grande, Bolivia 


borax, up to 145 m thick, with light green to white intercr ystalline 
carbonates and clays; the deposit is capped by a porcelaneous lime- 
stone (Helvaci et al 1993; Kistler and Helvaci 1994). Mining is by 
open-pit methods. The or e is processed locally and sent by truck 
and train to the port of Bandirma. 

Eti also produces from tw o large colemanite deposits in the 
Emet Valley north of Usak, where the ore is interbedded with lime- 
stone, and from tw o smaller colema nite deposits at Kestelek and 
Sultancayiri, south of the S ea of Marm ara. These de posits are 
mined mainly by open-pit methods. The large bedded ulexite-cole- 
manite deposits in the B igadic Valley south of Balik esir occur in 
two distinct g eologic units separa ted by a thick tuff (Helvaci and 
Yagmurlu 1995). These deposits are mined by both open-p it and 
underground metho ds. All the Turkish deposits curr ently being 
mined range in age from 16 to 19 Ma. 
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Figure 7. Borate districts of Western Turkey 


Eti has constructed boric acid plants at both Emet and Bigadic, 
but their main processing plants are at the shipping port of Bandirma 
on the Seao f Marmara. They sella fu ll range of borate pr oducts, 
including both colemanite and ulexite concentrates as well as sodium 
borates and boric acid; mo re than 90% of th eir p roduction is 
exported. 

Europe. There is no reported borate production from Europe 
at this time. Historically, borates were recovered as a by-product of 
potash mining from the Zechtstein Group in easter n Germany but 
they are no longer being produced. The borates discovered in the 
Jarandol Basin of Serbia and he 1d by Electropri veda Sr bije, the 
state electric comp any, are not yet in production because of con- 
tinuing political problems in that part of the world. Larderello, near 
Pisa, Italy, no longer reclaims commercial borates from fumaroles, 
although the f acilities there cont inue to produce boric acid from 
imported material. 

Asia 

China and Russi a are the major suppliers of borates from Asia 
(Figure 8). Kazakhstan, Iran, India, Tajikistan, and North Korea all 
have reported borate occurrences; some of these countries may pro- 
duce very limited amounts of borates for internal consumption. 

China. Chinese bor ate production or iginates from tw o geo- 
logically and spatially distinct areas. Paleoproterozoic sequences of 
metasediments and me tavolcanics in Liaoning and Jilin provinces, 
northeast China, are the source of more than 94 % of China’s cur- 
rent borate production. These de posits contain magnesium and 
magnesium-iron borates that are min ed by under ground methods. 
More than 20 plants convert these borates into borax and boric acid, 
which is sent, mainly by rail, to the major manufacturing centers. 
Most of this produ ction is near the cities of Yingkou, Fengcheng, 
and Dandong. It is mostly consumed internally, although there are 
some exports to the neighbo ring countries of P akistan, Indonesia, 
North Korea, and India. The glass and porcelain enamel industries 
are the main consumers of borates in China. 

Lake terrace and salar-type lake-bed deposits of kurnakovite 
and borax are mi ned in Xiz ang (Tibet) Pro vince, and lake-bed 
ulexite and pinno ite is mined in Qinghai Province. Mining is b y 
labor-intensive methods andona relatively sma Il sc ale. These 
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Figure 8. Current Asian borate producers 


borates are shipped to manufacturing centers in eastern China by 
truck and rail. 

Russia. The only major source of borates in Russia at this 
time is the unique Bor deposit, a large skarn accumulation with 
datolite and danburite as the major borate minerals, located at Dal- 
negorsk near the Seaof Japan. The two distinct stages of borate 
skarn min eralization h ave be en loosely dated at55 and35 Ma 
(Malinko 1992) and >64 Ma(R_atkin an d W atson 1993 ). This 
deposit, which is mined by open- pit methods, is now under the 
ownership of JSC Energomash-Bor. Their major product is a high- 
grade b oric ac id, muc hof which is rai led to western Russi a, 
although some is shipped to China, South Korea, and Japan. 

Russian scie ntists ha ve identified a number of small skarn 
borate deposits, manynearthe Ural Mountains (Alexeev and 
Chernyshov 1997), which produced sporadically until the late 
1970s. These are apparently are not in production at this time. 

Kazakhstan. The marine borates at Inder, located just north 
of the Caspian Sea in the far western part of Kazakhstan, are associ- 
ated with a series of large, Permian-age salt domes. These deposits, 
consisting mainly of nodular ulexite and hydroboracite, were at one 
time the major source of borates for the former U.S.S.R. The shal- 
low, easily recovered reserves are exhausted, and, as of late 2003, 
there was no borate production from Inder. A deposit in a similar 
geologic setting has been identified by drilling about 100 km to the 
north at Satimola, but it is not currently in production. 

Other Areas. There are no known borate deposits on the con- 
tinent of Africa, in Australia, or in Indonesia, although hot spr ings 
with elevated boron values have been identified in Ne w Zealand. 
Borate-rich springs ha ve long been kno wn in the Pug a Valley of 
India, but they are too low grade to permit commercial exploitation 
at this time. The boro silicate deposits in the high mountains of 
southern Tajikistan are very remote, and the danburite ore would be 
difficult to ref ine economically. North K orea has reported low- 
grade ludwigite b odies southwest of Pyong yang. Iran has se veral 
small colemanite showings that are handpicked for a few tons each 
year, which are consumed by local ceramic manufacturers. 


TECHNOLOGY 
Exploration Techniques 


The search for undiscovered borate deposits continues in many parts 
of the world. Governmental geologic surv eys, major corporations, 
and prospectors are involved in this search, some using the latest in 
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scientific methods and data searches. Others, particularly in the less 
developed areas of the Far East, continue with the time-tested meth- 
ods of outcrop evaluation that have been used for hundreds of years. 

The borates of commerce (borax, ulexite, and colemanite) are 
the most commercially valuable and are the exploration target of 
choice in areas where the geolog y is permissive. These are usually 
buried under protecting layers of associated sediments and volca- 
nics. As a result, the more recent borate exploration techniques con- 
centrate on indirect detection of buried targets. 

Satellite imagery can detect surface and near-surface exposures 
of clays, limy sediments, a nd salts as well as borates themselves. 
These surveys are most useful in areas with little v egetative cover, 
such as De ath Valley, where the se studies ha ve been pioneered 
(Crowley 1993). Geophysical methods, including seismic, magnetic, 
and gravity surveys, are used as indirect indicators of borate depos- 
its, generally in areas with known structures or deposit controls. 

Geochemical method s for indicat ing borates have been us ed 
for some years. Boron isa_ relatively mobile element and can be 
detected in soil and rock samples to <10 ppm, and to< 1 ppm in 
water. Typical indicator elements include arsenic, antimony, beryl- 
lium, fluorine, lead, 1 ithium, magnesium, and strontium, but boron 
values usually provide the best indication of a nearby borate deposit. 
Geochemical prospecting methods utilize concentrations and ratios 
of the more mobile elements in combination with boron values. 

Basic geologic evaluations of permissive areas and outcrops 
by mapping and sampling followed by drilling remains the best, but 
most time consuming, exploration technique. Drilling methods vary 
by area, target and target depth, and drill availability. 


Evaluation of Deposits 


Borate deposits are evaluated on the basis of their ByO3 grade, min- 
eralogy, mineral reco very, and projected sales targets. As pre vi- 
ously no ted, most of the borate deposits thatr emain tobe 
discovered in th e western hemisphere are buried under p rotecting 
layers of sediments and v olcanics. Evaluating these deposits usu- 
ally requires drill testing followed by bulk sampling. Because these 
borates are susceptible to leaching, drill-sampling procedures using 
air recovery or larger diameter core are preferred to small-diameter 
coring methods. 

In some ar eas, surf ace trenching and channel sampling of 
anomalous sediments are a cost-effective method of evaluation. For 
more deeply buried deposits, large-diameter core samples are used 
to obtain bulk samples for initial tests. Limited under ground work 
or small-scale open-pit tests then provide the bulk samples for final 
mine and mill design. 

Mining 

Most of the major borate deposits in the w orld are no w mined by 
open-pit methods, genera lly usin g truck and sho vel or backho e 
equipment. In the United States, only ABC in Death Valley oper- 
ates underground at this time. Se veral mines in Turkey and all of 
the ones in eastern China are mined underground using labor-inten- 
sive methods. A few of the South American and Chinese salars con- 
tinue to use hand-mining methods to recover the thin borate layers. 
Searles Valley Minerals in the United States and FMC in Chile pro- 
duce borates by pumping and ref ining complex brines; Fort Cady 
Minerals, also in the United States, uses acid dissolution of in situ 
colemanite as their mining method. 


United States 


The boron open-pit mining operation of U.S. Borax operates a fleet 
of 260-st unit-rig truck s and se veral P&H 4100 electric shovels 
with 58-yd 3 b uckets a s t heir ma in mining equipment. Mining 


benches are 17 m high. The ore is currently trucked to a surface pri- 
mary crusher. 

In Death Valley, ABC mines colemanite and probertite from 
depths of 230 m to more than 300 m below the desert surface using 
conventional drill-and-blast methods and backfilling of stopes. 

Searles Valley Minerals pumps brines from several salt layers, 
up to 100 mdeep, in Searles Lake, and then injects spent plant 
liquor back into the formation to improve recovery. At Hector, Fort 
Cady Minerals injects weak sulfuric acid into various levels of their 
bedded colemanite depos it, which is more than 300 m__ deep, and 
recovers calcium metaborate from the solution. 


South America 


Borax Argentina and PBA both mine their borax deposits by open-pit 
methods, using relatively small front-end loaders and 24 -st trucks. 
All the major operators (Borax, Quiborax, Tierra, and Bitossi) use 
tracked backhoes to strip and mine their salar ulexite deposits. The 
ulexite is then transported by small trucks, or wagons pulled by farm 
tractors, to drying areas off the salars. Smaller operators continue to 
use hand methods to mine, turn, and sun-dry the wet ule xite recov- 
ered. The major producers also have adopted mechanically aided dry- 
ing methods. The dr ied ule xite is then truck ed, or in some cases 
railed, from the salars to processing plants that are generally located 
near major towns where water and power are available. SQM pumps 
brine from Salar de Atacama and concentrates the salts by solar evap- 
oration before introducing them into their plant. They produce other 
commercial products in addition to borates. 


Turkey 


Eti Hol dings mines the ir large Kirka borax deposit by open _ pit, 
using truck-sho vel metho ds forb othmining ando verburden 
removal. Similar methods are used for their colemanite mines in the 
Emet Valley. The smaller colem anite deposi ts at Sultancayiri and 
Kestelek have been mined by both open-pit and underground meth- 
ods, using relatively small equipment. The major ulexite/colemanite 
deposits in the Bigadic Basin also are mined by both open-pit and 
underground methods. 


China 


Privatization of the Chinese borate industry has resulted in produc- 
tion from a large number of relatively small deposits. The hard-rock 
deposits in Liaoning and Jilin provinces are mined by underground 
methods. These under ground mines use conventional drilling and 
blasting with some hand tramming, and many use rail declines from 
the surface. Almost all of these mines have nearby mills where the 
ore is con verted to bor ax or boric acid, whichis then shipped 
mainly by rail to the manufacturing centers of eastern China. 

The salar depositsin Qinghai and Xizang provinces are 
worked mainly by hand, although a few now use small backhoes. 
Production from this area mo ves by truck to centralized railheads 
and then by rail to processing plants in eastern China. 


Russia 


The Bor deposit in far-east Russia is mined by open pit. During the 
last visit by the authors, it was observed that older model Russian 
trucks and sho vels were still being used. The ore is truck ed to an 
adjacent boric acid plant. Much of Russia’s boric acid production is 
still shipped by rail to the Moscow area; exports are shipped from 
the small, nearby port of Rudnaya Pristan. 


Processing 


The basic processing steps used to convert most borate ores into 
either sodium borates or boric acid, the main products consumed by 
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Table 4. U.S. borax typical product grades and specifications, ppm 


Table 5. Typical prices per metric ton (May 2005) 








Type %B203 SO4 cl Fe As Insol Product Price, US$ 

Anhydrous borax (AB) 68.5 <150 <40 Bulk, f.0.b.* California 

Pentahydrate (5 mol) 49.3. <100 <120 <10 <400 Anhydrous borax (AB) 840-900 

Decahydrate (10 mol) 38.3 <600 <700 <30 Pentahydrate, refined (5 mol) 400-430 

Boric acid, technical 59.1 <3.0 <04 <2.0 <0.2 <10 Decahydrate, technical (10 mol) 340-380 

grade Boric acid, technical (BA) 900-925 
Lump colemanite, Turkey, f.o.b. U.S./Japan 270-290 
Ulexite, f.o.b. Lima, Peru 250-300 


other industries, are as follows: (1) crushing the ore; (2) dissolving 
the ore mineral in either heated water if borax or kernite is the ore, 
or in acid if ulexite, colemanite, or other borate mineral is the ore; 

and (3) precipitating the product, either boric acid or sodium borate. 
The wet recovered product is then dried, screened, and prepared for 
shipment in either bag or bulk (Table 4). Most of the South Ameri- 
can salar ulexite producers sun-dry their ore before processing, and 
SQM in Chile uses the sun to concentrate their brine before plant 

processing. Almost e very major processor has a plant design spe- 
cific for that ore and that location; these processing plants are dis- 

cussed in some detail in works by Garrett (1998). 


Marketing 


Marketing is tied to the consume r with products speci fically 
designed for the needs of major cu stomers. Price and service after 
the sale are becoming an increasingly important part of the business. 

Borates are an e ssential component of many items. Without 
borates, many products would be inferior, and some could not be 
produced in their cur rent form. The princi pal uses are in insula- 
tion-grade glass f ibers, te xtile-grade gla ss f ibers, he at-resistant 
glass, soaps and de tergents, fertil izers and herbici des, enamel s, 
frits and ceramic glazes, wood pres ervation, and cellulose insula- 
tion. The many other uses include fire retardants, metallurgy, spe- 
cialty paints, nucle ara pplications, taxidermy and embalming, 
sports pro ducts, batter ies, high-intensity magnets, and spe cialty 
chemicals. 

Competitive products have eroded some markets in the soap 
and detergent field, in lower-grade ceramics, in some types of glass 
fibers and in some fire retardants. These losses have been more than 
recouped by the many new uses. 


Product Pricing 


Prices for borat es (Table 5) have been flat for the past few years, 
reflecting competition in the marketplace and a balance between 
supply and d emand. Prices for the v arious p roducts reflect th e 
energy cost of refining and drying. 


Transportation and Distribution 
United States 


Borates are a lightweight, lo w-bulk-density commo dity, and thus 
sales are usually made in carload lots. Because of the purity specifi- 
cations and solubility of manufactured borate products, both major 
U.S. producers have their own fle ets of railcars dedicat ed to the 
exclusive shipment of product. For U.S. Borax, unit trains transport 
refined borates from Boron to their facility at Wilmington in the Los 
Angeles harbor, where they are transferred into several special ships 
that make re gular runs to compan y export terminals at Rotterdam, 
Nules (Spain), and Singapore. Unit trains are also used to su pply 
major customers in the United States. Smaller shipments are packed 
in 2 ,000-lb super sacks or in speci al bags tha t are then plastic - 
wrapped on pallets for distribution by truck or rai 1. Searles Valley 
Minerals ships by rail from its plant at Trona. 





Adapted from Mineral PriceWatch 2005. 
* f.0.b. = free on board. 


Turkish and South American im ports enter the United States 
principally thr ough the ports of Charleston, South Carolina, and 
Houston, Texas. 


Other 


In Europe, barges are used for distribution to most of the major con- 
sumers that receive their borates from the port of Rotterdam. Ship- 
ments from Spain mo ve by rail a nd truck in both bag an d bulk. 
South American shipments are usually made in bags, so me of 
which move by rail, but most shipments are by truckload lots. Most 
of the Asian distribution of refined borates is bagged, and much of 
it is railed in open hopper cars. 


ECONOMIC FACTORS 


Borates are an essential ingredient in many products and are treated 
as acommodity . Supply an d demand have kept prices stable for 
most major consumers for the past 10 years. Several years ago, U.S. 
Borax and some other companies decided to exit the consumer mar- 
ket and concentrate on selling to other large manufacturing compa- 
nies. Although small bo xesof Borax 10-mol still appear on 
supermarket shelves, usage is small and the market shrinking. Bulk 
shipments and consu mer-driven spec ifications ha ve ta ilored the 
current market to major corporations who utilize b orates in their 
end products. In many cases, borates lower the temperature of man- 
ufacturing (of , fore xample, glass, glass-fiber, and enamels) and 
thus offset a portion of their cost with energy savings. 


GOVERNMENT REGULATIONS 


Sodium borates on fede ral lands are currently c overed under the 
provisions of the Mineral Leasing acts of 1917 and 1920. Much of 
Searles Lake consists of alternating federal sections that are cov- 
ered under these re gulations, as is much of the prospective area of 
the Mojave Desert. Borate minerals have a 14% depletion allo w- 
ance. A portion of the Mojave Desert is listed as prime habitat for 
the desert tortoise (Xerobates agassizii), a threatened species. U.S. 
Borax has purchased more than 5,000 acres near their Boron opera- 
tion as mitigation for loss of tortoise habitat. 

Although there are no reported cases of borate toxicity, a per- 
missible exposure limit (PEL) of 10 mg/m? of sodium b orate dust 
has been adopted by the Occupational Safety and Health Adminis- 
tration (OSHA). No cases of industrial intoxication or exposure to 
inorganic borates ha ve beenre ported. I ngested boric acid is 
excreted rapidly , and thereis noe vidence of carcinogenic or 
mutagenic activity (Smith and McBroom 1992). 


OUTLOOK FOR THE FUTURE 


Borates currently have a vital role in producing glass f ibers and 
heat-resistant glass by reducing ener gy co sts and improving 
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strength. Both of these markets are relatively new and are projected 
to continue well into the future. Continued de velopment of spe- 
cialty fertilizers containing borates, targeted to specific agricultural 
crops, is increasing, as is the use of zinc borates in flame and fire 
retardants in plastics and wiring. Treating wood products to prevent 
termite da mage is also an im portant and continuing u se. B oron- 
fiber-reinforced plastics are finding increased roles in the construc- 
tion of parts for air and spacecraft, automobiles, and military uses. 

Soaps and deter gent use is decreasing in t otal volume, espe- 
cially in Eur ope, although special beauty aids continue to be an 
important niche market. Fiberglass insulation has gone through a 
cycle of borate use and reduction but remains a major end product. 
Boron-nitride coatings find use in cutting tools and grinding pro- 
cesses and in special technologies where resistance to wear and 
high heat are important considerations. Boron carbide control rods 
remain the ma jor controlling de vices for nuclear reactors. Minor 
but imp ortant uses ar e in t he encasement of spe nt nuclear waste, 
special optic f ibers, high-gloss paints for the au to industry, and 
high-intensity electromagnets. 

To reduce chemical waste, U.S. Borax has introduced a borate 
autocausticizing process into the kraft paper industry. A possible 
major new use is in automoti ve fuel cells using sodium boroh y- 
dride, which is recyclable. Many electronic items use liquid crystal 
displays that require minute amounts of boric oxide, again, a niche 
market that only borates can fill. Rese arch continues into boron 
esters and polymer substances, with many potential new uses in the 
field of superconductors and electrolytes. Medical research into the 
use of borates shows promise in cancer treatment where borates tar- 
get cancer cells for absorption of thermal neutrons (called BNCT , 
or boron neutron capture therapy). 


BIBLIOGRAPHY 


Aiken, J., and R. Kistler. 1992. General geology of the Magdalena 
Basin, Sonora Mexico. Pages 367-376 in Geology and Mineral 
Resources of Northern Sierr aMa dre Occidental, M exico. 
Guidebook for the 1992 Field Conference. Edited by K.F. Clark, 
J. Roldan-Quintana, and R.H. Schmidt. El Paso, TX: E 1 Paso 
Geological Society. 

Alexeev, V., and A. Chernyshov. 1997. Bo ron in the 
overview of deposits and 
(August): 49-52. 

Chang, L. 2002 . Borax and bo rates. Pages 62-77 in Industrial 
Mineralogy, M aterials, Pr ocesses, and Uses. Up per Saddle 
River, NJ: Prentice Hall. 

Crowley, J. 1993. Mapping playa evaporite minerals with AVIRIS 
data: Af irst re port from Death V alley. Remote S ensing of 
Environment 44(2-3):337-356. 

Floyd, P.,C. Helv aci,andS. Mittwede.1 997. Geochemical 
discrimination of | volcanic rocks as sociated wi th bora te 
deposits: Ane xploration tool? © Geochemical Exp loration 
60:185-205. 


CIS, an 
production. Industrial Miner als 


Garrett, D. 1998. Borates, Handboo k of Deposits, Processing, 
Properties, and Use. San Diego and London: Academic Press. 

Hamet, M.,and V . Stedra. 1994.The Pb-Zn-B deposits of 
Dalnegorsk, East Siberia. Rivista Mineralogico Italiana 3:259- 
270. 

Helvaci, C., and F Orti. 1998. Sedimentology and diagenesis of 
Miocene c olemanite-ulexite de posits (Western Anatolia, 
Turkey). Sedimentary Research 68(5):1021-1033. 

Helvaci, C., M. Stamatakis, C. Zagouroglou, and J. Kanaris. 1993. 
Borate minerals and related authigenic silicates in northeastern 
Mediterranean Late Mio cene contin ental basins. Exploration 
Mining Geology (CIMM&P) 2(2):171-178. 

Helvaci,C., and F .Y agmurlu. 199 5. Geo logical setting and 
economic potential of the lignite and evaporite-bearing Neogene 
basins o f western An atolia, Turkey, Israel. Earth Sciences 
44:91-105. 

Kasemann, S., J. Erzinger, and G. Franz. 2000. Boron recycling in 
the continental crust of the central Andes from the Paleozoic to 
Mesozoic, NW Ar gentina. Contributions to M ineralogy and 
Petrology 140(3):328-343. 

Kistler, R., and C. Helv aci. 1994. Boron and borates. Pages 171- 
186 in Industrial Miner als and Rocks. 6th edition. Edited by 
D.D. Carr. Littleton, CO: SME. 

Lyday, P. 2004. Boron 2003. Minerals Yearbook. Reston, VA: U.S. 
Geological Survey (USGS). 

Malinko, S. 1992. Origin o f uniq ue localizations of borosilicate 
ores in the Dalnegorsk deposit of Primorye Area. 
Mineralogichesky Zhurnal 14:3-12. 

Mineral PriceWatch. May 2005. Mineral PriceWatch 125:12. 

Peng, Q., and M. P almer. 1995 . The Paleoproterozoic bo ron 
deposits in eastern Liaoning, Ch ina: A metamorphic evaporate. 
Precambrian Research 72:185-197. 

Ratkin, V., and B. Watson. 1993. Dalne gorsk skarn borosilicate 
deposit: Geology and sources of boron using boron isotope data. 
Pacific Geology 6:95-102. 

Smith, G. 1979. Surface Stratigraphy and Geochemistry of Later 
Quaternary Evaporites, Se arles Lake, California. Professional 
Paper 1047. Reston, VA: USGS. 

Smith, R.A. 1997. History of the use of B2O3 in commercial glass. 
Pages 313 -322in Proceedings of the2nd International 
Conference on Bo rate Glasses, Crystals,and Melts, 1996. 
Volume 2. Sheffield, UK: Society of Glass Technology. 

Smith, R., and R. McBroom. 1992. Boron oxides, boric acid, and 
borates. P ages 36 5-413 in = Kirk-Othmer Encyclopediao f 
Chemical Technology. 4th edition. Volume 4. Ne w York: John 
Wiley & Sons. 

Sprague, R. 1972. The Ecolo gical Significance of Bor on. Ne w 
York: Ward Ritchie Press. 

Wang, X.Z., and X.Y . Xu. 1964. Conditions for the fo rmation of 
tabular szaibelyite skarn deposits. Scientifica Geologica Sinica 
2:157-171. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Diath ae. a a 2 oe A eee 
Bromine 
Ron Frim and Shmuel D. Ukeles 


INTRODUCTION 


Bromine, a heavy, mobile, reddish -brown liquid with an intensely 
irritating odor, is the only non metallic element th at is a liquid at 
normal room temperatures. Bromine belongs to Group 17 (VI[A)— 
the halogen group of elements— in the periodic table. It is a 
diatomic molecule with the chemical formula Bro. Its place in the 
periodic table is between chlorine (a gas) and iodine (a solid). The 
atomic number of the bromine atom is 35 and its atomic weight is 
79.904. Within wide limits, both the liquid and vapor are diatomic 
(Br2). 

Carl Lo wig, a youn g chemistry student, originally prepared 
bromine the summer before be ginning his first year at the Univer- 
sity of Heidelberg. Winter exams and holidays delayed the continu- 
ation of his work long enough for another chemist, Antoine Jerome 
Balard, to publish a paper in 1826 describing the new element that 
he had disco vered in seawater bitterns. Balard w as thus credited 
with the discovery of bromine, and the French Academy of Science 
named it after the Greek bromos, meaning stench. 

The first commercial pr oduction of bromine in the United 
States was from salt brines in 1846 at Freeport, Pen nsylvania. In 
Germany, the first commercial production plant began operation in 
1865. This German plant used solutions from the Stassfurt potash 
factories in its bromine production. Contrary to the method used by 
Balard to obtain bro mine—oxidizing the b romide ion with chlo- 
rine—the German process w as based on oxidation using manga- 
nese dioxide with the aid of sulfuric acid. 

Bromine, which oc curs naturally in sea water and brine s, is 
extracted using a number of processes. Herbert Do w invented the 
blowing out process for use on Midland (Michigan) brines in 1889. 
A very small plant in Canton, Ohio, and then a second plant only a 
little bigger than the first used the blowing out process. Brine elec- 
trolysis liberated bromine for acer tain per iod, and thenw_ as 
replaced by the use of chlorine to reduce the bromide to bromine. 

Bromine has anu mber o f indu strial uses incl uding in flame 
retardants, drilling fluids, agricultural chemicals, and water treatment. 


PRODUCTION AND TRADE 


World bromine production capacity in 2003 was estimated to be 
>563,000 t (Lyday 2003). Two countries and three companies main- 
tain most of this produc tion capacity: the United States (Albem arle 
Corporation an d Great Lak es C hemical Corpor ation) an d Isr ael 
(Dead Sea Bromine Group). Of the almo st 548,000 t of bromine 

produced in 2002, the United States accounted for appr oximately 
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39% of this amount and Israel accounted for 38%. The three compa- 
nies also accounted for the majority of th e world trade in bromine 
derivatives. 


Principal Producing Countries 
China 


Official figures indicate that China produces an estimated 40,000 tpy 
of bromine. This is believed to be a conservative estimate: the Ocean 
Chemicals Group (OCG) is reported to have a production capacity of 
50,000 tpy at facilities north of Laizhou Bay. 


Commonwealth of Independent States (CIS) 


The U.S. Geological Survey (USGS) estimates that Azerbaijan pro- 
duced about 2,000 t of bromine in 2002; Ukraine produced about 
3,000 tpy; and Russia pr oduced about 3,000 tp y. Kazakhstan and 
Turkmenistan apparently hold considerable promise for future pro- 
duction based on brines asso ciated with massive natural g as 
reserves. 


France 


Overall producti on estimate d for France in 2001 and 2002 w_ as 
2,000 tpy. This production rate has been constant since 1996. Elf 
Atochem SA p roduces this amount of bromine in southeastern 
France in its Port-de-Bouc plant, which has a capacity of 12,000 t. 
The company is investing about $12.8 million in a specialty bro- 
minated derivatives plant based on the bromine from the Port-de- 
Bouc plant. The derivatives production is destined for the pharma- 
ceutical industry. Albemarle Corporation operates a flame retar- 
dant plant at Port-de-Bouc in addition toa bromine derivatives 
plant at Thann. 


India 


Although no detailed pr oduction figures were found for India, the 
little information a vailable in dicated producti on le vels o f abou t 
1,500 tp y, produced fro msalt production bitterns. Solaris 
Chemtech Ltd. (formerly BILT Chemicals, Gujarat) is planning to 
expand yearly production to 10,000 t in the near future. 


Israel 


Dead Sea Bromine Group (DSBG) pro duces bromine and bromine 
derivatives for applications in air conditioning, batteries, cleaning 
solvents, flame ret ardants, mi neral se paration, oil-well drilling, 
photography, and water treatment. From 1998 through 2002, more 
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Table 1. DSBG production, 1998-2002, kt 





Bromine 1998 1999 2000 2001° 2002° 
Elemental 185,200 181,000t 210,000 206,000 206,000 


Compounds” 247,000 


* Estimated numbers. 


247,000 250,000 250,000 250,000 





t Revised numbers. 


than 90% of its sales were from exports. Table 1 shows production 
figures for DSBG during that time period (Yager 2002). 


Japan 


The Tosoh Corporation, Japan’s largest bromine producer, extracts 
bromine from sea water. It has areported production capacity of 
24,000 tpy (Davenport 2003). 


Jordan 


The bromine production capacity of the recently constructed Jordan 
Bromine Company plant at Safi is 50,000 tp y. The plant also pro- 
duces 35,000 t of calcium brom ide and 50,000 t of tetr abromo- 
bisphenol for Asian and European markets. 


United Kingdom 


Until the end of 2003, when the Great Lakes Chemical Corporation 
closed its plant at Aml wch, Wales, about 28,000 tpy of br omine 
was extracted from seawater in the United Kingdom. 


United States 


Current U.S. production of bromine is from inland  brines, which 
are in plentiful supply. The most concentrated domestic brines (up 
to 5,000 ppm bromide) are in Arkansas and_less-concentrated 
brines (about 2,500 ppm bromide) are in Michig an. An advantage 
of the Arkansas brines is that they come to the surface at approxi- 
mately 96°C, a temperature favorable for bromine extraction. 

According to USGS data, the quantity of bromine sold or used 
in the United States from three companies operating in Ark ansas 
and Michigan was equal to production and had a value of $155 mil- 
lion in 2002. In 2 003, the estimated U.S. bromine production was 
216,000 t; in 2002 production was 222,000 t (Lyday 2004). 

The apparent consumption of bromine in the United S tates 
during 2002 w as 216,000 t, an increase from 214 ,000t in 2001 
(Lyday 2004). The estimated bromine consumption for 2003 was 
211,000 t. U.S. bromine usage is divided into the following catego- 
ries and percenta ges: fire retardants (40 %); drilling fluids (24% ); 
brominated pes ticides (12%); biocides/water t reatment che micals 
(7%); and other products (17%). The other produ cts are photo- 
graphic chemicals, rubber additives, dyes, pharmaceuticals, bromi- 
nated intermediates (use d to ma nufacture pro ducts and br omide 
solutions used alone 0 rin comb ination), and g asoline additi ves. 
The brominated gasoline additives and halon markets have virtually 
disappeared because of environmental con siderations and le gisla- 
tion. Unofficial sources predict th at other markets will show either 
modest gro wth or decline in th e coming years, e xcept for w ater 
treatment applications, which should demonstrate good growth. 

Overall, demand for bro mine in the United States was esti- 
mated to grow at a modest yearly rate of about 1% to 2% from 2001 
through 2006. This estimate w as based on the assumption that no 
new, ma jor le gislative restrictions w ould be p laced on br omine 
chemical use during that period. 

The USGS maintains bromine production data. The apparent 
consumption of elemental br omine in t he United States has been 
defined as production plus imports minus exports. Table 2 gives the 


Table 2. U.S. supply and demand data for elemental bromine, 


1995-2004, kf 





Annual Apparent 
Year Capacity Production _ Imports Exports Consumption 
1995 259 218 2.22 3.22 206 
1996 290 227 0.42 2.92 225 
1997 337 247 1.65 2.33 249 
1998 337 230 1.19 1.49 235 
1999 337 239 1.97 2.131 239 
2000 349 228 5.47 1.87 238 
2001 715 212 5.61 3.71 214 
2002 261 222 2.02 6.07 216 
2003t 262 216 1.92 2.28 210 
2004t No data 222 No data No data 220 





* Data compiled from various USGS sources. 
t Data based on preliminary estimates. 


Table 3. U.S. imports of bromine chemicals, 1995-2003, kf 








Inorganic Chemicals Organic Chemicals Total 

Gross Bromine Gross Bromine Gross Bromine 
Year Weight Content Weight Content Weight Content 
1995 3.81 2.64 5.85 4.88 9.66 £32 
1996 = 15.17 11.61 6.52 5.09 21.69 16.70 
1997 38.84 6.75 8.91 6.90 47.75 13.65 
1998 6.98 5.00 8.99 6.77 15.97 11.77 
1999 8.74 6.36 7.40 0.78 16.14 7.14 
2000 61.37 13.96 7.76 5.86 69.13 19.82 
2001 67.16 11.00 5.95 4.30 73.11 15.30 
2002 21.36 A52 4.92 0.18 26.28 4.70 
2003 51.87 7.66 2g 0.25 55.15 7.91 





* Data compiled from various USGS sources. 


supply and demand data for elemental bromine from 1995 through 
2002, and estimates for 2003 and 2004. 

Most bromine trade involves bromine derivatives rather than 
elemental bromine. The United States imports a wide range of bro- 
mine-containing chemi cals, including bromide sal _ ts suc has 
ammonium bromide, calcium bro mide, potassium bro mide, and 
sodium bromide, as wel | as so dium bromate and potassium bro- 
mate. Other import ed bromine chemicals were mainly organics, 
largely brominated fire retardants from Israel. Table 3 | ists U.S. 
imports of bromine chemicals for 1995 through 2003. 

Exports of bromine chemicals from the United States to other 
countries have been estimated to be about 49,000 to 51,000 t (gross 
weight). The major portion of this quantity w as flame retardants, 
estimated to be about 30,000 t. 


Principal Producing Companies 
Albemarle Corporation 


The Albemarle Corporation, headquartered in Richmond, Virginia, 
was spun off as a separate compan y from the Eth yl Corporation in 
1994. The company has tw o operating divisions: the Fine Chemi- 
cals Division, which produces performance chemicals, pharmaceu- 
ticals, and agricultural products ; and th e Polymer Chemicals 

Division, wh ich produces fire re tardants (b rominated andn on- 
brominated), catalysts, and adhesives. Total annual sales of abou t 
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Table 4. World production of bromine, 1995-2003, kf 





Year China France Israel Japan United Kingdom _ United States cist Other Total 
1995 32:7: 2.3 130 15 26.2 218 5.6 1.8 432 
1996 A1.4 2.0 160 15 30.6 227 5.1 1.9 483 
1997 50.1 2.0 180 20 35.6 247 5.1 1.9 542 
1998 40.0 2.0 185 20 30.0 230 5.2 1.9 514 
1999 42.0 2.0 181 20 55.0 239 5.2 2.4 547 
2000 A2.0 2.0 210 20 32.0 228 5.2 2.4 542 
2001 40.0 2.0 206 20 35.0 212 5.2 2.4 523 
2002 42.0 2.0 206 20 35.0 222 5.2 7.4 540 
2003+ 42.0 2.0 206 20 35.0 216 5.2 22.4 549 





* Data compiled from various USGS sources. 
t CIS here includes Azerbaijan, Turkmenistan, and Ukraine. 
t Estimated figures. 


$980 million have been reported. Bromine is critical to many of the 
company’s produ cts. Aside from manuf acturing brominated f ire 
retardants, Albemarle also produces other products containing bro- 
mine, including metal alkyls, inorganic bromides, and a number of 
fine chemicals. Albemar le’s bromine-based operations are in th e 
United States and France. In 1999, Albemarle Holdings (an Albe- 

marle affiliate) established a joint venture with Arab Potash/Jordan 
Dead Sea Industries to construct a bromine and bromine derivatives 
complex at Safi, Jordan, on the Dead Sea. Phase one, which opened 
in October 2002, was a bromine unit and a production facility for 
inorganic b romides and hydrogen bromide. Th e second phase 
involves the construction of a Sayytex CP-2000 (tetrabromobisphe- 
nol) flame-retardant plant. 


Dead Sea Bromine Group 


DSBG, headquartered in Beer Sheva, Israel, is the world’s largest 
producer of elemental bro mine. Total annual sales are more than 
$500 millio n (Y. Gramse, person al communication). The com- 
pany’s elemental bromine plant is on the shore of the Dead Sea, and 
an affiliated company, Dead Sea W orks (a producer of p otash and 
other inor ganic chemicals), supplies the ra w material for its bro- 
mine production. Israel Chemicals, which h as its headquarters in 
Tel Aviv, owns both companies. DSBG—through subsidiaries such 
as Bromine Compounds (Ramat Hovav, Israel)—produces a broad 
range of organic and inorganic bromine compounds. 

In addition to elemental bromine and bromine derivatives in 
Israel, DSBG also produces bromine derivatives in the Netherlands 
at its Eurobrom facility. DSBG and its subsidiaries are grouped into 
eight business units that produce elemental br omine, flame retar- 
dants, biocides, agr ochemicals, oil-field c hemicals, ind ustrial 
chemicals, organic intermediates, and fine chemicals. 

In 2003, DSBG and Manac of Ja pan signed an agreement for 
long-term cooperation to produce and market a flame retardant for 
engineering plastics. Also in 2003, DSBG entered into a long-term 
strategic sourci ng agreement for el emental brom ine and certain 
bromine derivatives with the Great Lakes Chemical Corporation. 


Great Lakes Chemical Corporation 


Great Lakes Chemical Co rporation (GLCC), with h eadquarters in 
Indianapolis, Indiana, has total yearly sales of mo re than $1.5 bil- 
lion. It has four operating units: water treatment, polymer additives, 
performance chemicals, and energy services and products. All these 
units generate bromine-containing products. The polymer additives 
unit produces flame re tardants and pol ymer stabilizers. The flame 
retardant segment uses brominated and nonbrominated compounds. 


The performance chemicals unit uses e lemental bromine, methyl 
bromide, and other bromine products. GLCC’s elemental bromine 
production is primarily from brines in Arkansas, but it also operates 
a plant in the United Kingdom (Associated Octel) that extracts bro- 
mine from seawater. 

Brominated compound p_ roduction, especially flame retar- 
dants, is focused in the United States, but there is also production in 
the United Kingdom. GLCC has formed a joint venture for tetra- 
bromobisphenol with DSBG at Ramat Ho vay, Israel. In 2003, 
GLCC and the ICL Industrial Products Division (Israel) announced 
a global agreement whereby the latter would supply bromine and 
bromine compounds to GLCC. 


World Production Statistics 


In 2002, the United States continued to maintain its leading p osi- 
tion in bromine production, which was estimated at about 222,000 t 
that year. Israel was second with 206,000 t. These two countries 
accounted for about 78% of the world’s elemental bromine produc- 
tion of 550,000 tp y. Oth er leadi ng producers accounted for the 
remaining 22%, including China, France, India, Japan, the Un ited 
Kingdom, and CIS members. 

Table 4 gives production data for the world’s largest producers 
of bromine for 1995—2003. Harben (2003) presented slightly differ- 
ent figures that reflect data not available through USGS. 


OCCURRENCE 
Distribution in Nature 


Bromine is distrib uted widely in nature as bromide salts and as 
organobromine compounds, which are produced by various marine 
organisms. Bromine is present in the hydrosphere, mainly as solu- 
ble bromide salts in seawater, salt lakes, inland seas, natural brine 
wells, and in evaporite chloride minerals. Concentrations vary from 
65 mg/L in seawater up to 6.5 g/L in the southern basin of the Dead 
Sea. Its ab undance in igneous rocks is 0.00016% by weight, 
whereas seawater has an abundance of 0.0065% by weight. 

The only minerals that contain bromine are some silver halide 
ores: bro myrite (AgBr), embolite [Ag(Cl, Br)], and iodobromite 
[Ag(Cl Br, I]. H.E. Boek e (1908) determined the d istribution of 
bromine in mar ine evaporite mine rals, and in the solutions from 
which they crystallize. 

Terrestrial plants contain an average of about 7 ppm bromine. 
The highest bromine content in anima | life is found in marine ani- 
mals (e.g., fish, sponges) and crustaceans. Animal tissues contain | to 
9 ppm bromide whereas animal blood has a content of 5 to 15 ppm 
bromine. 
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Table 5. World bromine reserves, 2005 estimate, kt 



































Country Reserves Country Reserves 
Azerbaijan 300 Japan Unlimited * 
China Unlimited * Spain 1,400 
France 1,600 Turkmenistan 700 
India Unlimited * Ukraine 400 
Israel/Jordan 1,000,000 United Kingdom Unlimited” 
Italy Unlimited * United States 11,000 
Adapted from Lyday 2005. 
* Available from waste bitterns associated with solar salt. 
Table 6. Physical properties of bromine 
Property Value 
Freezing point -7 25°C 
Boiling point 58.8°C 
Density of liquid 
(202C) 3.1226 g/ml 
(252C) 3.1055 g/ml 
(302C) 3.0879 g/ml 
Density of vapor, O°C, 101.3 kPa 7.139 g/L 
Refractive index, 20°C 1.6083 
Heat of fusion, -7.25°C 66.11 J/g 
Heat of vaporization, 50°C 187 J/g 
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Adapted from Great Lakes Chemical Corporation, undated. 
Figure 1. Mutual solubility of bromine and water 


Commercial Sources and Reserves 


The Dead Sea is today the richest commercial source of bromine; 
its brines contain 5 g/L bromine inthe opensea, 6.5 g/Linth e 
southern basin (near Ein Bokek, Israel), and up to 12 g/L in the end 
brine from potash p roduction. This end brine serves as an almost 
unlimited source of raw material for Israeli and Jordanian bromine 
production. Other important bromine sour ces are under ground 
brines in Arkansas (3 to 5 g/L) and Michigan (2 to3 g/L) (United 
States), Russia, China, an d the United Kingd om; bitterns from 
mined potash (France and German y); and sea water or sea water 
bitterns in France, India, Italy, Japan, and Spain. 

Table 5 gives abreakdo wnof e stimated world br omine 
reserves by country (Lyday 2005 ). The Dead Sea is estimated to 
contain about 1 billion t of bromine. The bromine content of under- 
ground brines in Poland has been estimated at 36 Mt. 


Analytical Methods for Bromine and Bromides 

The analysis for liq uid bromine and bromine is based on its reac- 
tion with an aqueous potassium iodide solution to form mol ecular 
iodine, followed by its titration with a standard sodium thiosulfate 
solution. Bromine vapor can also be determined by absorption into 
aqueous potassium iodide solution and subsequent iodometric titra- 
tion of the liberated iodine. Impurities in bromine (e.g., chloride, 
iodide, sulfur, water, organic compounds, and heavy metals) can be 
determined quantitatively. 

Other methods for determining bromine are the Mohr, Volhard, 

and Fajans methods, silv er nitrate titration using a si lver indicator 
electrode, and a gravimetric method (silver bromide). Some methods 
used for determining trace amounts of bromide quantitatively are 
the van der Meulen method, which is useful in the presence of 
large chloride concentrations; 
constant-current and constant-potential coulometry, which can 
determine fractions of a milli gram to several grams of 
bromide; 
ion chromatography; 
polarography for microgram quantities; and 
a spectrophotometric method, which is useful for microgram 
quantities in the presence of chloride. 
Bromine in organic compounds can be deter mined by chemi- 
cal methods following their oxidation and the reduction of bromine 
to bromides. The bromine content in the organic compounds can be 
determined subsequently by one of the following methods: neutron 
activation, x-r ay flu orescence (XRF), infrar ed spectroscop y, or 
atomic emission spectroscopy. 


PROPERTIES OF BROMINE 

Physical Properties 

Bromine liquid volatilizes readily at room temperature into reddish 
vapor, which is highly corrosive to many materials and human tis- 
sues. The liquid and vapor are diatomic (Br 2) up to ab out 600°C. 
Table 6 gives some of bromine’s most important physical properties 
(Grinbaum and Freiberg 2002). 

Bromine is fairly soluble in water, having the following solubil- 
ities at the corresponding temperatures: 3.41 g/100 g solution at 
20°C; 3.35 g/100 g solution at 2 5°C; and 3.33 g/100 g solution at 
40°C. The solubility of bromine increases in the presence of bromide 
or chloride ions from complex ion formation (e.g., formation of tri- 
bromides and pentabromides). Bro mine is also soluble in nonpolar 
solvents (e.g., carbon tetrachloride, chloroform, carbon disulfide, and 
ether) and polar solvents such as methyl alcohol and sulfuric acid. 
Figure 1 shows the mutual miscibility of bromine and water. 


Chemical Properties 


Bromine, as other halogens, has a tendency to accept an electron to 
form either a negative bromide ion (Br ) or a single covalent bond 
(-Br). Except for helium and neon, the other elements of the peri- 
odic table are able to form halides with the halogens, including bro- 
mine. The bromides that are primarily ionic in nature tend to have 
high conductivities in the fused state and high boi ling points, and 
are not susceptible to h ydrolysis if they are soluble bromides. The 
predominantly co valent bromides that can form are volatile and 
nonconductive in the liquid state, and usually undergo hydrolysis. 
The nonmetallic bromides generally hydrolyze to hyd rogen bro- 
mide and an oxy-acid containing the other element. 


Reactions with Hydrogen and Metals 


Bromine rea cts with hydrogen at el evated te mperatures to form 
hydrogen b romide. Heated charco al and f inely di vided platinum 
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metal are used as catalysts for this reaction, which is the basis for 
the commercial production of h ydrogen bromide. Bromine reacts 
with all metals except tantalum and niobium; elevated temperatures 
are sometimes necessary to accomplish this conversion. The reac- 
tion of bromine with lead , magnesium, nickel, and silver forms a 
surface coat of bromide that resists further attack. This protecti ve 
coating permits the use of lead and silver as linings in bromine con- 
tainers. Metals corrode more rapidly from bromine in the presence 
of moisture than in its absence, probably because of the formation 
of hydrobromic acid (HBr) and hypobromous acid (HOBr). 


Reactions in Water 


When bromine dissolv es in water, it und ergoes partial dispr opor- 
tionation to form hy pobromous acid, hydrogen ions, and br omide 
ions. The hypobromous acid is relatively stable only in solution and 
decomposes under the influence of heat, light, or copper catalysis to 
produce HBr and oxygen. In the dark, hypobromous acid decom- 
poses to bromic acid (HBrO3) and bromine. Bromic acid is r ela- 
tively unstab le and slo wly decomposes to form bromine and 
oxygen (Grinbaum and Freiberg 2002). 

In basic solution, bromine r eacts rapidly to form bromi de 
(Br ) and hypobromite (OBr ) ions. It is necessary to maintain this 
reaction below 0°C to limit the disproportionation of hypobromite 
to bromate and bromide. 


Reactions with Organic Compounds 


Bromine can react with organic compounds in various ways (loffe 
and Kampf 2001). Typical of such reactions are the addition of bro- 
mine to unsaturated hydrocarbons and the substitution of h ydrogen 
on an organic substrate, with corresponding release of hydrogen bro- 
mide. It is possible to carry out reactions both in the liquid or vapor 
phases and in the presence or absence of solvents or catalysts. Some 
of the solvents use d are c hloroform, carbon tetrachloride, acetic 
acid, and h ydrobromic acid. Le wis acid catalysts (e.g., aluminum 
chloride) are used frequently for the bromination of aromatic com- 
pounds, whereas light or peroxide catalysts are used in the bromina- 
tion of aliphatic compounds. 

The indirect reaction of other functional groups with bromine 
derivatives is the preferr ed method for the preparation of some 
organic compounds. An example is the preparation of meth yl bro- 
mide (an alkyl bromide), which is best prepared by the reaction 
between methanol and hydrogen bromide. An alternate preparation 
of alkyl bromides is by the reaction of hydrobromic acid to an ole- 
finic compound. 


TECHNOLOGY 
Processing Methods 


Current methods for br omine prod uction use chlor ine to oxidize 
bromide to bromine. The principal processing steps follow: 


1. Oxidize bromide to bromine. 

2. Strip bromine from the aqueous solution. 

3. Separate the bromine from the resulting vapor. 
4. Purify the bromine. 


Differences between various processes generally are manifested in 
the stripping and purification steps. 

The two principal processing variations are the steaming-out 
process and the blowing-out process. 


Steaming-Out Process 


The current process used for producing bromine from bromide- 
containing brines (1 to 5 g/L Br) is based on the hot or steaming- 
out process first described by Konrad Kubierschky in 1906 (Jolles 


1966). It consists of simultaneous chlorination and steam blowing. 
The brine is preheated, usually to 75°-80°C, before its introduction 
into the Kubierschky tower, and then heated inside the tower by live 
steam to near boiling. The bromine is steam-distilled as it is being 
set free by the chlorine. The distillation steam is a small fraction of 
the live steam supplied to heat the brine. The steaming-out process 
requires heating the brine to near boiling and reducing the partial 
pressure of bromine (and chlorobr omide) in the effluent brine to 
nearly zero to improve the stripping of the bromine from the brine. 
Drying the brine usually is achieved with sulfuric acid. 

The advantage in the steaming-out process is that bromine is 
condensed directly from the steam, as opposed to the air blo wing- 
out process, in which the bromine is trapped in an alkaline or reduc- 
ing solution to concentrate it. 


Blowing-Out Process 


The blowing-out pr ocess uses air rather than steam. (The cost of 
steam to heat ocean water, with its very low bromine content of 
65 mg/L, is prohibi tively e xpensive.) In this process, bromide- 
containing water is pumped to the top of blowing-out towers. Sulfuric 
acid and chlorine are added above the pumps to ensure t hat mixing 
occurs in the brine during its ascent. An excess of about 15% chlorine 
is used over the theoretical amount required. Air is drawn through the 
towers, thus sweeping out a mixture of bromine and chlorine (or bro- 
mine chloride) from the descending water. The bromine-laden air is 
drawn next through the absorber towers in which it is scrubbed coun- 
tercurrently with a sodium carbonate solution. To remove the spray 
from t he air , sm all pa cked cham bers ar e i nterposed be tween t he 
absorber towers and the fans. When the alkalinity of the scrubber solu- 
tion is nearly depleted, the solution is transferred to a storage tank and 
then to a reactor where it is treated with sulfuric acid and steamed to 
release bromine. Subsequently, the bromine is condensed. 


Production from Wastes 


An increasing amount of bromine is being produ ced from wastes. 
Hydrogen bromide, whichise mitted asaby -product in many 
organic reactions, is a major source for this kind of bromine pro- 
duction. P art of th e hydrogen bromide comes from _ incinerating 
organic wastes in a bromine recovery unit (BRU). The emitted flue 
gases from the BRU contain hydrogen bromide and molecular bro- 
mine, which are usually separate d before the hydrogen bromide 
processing. The process used to recover bromine is similar to that 
used for producing bromine from bromides, that is, by oxidation 
with chlorine gas or another oxidant. 

Another approach tested recently is reco vering bromine from 
hydrogen bromide w aste streams using electrolytic membranes to 
decompose the hydrogen and bromine. This process apparently has 
not yet been commercialized. 


Product Specifications 


Table 7 lists the American Chemical Society (ACS) specifications 
for reagent grade bromine and ty pical product sp ecifications for 
purified bromine. The bromine content (by weight %) represents a 
minimum value, whereas the water and chlorine contents are maxi- 
mum values (Grinbaum and Freiberg 2002). 


MARKETS 
Uses of Bromine 


The synthesis of a wide range of brominated organic compounds 
involves the direct or indirect consumption of bromine. For the 
majority of brom inated flame retardants (BFRs), bromine re acts 
with a suitable starting material to form t he flame retardant (FR) 
along with one molecule of h ydrobromic acid f or each atom o f 
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Table 7. Specifications for elemental bromine 





Parameter ACS Specification Product Specification 
Bromine content, % 99.5 99.9 
Specific gravity, 20/15°C na" 3.1 
Water, ppm na 30 
Chlorine, ppm 500 100 
Organic halogen Must pass ACS test 80 
compounds, ppm 

Nonvolatile matter, ppm 50 30 

lodine, ppm 10 Must pass ACS test 
Sulfur (as S), ppm 10 Must pass ACS test 
Heavy metals (as Pb), ppm 2 Must pass ACS test 
Nickel, ppm 5 Must pass ACS test 





* na = not available. 


bromine contained in the end product. The hydrobromic acid pro- 
duced is further reacted (e.g., with an alcohol to form an alkyl bro- 
mide) or neutralized to form a bromide salt. 

Before describing uses, a few words should be devoted to the 
use of bromine in ethylene dibromide (EDB) as a gasoline additive. 
Bromine demand for this use steadily declined each year after the 
U.S. Environmental Protection Agency (EPA) issued regulations in 
the 1970s to reduce and eliminate lead in gasolines. (The EDB acts 
as alead sca venger by co nverting lead oxides to lead bromide, 
which then escapes along with the engine exhaust.) An EPA man- 
date to eliminate all the lead from motor vehicle gasoline formula- 
tion by 1996, therefore, decreased EDB consumption drastically . 
Some lead is still used in aviation fuel formulations, although most 
of the small amount of U.S. production is exported to countries still 
having less-strict environmental legislation. 


Flame Retardants 


BFRs are still a growing market. The total global FR market has an 
estimated an nual v olume of appr oximately 2.0 billion lb (abo ut 
909,000 t), v alued at about $2.2 _ billion. Haloge nated mater ials, 
which include halogenated phosphor ous FRs, make up about 35% 
to 40% of this volume and are 55% by value. BFRs alone account 
for 25% of the volume and 35% of the value (Tullo 2003). Bromi- 
nated polymers are used in FR applications and bromine-containing 
epoxy sealants are used as FRs in semiconductor devices. 

The BFRs (which are typically brominated aromatic or cyclic 
aliphatic compounds), can be the additive type, where the FRs are 
incorporated as a constituent in mixtures wi th po lymers be fore, 
during, or more likely after polym erization; or the reactive type, 
where the FR is bonded chemically to the polymer itself. The BFR 
slows down or stops flame generation in polymer systems by inter- 
fering with the chain reaction mechanism of combustion, that is, by 
extinguishing radicals that serve to propagate oxidation. Synergists 
such as antimony trioxide, antimony pentoxide, or zinc borate add 
to the effectiveness of BFRs as do halogens when they are present 
in the polymer. 

The consumption of bromine in FRs has risen steadily over the 
last several decades, mostly because of increased use of electronics 
and communications products. Because of the sign ificant economic 
downturn in 200 1, however, consumption fell drastically to its lo w- 
est level in many years. 


Drilling Fluids 


The oil and gas drilling industry uses calcium, zinc, and sodium bro- 
mides to prepare high-density, clear drilling, completion , pack er, 


and workover fluids (Ukeles and Freiberg 2002). These brine fluids 
are used in deep, high-pressure oil and gas wells; the y do not plug 
the f ormation in workover and c ompletion o perations, as c onven- 
tional drilling muds can do. Such bromide salt brine usage has led to 
higher prod uction rates and longe r produ ction lifetimes. F or such 
applications, calcium bromide is the largest volume bromide salt in 
use, followed closely by zinc bromide and sodium bromide. Sodium 
bromide finds use in specia lized situations where calcium or zinc 
brines could cause a minimal am _ount of swelling, or in car bon 
dioxide—containing strata where there is a danger of calcium carbon- 
ate precipitation. 

The bromine-based completio n fluids are used in both of _f- 
shore and onshore drilling operations. Recent expansion in drilling 
activity andin the type of activity—namely deep, high-pressure 
wells—has contributed to the rapid growth of this market. 

The inorganic bromides used in th is application are prepared 
by neutralizing hydrobromic acid, which represents one of the two 
largest uses for this acid. 


Brominated Agricultural Chemicals 


Methyl bromide is currently the major bromine-containing pesti- 
cide used worldwide, but its use is declining. It is a broad-spectrum 
pesticide used to control pest insects, nematodes, weeds, pathogens, 
and rodents. About 25,000 t of me thyl bromide were produced in 
the United States in 1999 for both domestic and foreign markets; 
much of it was produced asa_ by-product of BFR man ufacture. 
Applications in clude soil fum igation, commodity and quaran tine 
treatment, and structur al fumigation. Global p roduction in 1 999 
was estimated to be about 52,000 t. 

When used asa soil fumigant, methyl br omide usual ly is 
injected into the soil ata depth of 30 to 60 cm before a crop is 
planted. This effectively sterilizes the soil, killing most soil organ- 
isms. After injection, the soil is covered with a tarp for 24 to 72 hr 
to slow the mo vement of meth yl bromide from the soil to the 
atmosphere. 

The three major manufacturers of methyl bromide—Albemarle 
Corp., GLCC, and Israel’ s DS BG—account for 75% of global 
production. 


Biocides/Water Treatment 


Even with continued dominance of c hlorine in most of the water 
treatment sector, brominated compounds continue to mak e inroads 
into that market. T his is prob ably due i n part to e nvironmental 
restrictions that chlorine has experienced in recen t years. Among 
the adv antages that bromine enjoys over chl orine in som e wat er 
treatment areas are the following: 


Brominated co mpounds are less likely to form undesirable, 
halogenated organic compounds. 


Bromine has been found to be more efficient at higher temper- 
atures than unstabilized chlorine. 


Brominated compounds are more effective at lower concen- 
trations and at a higher pH than chlorine, thus allo wing for 
greater thr oughput in w aste treatment plants and cooling 
towers. 


Debromination of treated effluent streams is unnecessary, and 
any bromamines that are formed de grade more rapidly than 
the corresponding chloramines. 


Brominated products are estimated to be three times more 
effective than chlorine at controlling algae in cooling towers. 

Bromine (e.g., bromochlorodimethylhydantoin [BCDMH]) has 
also made gains in the consumer water conditioning market as a 
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biocide for spas, pools, and hot tubs. The brominated hydantoin 
releases bothh ypochlorous andh ypobromous acid in solu tion, 
where the latter is more effective at higher pH. 


Brominated Intermediate 


Brominated compounds are frequently used as intermediates in the 
production of other organic ch emicals such as agrochemicals, 
pharmaceuticals, and dyes. For such applications, no bro mine is 
present in the end product. Some of the bromine released during 
production processes that use th ese intermediates may be reco v- 
ered and recycled (generally as hydrobromic acid or as a bro mide 
salt); there are losses, ho wever, that result when the by-produc t 
becomes too dilute or too contaminated. Some examples of chemi- 
calst hata reusedas intermediates are bromoacetyl brom ide 
(cefotetan, labetalol), n-hexyl bromide (a b uilding block for fra- 
grances and dyes), 4-b romoaniline (meto bromoron, resorantel), 
and 2-bromopropionic acid (naproxene, prilocaine). 


Other Uses 


A number of pharmaceuticals are prepared in the form of bromides 
or hydrobromides. One example is the antitussive (alleviates or pre- 
vents coughs) dextromethorphan hydrobromide. Bromide salts also 
find use in some rechargeable batteries. 

More than 5,000 t of bromine are used in the United States in 
the production of bro mobuty] rubber for the inner linings of auto- 
mobile tire s. The majority of ti re ma nufacturers prefer the 
improved performance of the bromine derivative over the chlorine- 
containing compound (i.e., chlorobutyl rubber). 

Bromine is capable of desulfurizing fine coal (Grinbaum and 
Freiberg 2002). Bromine and its salts are known to reco ver gold 
and other precious meta Is from their ores by serving as an oxidant 
and complexant of gold. 

Zinc—bromine storage batteries are being de veloped as load- 
leveling devices for use i n electric utilities. In ad dition, photovol- 
taic batteries have been made from selenium or boron doped with 
bromine. Bromine also is used in quartz—halide light bulbs. 


Product Pricing 


Data from USGS indicated that the a verage price of purified ele - 
mental bromine w as 99 cents/kg (44 cents/lb) during 2002. This 
was an increase from 67 cents/k g (30 cents/Ib) for 2001. The price 
cited for 20 01 represents a sharp d ecrease from the 2000 price, 
which was listed as 90 cents/kg (41 cents/lb) (Davenport 2003). 
According to L yday (2005), prices peak ed ag ain in 2002 at 99.2 
cents/kg (45.1 cents/kg) before declining to 72.0 and 70.0 cents/kg 
(32.7 and 31.8 cents/Ib) in 2003 and 2004, respectively. 


Packaging 


Bromine is generally supplied as a liquid in drums or portable tanks 
(isotanks), depend ing on the qua ntities required by the customer . 
Hazardous Materials Regulations (HMR) are based on the recom- 
mendations of the United Na_ tions Economic Commission for 
Europe (UNECE; 2005). Kno wn asthe “Orange Book ,” the 
UNECE directory pro vides an e xtensive list of dan gerous goods 
and their control in transport by air, rail, road, sea, and inland 
waterways. It covers classifications and definitions of all dangerous 
substances; packaging, labeling and relevant shipping documenta- 
tion; and training of transport workers. 

In the United States, b ulk quantities of bromine are shipped 
in lead-lined pressure tank cars or nickel-clad pressure tank trail- 
ers (filled to 92% of capacity). International shipments made by 
DSBG are in 15.2 to 23.3 t (5,300 to 8,000 L) lead-lined tank con- 
tainers (isotanks). F or small er quantities of bro mine, lead-lined 


tanks (“goslars’’) of 3.5 t (4 t packed on one isoframe) and 400-kg 
(140-L) drums are used. Packaging is designed according t o UN 
recommendations for Packing Group I. 

Problems may be encountered in shipping and storage because 
of the relatively high freezing point of bromine (i.e., —7.25°C). If 
bromine freezes in a tank car , warm water—below 54°C—must be 
circulated through the car’s heating coils. 


Engineering Materials 


Because br omine is highly hygroscopic, improper handling may 
cause its water content to increase to >300 ppm. When water con- 
tent and organic matter content of bromine increase, the probability 
that it will corrode engineering materials increases. Therefore, bro- 
mine must be stor ed under dry nitrogen or dry air. Bromine with 
<30 ppm water content is noncorrosive to many nonferrous metals, 
including lead, nickel, tantalum, Hastello y B, Hastelloy C, and 
Monel. 

Some of the points previously mentioned are amplified below: 


Lead and lead-lined steel are commonly used in process 
equipment and storage co ntainers when bromine is dry . The 
protective layer of lead bromide formed on the interior of a 
storage vessel allows it to be used with bromine with a w ater 
content up to 75 ppm. 

Glass has excellent resistance to wet or dry bromine corrosion. 
Nickel and nickel alloys such as Monel 400 and Hastello ys B 
and C are corrosion resistant to dry bromine (<30 ppm water) 
but are attacked rapidly by wet bromine. 


Tantalum and niobium both have excellent resistance to corro- 
sion to either wet or dry bromine and can be used at tempera- 
tures up to 149°C. 

Steel and stainless steel are not recommended as construction 
materials because of corrosive bromine and bromine vapors. 


Fluorinated plastics such as Kynar, Kalrez, Halar, and Teflon 
(polyvinylidene fluo ride [PVD F], perfluor oelastomer parts, 
ethylene-chlorotrifluoro-ethylene [ECTFE], and polytetra- 
fluoroethylene [PTFE], respectively) are resistant to brom ine 
corrosion and are used in valves, piping, gaskets, and linings. 
It is not recommended to use other types of polymers if con- 
tact with bromine is imminent. 


Storage 


Bromine for laboratory or pilot use generally is purchased in glass 
bottles. It is p oured or pu mped into small glass, ceramic, or le ad- 
feed vessels that are equipped with PTFE stopcocks. The bottles are 
stored in their cartons in a dry, cool location away from direct sun- 
light. The storage temperature s hould not fall below the freezing 

point of bromine, —7°C. 

Drum, tank truck, or carload quantities of bromine are stored 
in lead, le ad-lined steel, or glass-lined steel storage tanks, which 
feed into a particular process or reaction. When using larger storage 
tanks (where bottom outlets cannot be used), the bromine should be 
pumped out of the tank with nickel, PVDF, or PTFE pumps. 

Drums should be stored empty or full in an upright position, 
ina cool (above —7°C), dry place. Exposure to heat will cause a 
dangerous pressure buildup to de velop. Protection from moisture 
and humidity is extremely important. GLCC offers bromine in non- 
returnable 120-gal steel cylinders that hold about 2,800 Ib of bro- 
mine. The pr ecautions previously outlined fo r drum storag e also 
apply to cylinders. 

Storage tanks also should be _p rotected from moisture or 
humid air, because bromine will absorb moisture. When bromine is 
exposed to air having a normal summer dewpoint of 5° to 10°C, it 
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will equilibrate with about 70 to 80 ppm water. Wet bromine can 
severely corrode many metals. A slight positive pressure (0.1 in. of 
water) should be maintain ed in st orage tanks by purging with dry 
air or dry nitrogen. 


Transport of Bromine 


A number of options are available for the transport of bromine. For 
example, GLCC ships bromine in b ulk, using lead- lined, double- 
barrel tank trailers with a capacity of about 600 gal. Another option 
offered by GLCC is bromine in bulk either in 2,400 gal (56,000 Ib) 
or in 4,400 gal (110,000 Ib) lead-lined tank cars. The liquid bro- 
mine supply configurations used by DSBG (e.g., drums, goslars, or 
isotanks) were previously described. 

Because bromine is a very corrosive and toxic material, regu- 
lations mandate which materials can be placed in proximity with, or 
require separation from, bromine. These regulations are available in 
the International Maritime Dangero us Goods (IMDG) code _ that 
covers regulations for international shipping. 

U.S. Department of Transportation (DOT) re gulations allo w 
the transport of bromine within the United States, although it must 
be packaged, marked, labeled, placarded, stowed, se gregated, and 
certified in accordance with the IMDG code, provided that part or 
all transportation is by vessel (Gilmour 1998). The total quantity in 
one tank may not be less than 88%, or more than 92% of the tank 
volume. 


HEALTH AND SAFETY FACTORS 
Effects of Exposure 


Bromine has a sharp, penetrating odor. Bromine exposure—by liq- 
uid contact or vapor inhalation—is a consid erable hazard with 
potential risk for serious injury and even death (Reineke 1978). The 
liquid rapidly attacks skin and other tissue to produce irritation and 
necrosis. Vapor concentrations of about 1 ppm are unpleasant, can 
cause eyes to water, and are highly irritating to the entire respira- 
tory tract; 10 ppm becomes intolerable, even for more than a few 
moments. 

If 10 ppm or more of toxic bromine are inhaled, severe burns 
and serious inflammation in the re spiratory tract result, and these 
are frequently f ollowed b y pneumonia (Grinbaum and Freiber g 
2002). Some sy mptoms of overexposure include coughing, nose- 
bleed, feeling of oppression, dizziness, headache, an d possibly 
delayed abdominal pain and diarrhea. 

Skin contact with liquid br omine pro duces an initial mi ld 
cooling sensation, followed by a heating sensation. If bromine is 
not removed by washing the area affected with water, the skin will 
turn red, then b rown, and the resu Iting deep b urn is slo w to heal. 
Contact with conc entrated bromine also results in b urns and blis- 
ters. Small areas in the laboratory that have become contaminated 
with bromine can be neu tralized with a 10% solution of sodium 
thiosulfate. Such a solution should be kept readily available when 
working with bromine. 

Vapor concentrations of 500 to 1,000 ppm by volume are 
dangerous to lif e at e xposures for 0.5 to 1.0 hr. With respect to 
respiratory exposure, the Occupational Safety & Health Adminis- 
tration (OSHA) threshold limi t v alue—time wei ghted average is 
0.1 ppm in air for an 8-hr working day and 40-hr workweek. Mon- 
itoring devices are available for determining bromine concentra- 
tions in air. 


Protective Equipment for Bromine Handling 


Processes incorpo rating bromine should use totally en closed sys- 
tems. The minimum safety equipment requirements for handling 
bromine in the laboratory are chemical goggles, rubber gloves 


(Buna-N or neoprene ru bber), laboratory coat, and fume hood. For 
handling bromine in a manuf acturing plant, personal protecti ve 
equipment should include hard hat, goggles, neoprene full-coverage 
slicker, B una-N or neoprene rubber glo ves, andn eoprene boots. 
When e vacuating from an areawh_ ere are lease of bromine has 
occurred, a full-face respirator with an organic vapor—acid gas canis- 
ter is desirable. 


Fire Precautions 


Incase of fire, per sonnel shou Id wear a self-contained breathing 
apparatus when working in an area containing bromine compounds. 
Bromine does not burn, but it is a strong oxidizer and reacts violently 
with aluminum, titanium, sodium, and potassium. Wood, paper prod- 
ucts, f abric, petr oleum pr oducts, plastics, an d o ther or ganics may 
combust spontaneously in the presence of liquid bromine. 


REGULATORY AND ENVIRONMENTAL CONSIDERATIONS 
Methyl Bromide 


Methyl bromide, which is a known toxic substance to human beings 
that damages the central nervous and respiratory systems, also may 
contribute significantly to the de struction of the E arth’s st rato- 
spheric ozone layer. In September 1997, at the Ninth Meeting of the 
Parties to the Montreal Protocol, participating members agreed to a 
schedule for the reduction in the use of this fumig ant. In developed 
countries, most uses were slated to cease in 2005 except for certain 
exemptions, and de veloping countries w ould have until 2015 to 
phase out methyl bromide. 

Methyl bromide was listed as a Class I ozone-depleting sub- 
stance in the 1990 Clean Air Act Amendments in the United States, 
which pre viously h ad institu ted a ban that w_ ould take effect in 
2001. The U.S. Congress extended the phaseout of methyl bromide 
to coincide with the 2005 _ ban set by the Montreal Protocol. T o 
avoid any trade differences that might arise between U.S. growers 
and those in countries that still w ould have access to methy | bro- 
mide after 2005, the EPA has stated that in the absence of alterna- 
tives for methyl bromide, it would support limited, essential uses of 
this material. 

Recently, a UN body (the Technology and Economic Assess- 
ment Panel) approved a U.S. request for exemptions from a ban on 
methyl bromide. This panel recommended exemptions for methy | 
bromide on U.S. crops such as_ strawberries, raspberries, eggplant, 
and tree seedlings. These exemptions have been the focus of objec- 
tions from the Natural Resources Defense Council. 


Flame Retardants 


The poly brominated dip henyl ethe rs (PBDEs) are the BFRs that 
have been under the most scrutiny because of their apparent persis- 
tence inthe en vironment and _ concerns for bioaccumu lation. 
Recently, GLCC announced av oluntary U.S. phaseout of tw o 
PBDEs. T he tw o flame ret ardants—pentabromodipheny] ether 
(penta-BDE) and octabr omodiphenyl e ther (oct a-BDE)—were 
phased out by the end of 2004 (Hogue 2003 ). (The phaseout of 
these two PBDEs is not considered to be as critical as would be any 
exit from deca-BDE [a styrenics additive], which is produced in the 
highest volume of the PBDEs.) 

Because of environmental regulations, many polymer fabrica- 
tors are now trying to avoid BFRs altogether. BFR suppliers them- 
selves are _ diversifying their product offerings to include 
nonbrominated FRs. Thus, although both Albemarl e’s and Great 
Lakes’ flame-retardant businesses were 100% bromine—based less 
than a decade ago, the situation has changed significantly. Through 
acquisitions and internal developments, roughly 35% of their sales 
now come from nonbrominated FRs. 
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OUTLOOK AND FUTURE TRENDS 


Unofficial gro wth estimates for the bromine industr y ha ve been 
placed at about 2% per year throughout 2008. Bromine production 
from seawater is becoming an e xpensive process and will eventu- 
ally become infeasible. No new areas of growth are expected in the 
near future, so the majority of bromine will continue to be con- 
sumed by FRs, intermediates, oil drilling, and biocide applications. 
The bromine industry has a negative image, which it feels is unjus- 
tified. The resu lts from upcoming risk assessments of BFRs (e.g., 
tetrabromobisphenol A [TBBA], deca-BDE, penta-BDE, and hexa- 
bromocyclododecane [HBCD]) will be crucial to the future of the 
industry. Lobbying activities and indu stry pa nels will play an 
important part in the future of the bromine industry. 

The price of elemental bromine and the prices of bromine com- 
pounds and derivatives are correlated. The current lower prices of the 
major brominated products, along with regulatory pressures, threaten 
the industry’s reinvestment capabilities in new R&D and production 
facilities and thus its long-term viability. In addition, the geographi- 
cal shift of major industrial chemical activities from the W est to 
China will continue to influence this industry along with others. 


China 


Approximately 80% of Chinese br omine is produced f rom satu- 
rated brines in Shan dong Pro vince (Bohai Bay). Ther emaining 
20% is produced from seawater. Bromine reserves in Shandong are 
estimated to be 1.0 to 1.5 Mt. Many of the big Chinese producers 
are also in the process of going downstream to produce brominated 
compounds, and their relocation to bromine r esources is being 
observed. Also of note is the trend of consolidating smaller bro- 
mine plants into one large company. The Chinese bromine industry 
has the ability to produce new products and improve the quality of 
existing products (e.g., FRs, dyestuffs, pharmaceuticals, and bro- 
mides) rapidly. Many of the bromine industry customers are either 
producing or in the pr ocess of establishing a production base in 
China. Chinese markets are going to adopt the European re gula- 
tions (Restrictions of Hazardous Substances, or RoHS) for chemi- 
cals such as FRs. 


Israel 


Of the approximately 548 ,000 t of global yearly bromine produc- 
tion in 2002, approximately 206,000 t (almost 38% of the total) are 
produced in Israel. A slightly larger quantity is produced in th e 
United States. The overall estimated global growth of about 2% is 
also true for Israel. The sole Israeli producer of bromine is DSBG, 
which is part of th e ICL Group. DSBG also pro duces br omine 
derivatives that have a wide range of applications. DSBG produces 
bromine fromt he De ad Se a, wherei ts conc entration range s 
between 6.5 g/L in the southern basin and 12 g/L in the liquors 
remaining after potash production from the Dead Sea. 

As pre viously stated, more th an 90 % of DSBG’s sales are 
from exports. Therefore the current situation of lower prices for the 
main brominated products, along with regulatory pressures, threat- 
ens the main business of the company and its status as a major pro- 
ducer. DSBG is also a major manufacturer of the fumigant methyl 
bromide, which is being phased out. Therefore, DSBG, as well as 
other major producers, are seeking environmentally safe “green ” 
products using bromine and bromine-containing chemicals. 


Jordan 


Because Jordan is situated on the eastern shores of the Dead Sea, it 
was only ama tter of time before bromine production from Dead 
Sea brines began. A 25,00 0-tpy bromine plant w as commissioned 


in 2003. At full production capacity of 50,000 tpy, this plant would 
be able to replace the Albemarle production facilities in the United 
States. The production of brominated compounds (e.g., TBBA) will 
be able to commence very shortly after that time. 


United States 


It is difficult to find data on any definitive future demand estimates 
for bromine in the United States. Unofficial sources have predicted 
a modest yearly growth rate of about 1% to 2%. This prediction is 
based on the assumption th at no new, major legislative restrictions 
will be placed on b romine chemical use in the foreseeable future. 
Bromine production from wells in Arkansas is diminishing at 2% to 
3% per year, and higher production costs are anticipated. The major 
U.S. bromine chemical compounds co mpanies (Albemarle and 
GLCC) are succeeding inf inding alternative bro mine sources. 
Albemarle finalized an agreement with a Jordanian partner to build 
the bromine plant pre viously described, with a maximum capacity 
of 50,000 tpy. GLCC completed an agreement with the Israeli com- 
pany DSBG fo r the supply of bromine and brominated pro ducts. 
GLCC is developing alternative flame-retardant products based on 
tetrabromobenzoate este rs as anal ternative tothe ecologically 
problematic penta-BDE FR used in the polyurethane sector. Albe- 
marle is enlarging its TBBA (a leading BFR) production capacity. 
Both companies also have diversified their flame-retardant product 
lines by moving into nonhalogenated FRs through acquisitions. 


OUTLOOK ACCORDING TO MAJOR USE 
Flame Retardants 


Over the last 10 years, the FR industry has been growing 3% to 5% 
annually (Ch emical Products Synops es 2 003). Unofficial figures 
from re liable sources indicate that the brominated section of the 
industry is growing at a similar pace. One of the reasons given for 
continued g rowth of the brominated se gment is the in creasingly 
stringent fire safety standards in p lace in Europe and the Un ited 
States as a result of increasing fire-safety awareness. California, the 
most populous state in the United St ates, requires fire retardants in 
polyurethane foam mattresses, an d proposed federal la ws (e.g., 
American Home Fire Safety Act) would require similar actions. 

Industry observ ers claim that there are about 5 0 dif ferent 
major BFRs. All major FRs (e.g., deca-PBDE, HBCD, TBBA, and 
penta-BDE) are currently undergoing risk assessments to see if they 
are in ac cord with the PBT (persistent, bioaccumulation, toxicity) 
criteria. Increa sing ef forts a re be ing ma de to repl ace t hese with 
nonhalogenated FRs or with more environmentally friendly BFRs; 
that is, reactive ones that will not leach to the environment during 
use. Thus far, many of the intr oduced replacements have been dif- 
ferent BFRs from the PBDEs thatthey were to replace. The strategy 
used by producers of brominated products is to shift from products 
under attack to pro ducts that are considered less environmentally 
problematic and are recyclable. 


Drilling Fluids 


The forecast for the clear brine fluids market depends on the gen- 
eral oil and gas _ drilling business climate, which itself is a highly 

fluctuating market. The mercurial behavior of this industry is illus- 
trated by the steep decline in drilling activity between 1990 and 
1993, followed by a signif icant increase in acti vity between 1 994 
and 2000. The market for calcium bromide in 2003 was approxi- 
mately 90,000 t with a price of $400 to 5 00/t; the mark et for zinc 
bromide brines was about 50,000 t. The market exhibits price ero- 
sion during periods of low demand, and competition from brine 
production from effluent hydrobromic acid. 
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The drilling fluids market is threatened by several factors: 


* Consumption of brine fl uids ona_per-well basis will decli ne 
because of the expansion in reuse and recycling of brine fluids. 


¢ Emerging ecological requirements are expected to ha ve an 
accompanying new demand for “green” drilling fluids. 


Biocides 


The worldwide bromine-based biocide market is estimated to be 
about $1 80 million with an annual growth rate of 4% to5 %. 
Approximately half of this is from industrial water treatment appli- 
cations (c ooling to wers, paper mills, and so forth.) where the 
major products are bromine (hypobromous acid); bromochlorodi- 
methylhydantoin (BC DMH); sodium bro mide; ammonium bro - 
mide; 2 ,2-dibromo-3-nitrilopropionamide (DBNP A); 2-mercapto 
benzothiazole( MBT);an d1, 4-bis(bromoacetoxy)-2-butene 
(BBAB). This market is divided as follows: North America and 
Canada, 50%; Europe, 25% to 35%; and the rest of the world, 15% 
to 25%. The other half goes mainly to the swimming pool and spa 
business as BCDMH and sodium bromide. In this c ase, the North 
American fraction is about 75% whereas the rest goes to southern 
Europe and Australi a. The la tter market fluctuat es accordi ng to 
weather and the mood of the public. 
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Chemicals 


Robert B. Fulton Il 


INTRODUCTION 


This chapter discusses the relationship between industrial minerals 
and chemical manufacturing. It supplements rather than duplicates 
the commodity c hapters in t his v olume. P articular e mphasis is 
given to the pertinent chemical elements and to market factors. 

Condensing this broad subject into a fe _w pages of th is book 
permits t reating onl y the most important elements deri ved from 
industrial minerals. Hy drocarbons, which quantitati vely dominate 
as raw materials for the chemical industry, are omitted, as are the 
metallic ele ments and minerals covered in other chapters in this 
volume, such as phosphorous, potassium, and nitrogen for fertiliz- 
ers, and titanium dioxide for pigments. The remaining six elements 
of major importance covered here are boron, bromine, chlorine, flu- 
orine, sodium, and sulfur. 

Table 1 affords an overview of the main industrial minerals, the 
chemical products derived from them, and end uses of the products. 

Salt bri nes ha ve particular i mportance asra wma terial 
sources for the chemical industry. Table 2 is a chart of the chemical 
compounds derived from four types of brines: (1) Owens Lak e— 
type brines, which are sources of b oron and sodium compou nds; 
(2) Midlan d-type brines, from which bromine, iodine, and chlo- 
rides of calciu m, magnesium, potassiu m, and so dium are derived; 
(3) Searles Lake-type brines, yielding boron, bromine, lithium, 
magnesium, potassium, and sod ium compounds; and (4) _ Silv er 
Peak-type brines, produced mainly for lithium. 


MARKET ATTRIBUTES 


Some of the important market traits common to industrial minerals 
used by the chemical industry are as follows: 


1. They are international commodi ties (e.g., fluorspar, many of 
which move in foreign trade). 


2. Grade and freedom from d eleterious elements are imp ortant 
factors affecting their usability in c hemical proc esses. An 
example is salt (NaCl) used in electrolysis where ultrapure 
evaporated salt is required to meet rigid specifications. 


3. Purified products take on the characteristics of specialty items 
and command a distinctly hig her price _ than the basic 
commodity from which they are derived. 


4. In practically all cases, chemical users require some sort of 
purification or beneficiation of the naturally occurring mineral 
to bring it to spec ification, and individual specifications may 
vary from user to user for essentially the same use. 
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10. 


11. 


12. 


13. 


14. 


In some instances it is necessary to strike a balance between 
what the vendor can supply and what the buyer requires, with 
the re sult that spec ifications have to be eased to afford the 
needed materials in marginal cases. 


Because the y tendtobeb ulk c ommodities, lo w cost for 
handling and transportation is important; so cost may limit the 
area from which a chemical user can draw its supply. 


Shipments are usually in bulk and frequently in mult iple-car, 
full-trainload, or full-shipload lots to re duce transport costs, 
which int umma yre quire la rge in vestment int erminal 
facilities. 


Purchases are generally by contracts of 1 year or longer term, 
with spot buying playing only a minor role. 

Contract prices are usually f ixed in short-term commitments 
but can vary according to assay, with premiums and penalties 
for co ntent abo ve or belo _w the norm; general practice, 
however, is for spe cifications to be fixed in the contract with 
minimums set forthe desired ma terial and ma ximums for 
undesired elements. In longer term contracts, prices are often 
prorated on labor, fuel, and other vendor processing costs. 


Suppliers of individual commodities to the chemical indu stry 
tend to be fe wandare generally medium- to lar ge-size 
producers supplying a few major consumers. 


The bulk of the mineral volume is for bas ic che mical uses; 
sulfur suppliers to su Ifuric acid producers and fluor spar for 
hydrofluoric acid producers are typical examples. These basic 
chemical products then are used for the manufacture of other 
products. 


Shortage of a supply of ade quate quality lead s consumers to 
seek substitute so urces. For fluorspar, much w ork is being 
done on recovery of fluorine from phosphate rock. Success in 
the form of flu orosilicic acid or hydrofluoric acid production 
could, in time, affect the hydrofluoric acid chemical industry. 


Markets tendto becharacterizedbyc ycles of shortage 
followedb yo versupply, with attendant wid epr ice 
fluctuations. 


Barriers to international trade can have an adverse effect on 
the movement of industrial minerals needed by the chemical 
industry. Antidumping laws, quotas, and tariffs can disrupt or 
dislocate normal markets. 
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15. Chemical industry consumers may back-integrate for security 
of supply or for favorable economics by joint ownership, often 
with experienced mining partners. 

16. Conversely, industrial minerals pr oducers may forw  ard- 
integrate into chemical production. 

17. Governmental re gulation can af fect the usage of | chemicals 
derived from industrial minerals, as is the case of the prescribed 
phaseout of brominated products under the Montreal Protocol. 


ELEMENTS OF MAJOR IMPORTANCE 


Boron 


Boron is used by the chemical in dustry mainly as borax (disodium 
tetraborate decahydrate). It is derived principally from desert evapor- 
ite deposits. Major comm ercial boron minerals are ti ncal, or native 
borax (Na 2B4O07*10H20); colemani te (Ca 2Bg0 11°5H20)); ti ncalco- 
nite (Na 2B4O7*5H20); ule xite (NaCaB 50 9*8H20); and kernite 
(Na2B407°4H20). Commercial ly, sodium borates predominate and 
are supplied by refineries in a variety of grain sizes in either the puri- 
fied borax form or as fu sed, crushed, anhydrous borax. Boric acid 
and boric oxide are also available. The industry defines boron content 
in terms of B 203: for example, granular borax decahydrate cont ains 
36.5% B 203; 69.1% anhydrous borax; and 56.3% boric acid. These 
products are sold at 99.5% purity. Raw and semi processed ores also 
are sold. Major world production is in the United States, Turkey, and 
Russia, each with a million or more tons per year. 

Borates are used as fluxes in metal processing, in ceramics, as 
a constituent of heat-resistant glass, as an aid in glass f iber manu- 
facture, as clean ing agents, and in textile manufacture. Boron is 
being used as sodium borohydride in development of hydrogen fuel 
cells in a public-private project in connection with $150 million 
funding by the U.S. Department of Energy (O’Driscoll 2002). 
Borates are used to suppress forest fires, typically dispensed from 
aircraft. Borax and boric acid are used as extenders in dye making. 
In elemental form, boron ac ts as a neutron ab sorber in shielding 
against radioactivity in electricity generation. High level nuclear 
wastes can be vitrified using boron compounds for shielding radia- 
tion (Loft 2 002). Organic boron compou nds are used as_ gasoline 
additives, in insecticides, and in pharmaceuticals. Trifluoride ether- 
ate is used for manufacture of fluorinated hydrocarbons and in pro- 
duction of antiknock compounds for gasoline. B oron nitride has 
extreme hardness and stability at high temperature, up to 1,600°F in 
oxidizing atmosphere. It is used for molten-metal pump parts, tran- 
sistor and rectifier mounting wafers, and heat-resistant f ibers for 
military composites. Fuels containing boron and hydrogen are out- 
standing for high energy yield b ut have not been widely used 
because of pollution effects and high cost. Table 3 describes boron 
starting materials and end products. 

According to the U. S. Geological Surv ey (USGS; L yday 
2002a), U.S. production of boron minerals and compounds in 2001 
was 1.05 Mt gross weight compared to 1981 at 1.342 Mt, and 1991 
at 1.24 Mt, illustrating a continuing decline. Approximate year-end 
free on board (f.0.b .) prices, quoted per ton inb ulk for 1990 and 
2001, are as follows: 


1990, $ 2001, $ 


Boric acid (99.9%, technical grade) 775-784 788 
Pentahydrate borax (technical grade) 321 376 


Opportunities for wid er applications of boron co mpounds, in 
addition to the growth in established fields of use, include in glass 
fibers for reinforced plastics for weight reduction in automobiles, in 
fuels, and as a possi ble replacement of fluorspar as a fluxing agent 
in steelmaking. Bo ron’s capability of forming a large number of 


coordination compounds offers avenues for in vestigation through 
which a variety of diverse products would result. 


Bromine 


Bromine compounds are used in flame retardants (40%), drilling flu- 
ids (24%), pesticides (12%), water treat ment chemicals (7%), and 
others (17%) (Lyday 2002b). A variety of organobromides are used 
in agri culture as fumigants for controlling nematodes in soil and 
insects in grain and seed storage. Elemental bromine is consumed in 
disinfectants and bleaching agents. Sodium, potassium, and ammo- 
nium bromides have minor uses in textile fiber manufacturing, pho- 
tography, and medicines. Bromin e compounds are used in small 
amounts in making dyes, resins, leather, and rubber products as well 
as in producing textile intermediates and finishing agents. Expanding 
uses are in flame retardants and extinguishing agents and for gas- and 
oil-well completion fluids as calcium, sodium, and zinc bromides. 
Biocides containing bromine used in industrial cooling are replacing 
those based on chlorine for environmental considerations. 

According to the USGS (Lyday 2002b), U.S. refinery produc- 
tion of bromine in 2001 was about 212,000 t compared to 230,000 t 
in 1998. Current U.S. prod uction compares to production capacity 
of about 260,000 tp y. Israel was the second lar gest producer in 
2001 at 206,000 t. Total production worldwide in 2001 was about 
543,000 t. 

Average value of bromine sold or used in 2002 was 75 cents/kg, 
compared to ab out 88 cents/kg at year-end 1990; it had increased 
from 45 cents in the mid-1960s to about 60 cents in the early 1980s. 
The price is expected to increase mainly because of the increased 
cost of process energy. The reader is referred to the chapter on bro- 
mine in this volume for further information. 


Chlorine 


A number of principal chlorine consumers in the chemical industry 
are situated in the producing regions and in man y cases are back- 
integrated with obvious advantages. Consumers who are not back- 
integrated purchase either chlorine or chlorine compounds such as 
hydrochloric acid, chloroform, ethyl chloride, eth ylene dichloride, 
carbon tetrachloride, per chlorethylene, and the like, depending on 
process requirements and economic s. Choice of purchase mix is 
determined by relative costs, for example, buying either carbon tet- 
rachloride or chlorine and hydrocarbons for in-house production of 
the chlorocarbon. This choice has ramifications, such as the internal 
generation of HCl produced as a by-product of hydrocarbon chlori- 
nation and of fluorination. The internally produced HCI can then be 
oxidized back to chlorine in a cl osed circuit, thereby reducing the 
intake of purchased chlorine and reducing costs. 

Similarly, manuf acturers of pol yvinyl chloride (PVC) can 
choose to buy ethylene dichloride or, if they have chlorine and eth- 
ylene available, they can elec tto make it themselves. Recycling 
by-product HC 1 from v inyl chloride mono mer plan ts is widely 
practiced with use of HClin oxychlorination to mak e ethylene 
dichloride. 

Principal chemical industry uses for chlorine are for interme- 
diates and for synthesis of or ganic and inorganic chlorides used in 
plastic sol vents, agricultural chemicals, auto motive fluids, san ita- 
tion products, and so forth. Another use of ethylene dichloride is for 
making solvents, such as trichloro- and perchloroethylene. Ethyl- 
ene dichloride also is a less e xpensive, though less effective, lead 
scavenger than ethylene dibromide used in fuels as antiknock com- 
pounds; lead, ho wever, has b een eliminated almost entirely from 
gasoline intended f or spark-ignition engines, although small 
amounts of lead still are used in automotive fuels and in aviation 
gasoline. 
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Table 3. Boron minerals and chemicals 


Calcium 





borate 
ores 





Boric acid 
and boric oxide 


Sodium 
borate 


ores, , 
brines } 











Borax decahydrate 
and 





borax pentahydrate 
(concentrated 
and refined) 








Anhydrous borax 


(concentrated 
and refined) 


Textile glass fibers 
Sodium perborate metallurgy 


Industrial Minerals and Rocks 











Fire retardants 


— Disodium octaborate ——————> Wood preservatives 





Fertilizers 
Pesticides 
Lo soaps, cleaners, 
laundry additives 
Photography 


Textile finishing 
Sodium metaborate ———————~ | Adhesives 
Detergents 
Herbicides 


Detergents and bleaches 
Textile bleach 

Textile dyes 

Disinfectant 

Mouthwash 

Dentrifices 


Sodium perborate ——— > 


Fertilizers 
Sodium pentaborate ——————+ | Fire retardants 
Explosives (coolant) Glassmaking 
Flotation agents — 
Electrodes, electrolytes, 
electrical insulation 

Wax emulsifier 

Leather tanning 

Cement 

Adhesives, starches, and sizings 
Herbicides 

Fertilizers 

Fire retardants 

Drugs and cosmetics 

Corrosion inhibitors 

Wood preservatives 
Photography 

Textile dyes 

Insecticides 





Borosilicate (hard) glasses 

Insulation glass fibers 

Porcelain enamels, frits, and glazes 
Metallurgical fluxing, brazing, and soldering 
Sodium perborate 





Fertilizers 
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Porcelain enamels, frits, and glazes 
Textile glass fibers 

Borosilicate (hard) glasses 
Ammonium pentaborate 


Ammonium tetraborate 


Boron, metal 


Boron, carbide 


Boron, nitride (white graphite) 


Boron, phosphate 
Boron, tribromide 


Boron, trichloride 


Boron, trifluoride 


Cupric metaborate 


Lead borate 
Lithium tetraborate 
Miscellaneous organic borates 


Fluoboric acid 


Heavy metal borates 


Trimethyl borate 


Zinc borate 

Stabilizer for liquid sulfur trioxide 
Antiseptics 

Textile treating 

Catalyst in air oxidation of hydrocarbons 
Ammonium nitrate conditioner 
Cosmetics 

Photography 

Electrolytic condensers 

Potassium borates 

Nuclear applications 

Gypsum wallboard 





Liquid crystal displays (LCDs) 
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Table 3. Boron minerals and chemicals (continued) 


Electrical condensers 
Fireproofing 
Paper coating 


| Neutralizing agent 
Fireproofing 





Abrasives 
Steel refractories 
Control rods for nuclear reactors 


High-temperature lubricant 
Refractory 

Fibers 

Cosmetics 

Abrasives 

Thermionic devices 





Ultra-low-loss dielectric 


Diborane 





| Neutron analysis 
| Catalyst 





Fireproofing agent for wood 
Fungicides 
Oil pigments 
Pigments for ceramics 








Delay fuses 
Flare ignitors 
Boron phosphide —————————+_ High temperature transistors 


Hexaboron silicide Refractory material 
Tetraboron silicide Y 


Getter in manufacture of 
vacuum tubes 
Abrasives 

Grain refiner in aluminum 
manufacture 

Nuclear shielding 
Coating material for solar 
batteries 

Semiconductors 

Laser technology 


Pentaborane ————————+ Ethyl pentaborane 


High fuel = 
cl aa Carborane polyesters 


Rayon delustrant 
Rubber vulcanization 
Fluxing agent 


Higher boron hydrides 
Polymerization catalyst 
for ethylene 
Copolymerization of styrene 
and butadiene 












Boron trifluoride 
Diborane 
Organo-boron compounds 
Trichloroborazole ————+ 
Depolymerization of 

paraldehyde 

Flux 

Polymerizing agent for 

driers 

Stabilizer for liquid 

sulfur trioxide 

Lightweight, high performance 


| Gelling agent 
| Catalyst 











Ceramics 


products 


Wheat rust compounds 





Lubricant and hydraulic fluid 
Gasoline antiknock agent 


Glycol borates 
Alcohol borates 


Paint and varnish driers 
Lead glass 











Jet fuel deicer 





























—_— , ae * | Epoxy resin curing agents 

“Ainmonturi Hucborate Molding sand additive in Nuclear shield via 

a magnesium — casting a sal 
Gadiniumn Huoborate Bactericide in fuels | Extinquishi . 
5 f guishing metal fires 

eons Hiebomte [I> Electroplating baths Lameticny pares | Epoxy foams 

Nickel fluoborate _| = 

. Binder and cooling agent 
Potassium fluoborate in abrasive wheels 
—_—_ = — | Electrolytic brighteni . 
oe ae oe ay ; 

Sodium fluoborate — > ake aay 
Stannous fluoborate | : ps Nonferrous flux 

Fine fucboraie Electroplating baths Lithium borohydride L— 
— = Potassium borohydride 

Fireproof and mold Pharmaceuticals 

resistant paints Reduction of aldehydes 
—— and ketones 

———————_ Sodium borohydride > | Vat dyes 

(~—. Blowing rubber and epoxy 

ve resin foams 

i a Paper bleach and pulp 

lished ant brightener 
| Fungici es Hair waving formulations 


Inorganic boron compounds 
Photography 

Casein solvent 

Metallurgical welding and brazing 
Diazotype developer solutions 
Fluxes 
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An important inor ganic intermediate used in the manufacture 
of titanium dioxide (TiO) pigment is titanium tetrachloride, which 
is manufactured by the so-called chloride process that no w sup- 
plants the older sulfate process. 

Chlorine also is required for the manufacture of organic inter- 
mediates such adiponitrile from butadiene. Adiponitrile is a feed- 
stock chemical used in th e production of Nylon 6,6. In this case, 
both chlorine and caus tic are consumed, fortunately, in the same 
ratio as produced by electrolysis of brine. This ratio, known indus- 
trially as one electrochemical unit (ECU), consists of 1.0 t of chlo- 
rine to 1.1 to f caustic soda and requires 1.75 t of salt to produce 
one ECU. 

Growth of elastomeric products, made using chlorine, butadi- 
ene, and caustic or using hydrochloric acid and acetylene, has con- 
tributed significantly to world demand for chlorine. 

Product obsolescence can play an important role in the chlo- 
rine market, asin the case of by-product chlorine from metallic 
sodium manuf acture. Th e amoun t of chlorine a vailable fro m 
sodium production decreased as demand for leaded gasolin e 
declined; lead was amalgamated with sodium as a step in the manu- 
facture of lead antiknock compounds. 

Phosgene is another chlorine chemical important to chemical 
processing, for e xample, in the productio n of agricultural chemi- 
cals, isocyanates, and other fiber intermediates and elastomers. 

Overall domestic growth is generally flat or slightly declining 
because of (1) nonchlorine-based processes supplementing some of 
the chlorine requirement s; (2) slack ened growth in c yclic organic 
detergents and chlorinated solv ents, which have been criticized on 
environmental grounds; (3) le veling off in growth of other major 
products containing chlorine, such as vin yl chloride; (4) the prob- 
lem with dioxin poisoning and its negative influence on the bleach- 
ing of pulp and paper; and (5) curtailment of chlo rofluorocarbon 
manufacture and use. An exception is PVC, where gro wth is cur- 
rently positi ve becau se of increased b uilding c onstruction in a 
growing economy and relatively low interest rates. 

Environmental iss ues profoundly affect the chlorine b usiness. 
Discontinuing use of lead additi ves and curtailing carbon tetrachlo- 
ride production are prime e xamples. The generall y accepted thesis 
that chlorine in the upper atmosphere is responsible for a chain reac- 
tion destr oying the Ear th’s p rotective o zone layer e ventually may 
lead to reductions in manufacture and use of chlorine compounds. 

Chlorine-caustic market pricing provides insight into the pric- 
ing mechanism at work. Chlorine pricing is characterized by vendor 
willingness to make long-term cont racts at a set price. Such con- 
tracts, with terms of 5 to 7 ye ars, provide the seller with an ade- 
quate, though modest, returno nin vestment. ECU pr ices ar e 
generally equally divided between chlorine and caustic. The chlor- 
alkali manufacturers can find advantage by raising caustic prices, 
thus compensating for any weakness in chlorine and giving a slight 
increase in overall profitability. Industry return on investment is not 
sO great as to give strong incentive to accelerate expansion. 

Since most of the chlorine produced in the United States is for 
captive use (about 60%), the manufacturers have used merchant 
sales to achieve high rates of op eration, thereby minimizing unit 
costs of their ca ptive requ irements. Th ese me rchant sales ar e 
largely influenced by proximity of vendor to purchaser. The overall 
market demand must b e vie wed in terms of chlorine che micals; 
some of the ostensibly captive chlorine requirement of manufactur- 
ers is truly just one mo ve downstream along the route to af inal 
product. For chlorinated h ydrocarbons, the chlorine manuf acturer 
takes the next step of treating hydrocarbons and selling the chlor i- 
nated compound. 


An interesting change of technology in chlorine manufacture 
is the decline of mercury cells in favor of diaphragm cells because 
of environmental measures to control mercury, e ven th ough dia- 
phragm cells cost more to opera te but require less initial invest- 
ment. Before this restructuring, the trend was toward increasingly 
larger mercury cells th at produced 20 t of chlorine per day . The 
emphasis has changed so that the majority of chlorine produced by 
brine-electrolysis comes from diaphragm cells. The development of 
the dimensionally stable electrode eliminates the problem of grad- 
ual chlorination of the organic binders used in graphite anodes that 
resulted in inefficient cell operation as the anodes disintegrated. An 
electrode made of titanium metal, protected by a film of inert metal 
oxide, permits construction of larger cells with higher current den- 
sities and results in a 3- to 5-year electrode life compared to 3 to 
6 months for graphite electrodes. Diaphragm cells with a produc- 
tion capacity of 3 tpd of chlorine have a life of 9 months to 1 year 
and are limited only by problems with the diaphragm itself. Solving 
difficulties with the diaphragm is centered on ne w materials and 
construction techniques. 

A further cell modification is a bipolar cell in which anodes 
are connected di rectly to adj acent cathodes to reduce voltage 
drops n ow e xperienced in b_ usbar connections between cells. 
Development of bipolar membrane cells wil 1 permit higher con- 
centrations of caustic in the ce ll, thereby eliminating subsequent 
costly evaporation. 

In 2002, percentages of chlorine produced in the three types of 
electrolytic cells were diaphragm (78%), mercury (14%), and mem- 
brane (6%); the balance of chlorine and caustic production (2%) is 
by-product from magnesium and sodium metal production (Kostic 
2002b). 

The long-range market outlook is continued modest, steady 
growth in chlorine use by the chemical industry despite the adverse 
factors cited. 


Fluorine 


Fluorine in the chemical industry is used mainly as a constituent of 
fluorocarbons and in organic fluo rides. Hydrofluoric acid is the 
intermediate for practically all fluorine chemicals. It is produced by 
reacting fluorspar with sulfuric acid to yield hydrogen fluoride gas 
and calcium sulf ate. The gas us ually is liquef ied as anh ydrous 
hydrogen fluoride, but it may be adsorbed in water to make aqueous 
hydrofluoric acid, usually 70% HF. In com mercial practice, about 
2.2 t of acid-grade fluorspar (97% CaF) are required to make | t of 
hydrofluoric acid. C ontaminants found in commercial, acid- grade 
fluorspar are calcium carbonate, silica, and sulfur; maxima are usu- 
ally set by the consum er. Other objectionable constituents, for 
which maxima may be set, incl ude arsenic, chloride, and phos- 
phate. Grain size and moisture content are also specified. 

The fluorocarbons are a lar ge family of useful compounds. 
The first to obtain commercial acceptance were refrigerants; they 
still constitute a major part of the market. They are used in the man- 
ufacture of p lastics that are characterized by c hemical ine rtness, 
toughness, and electrical resist ivity. Other fluorocar bons are used 
as f ire-extinguishing ag ents, dielectric s, surf actants, anesthetics, 
and pharmaceuticals. 

Concern for the ozone-depleting potential of chlorofluorocar- 
bons has led to the development of alternatives that contain less or 
no chlorine in the molecule and do not deplete ozone in the strato- 
sphere. Because of en vironmental conc erns, the Un ited St ates 
ended chlorofluorocarbon use in aerosol propellants. In other appli- 
cations, substitutes (i.e., “not in kind” substitutes) are sought. Most 
alternative fluorocarbon molecules contain a higher percentage of 
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fluorine atoms than the chlorofluorocarbons they replace. Depend- 
ing on the amount of the market captured by not-in-kind substitutes 
and the amount gained by the new, higher fluorine-containing alter- 
natives, fluorspar usage by the ch emical industry may stay about 
level or even increase moderately. 

Inorganic fluorides are produced by reacting hydrofluoric acid 
with the appropriate base or basic salt. Principal uses of inor ganic 
fluorides are outside the chemical industry, such as (1) the use of 
synthetic cryolite (Na3AIF¢) in the production of aluminum metal; 
(2) the relatively minor uses o f sodium and pota ssium silicofluo- 
rides for fluxes and as consti tuents of enamels and glass; (3) t he 
use of aluminum fluoride as brazing flux; (4) the use of sodium- 
aluminum-fluoride in resin-bonded grinding wheels; and (5) the use 
of sodium silicofluoride in w ater supply systems to control human 
tooth decay. 

Hydrofluoric acid is a source of fluorine in reactions with ura- 
nium to produce gaseous uranium hexafluoride from which U?*> is 
diffusion separated fro m the more ab undant U 738, Hydrof luoric 
acid is also widely used as a catalyst in the alkylation of petroleum 
during high-octane gasoline production. A minor use of hydrofluo- 
ric acid is for etching glass, such as electric light bulbs. 

The reader is referred to the chapter on fluorspar in this vol- 
ume for further information. 


Sodium 


Caustic soda, soda ash (sodium carbonate), and salt cak e (sodium 
sulfate) are use ful to the che mical industry mainly a s sources of 
alkalinity and the sodium ion. Supply of cau stic is entirely depen- 
dent on chlorine production (see section on Chlorine in this chapter). 

Demand for caustic is related, in part, to chlorine, but caustic is 
unrelated to chlorine in man y of its a pplications. For example, the 
organic intermediate adiponitrile, mentioned previously, is produced 
from butadiene. Where chlorine and caustic are related in direct pro- 
portion (see section on Chlorine in this chapter) to the ECU, a price 
advantage for the total ECU is possible because the v endor has no 
surplus of either com modity. Generally, however, the pricing of the 
two is independent. 

Various sodium raw materials may be used for the manufac- 
ture of certain sodium compounds _ such as bicarbon ate, c yanide, 
perborate, nitrate, an d silicate. In making s odium bicarbonate and 
sodium silicate, soda ash is the usual starting material, but caustic is 
sometimes used for silicate. 

Caustic is used in makin g su ch di verse products as cello- 
phane, nylon intermediates, and pigments. It has important applica- 
tions in waste treatment processes and in pulp, paper, and alumina 
manufacture. Increased demand for these applications led periodi- 
cally to tight supply _and rising prices, partly because ch lorine 
demand failed to keep pace with demand for caustic. On occasion, 
environmental concerns adversely impacted chlorine use in its prin- 
cipal markets, including pulp and paper, chlorofluorocarbons, chlo- 
rinated solvents, and PVC, whereas caustic soda demand continued 
its steady, though moderate, growth. As a result, the price of chlo- 
rine dropped and caustic rose. The discrepancy between weak caus- 
tic supply, dependent on chlorine production, and steadily growing 
demand can create a g ap, causing instability in the m arket on an 
ECU basis. 

Shortages or noncompetitive prices for caustic push users to 
buy soda ash for alkalinity requirements. An example is trona 
(sodium sesquicarbonate), which can be used by itself or converted 
to caustic. Six companies in th e United States pr oduce soda ash, 
which is used principally in the manufacture of glass (49%); in 
chemicals, including caustic (26%); in soaps and detergents (11%); 


in pulp and paper (2%); in flue-gas desulfurization (2% ); and in 
miscellaneous uses. In 2002 U.S. production was 10.5 Mt, com- 
pared to world production estimated at 37.1 Mt. (Kostic 2002a). 


Sulfur 


Sulfur’s usefulness is so widespread and pervasive in the chemical 
industry that its con sumption closely follows the pattern of indus- 
trial activity. Tables 4 and 5 provide a clear condensation of the role 
of sulfur and sulfuric acid derivatives in organic and inorganic reac- 
tions and process applications. 

Frasch process sulfur was formerly a strong factor in meeting 
sulfur supply requirements, but the last Frasch mine in the United 
States closed in 200 0. No w, important su pplies of sulfu rare 
coproduct sulfur from natural gas and petroleum and, increasingly, 
sulfur obtained as the by-product of pollution control. 

Marketing of sulfur reflects the well-established preference of 
bulk consumers for deliveries in liquid form. High labor and energy 
costs for remelting, together with environmental aspects, continue 
to stimulate the preference for transport and use of liquid sulfur. 

U.S. sulfur production in 2002 was about 9.27 Mt, of which 
recovered elemental sulfur was 8.5 Mt and other (mainly as by- 
product sulfuric acid) was 770,000 t. Imports were 2.9 Mt. Com- 
parative figures for 1998 were 11.7 Mt of production consisting of 
1.8 Mt Frasch, 8.3 Mt ofr ecovered, and 1.61 Mt of other , with 
imports the same at 2.9 Mt. Average prices in 2002, free on board 
(f.0.b.) producing plant, were $1 1.84/t, compared to $29.14/t in 
1998, when high-cost Frasch was a factor in the pricing. 

The outlook is for increased sulfur supply coming from pollu- 
tion control. For additional information, the reader is referred to the 
chapter on sulfur in this volume. 


ENVIRONMENT 


As an example of industrial sensitivity to environmental concerns, 
U.S. Borax, Inc., a major producer, is acting to ensure that its activ- 
ities promote sustainable development, including low environmen- 
tal impact at its operations and enhancement of standards of living 
by its products and their contribution to economic development. In 
line with the se obj ectives, the Industrial Mi nerals Asso ciation— 
North America (IMA-—NA) was formed in 2002, and U.S. Borax is 
a member of its sod a ash and borates section. The aim of IMA— 
NA’s 38 member organizations is to coor dinate industrial minerals 
producers’ actions in governmental affairs, safety and health, envi- 
ronmental concerns, operations, and engineering (Industrial Miner- 
als Association—North America 2003). 

Sustainable de velopment has become th e catchw ord of the 
chemical industry. Goals in the pursuit of sustainable development 
are economic, environmental, and social to maximize effective use 
of resources, to minimize environmental impacts of operations, and 
to protect the health and safety of employees and of the public. 

The toxicology branch of the U.S. Centers for Disease Con- 
trol and Prevention has about 50 studies in progress to assess safe 
and unsafe levels of certain chemicals and has released a survey of 
116 chemicals measuredin blood and urine sample s colle cted 
nationwide. Findings to date have focused on exposure to lead, 
organophosphate pesticides, dioxin and rela ted chemi cals, and 
other selected chemical compounds (Hileman 2003). 

The United States approved the Montreal Protocol limiting the 
production, trade, and use of chemicals associated with destruction 
of ozone in the stratosphere; this affected mainly chlorofluorocar- 
bons. An amendment in 1997 added methyl bromide to the list of 
controlled substances andr equires licensing forthe e xport and 
import of all substances contr olled under the Protocol. Another 
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Table 4. Sulfur derivatives 


Sulfur. —————+ 


Frasch process 
recovered mined 


Ammonium hydrosulfide 


Ammonium sulfite 
Ammonium thiosulfate 





Ammonium thiocyanate 


Barium sulfate —————> 
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Ammonium polysulfides ———————> 
Photographic developer 

Textile industry 

Coloring brasses 


Reducing agent 

Hair waving formulations 
Photographic fixer 

Liquid fertilizer additive 


lszeelogz3| 











> 
Barium sulfide 
Paint pigment 
Plastics 
Rubber 
Medicine L__» 
X-ray indicator 
ee 





Calcium polysulfide 


Carbon disulfide 


Viscose rayon 
Cellulose film 
Ferbam = 





Hydrogen sulfide ————————> 


Mercaptans§__——2—_—_> 


Fluorocarbons 
Carbon tetrachloride 


Ammonium sulfide H+» 
Mercaptoethanol 

Sodium sulfide 

Sodium hydrosulfide 
Purify Hyereclode and 
sulfuric acid 

Vulcanize synthetic rubber 








Methyl mercaptan 


| Methionine a 
Dimethyl sulfide 
Dimethyl sulfoxide 

Pharmaceuticals i 
Propyl and butyl mercaptans 


Dodecyl mercaptan —————> 





HoljBedotium dads eres pentachloride 


Mercaptobenzothiazole ————$— 


(Captax) 
Phosphorus pentasulfide 


Phosphorus sesquisulfide ————> 


Potassium thiocyanate —————> 


Sodium polysulfide ———>- 


Sodium thiosulfate 
Sulfur dioxide 


Solid lubricants 


Rubber vulcanizing accelerator 





Matches 


Thioures 


fs Aminothiazole ———_> 
Photography 
Rubber accelerator 





Freezing mixtures 
Dyeing textiles 


Electroplating 

Dye 

Petroleum additive 

Polysulfide polymers (thiokol compounds) 


Insect sprays 


| Naphthylthiourea (antu) 
kodenticide 


Thiourea 
Guanidine sulfocyante 
Fertilizers 
Photography 
Freezing solution 

(liquid rocket propellant) 
Weed killer/defoliant 
Electroplating 


Depilatory 
Vu ae 


| Sodium hydrosulfide 





Agricultural fungicide 


Fungicide 


Textiles 
Photo developer 
Color brass/bronze 


Dye solvent 
Pharmaceuticals 
Insecticide 





Flotation agent 


Protein food additive 


Insecticides 


Synthetic rubber 
Fungicides 
citecerte 


Lube oil additive 
Rubber additive 
Flotation agent 
Insecticides 





Sulfa drugs 





Sulfur hexafluoride —————> 


Sulfur monochloride ——————> 


Sulfuric acid ————_> 


Sulfur dyes 
Sulfur nitrides 
Agricultural fungicide 


Polymerization inhibitors 


Rubber vulcanizer 





Dielectric insulating gas for transformers, 
coaxial cables, and other high-voltage 
electrical equipment 


Chlorinating agents 

Complexes with polyvalent 

metal _ chlorides 

Mustard gas ————» 


Organic acid anhydrides 


Sulfur dichloride +» 
Thionyl chloride 

Catalyst (chlorobenzene 

from benzene) 

Rubber vulcanizing 

Puriing sugar juices 

Textile finish 

Vulcanized oils 





Hydrochloric acid | 
Nitric acid 


Pp . 








Chemical warfare agent 


Sulfur tetrachloride 

Thionyl chloride —————> 
Chlorine carrier 

Vulcanize rubber 

Purify sugar juices 

Organic chemicals 

Insecticides 





Sodium bisulfate 








Styrene 





Vinyl acetate 
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Chlorine dioxide 
Hydrochloric acid (Hargreaves process) 
Hydroxylamine sulfate 


Potassium bisulfite 


Potassium hydrosulfide 


Potassium sulfate 
(Hargreaves process) 


Potassium thiosulfate 


Sodium bisulfite 
Sodium persulfate 


Sodium sulfate 


(Hargreaves process) 


Sodium sulfite 


Sodium thiosulfate 


Sulfur from hydrogen sulfide 
or from sour natural gas 


Sulfur trioxide 


Sulfuric acid 


(chamber process) 


Sulfurous acid 


Sulfuryl chloride 
Thionyl chloride 
Zinc sulfide 

Zinc hydrosulfite 


Zinc sulfoxylate 
Alkyl chlorosulfonates 
lsoamyl chloride 
Sulfonyl chlorides 
Thioyl bromide 
Asthiseindee compounds 
Fatty acid chlorides 
Organic acid anhydrides 
Organic acid chlorides 
Dyes 
Nitrites 
Pharmaceuticals 
Catalyst (chlorobenzene from sulfuryl chloride) 
Dessicant to remove water of hydration from 
Synthetic pyrethrum 
Sodium sulfate 
Sodium sulfide 
Mineral decomposing flux 
Disinfectant 
Dyeing 
Carbonizing wool 
Magnesia cements 








Soap 


Table 4. Sulfur derivatives (continued) 


——_ Caprolatum 





—————_ Separation of heavy metals 


Potassium persulfate => 


Potassium sulfide ————> 


Alum manufacture 





Chemicals 


Reduce organic compounds 
Antiseptic 

Food preservative 

Flour bleach 

Tanning 


Bleach 

Antiseptic 

Pharmaceuticals 

Synthetic rubber polymerizer 


Dimethyl sulfide ———————__> 
Dipilatory 
Medicine 


| Sodium hydrosulfite 

















Dimethyl sulfonoxide 
Polyacrylonitrile solvent 
Industrial cleaner 
Paint stripping 
Hydraulic fluid 
Pesticides 
Wool felt treatment 
Odor donor natural gas 
Catalyst impregnator 





Sulfamic acid 





Corn starch 
Natural glues 


Pulp wood digestion (semichemical 
and sulfite process) 


Annealing of glass 


Antichlor§ ————_» 


Bleach -—— > 
Fertilizer 
Fumigant ———————> 


Heat treatment of 
magnesium alloys 


Ore flotation agent 
(depressant of zinc blende 
during flotation of copper ores) 


pH control 
Preservative ——H4H4—» 
Refrigerant 


Solvent extraction of 
oils 
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Kraft pulp bleaching 
Water purification 
Beet sugar solutions 
Crude straw 

Silk 
LWeol 


Grain 
Silage 





Beer 
Fresh and dried fruits 
Meat 
Wine 


Fertilizer 

Medicine Dye Reducing agent 
— a vile LL» : e een 

. Wood pu leaching sugar, 
——— Fateil bleach Food pene soap, minerals 

Sodium thiosulfate Medicine = 

Dyes Pesticide 

Organic chemical Fermentation industry 

Textile bleach = 

Reducing agent 

Latex treating 

Food preservative 

Photographic developer —— 
—— Flameproof textile paper — 

Ammonium sulfamate ——————> | Weed killer Cyclamates 

Electroplating Sulfated surfactants 

Chlorosulfonic acid — > | Saccharin 
Dioxane sulfotrioxide ——————> Alkyl hydrogen sulfates Poison gas 


Dodecylbenzene sulfonate ———> Synthetic detergents using 
phosphate _ builders 


Fluosulfonie a¢id AA iA 


Lauryl sulfate -—————————»_ Synthetic detergents 


Sulfamic acid 


Organic catalyst 
Electropolishing 









































Anthraquinone-disulfonic acids —» Dyes 
Dimethyl sulfate §©——+H++ Methylating amines 
Naphthalenetrisulfonic acids and phenols 
>| Oleum > | Sulfamic acid Dyestuffs 
Sulfanilic acid § ————————> Organic synthesis 
Sulfonic acids of saturated Medicine 
paraffin hydrocarbons — ae 
Thionyl chloride > Sodium alkane sulfonates 
— — Y 
Naphthylamine Emulsifying agents ———> 
ae Sane sulfonic acid 
Pyridiniumsulfonic acid ———__» Naphthylamine I> Dyes 
Pyrosulfuryl chloride disulfonic acid 
Sulfur dioxide (high purity) L_ — 
Sulfuric acid (contact process) Synthetic processes 
Thionyl chloride 
Thioxane sulfotrioxide —————> _Naphtalenesulfonic acid == _Disinfectant soaps 
| Organic synthesis Alkyl sulfonyl chlorides 
——————> | Bleach straw, paper, textile 7 aabayeniondes 
Wine, food, beer perservative See 
eae Benzyl chloride 
— > | Chlorobenzene 
—= > | Paint pigment Chlorophenols —————> 
Brighten paper pump Glue and gelatine Rayon 
———————> | Sugar juices Lithopone Zinc sulfoxylate 
Bleach textiles, oils, straws X-ray/TV phosphor Military polson:gas 
— Rubber Pharmaceuticals 
———_ Dye stripping Plastic Solvent for chlorination or 
Ra ‘ — bromination of dyes and 
rs est een dye intermediates 
es lone suites Dye stripping 
> Surface active agents — 
| Surfactants 
Peroxides 


Aluminum chloride 
Magnesium chloride 
Titanium trichloride 








Leather dipilatory 
Organic chemicals 
Dyes 

Rayon 

Flotation process 
Engraving/printing 





Photographic reagent 


lubricating 


Solvent for aromatic and sulfur 
compounds in petroleum feed stocks 
(Edeleanu process) 


Soybean protein 


Sterilizing fermentation equipment 
(citric acid) 


Activated carbon 

Bromine 

lodine from oil well brines 
Selenium from copper slimes 


Tanning 


Manufacture of ———+» 


paee Oil-soluble petroleum 
Insecticides ; sulfonate, barium salt 
Lubricating oil additives ———> ah ba petroleum 
Paper ‘ sultonate, calcium salt 
pokes Oil-soluble petroleum 
Textiles sulfonate, sodium salt 








Disinfectant 


Dye stripping 
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Table 5. Sulfuric acid derivatives 


Sulfuric acid* ————> 
from elemental sulfur 
from pyrites 
from smelter gases 
from sludge acid 
refortified acid 
from H2S 


Industrial Minerals and Rocks 











Inorganic Reactions 











Aluminum sulfate 
Iron free aluminum sulfate 


Ammonium bisulfite > 

Ammonium sulfate ———_» 
(from coke-oven gas) 

Ammonium sulfate 


Ammonium persulfate 
Fertilizer, ———H___, 





(from synthetic ammonia) 
Antimony sulfate >» 


Barium sulfate ———4H44+» 
(synthetic blanc fixe) 


Beryllium sulfate 4!» 
Boric acid 
Cadmium sulfate 


Explosives 


Barium oxide 
White pigment for paints 








Beryllium oxide 


Sizing paper 

Water purification 

Dye mordant 

Sewage treatment 

Fire fighting 

Fat/ou clarifier 

Aluminum sodium sulfate ——»> 


Hydrogen peroxide 


Ammonium chloride ————> 
Cobaltous ammonium sulfate 
Nickel ammonium sulfate ——» 
Fertilizer 
Flame retardant in fabrics 
Industrial ethyl alcohol 

from molasses (nutrient 

for yeast culture) 
Viscose rayon 











Chromic acid 


Cobaltous sulfate 











Ferric sulfate 
Ferrous sulfate 





Fluosulfonic acid: 
Hydrochloric acid 

(from sodium chloride) 
Hydrofluoric acid 





—> 


Aryl sulfonyl fluorides —————> 
Catalyst (alkylation 

of isoparaffins 

Electropolishing 








Mercuric sulfate ————_»> 


Mercurous sulfate H+ 


Oleum 


(from fluorspar) Wood preservative 
Hydrocyanic acid — > 
(from sodium cyanide) aes 
Hydrogen sulfide Ceramics ; 
Lead sulfate, basic ————> Leaded zinc oxide 
Pigment 
Stabilizer in vinyl plastics 
Lithium sulfate ———————————_» Pharmaceuticals 
Magnesium sulfate > 


Medicine 
Gold/silver extractant 
Galvanic batteries 


Laboratory batteries 





Nickel sulfate rr, 


Enriched superphosphate 














=— > 
Sulfamic acid 
Sulfonated oils ————————————>_ Textile finishing agents 
Chi Ifonic acid Sulfuryl chloride 
ofosulronie. ach o-Toluene sulfonyl ex : 
chloride §=-—————____> acta 
Sulfated surfactants | Dyestu ° 
— — > 
Green paint/varnish Ceramics 
Chromic sulfate ——————————+ Leather tanning Pigments 
Textiles Glass 
- Plating 
28 — 
Copper sulfate ——————————»_ Fungicide Rumi Gciieg 
Pigment 
> | Soil amendment 
Fluoboric acid ———————————+_ Electroplating Coagulant in water 


and sewage treatment 


Lubricating oil additives 


Acrylonitrile 

Acylates 

Adiponitrile 

Dyes 

Fumigants 

Rubbers. 

Plastics 

Chelating agents 

Mineral water 
Magnesium tungstate ————>- 
Fireproofing formulations 
Leather tanning 

Medicine 

Paper sizing 


Nickel-ammonium sulfate ——» 
Nickel catalyst 

Nickel plating 

Printing textiles 





Textile waterproofing 
Tanning 

Paper precipitant 
Sugar refining 





Dry cells 


Electroplating 


Cadmium electric cells 
Medicine 
Vacuum tube manufacture 


Zinc chromate 
Anodizing aluminum and 
aluminum _ alloys 
Ceramic glaze 

Chrome plating baths 
Copper stripping 
Dyestuffs 

Metal surface treatment 
Pharmaceuticals 

Rubber pigment 





Luminescent paint 


Electroplating 


Monoammonium phosphate ——————» Diammonium phosphate ———> Fertilizer 

















Zinc sulfate 








Ceramic coloring 








Triple superphosphate Fertilizers 
Phosphoric acid ——————> — 
( F ) Rust proofing metals 
mee process Soft drinks aa 
Sugar refining Medicine 
| Water treatment Potassium aluminum sulfate —» | Dye mordant 
esa : (potash alum) Baking powder 
Potassium bisulfate ——_»> oe oe Potassium bisulfate — 
Potassium dichromate ae Potassium persulfate Mediéine 
Potassium sulfate »_ | Potassium sulfide * | Depilator 
(from potassium chloride) rc agent 3 Eats x 
Silica gel smokeless powders 
Silicon tetrafluoride ————————» _Fluosilicic acid fell a f 
(by-product of phosphate cr ‘ janutacture of gypsum 
rock aciduation) Metallurgical flux wall board 
Sodium bisulfate 4+» pean ett 
Sodium dichloromate eather bleac! 
Cleaning agents 
Sodium sulfate — 
Sulfamic acid — 
Sulfuryl chloride Lacquers 
Titanium dioxide — Pigment for ———————_> fold walks 
Tungsten, metal Delustering synthetic fibers Vernieh 
Tungstic acid ————_________> | Textiles Single crystals for Le 
Plastics a Coated fabrics and textiles 
= iller for Fl : 
Mordant | Welding rod a posse 
Vanadyl sulfate ————___—-+» | Aniline black Rubber 








* Varying strengths of sulfuric acid are used as processes require (sulfuric acids = 100% H2SOu, or oleum 100% H2SOx). 
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Table 5. Sulfuric acid derivatives (continued) 





Acridine > 
Anthraquinone —————> 
Chloroanthraquinone ——_»> 
Benzene (from coke-ovens) 

Benene sulfonic acid 











Organic Reactions 





Dyes 
Dye 
Medicine 





Chloral ——————> 


Citric acid 


Dichlorodiphenyltrichloroethane (DDT) 





Cresols and cresylic acid ———+ 
Cyanamide t+ 


Dichlorophene ————————_> 
Diethyl sulfate 
Dimethyl sulfate 
Dioxane 
Dodecylbenzene sulfonic acid 

Ethyl hydrogen sulfate —————+ 





Creosote 
Disinfectant 
Lube oil additive 


Dicyandiamide 


Fungicide 
Dermatological applications 
Veterinary medicine 


| Diethyl sulfate 
Ethyl alcohol 























Phenanthroline 


Salicylic acid 

Stearic acid 

Tall oil 

Toluene sulfonic acid, sodium 


salt 
Xylene sulfonic acid, sodium salt 


(from — ethylene) Ethyl ether ——________, 
Fatty alcohols Alkyl! sulfates 4 > 
Formic acid — > 
Reducing agent 
Condensation reactions 
Acetate fiber catalyst 
Hydrazine sulfate ——-——————+ | Blood tests 
Metal and mineral analysis 
Fungicide 
Lacquers In adhesive 
Isopropyl alcohol — > 
Ketoglutaric acid 
Lactic acid 
Mannitol hexanitrate (MHN) High explosive 
Methyl methacrylate 
Naphthalene sulfonic acids ————> -naphthol 
Naphthol sulfonic acids ——————>_ Dyes 
Naphthylamine sulfonic acids 
Oxalic acid (from calcium oxalate) — 
Phenol (from coke-ovens, petroleum Dryer catalyst 
and sodium phenolate) Indicator 





| Detergent hydrotropes 
Dyes 
Organic synthesis 








Vanillin 
Mixed acid 

(nitric and sulfuric) 
Synthetic petroleum 
sulfonates 








Manufacture of 


Water soluble sulfonates 
for emulsifying agents 
Oil soluble sulfonates 
for lube oil additives 







Phenol 

Resorcinol 

Organic synthesis 
Detergent hydrotropes 
Beverage 
Pharmaceuticals 
Effervescent salts 


Solvent for cellulose acetate 
Paint/lacquer 

Dye dispersant 

Cosmetics 

Fumigant 

Glues 


Organic solvent 
Anesthetics 
Medicine 
Smokeless powder 
Organic synthesis 
Fumigant 


Anionic detergents 


Formate esters 
Dyeing 

Laundry sour 
Fumigant 

Food preservative 
Rubber coagulant 
Ore flotation 
Electroplating 


Acetone 
Solvent 
Deicing agent 
Lacquers 
Perfumes 
Preservative 





(DPEHN) 


Nitrocellulose ———_+» 
Nitroglycerin 
Pentaerythrioltetranitrate 
(PETN) 

Trinitrotoluene 


(TNT) 














Kraft paper production 

Lead sulfate > 
Molybdate chrome orange 

Ceramic glaze 

Assistant in dyeing wool with acid dyes 
Synthetic detergents diluent 

Freezing mixture 

Glass 

Nickel smelting 

Spinning baths for viscose rayon 
Tanning 

Wool pulp (sulfate process) 


Ammonium sulfamate —— +» 
Ceramic cleaning 

Electroplating 

Fire retardant 

Formaldehyde 

Metal siding 

Plasticizer 





Weed killer 


Storage batteries 
Paint pigment 





Fire retardant 


Process Applicat 








Additive to sodium peroxide 
baths for bleaching 
groundwood pulp 
Alumina silica catalysts 
Assistant in dyeing wool 
with acid dyes 
Catalyst in manufacture of ——> 
Chlorine drying 
Coagulant G styrene butadiene 
rubber (SBR) elastomers 
Corrosion inhibitor in 
phosphoric acid 
Cracked gasoline treating 
Creping agent for cotton 
Deodorizing tall oil 
Desulfonization 
Dessicant in 
manufacture 
Desulfonization 
Electrolyte in lead-acid 
storage _ batteries 
Kraft pulping 
Mixed fertilizers 
Oat hulls 
Ore flotation agent 
(pH — modifier) 
Parchment paper 
Production of electrolytic 
copper and zinc 
Pickling of iron and steel 
Polymerization 
Regenerating bath for cellulose 
Sec and tert butyl alcohol 
Synergist for phenolic 
antioxidants 
Textile finisher 
Treating kerosene 
Water treatment/clarification 
Rubber catalyst 


of ———_> 





[ Acetic anhydride 
Diacetone alcohol 
Methyl isobutyl ketone 





> Naphthionic acid ——————+> Dye intermediate 


Phenol sulfonic acid ———————_»_ Picric acid —————————————_» _ Ammonium picrate —————+ High explosive 


Guncotton ———_» 


Pyrocotton —————» 
Pyroxylin +» 


Bromine dinitrobenzene ———> 
Kaolin 
Naphthalene 
(from coal distillation) 
Nitrobenzene 
Pyridine 
(from coal distillation) 
Xylene 
(from coal distillation) 
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jons 





Acrylic esters by alcoholysis 

Amyl acetate from amyl alcohol 

Butyl acetate from butyl alcohol 

Caprolactam 

Cellulose acetate from cellulose 

by _ acetylation 

DDT from chloral 

Diaky| phthalates from 

phthalic anhydride 

Diphenylethane 

Ethyl acetate from ethyl alcohol 

Petroleum alkylate from 
petroleum feed stocks 

Vinyl acetate from acetylene 


| Chlorine from sodium chloride 
Nitric acid 





Furfural 


| Dipentaerythritolhexanitrate > )oHigh explosive 


Single-base propellant 
Double-base propellant 


Coating material 
Low-energy propellant 





PR High explosives 


Trinitrobenzene 
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amendment in 1999 added bromochloromethane to th e list for 
phaseout of production, consumption, and trade (Chemical Market- 
ing Reporter 2002). 


OUTLOOK 


The rol e of t hese i ndustrial mi nerals int he c hemical i ndustry 
ensures their vitality in U.S. a nd world economies. As noted, each 
fills significant human needs and will continue to be drawn upon to 
fulfill their roles in chemical production. 
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Chromite 


John F. Papp and Bruce R. Lipin 


INTRODUCTION 


Chromite ore is mined mostly for metal content; it has useful prop- 
erties, ho wever, for the refractory and foundry indu stries. Louis 
Nicolas Vauquelin first isolated chromium from the mineral croco- 
ite in 1797. He called the new element chromium because its com- 
pounds had a wide v ariety of colors. Xpa@uais Greek for color , 
which is chroma in Latin. One of these compounds was a yello w 
pigment that became popu lar; as a result, paint w as the first com- 
mercial application of chromium . Soon thereafter chromium w as 
discovered in chromite (FeCr2O4), a much more common mineral, 
from the Ural Mountains. 

On the periodic table, the element Cr has many name varia- 
tions: chromium is the American name of t he element, chrome is 
the British and French name, chrom is the German name, and xpom 
(in the Cyrillic alphabet) or krom (in the Latin alphabet) is the Rus- 
sian name. 


CHROMIUM IN THE 20TH CENTURY 


The United States started the 20th century both producing and con- 
suming chromite, but today it is solely a chromium consumer. In 
1900, “chromic iron o re” describe d what is now called chromite 
ore. At that time, it was use d as an al loying element, in chemical 
compounds, and in refractory mate rials. The Unite d St ates pro- 
duced 142 t of chromite in 1900, 0.27% of world production. U.S. 
production had a veraged 2,200 tp y from 1880 through 1896, and 
there was no production from 1897 to 1899. Production increased 
during World War I and World War II, and ended in the mid-1960s. 

Chromite c onsumption peak ed in 1943 as are sult of W orld 
War II mobilization, but did not reach maximum consumption until 
1977. The United States was the major world chromite con sumer 
until after the war. Chromite consumption in the chemical industry 
grew in the years from 1 900 to 2002. Metallurgical industry con- 
sumption p eaked during 195 6an d1957.Chro mite-containing 
refractory pro duction grew until the mid-1 960s and then d eclined 
because of technological developments and environmental concerns. 

Isaac Tyson Jr. (1792-1861) was responsible for starting U.S. 
chromite production and chromium chemical manuf acturing. He 
studied geology, mineralogy, and chemistry in France, and subse- 
quently developed the first chromite ore mines in the United States. 
He also established the first U.S. chromium chemicals plant, the 
Baltimore Chrome Works, in Ba Itimore, Maryland, in 1845. The 
plant closed in 1985. Some of Tyson’s mines are preserved today in 
the Soldiers Delight Natural Environmental Area northwest of Bal- 
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timore. Tyson was inducted into the National Mining Hall of Fame 
and Museum in 1996. 

The United States no longer accounts for significant chromite 
production, but continues to be a major consu mer of chromium. 
Ferrochromium w as on ce produced in the Un ited States from 
imported chromite, but now nearly all ferrochromium is imported. 
Ferrochromium is consumed predominantly by the stainless steel 
industry, a sector that has continued to show significant growth. 

Chromium is im portant in metallurgy as an alloying element. 
Chromium and tungsten were alloyed with iron to make tool steel. 
Chromium also was used to har den armor plating. These uses, and 
chromite use as a refractory in steel-producing furnaces, made mate- 
rial containing chromium strategically critical material World War I. 
Stainless steel w as first produced in France, Germany, the United 
Kingdom, and the United States between 1910 and 1920 when chro- 
mium was alloyed with iron. Once the role of chromium, nickel, and 
other allo ying elements w as understood, stainless steel became an 
integral part of the steel industr y. In 2002 stainless steel accounted 
for more than 2.4% of U.S. steel produ _ction, a veraging 2.2% 
between 1998 and 2002. Stainless steel production has been gro w- 
ing and that gro wthise xpectedtoc ontinue. Stai nless ste el 
accounted for 75% of U.S. chromium consumption in 2002. Super- 
alloys are engineering alloys of chromium and nickel for demanding 
applications in aggressive environments that were unknown in 1900. 
They are used in the internal workings of jet engines, an important 
strategic use of chromium, and in stationary turbine electrical power 
generation, another important critical use. 

The term chromite is used in many different ways. Terminol- 
ogy is no t consistent throughout the in dustry or among academic 
disciplines that study chromium. F or this chapter , the mineral 
chromite describes the mineral itself. Chromite ore refers to rock in 
the ground th at is economically min able for the mineral chromite 
content and run -of-mine ore (i.e ., material remo ved economically 
from the ground). Chromite refers to products made from chromite 
ore and supplied to the marketplace. For trade purposes in the Har- 
monized Tariff System, chromite is called chromite ore and concen- 
trate, which is made from chromite ore. This description frequently 
is Shortened to chromite ore, chromium ore, chromite, chrome ore, 
or chrome. The terms are used synonymously and may appear con- 
fusing to the general readership. Historically mines supplied mini- 
mally processed material, so there was lit tle dif ference be tween 
chromite ore and chromite products. Today most chromite ore is 
processed before it reaches the marketplace. 
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Fe3O4 or 
(Fe2TiO4) 





MgAl2O4 


FeCr2O4 


Figure 1. Representation of chromite compositions in stratiform 
and podiform chromite deposits: A, podiform trend with arrow 
showing change in composition with decreasing temperature of 
crystallization; B, stratiform trend with arrow showing direction of 
compositions with decreasing temperature 


Table 1. Minerals of spinel structure 





Chemical 
Series Elemental Basis = Mineral Name Composition 
Chromite Chromium Chromite FeCr2O4 
Magnesiochromite* MgCr204 
Spinel Aluminum Spinel MgAl204 
Hercynite FeAl2O4 
Gahnite ZnAloO4 
Galaxite MnAl2O4 
Magnetite lron Magnetite FeFe2O4 
Magnesioferrite MgFe2O4 
Franklinite ZnFe2O4 
Jacobsite MnFe2O4 
Trevorite NiFe2O4 





* Also called picrochromite. 


GEOLOGY 
Mineralogy 


Chromium is found in a wide variety of oxide and silicate minerals 
in the earth’s crust. At st andard temperature and pressure, chro- 
mium is a metal; it does not, however, occur in the native state. The 
most important chromium-bearing mineral is chromite, which is the 
only ore of chromium. It is in the spin el group with the general 
chemical formula XY204, where X and Y represent di valent and 
trivalent metal ions, respectively. Figure 1 shows spinel minerals in 
a prism diagram with end member c ompositions at each c orner. 
Because most spinel end members form at high temperatures, com- 
positions of the mineral chromite form complete or extensive solid 
solutions within the prism. 

The base of the prism consis ts of aluminum- and chro mium- 
bearing spinels with no tri valent iron (or titanium ). Compositions 
become richer in tri valent iron and poorer in di valent iron th e 
higher they occur in the prism. Care is necessary using this nomen- 
clature because the series based on aluminum and the MgAhbOx, end 
member is named spinel. 

Compositions of the m ineral ch romite occupy the v olume 
shown in Figure 1. Lod e chromite ore depo sits are of tw o types: 
stratiform and podiform . Compositions dif fer in the tw o types of 


deposits. In podiform deposits the trend marked “A” is a ramp lead- 
ing from high Al values to high Cr values with very low Fe** (or 
Ti*+). This ramp leads to a cylinder in which compositions of strati- 
form and podiform deposits overlap, but podiform deposits g ener- 
ally have lo wer Fe** (or T i**) than do stratiform deposits. Other 
minor constituents include nickel, zinc, and manganese (Table 1). 

Tons in spinel-group minerals form a close-packed, cubic, face- 
centered lattice that imparts a relatively high density; the typical spe- 
cific gravity of commercial ch romite pro duct is 4.5 to 4.8 g/em >. 
The mineral chromite is black wi th a metallic to dull luster and 
yields a dark brown streak, distinguishing it from other black spinel- 
group minerals, which typically ha ve a white streak (e.g.,_ magne- 
tite). The mineral chromite is opaque to slightly translucent in thin 
section, depen ding on the amount of tri valent iron presen t; it is 
opaque if it contains very little Fe*+ but slightly translucent if it con- 
tains more that a few percent Fe**. The mineral chromite with very 
low amoun ts of Fe ** (less th an a fe w percent) is nonmagnetic; 
higher amounts of Fe*+ make it weakly magnetic. Hardness is typi- 
cally 5.5 to 6.5 on the Mohs scale. The mineral chromite typically 
does not show cleavage and exhibits conchoidal to uneven fracture. 
Origin 
Four types of chromite ore deposits occur as either lode deposits or 
secondary deposits. Lode chromite ore deposits comprise stratiform 
and podiform depo sits, whereas secondary chromite ore dep osits 
comprise laterite and placer deposits. 

Stratiform deposits are found in layered igneou s comple xes 
and podiform deposits occur as irregularly shaped pods or folded 
lenses inlo wer portions of — ophiolites. Econom ic stratiform 
chromite ore deposits have been found only in those layered igne- 
ous complexes older than 2.06 Ga. Ophiolites are pieces of mantle 
and oceanic crust that ha ve been thrust over continental crust or 
island arcs by tectonic motion over time. For many years ophiolites 
were thought to be geologically young (<1 Ga), but Kusky, Li, and 
Tucker (2001) demonstr ated that an ophiolite in China with 
chromite ore dep osits is as old as 2.505 Ga. In addition, Sto we 
(1987) interpreted the approximate ly 3.5-Ga-old chromite ore 
deposits at Selukwe, Zimbabwe, to be of ophiolitic origin. 

Secondary chromite-containing deposits exist as laterite depos- 
its derived from weathering and leaching of peridotite host rock that 
contains 1% to 2% of the mineral chromite; the y are not commonly 
ore grade. Large peridotite bodies in tropical climates with favorable 
topographic en vironments (not too mountainous) canund — ergo 
chemical weathering that results in residual soils. Subsequent leach- 
ing of sil icate minerals helps ac cumulate chromite mineral. These 
lateritic soils make it easy and inexpensive to concentrate chromite 
mineral from its matrix. Su ch deposits are mined in Indonesia and 
Vietnam. Although production from these deposits is a tiny fraction 
of world production, their potential is enormous. 

Placer chromite results from er osion of peridotite host rock. 
The relatively dense chromite mineral is concentrated as lag depos- 
its on beaches or in streams. These have the least economic impor- 
tance of the fou rtypes of chro mite mineral deposits. None are 
currently being mined. 

Some controversy exists about the origin of lode chromite ore 
deposits. In many layered igneous complexes it appears that repeti- 
tive layers were produced by multiple injections of magma into the 
rock chambers. Ane w magma injectionc ommonly marks the 
beginning of a new cycle, with chromite mineral crystallizing typi- 
cally with ol ivine or p yroxene in the ratio of appr oximately 98:1 
silicate to chromite mineral. Then only chromite mineral crystal- 
lizes to form a layer of massive chromitite, or a mixture of silicate 
and chromite mineral in widely v arying proportions. T emporary 
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Figure 2. Location, geologic type, and size of major chromite ore deposits 


cessation of silicate precipitation is not the normal sequence in frac- 
tional crystallization, suggesting that something disrupts the sys- 
tem. Two hypotheses have received special attention in e xplaining 
this phenomenon. Hess (1960) promoted the idea that new magma 
comes in contact with preexisting magma in the chamber (magma 
mixing). Irvine (1977) suggested that newly injected magma could 
mix with a granitic component, and la ter data from the Bushveld 
Igneous Complex (Schoenberg et al. 2001) supported the idea. The 
other hypothesis was first suggested by deVilliers (1970) and Cam- 
eron (1975), and later explored by Lipin (1993). Their idea was that 
temporary pressure inc reases within the magma ch amber ca use 
only chromite mineral to crystallize, an effect that Sen and Presnall 
(1984) verified experimentally. 

Several ideas re garding the origin of podiform chromite ore 
deposits in ophiolites are based on the complicated structural setting 
and varied shapes of the deposits. These fall into the following cate- 
gories: (1) residue from partial melting in the mantle; (2) crystalliza- 
tion from a mafic magma during defor mation; (3) magma condu its 
in which pyroxene was dissolved out of peridotite through which it 
flowed, thus ch anging the magma composition , and wh ere only 
chromite mineral c rystallized; and (4) interaction of met asomatic 
fluids in the mantle with peridotite to form chromite mineral. 


Abundance 


Chromium is the 13th most common element in the earth’s crust at 
about 185 ppm; it is the 26th most common element in sea water at 
about 0.2 ppb (Taylor and McLennan1985). The highest concentra- 
tion is in igneous rock at 0.06% (Parker 1967). 

Chromite mineral commonly occurs in maf ic and ultramafic 
rocks, which cover large portions of the Earth’s surface. Peridotite, 
an ultramafic rock predominated by olivine, is the common host for 
economic chromite mi neral deposits. Chro mite mineral deposits 


also occur in p yroxenite and rarely in anorthosite. Perid otite con- 
tains 1% t 0 2% c hromite mineral as an accessory mineral. Most 
economic chromite mineral deposit s contain concentrations of at 

least 25% chromite mineral. Exceptions are laterites in Ind onesia 
and Vietnam derived from weathering of peridotite. 

Mafic rocks, mainly basalt, also contain the mineral chromite; 
flood basalts, ho wever, which re present the most voluminous of 
these rocks and cover thousands of square kilometers, rarely con- 
tain mineral chromite. For example, the average chromium content 
of Columbia River Basalt is less than 100 p pm; thus, chromium is 
dispersed in v ery low concentrations incommon mafic minerals. 
Oceanic basa Its have m ore chrom ium ona verage a nd m ineral 
chromite occurs in trace amounts. For example, Hawaiian basalts 
contain about 400 ppm chro mium, which is high enou gh to form 
the mineral chromite; its grain size, however, averages only 29 pm. 
The small grain size makes bulk separation difficult. 

Although many rocks contain chromium or mineral chromite, 
they are not potential hosts for economic mineral chromite depos- 
its. Lipin (1 983) showed that only mineral chro mite occurs with 
enough chromium to be an ore. 


Distribution of Major Deposits 


Figure 2 sho ws the distrib ution of ma jor chro mite ore dep osits 
around the w orld. Ophio lite comple xes are more abundant than 
stratiform igneous complexes older than 2.06 Ga. About 70% of all 
chromite ore mined in 2002 came from stratiform deposits (P app 
2005). About 95% of the w orld’s chromite ore resources are in the 
Bushveld Igneous Complex of South Africa and the Great Dyke of 
Zimbabwe; the majority is in the Bushveld. The largest concentra- 
tion of podiform chromite ore is in the Kempersai area of Kazakh- 
stan (Papp 2001). Since the dislocation of traditional mark ets that 
resulted from the dissolution of the Soviet Union in 1991, chromite 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


312 Industrial Minerals and Rocks 





ore production in the Bushv eld from 2000 through 2004 has been 
two to three times greater than that of the Kempersai. 

The Bushveld Complex is one of the largest layered intrusions 
in the world, occupying about 64,340 km?. The great amount of 
magma intruded into the rocks of the Bushveld Complex cooled 
very slowly. As a result, different minerals crystallized from the liq- 
uid magma at different times, forming layers with different miner- 
alogies. The cyclic layering indicates that the process of intrusion 
and cooling occurred often over a long period of time. Geologists 
call the differentiated mineral layers the upper, middle, and lower 
groups. (Each of these groups is further subdivided into layers; e.g., 
UG2 means layer 2 in the upp er group and LG6 means layer 6 in 
the lower group.) All economic chromite la yers ori ginated at or 
about 2.06 Ga. The Bushv eld contains more than 11 billion t of 
total re source (Vermaak 19 86). One la yer, informally ca Iled the 
Steelport Seam, contains 1.5 bil liont of resource. The Steelpo rt 
Seam can be traced over much of the Bushveld. 

The Bushveld Complex also is the world’s largest repository 
of platinum and palla dium, some of which are found in chromite 
seams. 

The K empersai ( also kn own as the Kim persai or Kimper- 
saisky) area of the Southern Urals in Kazakhstan is home to the 
world’s lar gest pod iform chromite ore deposits, co vering abo ut 
1,200 km. These deposits occur where parts of the ocean floor 
were obducted over continental rocks. This area has more than 
75 times the reserves and about 4 times more production than the 
podiform dep osits of T urkey, which rank seco ndin_ podiform 
chromite production and reserves. 


TECHNOLOGY 
Exploration Techniques 


The Bushveld Complex (South A frica), Great Dyk e (Zimbabwe), 
and Kempersai (Kazakhstan) ha ve been tho roughly in vestigated 
through geological mapping, geophysical methods, and exploration 
drilling, so these chromite ore deposits are well known. Resources 
in the Bushveld Complex can easily be upgraded from inferred to 
demonstrated, or from indicated to measured, by additional explo- 
ration. Because podiform chromite ore bodies are irregular in shape 
and unpredictable, gr avity and el ectrical methods may o ffer some 
promise as exploration tools. 

Laterites that de velop o ver o phiolite deposi ts may indi cate 
the presence of chromite ore. Such ] aterites are extensive in area 
and the chromite ore they contain is relatively easy to remove and 
concentrate. 


Reserves and Resources 


Resources presented here are based on public information. Sources 
include ind ividual co mpany rep orts, t he Int ernational Chr omium 
Development Assoc iation ICD A) W eb site (www .chromium- 
asoc.org), go vernment documents, and domestic go vernment 
reports such as DeY oung, Lee, and Lipin (1984); Thomas and 
Boyle (1984); and Boyle, Shields, and Wagner (1993). 

The revised resource estimates based on company reports may 
be more accurate because th ey are more recent and are based on 
detailed geologic, mining, and economic infor mation from com- 
pany engineers an d geologists re sponsible for mine plannin g; 
resource es timates m ay be based on _ different cr iteria, however, 
depending on the compan y and country. Unfortunately, for many 
locations resource infor mation has not been recently published. 
Estimates were made when there were no reported data. 

Reserves for Kazakhstan were based on resource cate gories 
used in the former Soviet Union (now the Commonwealth of Inde- 
pendent States [CIS]). That sy stem emphasized certainty of physi- 


Reserves Contained Chromium, Mt 














Figure 3. World chromite ore reserves by country. The bar chart 
shows countries with smaller reserves at a smaller scale so that their 
relative size is apparent. 


cal resources anddo wnplayed the economics of reco very. 
Kazakhstan reserves are likely to be discounted when recovery eco- 
nomics are factored in. South A frican reserves are based on the 
reports of major chromite producers in accordance with reporting 

standards for such business information. As a result, South African 
reserves are constrained by reporting standards and by the geo- 
graphic area of mineral title. The reserves of Zimbabwe are based 
on resource analyses by Boyle, Shields, and Wagner (1993). These 
reserves are likely to be discounted when property boundaries and 
economic factors are taken into account. In addition, tax codes and 
the high co st of drilling may affect how a compan y chooses to 
prove reserves and how much to delineate. 

The United States has no chromite ore reserves; it does, how- 
ever, have resources that could be developed for mining. The U.S. 
reserve base is estimated to contain about 2 Mt of chromium. The 
largest U.S. chromite mineral deposit is the Stillwater Complex of 
Montana. 

World reserves of chromium are about 213 Mt, and the world 
reserve base of chromium is abou t 444 Mt. The world wide distribu- 
tion of 1.52 billion t of chromium in identified chromite ore resources 
is Africa, 52%; Asia, 38%; Europe, 5%; the Americas, 3%; the Mid- 
dle East, 2%; and Oceania, 0.1%. The U.S. Geol ogical Surv ey 
(USGS) reports reserves and reserve base information annually in 
Mineral Commodity Summaries. Figure 3 shows world chromite ore 
reserves. 


Mining, Beneficiation, and Processing 


Recovery of chromite fromc hromite ore includes surface a nd 
underground mining methods. Beneficiation produces chromite, the 
marketable product cont aining chromite mineral, and ranges from 
hand sorting to gravimetric and electromagnetic separation me th- 
ods. Processing of chromite ore to produce chromite for refractory, 
chemical, and metallurgical markets involves crushing and grind- 
ing, and size sortin. gbyp neumatic and hydraulic method s. 
Chromite processing by the chemical and metallur gical industries 
includes kiln ro asting and electric furnace smelting (Table 2 a nd 
Figure 4). The flow chart of Figure 4 shows beneficiation and pro- 
cessing, which may be carried out at the mine site, at a plant serv- 
ing se veral sat ellite mines in one geographic area, or at ap lant 
associated with an end user. Today, chromite ore is beneficiated to 
produce physically and chemically uniform products before reach- 
ing the marketplace. 

The nature of the deposit dictates the mining method(s). The 
characteristics of a chromite ore deposit that must be considered 
are whether it is stratiform or podiform, high grade or low grade, 
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Table 2. Factors used to characterize chromite deposits and mining, beneficiation, and processing methods applied to those deposits 
Mineral Appearance Host Mining 
Mineral in Ore Deposit Types Rock Method Beneficiation Method Processing Method 
Chromite (a spinel Massive (spinel mineral Stratiform (bedded) = Mafic Surface Hand sorting Sizing 
structure oxide of varying Podiform (lenticular) — Ultramafic Subsurface Screening Roasting and dissolution 
mineral) chemistry) Gravity concentration Smelting 


Disseminated (spinel 
mineral intermixed 
with other minerals) 


Electromagnetic separation 
Heavy-media separation 





Electric Furnace 





Heavy Media 
Separation 


Hand 
Sorting 


Coarse 


Run-of-Mine Ore a 


(Crude Ore 
Production) 





Screening 

















to Make 
Ferrochromium 


Chromite Ore 
or Concentrate 
Made Therefrom. 


ann) 







Kiln Roasting and 
Dissolution to Make 
Chromium Chemicals 


Gravity 
Separation 
and/or 
Electro- 
magnetic 
Separation 


Products of Mine 
and/or 
Beneficiation 
Plant for 
Processing 


Milling and Sizing 
to Mole Chromite- 
Containing Refractory 





Input 


Note: Not shown above are reject and recycle fractions that are 


Products 





Pees | 
Process 


associated with most Processes, as shown to the right. Reject Recycle 
Figure 4. Chromite ore mining, beneficiation, and processing 
subsurface or nea r surface, or ma ssive or disse minated. Be cause tions oftheir productsa vailable.T able3sho ws _ chemical 


surface mining typically is less e xpensive than underground min- 
ing, it is preferred. 

Beneficiation depends on the characteristics of the ore deposit 
and on the mining method _ s used . F ore xample, an operation 
extracting only high- grade ore may require only hand sorting and 
screening. Beneficiation is necessary when ch romite mi neral is 
mixed with other minerals because of geologic conditions or when 
mechanized mining methods are nonselective. 

Beneficiation methods depend on the end use and may include 
increasing chromic oxide co ntent, the chr omium-to-iron ratio , or 
alumina content. Reducing silica content or eliminating waste rock 
associated with chromite ore also may be desirable. Certain sizes 
may be selected for or rejected as well. Techniques used to accom- 
plish these tasks further depend on the physical properties of the 
minerals present. Beneficiation cannot change the chemical charac- 
teristics of the chromite mineral; because chromite ore is a mixture 
of minerals, ho wever, altering th e mineral mixture can change its 
characteristics for its respective market. A deposit producing lumpy 
ore in which chromite mineral is easily distinguished visually may 
require only hand sorti ng and screening; othe rwise, heavy media 
separation can be used. A deposit that yields chromite ore thor- 
oughly mixed with gangue minerals may require milling and sizing 
followed by gravimetric or elec tromagnetic separation to produce 
marketable chromite products. Beneficiation methods are used to 
process tailings when suf ficient quantities ha ve been stockpiled 
(see the By-products and Coproducts section of this chapter). 


Specifications 


Chemical and physical specifications for chromite vary among pro- 
ducers and consumers. Chromite producers make chemical specifica- 


specifications of several chromite products by end use and by source. 

In the United States, the American Society for T esting and 
Materials (AST M) set s c hemical a nd physi cal spec ifications for 
chromium materials. Other organizations also promu lgate specifi- 
cations for chromium materials. The Defense Logistics Agency 
(DLA), in cooper ation with the U.S. Department of Commerce, 
maintains pu rchase spec ifications for chromium materials con- 
tained in the National Defense Stockpile (NDS). The U.S. Depart- 
ment of the Treasury, in co operation with the U.S. Depar tment of 
Commerce and signatories to the General Agreement on Tariffs and 
Trade, maintains definitions of chr omium materials for rec ording 
trade and applying tariffs. 

The impor t cate gory “chromite ore and conc entrates made 
therefrom” of the Harmonized Tariff Schedule of the United States 
is subdivided by chromic oxide content as follows: containing not 
more than 40% chromic oxide; containing more than 40% and less 
than 46% chromic oxide; and containing 46% or more chro mic 
oxide. Chromite producers typically specify the following: chromic 
oxide content, chromium-to-ir on ratio, and iron, silica, al umina, 
magnesia, and phosphorus contents. Size also is specified for some 
applications. The chromic oxide content of ch romite ranges from 
36% to 56%, with v alues in the 40% to 50 % range most common. 
Chromium-to-iron ratios range from about 1.5:1.0 to about 4.0:1.0, 
with typical values of about 1.5:1.0 to 3.0:1.0. 

The import category of chromium ferroalloys is divided into fer- 
rochromium and ferrochromium-silicon. Ferrochromium-silicon, also 
called ferrosilicon-chromium and chromium silicide, is not classified 
further. Ferrochromium is classified by its carbon content as follows: 
containing no t more than 0.5% carbon; containi ng more than 
0.5% carbon but not more than 3% carbon; containing more than 
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3% but not more th an 4% carbon; and containing more th an 4% 
carbon. Producers classify their ma terial as low- or high-carbon or 
charge-grade ferrochro mium (alsokno wnas_ charge c hrome). 
Sometimes the terms medium-carbon and extra-low carbon ferr o- 
chromium are used. Lo w-carbon ferrochromium contains less than 
4% carbon; high-carbon contains more than 4% carbon. Producers 
of chromium ferroallo ys specify chromium, carbon, silicon, phos- 
phorus, and sulfu r content, as we Il as material size.  Ferrochro- 
mium-silicon typi cally contains 24% to 40% chromium; 38% to 
50% silicon; and 0.05% to 0.1% carbon. Ferrochromium typically 
contains 50% to 75% chromium and 0.05% to 8% carbon. Low-car- 
bon ferrochromium typically contains 55% to 75% chromium and 
0.02% to 0.1% carbon. High-carbon ferrochromium typically con- 
tains 60% to 70% chromium and 6% to 8% carbon. Charge-grade 
ferrochromium typically contains 50% to 55% chromium and 6% 
to 8% carbon. 

The Steel Founders’ Society of America (1967) suggested spec- 
ifications for chromite sand, used primarily as either molding sand or 
as core sand in the production of steel castings, and chromite flour, an 
additive to chromite sand. Among other requirements, they describe 
chemical composition as 44% Cr 203 (minimum); 26% FeO (maxi - 
mum); 3% SiO » (maximum); 1% CaO (maximum); and Al,03, 
MgO, and trace elements as the balance. 


By-products and Coproducts 


By-product or co product here means a mineral product th at is dif- 
ferent from the primary product and not different grades of the pri- 
mary mineral product. No by-products or coproducts are associated 
with chromite ore mining operations. A chromite ore mining opera- 
tion is lik ely to produce more than one grade of chromite. These 
grades are distinguished by size and chemistry. In the Bushv eld 
Complex, MINTEK (South Africa’s mining research organization) 
demonstrated the feasibility of recovering platinum from the LG-6 
chromitite ] ayer m ine tai lings; the re is, ho wever, no c ommercial 
recovery. 

Platinum has been mined from the Merensk y Reef, a 
chromite-free seam of the Bushveld Complex. As platinum reserves 
are depleted, platinum mining is moving to the chromite-containing 
UG-2 seam. Chromite-containing tailings are produced when UG-2 
ore is processed to recover platinum. Since MINTEK demonstrated 
ferrochromium production from UG-2 platinum mine chromite by- 
product, South African smelters have adapted their processes and 
furnaces to accommodate that material. 


USES 


The ICDA (2003) reports world production of chromite by end use 
sector, and categorizes them as chemical, foundry sand, metallur- 
gical, and refractory. From 199 8 thro ugh 20 02, ICDA r eported 
chromite use as 90% metallurgical, 6% chemi cal, 3% foundry 
sand, and 1% refractory. These account for an average demand of 
15 Mtpy gross weight of chromite, which is equi valent to about 
4.3 Mtpy chromium content. 

U.S. chromium demand from 1998 to 2002 is estimated to have 
averaged about 463,000 tp y of chromium, based on chromium con- 
tent in chromite; chromium chemicals, ferroallo ys, and met al; and 
stainless steel scrap. For that time period, about 88% of U.S. average 
chromium consumption per year w as in the me tallurgical industry, 
12% in the chemical industry, and <1% in the refract ory industry. 
About 75% of metallurgical do mestic apparent con sumption wen t 
into stainless steel based on reported consumption of chromium fer- 
roalloys and metal. Refractory chromite use was most likely greater 
than that estimated here, because it is based on reported consumption 
of chromite by the refractory industry and not consumption of refrac- 


tory materials. F oundry sand has never been included in refractory 
chromite consumption. Material categories for the purpose of moni- 
toring trade do not differentiate among chromite end uses nor do they 
differentiate chromium-containi ng refractories from other refracto- 
ries. Consequently, domestic chromite use and chromium-containing 
refractory use cannot be accurately track ed us ing trade st atistics. 
Figure 5 sho ws material flo w as sociated with th e use of chromite 
materials and illustrates the relationships between industrial and met- 
allurgical uses of chromium materials. (Chromium consumption dif- 
fers from chromi te consumpt ion because chromium consumption 
includes chromite and chromium chemicals, ferroalloys, and metal, 
whereas chromite consumption includes only chromite.) 


Chromite Uses 


The metallurgical industry processes chromite into ferrochromium 
or chromium metal, which are used as alloying materials to make a 
variety of ferrous and no nferrous a lloys. The major end use is 
stainless steel, a ferrous alloy made resistant to oxidation and cor- 
rosion by the addition of chromium. The chemi cal industry uses 
chromite to make sodium dichromate, which is a chemical industry 
product and an intermediate product used for making other chro- 
mium chemicals. Chromium chemicals find a wide variety of end 
uses such as leather tanning, pigments, plating for both decorative 
and engineering applications, surface treatment of reactive metals, 
and manufacture of chromium metal, a key ingredient in alloys for 
aircraft engines and land-based turbines. Chromite is useful in the 
foundry and refractory industries because it retains its physical 
properties at high temperatures and is chem ically inert. Chromite 
is used as f acing sandin the foundry industry, and the refr actory 
industry uses chromite to produce refractory materials, including 
shapes, plastics, and gunning mixes. Refractory materials are used 
in the p roduction of ferr ous and non ferrous alloys, glass, and 
cement. 


Chromite Consumption in the United States 


U.S. chromite consumption was reported from 1940 through 1994; 
after 1994, data could not be kept confidential because of the small 
number of consuming companies. Figure 6 sho ws reported con- 
sumption by industry (i.e., chemical, metallurgical, and refractory), 
total rep orted con sumption, a nd net imports of chromite. Net 
imports of chromite e xceeded total repor ted consump tion b efore 
1965, the time during which the U.S. feder al government w as 
building the NDS. At its peak in 1962, the NDS contained 7.92 Mt 
of chromite. Since 1994, chr omite consumption by metallurgical 
and refractory industries ended and virtually all U.S. chromite con- 
sumption is now by the chemical industry. 

Based on net chr omite imports, U.S. chromite consumption 
averaged 145,000 tpy from 1998 through 2002, a decline from the 
1940 through 199 7 average of 927 ,000 tpy. The decline occurred 
when domestic chromite users shifted from domestic to foreign fer- 
rochromium suppliers for the metallurgical industry. 

Figure 6 shows an increase in U.S. chromite use from 1940 
to the mid-1950s, a period coinciding with increased consumption 
in the metallurgical industry. Between 1939, when NDS legisla- 
tion was passed, and 1961, when NDS chromite inventories were 
made public, accumulated domestic chromite producti on (mea- 
sured as reported shipments) plus net trade in e xcess of reported 
consumption amou nted to 7.1 Mt andthe NDS in ventory 
amounted to 6.7 Mt. Attributing all the di fference t o reported 
chromite use suggests unaccounted-for consumption was <3% (of 
accumulated reported consumption) from 1940 through 1961. 

The largest changes in reported consumption were in the met- 
allurgical and refractory indus tries. Chemical industry use 
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NOTES: 


CrOre = Chromite Ore 
FeCr = Ferrochromium 

Na 2Cr2O7 = Sodium Dichromate 
ROM = Run-of-Mine 


| Mining includes screening and hand sorting. 

2 Beneficiation includes crushing, grinding, and separation techniques 
including gravimetric, heavy media, magnetic, and spiral. 

3 Master alloy isan alloy used as a feedstock to produce other alloys. 


Figure 5. Chromium material flow from chromite ore mining to end use 


increased slo wly from 1940 to 2002. Refractory industr y use 
reached a plateau from abou t 1950 to 1965, after which it slo wly 
declined. Metallurgical industry chromite use increased from 1940 
to the mid-1960s, after which it declined to nothing. Coin ciding 
with the drop in metallurgical use, chemical use increased its share 
of the U.S. market. Declining me tallurgical industry use resulted 
from declining domestic ferroch romium produ ction. From 1940 
through 1985, the metallurgical, chemical, and refractory industries 
data were reported separately: the metallurgical industry accounted 
for 56% of reported total chr omite co nsumption; the refractory 
industry, 27%; and the chemical industry, 18%. After 19 85 the 
amount of chromite consumed by _ various industries remains 
unknown because chromite end use cannot be inferred reliab ly 
from trade data. 


Metallurgical Industry 


Figure 6 sho ws metallurgical industry chromite con sumption, and 
Figure 7 shows its chromite market share. The metallurgical indus- 
try dominated domestic chromite consumption from 1940 to 1980. 
The patterns of total chromite consumption and net imports match 
those for metallurgical consumption over that period. With the dra- 
matic drop in metallurgical consumption of chromite from 1980 to 
1983, chemical industry consumption surpassed metallurgical con- 
sumption for the first time since record keeping started in 1940. 

In the metallurgical industry, chromite is used to make ferro- 
chromium, which is used to make steel and nonferrous alloys. 
Ferrochromium is produced from chromite ore in an elect ric-arc 
furnace using reductants and fluxes to remove oxygen. Ferrochro- 


4 Chromium materials derived from industrial 
processing and post-consumer goods. 
5 Based on North American industrial 


classification system. 
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Courtesy of USGS and U.S. Census Bureau. 
Figure 6. U.S. chromite reported consumption by consumer industry 
(i.e., chemical, metallurgical, and refractory), total reported con- 

sumption, and net imports 


1980 





1990 2000 


mium production is electrical ener gy intensive; the process w as 
modified in various ways, however, making it more energy effi- 
cient and less polluting. 

Macalloy Corp., the only producer of ferroch romium from 
chromite in North America, st opped electric furnace production of 
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Courtesy of USGS and U.S. Census Bureau. 
Figure 7. U.S. chromite percent consumption by consuming industry 
(i.e., chemical, metallurgical, and refractory) 
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1In 2002, more than one half of chromium chemicals were produced using a lime-free process. 


2 The dashed line indicates that there is more than one processing route. 
3 Chemical formulas are indicative of the material. Commercial products are often mixtures 
that include other compounds. 


Figure 8. Major chromium chemicals and their end uses 


high-carbon ferrochromium at its Charleston, South Carolina, plant 
in 1998. Since 1941 ferrochromium was produced at the Charleston 
plant site, which was built as part of the World War II mobilization 
effort. It was located to take advantage of ac cess to ocean-going 
transportation. The Santee Coope r Project, a public po wer supply 
project there, provided electrical power. During the war Pittsburgh 
Metallurgical Corp. manufactured ferrochromium, a key ingredient 
in armor plating for tanks and ships. 

The Charleston p lant operated under a variety of names (in 
chronological order): Pittsburgh Metallurgical Corp., Airco Alloys 
Division, Air Reduction Co., Inc.; Airco Alloys and Carbide Divi- 
sion, Air Reduction C o., Inc.; Airco Alloys, Air Reduction Co., 
Inc.; and Airco Alloys, Airco Inc. Macalloy Corp. had operated the 
plant since 1980; 8 chromium fe rroalloy producers in the Un ited 
States were operating 12 plants in 1980. 


Chemical Industry 


Chromite has be en the k ey raw material in the manufacture of 
chromium chemicals since the early 19th century, initially to make 
brightly colored pigmen ts. Today, p roduction i ncludes biocides, 
catalysts, corrosion inhibitors, metal plating and finishing chemi- 
cals, oi 1 f ield chem icals, pigme nts, printing chem icals, tanning 
compounds, and high-purity chromium metal. The largest single 
use of chromium chemicals today is the use of chromium salts in 
the manu facture o f leather fr om animal s kins, a process which 

began in the middle of the 19th centu ry. Chromium plating is the 
electrodeposition of chromium from a solution of chromic acid; it 
was started in the early 1900s. A recent use for chromium is f or 
wood pr eservation. C hromium-copper-arsenate ( CCA) imp reg- 
nates wood to protect it from weathering, insects, and decay for up 
to 30 years. Major chromium chemical plants are in Japan, Kaza- 
khstan, Russia, South Africa, the United Kingdom, and the United 
States; only Kazakhstan and South Africa, however, are significant 
chromite producers. Sodi um dichrom ate andchromi c_ acid 
accounted for the largest am ount of U.S. chrom ium c hemical 
exports and imports, respectively. 

The terms chromium and chrome are synon ymous in the 
chemical industry f or elemental chromium. Historically, the term 
chrome was use d more commonly than chr omium; thu s, many 
chemical products (namely pigments) have “chrome” in their name. 
The terms bichromate and dichromate are interchangeable in the 
chemical industry. Dichromate is consistent with the convention for 
naming compounds; the term bichromate, however, also is used in 
trade and commerce. 

Sodium dichromate, an intermed iate chemical produced from 
chromite, is used to manuf acture ot her chromium chemicals. The 
process involves pulverizing chromite and mixing it wit h soda ash 
(sodium carbonate; Na2CO3) and a diluent. Hist orically, the diluent 
was lime (calcium oxi de; CaO) , limestone (cal cium carbonate; 
CaCO3), or dolomite (calciumm agnesium carbonate; CaMg 
(CO3)2); today, however, the “high-lime” process accounts for about 
one half the gl obal chromium chem ical production capacity, mainly 
in China, the CIS, and In dia. Around 1960, western producers had 
developed “zero lime” or “v ery low lime” processes in which the 
diluent was rec ycled material from p roduction processes. Th e 
chromite-Na2CO3—diluent mixture is roasted in a rotary kiln to pro- 
duce a compound containing sodium chromate, which is leached and 
treated with acid to produce sodium dichromate prior to purification. 
This process is used in United States. Sodium dichromate dihydrate 
is the first commercial product ma de when converting chromite into 
chromium chemicals; it is the commercial product produced and 
traded m ost. Man y other chromium chemicals are manuf actured 
from sodium dichromate (Figure 8). In 2002, more than one-half of 
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chromium chemical production came from no-lime processes (54%); 
0.5%, from lo w-lime processes; and the remainder from lime pro- 
cesses that used dolomite or limestone. 

The use of chromium chemicals for pigments is a familiar use 
to many people. Medium yello w pigment, a lead-chr omate com- 
pound, is used in y ellow paint for traf fic control on major streets 
and highways. Copper-chrome pigment is used in the black coating 
on outdoor grills and wood-burning sto ves. Chromium pigments 
are important in anticorro sion coatings; the U.S. military and the 
federal government are major users of chromate metal primers. 
Chromium oxide is a green pigment used in camouflage because it 
is efficient in reflecting infrared wavelengths. 

China has the largest overall chromium chemical production 
capacity; Chinese pl ants, ho wever, ha ve only small prod uction 
capacities (<50,000 tp y of sodium dichromate). The lar gest chro- 
mium chemical plants (>100,000 tpy of sodium dichromate) are in 
Kazakhstan, Russia, the United States, and the United Kingdom. 
An intermediate size plant (between 50,000 and 100,000 tp y of 
sodium dichromate) in South Africa is the newest chromium chem- 
ical plant. The United S tates is a major consumer, producer, and 
supplier of chromium chemicals. Table 4 shows chromium chemi- 
cal production capacity by country and year. Worldwide production 
capacity in 2002 was about 299,000 t contained chromium, or about 
855,000 t sodium dichromate dih ydrate eq uivalents. Man y small 
chromium chemical plants are located in chromite-producing coun- 
tries. Industry rationa lization in de veloped countries has r eplaced 
small plants with 1 arger, more efficient ones operated to higher 
occupational safety and environmental standards. For example, the 
number of chromium chemical pl ants in Europe and th e United 
States decreased from 17 to 2in_ the past 40 years. The opposite 
occurred in China, where chromium chemical productio n began in 
the 1950s, with more than 20 plants operating today. China’s policy 
today is to modernize chromium chemical production and to reduce 
the number of small plants. 

Figure 9 shows domestic production of major chromium chem- 
icals: sodium dichromate, chro mic acid, and chromium pigments. 
Sodium dichromate production was reported until 1985, when pro- 
duction w as ab out 1 20,000 t.C hromium pig ment production 
declined from >50,000 tpy in the mid-1970s to <10,000 tpy in 1996, 
the last year the U. S. Department of Commerce reported such pro- 
duction. Chromic acid production was about 27,000 tpy in 1973, the 
last year it was reported (Anon., various years). In Fig ure 9, chro- 
mium pigment production is shown as a composite of the production 
of several chromium pigments. Chromium pigment p roduction in 
Figure 10 includes chrome yellow and orange, chrome mol ybdate 
orange, chr ome ox ide green, zinc yello w, and chr ome gr een. The 
greatest pro duction is for chrome yel low and or ange f ollowed b y 
chrome mol ybdate orange. F or both, production peak ed in t he mid- 
1970s. Chrome yellow and orange annual production declined from 
about 34,000 to <5,000 t when production was last reported in 1997. 
The chrome molybdate orange production series was discontinued in 
1987. Zin c yello w annual pro duction peak ed b etween 196 5 and 
1967; the series was discontinued in 198 7. Zinc yellow production 
data were withheld from 1976 to 1985. The decline in chromium pig- 
ment manufacture is associat ed with pigments that contain he xava- 
lent chromium. Use of he xavalent chromium pigments declined 
because of increased awareness of health and environmental hazards 
associated with hexavalent chromium compounds, and the a vailabil- 
ity of less hazardous alternatives. The reporting of chrome oxi de 
green production data was discontinued in 1985; chrome green pro- 
duction data were no longer reported after 1972. Chrome oxide green 
is tri valent; chrome greenisa mixture of hexavalent ch romium 
compounds. 


Table 4. Chromium chemical production capacity (in kilotons of 
chromium per year) 


Country 1992 1994 1996 1998 2000 2002 
Argentina 6 6 6 6 6 13 
Brazil 12 12 12 na” na na 
China 16 16 21 21 21 70 
Germany 20 20 24 na na na 
India 5 5 8 8 8 4 
Iran 2 2 2 2 2 2 
Japan 21 21 20 17 17 17 
Kazakhstan 42 A2 42 42 42 37 
Macedonia 5 3 5 2 5 na 
Mexico 5 na na na na na 
Pakistan 3 3 3 3 3 
Poland 7 3 5 5 na 
Romania 5 5 9 9 9 na 
Russia 63 63 60 60 60 31 
South Africa na na 24 24 24 23 
Turkey 10 10 10 10 10 17 
United ingdokn 52 68 52 52 52 44 
United States 55 55 53 56 56 38 

Total 329° «340-336. 320. 320 299 


* na = not available. 
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Courtesy of USGS and U.S. Census Bureau. 

Figure 9. U.S. chromium chemical production by material (sodium 
chromate and sodium dichromate, chromic acid, and chromium- 
containing pigments). (The dotted line segment indicates linearly 
interpolated data.) 


Figure 11 sho ws the number of pro ducers of the following 
chromium chemicals: sodium dichromate and chromate, chrome yel- 
low and orange, and chrome molybdate orange. Figures 10 and 11 
show the decline in both pr oduction of chromium pigments and the 
number of producers. The number of sodium dichromate and chro- 
mate producers has also declined; production did not decline, ho w- 
ever, suggesting that produ ction was consolidated by the remaining 
two pro ducers in 1990. The g eneral trend of reported p roduction 
(Figures 9 and 10) appear s to be consistent with that of chromite 
consumption (Figures 6 and 7). 
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Courtesy of USGS and U.S. Census Bureau. 

Figure 10. U.S. chromium pigment production by pigment (chrome 
green, chrome molybdate orange, chromic oxide green, chrome 
yellow and orange, and zinc yellow). (The dotted lines that connect 
the chrome yellow and orange, chrome molybdate orange, and zinc 
yellow data curves are linearly interpolated.) 
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Courtesy of USGS and U.S. Census Bureau. 
Figure 11. Number of U.S. chromium chemical and pigment 
producers, by product 


A re view of the w_ orld chemic al indu stry in 2001 (Darrie 
2001; Tomkinson and Moore 2001) characterized the industry as 
mature and growing slowly. Access to modern technology, capital 
investment in ne w plants and eq uipment, and e xcess prod uction 
capacity were barriers to mark et entry. Pressure from competition 
and en vironmental re gulation f orced pro ducers to consolidate. 
These factors were expected to reduce the number of producers and 
limit production to large plants. Global demand in 2000 was esti- 
mated at 692,000 t (sodium dichro mate equivalent) of which 32% 
went into c hromic ac id; 34%, chromium sulfate; 20%, ch romic 
oxide; and 14%, other uses. Chromic acid was used for me tal fin- 
ishing (50%), timber treatment (35%), magnetic media (5%), and 
other uses (10%). Chromium sulfate was used for leather tanning. 
Chromic oxides were used for pigments (47%), the manufacture of 


chromium metal for allo ys (33%), ceramics (8%), and other uses 
(12%). 

CCA was a popular wood treatment chemical in the United 
States. It w as the second largest worldwide mark et for chro mic 
acid, the major product fro m sodium dichromate, accoun ting for 
about 78,40 0 tof chromic acid in 2000.The United States 
accounted for about one half th e global CCA mark et, of which 
about three quarters was used to treat wood for residential applica- 
tions. In 2002 U.S. manufacturers of treated wood planned to phase 
out CCA use by voluntary agreement with the U.S. Environmental 
Protection Agenc y (EPA). EPA banned CCA use fo r residential 
applications under the Federal Insecticide, Fungicide, and Rodenti- 
cide Act (EPA 2002). As a result, U.S. chemical industry chromite 
consumption w as expected to drop between 2002 and 2004 and 
cause the U.S. chromium chemical industry to reorganize. 

In 2002 the chemical industry worldwide consumed about 
1 Mtpy of chromite to produce 69 2,000 t of sodium dichromate. 
Sodium dichromate was converted to chromic acid at the rate of 
224,000 tpy. Chromic acid accounted for 32% of sodium dichro- 
mate demand; chromium sulfate, 30%; chromic oxide, 20%; and 
other chemicals, 18%. Chromic acid was converted to CCA at the 
rate of 100,000 tp y. CCA accounted for 35% of chromic acid 
demand; metal finishing, 50%; magnetic media, 5%; and other 
uses, 10%. 

Since 1967, wh en five chromium chemical plants o wned by 
four companies consumed chromite to produce sodium dichromate 
in the United States, the number of U.S. chromium chemical plants 
has been declining, whereas chromium chemical production has 
been slo wly increasing. Rationa lization of the U.S. chromium 
chemical in dustry left one plant producing ch romium chemicals 
from chromite in 2002. 


Refractory Industry 


Chromite is used directly in the refractory industry b ecause it 
resists degradation when exposed to heat. Chromic oxide, a chemi- 
cal industry product, also is used in refractory a pplications. Basic 
refractories are a type of nonclay refractory that behave chemically 
as bases. Basic refractories are made of chromite, dolomite, magne- 
site, or various combinations of ma gnesite and chr omite. In the 
refractory indu stry, chromite-co ntaining ref ractories a re called 
chrome re fractories. Chrome-magn esite refractories contain more 
chromite than m agnesite; ma gnesite-chrome re fractories con tain 
more magnesite than chromite. 

Refractories also are categorized as shaped or unshaped. 
Shaped refractories are manufactured to f it together, like building 
blocks, to form a desired geometric structure. Unshaped refracto- 
ries include mortars (m aterials used to bind _ shaped refractories 
together), plastics (materials that are formed into a desired shape), 
and gunning (material that is sprayed onto a surface). In the refrac- 
tory industry, the term monolithics describes refractories that are 
not shaped. Units for reporting shipments of shaped and unshaped 
refractories differ. Shaped refract ories have been reported in th ou- 
sand “9-in. brick” equivalents, and unshaped refractories have been 
reported in metr ic tons based on U.S. Department of Commerce 
reports (Anon., v arious years). A 9- in. brick equi valent (9be) is a 
solid volume of 0.165919 m?. 

Major end user s for chromite refractories are in t he cement, 
copper, glass, nick el, and steel industries. Basic refractories are 
used in copper and nick el furnaces. The glass industry uses 
chromite refractories in glass tank regenerators; the cement indus- 
try uses chr omite re fractories p rimarily in transition zone s of 
cement kilns. Basic refractories typically have been used in open 
hearth and electric arc steelmaking furnaces. 
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Contemporary steelmaking proc esses using the basic oxygen 
furnace or the electric arc furnace use much less chromite-contain- 
ing refractories than open-hearth furnac es. O pen-hearth furnaces 
used about 30 kg of refractories per ton of steel, the basic oxygen 
furnace uses about | kg/t, and the electric arc furnace uses from 1 to 
2 kg/t. Steel in dustry demand for basic refra ctories has dec lined 
dramatically as open-hearth fu. rnace st eelmaking is phased out. 
Chromite use ince ment kiln refractories has dec lined 0 wing to 
hexavalent chromium mobilization. The introduction of technically 
acceptable substit utes h as el iminated c hromite refra ctories in 
cement kilns. Recycling chromite refractory brick in the cement 
industry was discontinued in the 1990s. 

Figures 12 through 14 sho w historical trend s of chromite 
refractory shipments. Chrome a nd chrome-magnesite refractories 
represent at least one-half the chromite consumed in refractories. 
The ASTM pr omulgates specif ications for the ide ntification of 
chrome, chrome-magnesite, and magnesite-chrome brick. Chrome 
brick is refractory brick manu factured substantially or entirely of 
chromite product. Chrome-magnesite and magnesite-chrome brick 
are classified by ma gnesia (MgO) content. Nominal MgO content 
is from 30% to 80%, theref ore the chromite content is mor e than 
20%. The amount of chromite in magnesite and magnesite-chrome 
refractories is unknown. 

Because ch romite re presents only a part of the refractory 
industry, one can only infer the performance of chromite refracto- 
ries from shipment d ata for basic unshaped refractories. Th is is 
because the d ata include other refractory materials such as dolo- 
mite, forsterite, magnesite, and zircon. 

Figure 12 shows shipments of chromi te-containing shaped 
refractories. Chrome and chrome-magnesite refractory shipments 
declined from 1960 through 1981 (Figure 14; the data series was dis- 
continued in 1 981). The nu mber of chrome and chrome-magnesite 
refractory producers fell from nine to seven during that same time 
period. Since 1981, the number of chromite refractory producers has 
fallen from se ven to zero because of declining demand. Magnesite 
and magnesite-chrome refractory shipments grew from 1960 through 
1965 (Figures 12 and 1 4), after which lar ge variations occurred. 
From 1982 th rough 19 90 magnesite-chrome r efractory ship ments 
decreased from 28 to 18 M9be (Figure 12). The U.S. Departm ent of 
Commerce reported chrome and —chrome-magnesite shipments, 
whereas magnesite and magnesite-chrome, an d mag nesite-chrome 
shipments data are a composite of reported shipments. 

Figure 13 sho ws U.S. shipme nts of chr omite-containing 
unshaped refr actories. Mor tar shipments declined rapid ly fro m 
1964 to 1970, and then very slow decreased until 1986, when they 
were no lon ger reported. Plastic and gunn ing shipments sho w a 
slow decline. 

Figure 14 shows refractory shipments for magnesite and mag- 
nesite-chrome (1960 to 1981) and magn esite-chrome (1982 to 
1997). Magnesite and ma gnesite-chrome shaped _ refractory ship- 
ments were reported as such and represent the 1960 through 1970 
time period in Figure 14. From 1971 through 1981, magnesite and 
magnesite-chrome shaped refractory shipments were reported as 
pitch bonded, pitch impregnated, or other (Figure 12). These three 
categories were combined to form the magnesite and magnesite- 
chrome shaped refractor y shipments curv e forthe 1971 through 
1981 time period in Figures 12 and 14. From 1982 throug h 1990, 
magnesite and magnesite-chr ome refractory shipments wer e 
reported as high-fired magnesite-chrome, except high-fired magne- 
site-chrome, and magnesite and magnesite-carbon refractories (not 
shown). Starting in 1982, magnesi te-chrome was reported sepa- 
rately from other magnesite re fractory shipments. Fro m 1982 
through 1990, magnesite-chrome shaped refractory shipments were 
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Figure 12. U.S. chromite-containing shaped refractory shipments 
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Figure 13. U.S. chromite-containing unshaped refractory ship- 
ments. (The dotted line that connects the gunning and mortar solid 
lines is linearly interpolated.) 
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Courtesy of USGS and U.S. Census Bureau. 
Figure 14. U.S. chromite-containing shaped refractory shipments 
by type of refractory. 
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Table 5. U.S. foundry sand products, end uses, and producers 


Products End Uses Producers 


Chromite sand Casting facing American Colloid Company 


sand http://www.colloid.com/accis.htm 
Chromite flour Mold coating American Minerals 


Colorant http://www.ceramics.com/american/ 
Architectural brick 

Glass 

Ceramic 


Brake shoes 


reported as high-f ired and except high- fired (Figure 12), forming 
the magnesite-chrome shaped refractory shipments curves for the 
1982 through 1990 time period shown in Figures 12 and 14. 

Because the c hromite-containing ma gnesite refractories data 
were separate from the chromite-free magnesite refractories data 
beginning in 1982, the fraction of magnesite and magnesite-chrome 
refractory shipments that contain chromite can be calculated for the 
1982 thro ugh 1990 time period. By v olume, magnesite-chrome 
refractory shipments a veraged 50% (ranging between 41 % and 
57%) of magnesite a nd magnesite- chrome re fractory shipments 
from 1982 through 1990. 

Beginning in 1985, shapes were reported in tons also. From 
1985 through 1990, the weight per v olume of mag nesite-chrome 
refractories averaged 4,700 t/M9be with a range of from 4,300 to 
5,000 t/M9be. 

Chromic oxide, a chemical indus try product, also is used to 
make refractories for the glass industry. Chromic oxide refractories 
are used in contact areas of glass melting furnaces to achieve long 
furnace life. 

The general decline in refractory use resulted, in part, from 
more efficient use of refractories. Use of longer -lasting refracto- 
ries decreases do wntime associated with replacing spent materi - 
als, which consequent ly lo wers labor costs and increases 
production (less time for relinin g equipment). The decline in 
chromite-containing refractory use is directly related to the cessa- 
tion of open-hearth steelmaking in the United States. 

EPA re gulation of w aste chro mium signif icantly af fected 
chromite refractory use (discussed under the Environmental Regu- 
lations section). 

To protect company proprietary data, the USGS discontinued 
reporting chromite c onsumption by the refractory industry when 
the number of reporting producers fell to three in 1994. Chromite- 
containing refractory production in the United States was virtually 
zero in 2002; U.S. consumers t oday rely on imports. Because the 
amount of d omestic chromite-containing re fractory production is 
no longer reported, and because trade data are inadequate to track 
consumption, it is no longer possible to quantitatively characterize 
the industry using publicly available statistics. 


Foundry Sand 


Foundry sand forms the mold in which molten metal is contained 

until the metal solidifies in the de sired shape. The sand is washed, 
graded, and dried beforehand. Be cause silica sand is re fractory, 
common, and inexpensive, it is the most widely used mi neral for 
foundry sand; other sands (e.g., zircon, olivine, or chromite) may be 
chosen, ho wever, dep ending on physical or chemic al conditions. 
The u se of chromite foun dry sand isamodernde velopment. 
Chromite foundry sand is used in the ferrous and cop per casting 
industries. 
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Courtesy of USGS. 
Figure 15. U.S. chromite production 


Chromite sand is compatible with steel castings. It is typically 
used as facing sand in heavy section (greater than 4 t) casting and 
enjoys a te chnical advantage over silica sand in ca sting austenitic 
manganese steel (chromite sand does not react with the manganese 
in steel). Because chromite and zirconia have higher melting tem- 
peratures than silica, the y are chosen when casting temperatures 
exceed those acceptable for silica sand. Table 5 shows U.S. foundry 
sand producers, products, and end uses. 

Chromite sand casting w as developed in Sou th Africa where 
chromite fines are readily available as anine xpensive grade of 
chromite. After successful results in South Africa in the la te 1950s, 
use e xpanded into the 1960s in the United Kingdom and closely 
thereafter in the United States. Initial use of chromite sand coincided 
with a shortage of z ircon sand; chromite sand had the additional 
advantage of b eing an ine xpensive substitute. F oundry characteris- 
tics that make chromite san d desirable are good thermal stability , 
good chill properties, not easi ly wetted, resistant to m etal penetra- 
tion, highly refractory, and chemically nonreactive. Compared with 
zircon sand, the disadvantages o f chro mite are higher thermal 
expansion, occasional presence of hydrous mineral impurities, and 
different bonding characteristics with some binding agents. 

As much as 90% of chemically bonded foundry sand (average 
of minerals used) can be reclaimed (Heine 1989) using mechanical, 
pneumatic, we t, or thermal processes, or combinations of them. 
These processes have been adapted to chromite sand. After casting, 
chromite sand, typically used as facing sand, is mixed with b ulk 
sand (silica). Because the size distribution of chromite sand is simi- 
lar to that of silica sand, mechanical methods cannot separate them 
sufficiently; h ydraulic spiral separation and ma gnetic separation, 
however, effectively separate chromite sand from si lica and zircon 
sands (silica and zi rcon sands are nonmagnetic). Some chromite 
sand degrades and then tends to adhere to castings, so it is not part 
of the reclaimed sand. Reclaimed chromite sand is indistingu ish- 
able from new chromite sand. Sontz (1972) estimated that about 
one-half the foundry industry chromite demand could be met with 
reclaimed chromite sand. 

The USGS does not surv ey for chromite-con taining foundry 
sand consump tion, and the Harm _onized T ariff Schedule of the 
United States does not clearly identify such material in trade; there- 
fore, no statistics are publicly a vailable with which to characterize 
the U.S. industry. 
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Table 6. Chromite world production by country, 1994-2004 (in metric tons, gross weight of chromite product) 
Country 1994 1996 1998 2000 2002 2004 
Afghanistan na” 3,409 3,409 5,345 6,136 ot 
Albania 118,000 143,763 102,189 120,400 91,000 158,392 
Australia na 6,000 80,000 90,000 132,665 265,987 
Brazil 359,788 408,495 537,426 550,000 283,991 462,755 
Burma 1,000 1,000 4,059 227 318 ot 
China 62,000 130,000 220,000 208,000 180,000 200,000 
Cuba 28,800 37,300 46,000 56,300 46,000 34,000 
Finland 572,747 582,000 498,075 628,414 566,090 579,780 
Greece 5,000 11,725 4,432 na na na 
India 909,076 1,363,205 1,311,310 1,946,910 2,698,577 2,948,944 
Indonesia 2,500 13,300 4,700 na na na 
Iran 354,100 130,220 211,555 153,000 80,000 183,171 
Kazakhstan 2,103,000 1,190,000 1,602,700 2,606,600 2,369,400 3,267,000 
Macedonia 5,000 5,000 5,000 5,000 5,000 na 
Madagascar 90,200 137,210 104,300 131,293 11,000 77 ,386 
Oman 6,166 15,252 28,684 15,110 27 A444 18,585 
Pakistan 6,240 27,987 77 ,500 119,490 62,005 10,000 
Philippines 76,003 107,068 53,871 26,361 23,703 25,000 
Russia 143,000 96,700 150,000 92,000 74,300 320,200 
South Africa 3,642,000 5,078,000 6,480,000 6,622,000 6,435,746 7,625,545 
Sudan 25,000 12,000 30,500 28,500 14,000 26,000 
Turkey 1,270,431 1,279,032 1,404,470 545,725 313,637 436,639 
United Arab Emirates 55,000 56,000 76,886 30,000 na 7,089 
Vietnam 63,000 37,000 59,000 76,300 80,000 150,000 
Zimbabwe 516,801 697,311 605,405 668,043 7A9 339 668,391 

Total 10,414,852 11,568,977 13,701,471 14,720,018 14,245,351 “17,464,864 

* na = not available. 

t Estimated. 
ECONOMIC FACTORS re 
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Chromite currently is not produced in the United States. Russia was Oil Embargo 
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ended, although some noncommercial production continued sporad- 
ically into the 1960s (Figure 15). The figure shows events significant 
to U.S. industry, including World War I (1914-1918); NDS acquisi- 
tion enabling legislation (1939); World War II (1939-1945); and the 
Korean War (1950-1953). 

Since 2000, India, South Africa, and Ka zakhstan have been 
the leading producers of chromite. Table 6 shows chromite produc- 
tion by country. Figure 16 shows world chromite production and 
U.S. chromite consumption. The figure shows the same events as 
in Figure 15 significant to world industry or U.S. industry, adding 
the Vietnam War (1961-1975); oil embargo (1973); catalytic con- 
verter use adopted in the United States (1975); dissolution of the 
U.S.S.R. (1991); closure of the last U.S. high-carbon ferr ochro- 
mium plant; an d discontinued u seo fCC Ato treat wood for 
domestic use. 


Converter Use 
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Courtesy of USGS. 

Figure 16. World chromite production and U.S. chromite reported 
consumption and net imports. U.S. net chromite imports are shown 
as a dotted line; reported chromite consumption, as a solid line. 


World chr omite produc tion declined sign ificantly be ginning 
in 1940 through 1945, from 1978 thr ough 1983, an d from 1 990 
through 1993. The United States dominated world chromite con- 
sumption from 1945 through 1948. World chromite production has 
grown since th en, whereas U.S. chromite co nsumption declined 
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Figure 17. World chromite production by country (1998-2002 
average). The bar chart shows the countries with smaller production 
ona smaller scale so that their relative production is apparent. 
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Figure 18. World ferrochromium production by country (1998- 
2002 average). The bar chart shows the countries with smaller 
production on a smaller scale so that their relative production is 
apparent. 
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Figure 19. World stainless steel production by country (1998-2002 
average). The bar chart shows the countries with smaller production 
on a smaller scale so that their relative production is apparent. 


between the 1950 and 1970 a verage. Reduced U.S. chromite con- 
sumption be ginning about 1970 resulted pr imarily from th e 
replacement of chromite by ferrochromium as aso urce of chro- 
mium units for the d omestic metallurgical industry and, second- 
arily, from declining use of chromite by the domestic refractory 
industry. Since 2002, reduced demand for chromite by the chemical 
industry also contributed to the decline. 


The United States continues to be a major consumer of ch ro- 
mium; it now gets chromium units via downstream products such 
as ferro chromium, chromium chemicals and metal, and st ainless 
steel scrap, however, rather than from chromite. U.S. annual chro- 
mium consumption is equi valent to abo ut 12% of annual w_ orld 
chromite production. 

Since 2000, three major chromite producers (India, Kazakhstan, 
and South Africa) were producing consistently more than 1 Mtp y 
each. They accounted for about 80% of annual world production, and 
South Afri ca accoun ted f or nearly on e-half of w orld p roduction. 
Seven other significant chromite producers have annual production 
ranging from 100,000 tto 1 Mt: Albania, Australia, Brazil, China, 
Finland, Turkey, and Zimbabwe. These se ven accounted for more 
than 15% of annual world production (see Table 6 and Figure 17). 

Chromite is consumed mostly by steel, chemical, and refrac- 
tory in dustries located ind eveloped countries. Historically , 
chromite ore was mined, exported, processed, and then co nsumed; 
chromite-producing countries, however, are developing the vertical 
integration of their chromium industries. For example, South Africa 
increased the number of ferrochromium plants, integrated chromite 
mining and ferrochromium operations, restarted chromium chemi- 
cal production (in 1999), and significantly increased stainless steel 
production. Kazakhstan be gan chromium metal pr oduction with a 
process that requires chromic oxide, a chemical industry product, as 
feed material. T hus it sustains an existing indu stry (chromium 
chemicals) and enters a new product area (chromium metal). Kaza- 
khstan rebuilt its ferrochromium industry and ma rketed its fer ro- 
chromium in Asia, Europe ,a nd the Unit ed Sta tes aft er the 
dissolution of the Soviet Union in 1991 resulted in reduced demand 
for its product. Since about 1970, ferrochromium p roduction has 
shifted from areas that histori cally had produced stainless _ steel 
(i.e., Japan, the United States, and Western Europe) to chromite- 
producing countries. Finland, India, Kazakhstan, and South Africa 
are the only chromium-consumin g cou ntries no t depen dent on 
imports of chromite or chromium. The de velopment of ferrochro- 
mium production in chromite-producing countries has reduced inter- 
national trad eofch romite.South Africaco ntinuesto b uild 
ferrochromium p roduction an d cap acity, an d Japan and Western 
Europe retain marginal production capacity (see Figures 18 and 19). 


Prices 


Chromite, ferrochromium, and chromium metal are not traded in 
open market exchanges like gold, silver, nickel, and other metals. 
The price of chro mite usually is ne gotiated between buyer and 
seller. Some trade publications survey chromite sellers and b uyers 
and report a calculated composite price. Included among these are 
Platts Metals Week (http://www.platts.com/Metals), Metal Bulletin 
(http://www.metalbulletin.com), Industrial Mi nerals (htt p://www. 
indmin.com/index.html), and Ryan’s Notes (http://www.ryansnotes. 
com). Unfortunately, the volume of trade is unknown. 

When the Unite d St ates impo rts mat erials, the ir v alue is 
declared at the p ort ofexport. This is called the f.o.b. (free on 
board) value. Figure 20 shows the mass-weighted average declared 
f.o.b. ac tual v alue of U.S.c hromite imports (a veraged o ver all 
grades). The price of chromite from important chromite suppliers 
(South Africa and Turkey) as rep orted in trade journ als is sho wn 
along with the import value. The upper price lines are typically for 
Turkish chromite; the lower price lines are typically for South Afri- 
can chromite. Import values closer to the lower prices reflect the 
fact that South African chromite was imported in greater quantities 
than was Turkish chromite. Figure 20 shows that the value of U.S. 
chromite imports and the reported prices have similar trends over 
time. Figure 21 shows the sa me values and pr ices in Figure 20 
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Source: USGS; U.S. Census Bureau; Engineering and Mining Journal; Platts 
Metals Week; Ryan’s Notes; Industrial Minerals. 


Figure 20. U.S. chromite actual value (based on import statistics) 
and price (as reported in trade journals). Price histories from various 
sources are shown as narrow gray lines; value history based on all 
grades of chromite imports is shown as a broad dark line. Value 
history is mass-weighted average value over all grades. 


adjusted fo r inf lation and normalized to 1998 dollars. Chromite 
declined in real value but increased in actual dollars. 

Figure 22 sho ws the a ctual value of chromite by grade. Unit 
values are given in dollars per metric ton, gross weight of chromite 
based on declared f.0 .b. values. Figure 22 also sho ws the unit value 
of each import grade and the mass-weighted average over all grades, 
which is called the import value. In the latter part of the time period 
(20th century), unit values by grade differ from import value signifi- 
cantly more than they did earlier. Although not obvious in Figure 22, 
when unit v alues deviate significantly from the import v alue, the 
import value very closely approximates imports of 40% to 46% 
Cr203 grade chromite (the dominant imported grade after 1991). 
Significantly de viant v alues are thoug ht to result from specialty 
items that ha ve high unit value but are relati vely low in v olume 
(measured in tons of material imported). When these are averaged 
with b ulk materia ls, the b ulk ma terials v alue tends to dominat e. 
High values of less than 40% Cr2O3 and 40% to 46% Cr203 grades 
after 1990 result from declining bulk imports of those grades, so that 
these categories are represe nted by small v olume-high price, spe- 
cialty materials. The figure illustrates that high-unit-value chromite 
at the end of the time period shown was small in quantity. 

The value of chro mite was relatively stable throu gh 1970, 
when it started to rise. Chromite value declined from 1982 to 1988, 
when steel production in g eneral and stainless st eel production in 
particular was weak. Stainless steel recovery from 1988 th rough 
1990 resulted in a short supply of ferrochromium that nearly dou- 
bled the price of ferrochromium and stimulated ane xpansion of 
capacity in t he industry, primarily in South Africa. The price of 
chromite also rose as_aresult. Chromite production capacity w as 
added to meet an anticipated de mand from increased ferrochro- 
mium production capacity, primarily in South Africa and India. 


Availability 

The U.S. Bureau of Mines studied the availability of chromium in 
10 market economy countries (MECs) (Boyle, Shields, and Wagner 
1993). The y analy zed for the simu _Itaneous a vailability of c hro- 
mium contained in chromium ferroalloy products and in exportable 
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Source: USGS; U.S. Census Bureau; Engineering and Mining Journal; Platts 
Metals Week; Ryan’s Notes; Industrial Minerals. 

Figure 21. U.S. chromite value and price adjusted for inflation and 
normalized to 1998 dollars 
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Figure 22. U.S. value of chromite by grade (<40% Cr203, 40% to 
46% Cr203, >46% Cr203, and mass-weighted average over all 
grades) and by year. The narrow gray lines represent linearly inter- 
polated values for <40% Cr203 and 40% to 46% Cr203 grades that 
replace values >$200 per ton for 1999-2001. Although not 
graphed, these values were included in the average over all grades. 


chromite products (metallurgical, chemical, refractory, and foundry 
sand). 

In the same w ork, the author s assessed about 874 Mt gross 
weight of in situ material c ontaining about 203 Mt of chromium. 
Extraction and beneficiation of this material was estimated to result 
in about 475 Mt of chromite pr oducts, of which 289 Mt w ould be 
available for export and the remaining 186 Mt would be smelted in 
the countries in which it was mined to produce about 80 Mt of chro- 
mium ferroalloys. The chromium ferroalloys would then be avail- 
able for use in the countries of production or for export. The 80 Mt 
of chromium ferroalloy included about 74 Mt of high-carbon ferro- 
chromium, 4 Mt of low-carbon ferrochromium, and 2 Mt of ferro- 
chromium-silicon. 
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Table 7. Availability of chromite and chromium ferroalloys from 
10 market economy countries 








Cost,’ $/t 
ache, Weighted Range 
Chromium Materials Mt gross wt Average Low High 
Chromite 
Chemical grade 64.3 53 35 174 
Foundry sand grade 16.4 49 39 83 
Metallurgical grade 
Primary product 145.4 101 42 705 
Secondary product 35.6 54 33 117 
Subtotal 181.0 2.733: 705 ~ 
Refractory grade 26.8 87 54 180 
Total 288.5 


Chromium ferroalloys 


Ferrochromium 





High-carbon ferrochromium 74.3 473, A17_—s—-1,286 

Low-carbon ferrochromium 3.9 937 635 1,309 

Ferrochromium-silicon 2.0 737  ~=578 814 
Total 80.2 


* Price required for 0% discounted cash flow rate of return in January 1989 
dollars per metric ton, gross weight, of product. 


South Africa and Zimbabwe hosted about 80% of the contained 
chromium in situ. India and Finland accounted for an additional 11% 
of the contained chromium; another 8% of the contained chromium 
was divided evenly among Brazil, t he Philippines, T urkey, and t he 
United States; the remainder was in Greece and Madagascar. 

Based on Cr203 content of in situ chromite ore, the 10 MECs 
fit into 2 groups. The high-grade group (ore grades ranging from 
33.96% to 43.01% Cr 203) included India, Madag ascar, South 
Africa, Turkey, and Zimbabwe. The low-grade group (ore grades 
ranging from 9.16% to 26 .65% Cr 203) included Brazil, Finland, 
Greece, t he P hilippines, and t he Uni ted St ates. T he hi gh-grade 
group averaged 38.76% Cr2O3 and the low-grade group averaged 
only 15.90% Cr203. 

Table 7 sho ws the results of the Bo yle, Shields, and W agner 
(1993) analysis. Chromium material costs were calculated on a 
weighted average basis, f.0.b. ship at po rt of e xport. The chro mite 
cost sho wn covers mining and benef iciation of the ore (inclu ding 
capital costs at the mine, operating costs, and taxes) and transporta- 
tion of ore and products to port facilities. Chromium ferroalloy cost 
includes chromite, but excludes smelter capital cost.Ona_ weight 
basis, the analysis shows that South Africa an d Zimbabwe could 
produce the following at their respective estimated breakeven costs: 
about 78% o f metallurgical chromite, 93% of chemical chromite, 
85% of refract ory chromite, and 93% of foundry chromite. South 
Africa and Zi mbabwe also c ould produce the follo wing at their 
respective estimated breakeven costs: about 69% of the high-carbon 
ferrochromium; 89% of the lo w-carbon ferrochromium; and 100% 
of ferrochromium-silicon. The product breakdo wn between ch ro- 
mium ferroalloy and chromite, and among the grades wi thin those 
product categories, w as based on mine and smelter production 
capacities and known operating relationships for 1987 through 1988. 


GOVERNMENT CONSIDERATIONS 


Strategic Factors, Stockpile 


The U.S. government has maintained the NDS int he event of a 
national defense emer gency sinc e 193 9. The DLA is cur _ rently 


responsible for the NDS. The Strategic and Critical Materials Stock 
Piling Act (50 U.S.C., section 98 et seg.) mandates that a stockpile 
of strategic and critical materials be maintained to decrease and 
preclude, where possible, dependence on foreign sources of supply 
in times of national emergency. The NDS was intended to provide 
raw materials to industry while mine production capacity was being 
increased, thereby reducing the amount of time needed to mobilize 
the domestic economy. Chromium materials that were included in 
the NDS a rec hromite (metallurgical, c hemical, and refractory 
grades), ch romium ferroallo ys (high- and lo w-carbon ferroch ro- 
mium and ferrochromium -silicon), and chromium metal. The use 
of chromite foundry sand post-dated NDS legislation. Since the dis- 
solution of the So viet Unionin 1991, the percei ved threat has 
diminished. As a result, the DLA, by act of Cong ress, eliminated 
chromium materials in the NDS and the inventory has been for sale. 
Figure 23 sho ws historical NDS chromium ma terial in ventories. 
The last of the ferrochromium-silicon stocks were shipped in 2002 
and the last of the metallurgical grade chromite stocks in 2003. The 
graphs show the National Defense Stockpile conversion program 
(1984 to 1994; during which chromite was converted to high -car- 
bon ferrochromium and low-carbon ferrochromium was converted 
to chromium metal), dissolution of the Soviet Union (199 1), and 
the NDS disposal enabling legislation (1993). 

Inventories of ferrochromium-silicon were exhausted in 2002; 
metallurgical grade chromite, in 2003. Continued sales at curren t 
rates suggest that NDS inventories will be depleted as follows: 
chemical-grade chromite by 20 06, refractory-grade chromite by 
2006, high-carbon ferrochromium by 2 011, low-carbon ferrochro- 
mium by 2015, and chromium metal by 2020. 


Health Factors 


Chromium is both an essential _ nutrient and a toxic substance 
depending on molecular form (called speciation) and exposure 
(mode, concentration, and duration). Chromium is chemically char- 
acterized by its valence state. Common valence states of chromium 
are chromium 0, chromium 3 (also denoted III , +3, or trivalent), 
and chromium 6 (also denoted VI, +6, or hexavalent). Chromium 0 
is found in metals; chromium ( III), in naturally occurring or ganic 
and inorganic compounds; and chromium (VJ), in industrial chro- 
mium chemicals. 

Chromium is an essential hum an nutrient in trace amounts. 
The National Research Council (NRC 1989) recommended a daily 
nutritional intake of 50 to 200 ug Cr . Chromium is a cof actor for 
insulin, a hormone involved in carbohydrate and fat metabolism. A 
cofactor is a molecule with which certain enzymes must combine in 
order to be functionally active. 

Anderson (1997, 1999) studied th e safety of chromium as a 
nutrient supplement by feeding chromium chloride and chromium 
picolinate to rats. Data demonstrated a | ack of trivalent chromium 
toxicity at levels several thousand times abo ve that which is esti- 
mated to be safe and adequate for daily dietary intake for humans. 
Animals consuming the picolinate-supplemented diets were found 
to contain concentrations of chromium several-fold higher in their 
livers and kidneys than those fed the chromium chloride. 

Chromium is a micronutrient that improves the efficiency of 
insulin in individuals with impaired glucose tolerance. The Insti- 
tute of Medicine (IO M) reported on the dietary reference intake 
(DRI values for chromium based on the diets of healthy Ameri- 
cans and Canadians (IOM 2001). DRI values comprise recom- 
mended daily allowance (R DA), adequate intake ( AI), tolerable 
upper intake level (UL), and e stimated average requirement. Life 
stage and gender affect DRI. IOM found that there were inade- 
quate data to set an RDA; they set an AI, however, based on the 
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average unit chromium content of balanced diets and balanced diet 
intakes as re ported by the Third National Health and Nutrition 
Examination Survey, 1988-1994. Data for chromium are not suffi- 
cient to develop a UL, suggesting the need for caution in consum- 
ing amounts grea terthanr ecommended in takes. C hromium 
chemical speciation and t he route of e xposure are import ant fac- 
tors in chromium toxicity. Inhaled, hexavalent chromium is carci- 
nogenic. C hromium inf ood ap pears universally ast rivalent 
chromium and is nontoxic (Institute of Medicine 2001). 

The dietary chemical form of chromium is trivalent. Hexava- 
lent chromium co mpounds generally are r ecognized as toxic and 
carcinogenic. Chronic occupational e xposure to he xavalent chro- 
mium has been associated with an increased incidence of bronchial 
cancer. The tox ic status of tr ivalent chromium compo unds is not 
clear; trivalent chromium compounds are less toxic, ho wever, than 
hexavalent chromium compo unds. Chemical co mpounds co ntain- 
ing chromium in lower valence states (i.e., divalent or less) gener- 
ally are recognized as benign. 

The U.S. Department of Heal th and Human Serv ices (HHS) 
prepares toxicological profiles for health prof essionals. HHS 
reported toxicological and health effect information for chromium 
(Syracuse Research Corp. 2000). 

Cross and colleagues (1997) critically re viewed he xavalent 
chromium exposure limit data in preparation for European Union 
regulation of he xavalent chromium. The y fou nd that he xavalent 
chromium compounds were potent skin sensitizers in humans and 
that they caused respiratory sensitization. They reported that speci- 
ation is important and relate health effect with solubility in water. 
Some hexavalent chromium compounds were reported as carcino- 
genic based on_ workplace exposure. They found human health 
effects of hexavalent chromium compounds included carcinogenic- 
ity (lung cancer), sensitization, renal toxicity, and irritancy and cor- 
rosivity of the skin, respiratory tra ct, and g astrointestinal tra ct. 
They recommended considerati onofatime- weighted-average 
exposure limit in the range of 25 to 10 pg/m* to protect the health of 
workers e xposed to he xavalent chromium compounds. Guertin, 
Jacobs, and A vakian (2005) e valuated the chromium (VI) f actors 
(including persistence in gro undwater, taste-and-odor thresholds, 
health risks, transport and fate, current laboratory analytical meth- 
ods and detection limits, and re gulatory issues) rel ated to w ater 
remediation and public policy. 

The ICDA (2004a) published industry guidelines on health, 
safety, and the environment. Guidelines take account of extensive 
international changes and de velopments in le gislation and regula- 
tion of chro mium materials that are int ended to he Ip com panies 
implement appro priate w orkplace practices and procedures for 
environmental protection (Gericke 1998). 

Fairhurst and Minty (1998) reviewed the toxicity of chromium 
and inor ganic chro mium compoun ds; included were chromium 
compounds in valence states 0, +2, +3, +4, and +6. With the excep- 
tion of chrom yl chloride, a v olatile liquid, the y reported that these 
compounds were solid at room temperature and that they had a wide 
range of solubility in water. Solubility and valence state were found 
to play a role in the behavior of chromium in biological tissue. 

Aw (2002) found that the effects of chromium compounds on 
human health depend on its chemical species. He reported that the 
health risk posed by hexavalent ch romium com pounds is estab- 
lished, whereas that of o ther classes of chromium compounds is 
uncertain. 

Huvinen (2002) described occ upational e xposure to chro- 
mium and its long-term health effects in stainless steel production. 
Workers in ch romite ore mining and ferrochromium and stainless 
steel production en vironments we re studied. Observed health 
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Courtesy of Defense National Stockpile Center and USGS. 

Figure 23. NDS year-end inventory of chromium-containing materi- 
als: (A) various grades of chromite and (B) chromium ferroalloys and 
metal 


effects were minimal for production workers exposed to chromium. 
Huvinen concluded that it is technically and economically possible 
to achieve lo w e xposure le vels in the stainless steel production 
chain with no adverse health effects. 

Aitio (2001) described the carcinogenic risk of chromic acid 
mist in electroplating, an area where information has recently been 
improved. He found insufficient information to quan tify the risk; 
the available information, however, indicates a signi ficant increase 
of lung cancer risk resulting from inhalation of chromic acid mist. 
He recommended a range of modi fications in chromium plating 
processing to mitigate the risk to health. 


Environmental Regulations 


NIOSH (National Institute for Occ upational Safety and Health, a 
part of the U.S. Department of Health and Human Services, Centers 
for Disease Control and Prevention) is responsible for recommend- 
ing occupational health and safety standards. OSHA (Occupational 
Safety and Health Administration, a part of the U.S. Department of 
Labor) is responsible for promul gation and enfo rcement of health 
and safety standards in the workplace. 

Environmental concern s ha ve resu Ited in a wide v ariety of 
studies to determine the follo wing about chro mium: natural back- 
ground levels, sources of environmental emissions, movement in the 
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environment, interaction with plants a nd animals, effects on plants 
and a nimals, me asurement met hods, and reco very techno logy. 
Merian (1991) gave a broad review of many environmental factors 
and the role of chromium, among other metals, in the environment. 

The EPA extended Toxic Release Inventory reporting require- 
ments to seven industry groups that included metal mining, coal 
mining, el ectric utilities, and co mmercial haz ardous w aste tr eat- 
ment f acilities under author ity of the Emer gency Planning and 
Community Right-to-Know Act of 1986. These industries started 
reporting in calendar year 1998 (EPA 1997). 


Effluents 


Chromium in water effluents must be managed. Solubility of triva- 
lent chromium compounds in neutral pH water usually results in a 
chromium concentration of <0.1. ppmasr_ equired fo r drinking 
water. Thus, when water is pH neutralized, filtration can remove 
chromium. If he xavalent chromium compounds are present, chro- 
mium must first be reduced to its trivalent state. 

The EPA announced proposed national ef fluent li mitation 
guidelines and pretreatment standards for w astewater discharges 
from stan d-alone landfills. The EP A maximum recommended 
concentration of tri valent chromium compounds in freshwater is 
570 mg/L, and a continuous concentration of 74 m g/L. The EPA 
maximum recommended concentration of he xavalent chromium 
compounds in freshwater is 16 pg/L, and a continuous concentra- 
tion of 11 mg/L (EPA 1998a, 1998c). The EPA also required com- 
munity water systems to prepare annual water-quality reports and 
to provide them to their customers. Reports must contain informa- 
tion about chromium, a regulated contaminant (EPA 1998b). 


Emissions 


The U.S. Congress enact ed the Clean Air Act Amendments of 
1990 (Public Law 101-549), completely revising the Air T oxics 
Program. Congress identified 189 hazardous air pollutants to reg- 
ulate. Chromium compounds—def ined as an y chemi cal sub- 
stances that contain chromium as part of their structure—were 
included among those hazardous air pollutants. Under the revised 
Air Toxics Program, Congress instructed the EPA to regulate haz- 
ardous air pollutants by regulating the source of those pollutants. 
Congress required the EP A to identify pollution sources by 
November 1991, then to set emission standards for those sources. 
The EPA eliminated the use of chromium chemicals in comfort 
cooling towers, one source of chromium emissions. T he agency 
also banned the use of chromium chemicals for corrosion inhibi - 
tion in industrial process w ater cooling towers in 1994. Itw as 
reported that 90% of industrial cooling tower operators had elimi- 
nated the use of chromium chemicals in anticipation of such an 
EPA ban; the r emaining 800 oper ations were given 18 mon ths 
within which to comply with the new ruling (EPA 1994). 

The EPA, as required u nder Section 112(c) of the Clean Air 
Act identified major sources and areas of sources of hazardous air 
pollutants. The EPA identified chromium electroplaters and anod- 
izers as an area source of hazardous air pollutants that warrant regu- 
lation under Sectio n 112 of the C lean Air Act and described the 
adverse impact of that sou rce. The chromium electroplating indus- 
try includes hard chromium platers (usually a thick chromium coat- 
ingon  steelfor wear resistance in hydraulic c ylinders, zin c 
diecastings, plastic molds, and marine hardw are); decorative chro- 
mium platers (usually over a nickel layer on aluminum, brass, plas- 
tic, or st eel for we ar and tarnish resist ance for auto trim, tool s, 
bicycles, and plumbing fixtures); and surface-treatment electroplat- 
ers or anodizers (usually a chromic acid process to produce a corro- 
sion-resistant oxide surface on aluminum used for aircraft parts and 


architectural structures subject to high stress an d corrosive condi- 
tions). The EPA estimated that 1,540 hard chromium electroplaters, 
2,800 decorative electroplaters, and 680 ch romic acid ano dizers 
nationwide were affected. They further estimated that electroplaters 
collectively emit 175 t of chromium per year, most of which is 
hexavalent and thus carcinogenic in humans. According to the EPA, 
the resulting U.S. nationwide population risk was an additional 110 
cases of cancer per year from ch romium electroplating emissions. 
The resulting individual risk in the proximity of particular facilities 
ranged from less than 2 chances per 100,000 for small chromic acid 
anodizing operations to 5 chances per 1,000 for lar ge hard plating 
operations. OSHA currently promul gates re gulations af fecting 
worker exposure at chromium electroplater and chromic acid anod- 
izer operations (EPA 1992). 


Solid Waste 


The EPA regulates solid waste generated by the chemical industry 
in the production of sodium chromate and dichromate. Chromium- 
containing treated residues from roasting or leaching of chrome ore 
are regulated under Subtitle D of the Resource Conservation and 
Recovery Act (RCRA). The EPA found no significant danger asso- 
ciated with treated residue from roasting or leaching of chrome ore 
based on waste characteristics, management practices, and damage 
case investigations. 

The EP A de termined tha t chrom ium-containing w astes are 
toxic and established that if a representative waste sample contains 
chromium concentrations of 5.0 mg/L (total chromium), the waste 
is hazardous. They also promulgated treatment standards for chro- 
mium-containing refractory brick wastes based on chemical stabili- 
zation, a process that keeps a compound, mixture, or solution from 
changing its form or chemical nature. In addition, the EPA deter- 
mined that some chromium-containing refractory brick wastes can 
be recycled as feedstock in the manufacture of refractory bricks or 
metal alloys, and re cognized that there is insuf ficient capacity to 
process inorganic solid debris (i.e., treatable material >9.5 mm in 
size tha t requi res cut ting or me chanical crushing and g rinding) 
prior to c hemical st abilization. As a_re sult, chro mite-containing 
refractory bricks were granted a 2- year capacity variance (i.e., a 
variance until May 1992) (EPA 1990). 

The EPA re gulated solid waste disposal of w ood treatment 
waste by settin g treatment standards and excluded printed cir cuit 
boards and scrap metal from RCRA regulation (EPA 1997). 

The EP A pr oposed toe xempt chr omite ore mined in the 
Transvaal Region of South Africa and the unreacted ore component 
of the chromite-processing residue from this region from reporting 
requirements under Section 313 of the Emer gency Planning and 
Community Right-to-Kno w Act of 1986 (EPCRA) (EP A 1999). 
EPA criteria to add or delete are in Section 313d) of EPCRA. To be 
added, a chemical must meet one of the criteria; to be de leted, a 
chemical must be sho wn to meet none of the criteria. Petition to 
delete a chromium chemical was den ied on tw o pre vious occa- 
sions—a 1990 petition to de list chromium antimony titanium buff 
rutile and a 199 1 petition to delist chromium (III) oxide. In 2001, 
the EPA granted the request to delete both chromite ore mined in 
the Transvaal Region of South Africa and the unreacted ore compo- 
nent of chromite processing re sidue from reporting requirements 
under Section 313 of EPCRA (EPA 2001). 


Safety Regulations 


The U.S. Department of Labor regulates chromium in the workplace 
under OSHA, which reviewed health, risk , and feasibility e vidence 
for chrom ium meta 1, chromic a cid and chro mates, and chromyl 

chloride. Table 8 summarize s OSHA permissible e xposure limits 
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(PELs). OSHA announced plans to g o forward with proposed rule- 
making on occupational exposure to hexavalent chromium based on 
a request in 1 993 by the Oil, Chemical and Atomic Workers Union 
and Public C itizen Health Rese arch Group p etition to lo wer the 
exposure limit (U.S. Department of Labor 2002). The current OSHA 
PEL for chromic acid and chromates is reported in Table 8 (29 CFR 
1910.1000). This table specifies a ceiling limit of 100 pg/m? of air 
for all forms of hexavalent chromium, measured as chromium (VI) 
and reported as CrO 3. The entry has been unchanged since p ub- 
lished in 1971. The OSHA interpretation is that the PEL for ch ro- 
mium (VJ) in industry is a ceiling v alue of 10 Opg/m 3 of air , 
measured as chromium (VJ) and reported as CrO3, as promulgated; 
in the construction industry, however, the PEL is measured in micro- 
grams per cubic meter as an 8-hr, time-weighted average. 

The He alth Council oft he Ne therlands recommended 
changes to the Netherla nds’ exposure limits to chromi um com- 
pounds (see Table 8) based on the health effects of occupational 
exposure to inhalable toxic substances in the air. For water insolu- 
ble chr omium (IID) comp ounds, chromium (II) compounds, and 
chromium metal dusts, they made no recommendation. For water- 
soluble chromium (III) compounds, they recommended changing 
the exposure limit from 0.5 to 0.06 mg/ m+, 8 -hr time-weighted 
average. For chromium (VI) compounds, they recommended an 
exposure limit of 0.05 mg/m, 8-hr time-weighted average. As part 
of their review, the council reported occupational exposure limits 
from Germany, Sweden, and the United Kingdom. 

The California Of fice of Environmental He alth Assessme nt 
(1994) reported noncancer chr onic reference e xposure le vels to 
hexavalent chromium. It reported an inhalation reference exposure 
level of 0.002 g/m? for chromic acid and 0.2 pg/m? for other solu- 
ble hexavalent chromium compounds. The same assessment found 
an oral reference exposure level of 0.02 mg/kg/day for other soluble 
hexavalent chromium compounds. 


FUTURE TRENDS 


World chromite production has been rising since 1900, when chem- 
ical and refractory use dominated world chromite use. Although the 
chemical and refractory industries continue to account for a portion 
of chromite consumption, the metallurgical industry is the domi- 
nant user today. The major use fo r chromite is the manufacture of 
ferrochromium, which is used as the source of chromium in steel- 
making. Stainless steel manuf acture accounts for most ferrochro- 
mium use. Since the discovery and development of stainless steel in 
the early 1900s, world stainless-steel production has grown both in 
magnitude and in its share of world steel production. The processes 
applied to chromite (electric-arc furnace smelting in the metallurgi- 
cal industry and kiln roasting in the chemical industry) are basically 
unchanged; many improvements have been made, however, to these 
processes, increasing productivity, production efficiency, and chro- 
mium recovery while reducing costs and emissions. The dissolution 
of the Soviet Union in 1991 brought previously isolated chromium 
industries into the global economic system. The effects of that 
change are still occurring. 

Chromite, ch romium c hemical and metal, fe rrochromium, 
stainless steel, and chromite refractory producers mak e up the 
world chromium industry . As fe rrochromium pro duction capacity 
was rationalized in historically producing countries (which trad i- 
tionally h ave been stainless stee 1-producing coun tries), ne w fur- 
naces or plants were constructed in chromite ore-producing areas. 

Chromite ore production is moving from independent produc- 
ers to vertically integrated producers; chromite ore mines now tend 
to be owned and operated by ferrochromium or chromium chemical 
producers. Associated with this trend is the movement of ferrochro- 


Table 8. PELs for chromium compounds 


Material PEL 


United States 


Chromic acid and 0.1 mg CrO3/m3, ceiling 


chromates 


Chromium metal and 1.0 mg Cr/m3, 8-hr time-weighted average 


insoluble salts 


Soluble chromic and 0.5 mg Cr/m3, 8-hr time-weighted average 


chromous salts 
The Netherlands 
Chromium metal dust 


Soluble chromium (VI) 
compounds 


0.5 mg/m3, 8-hr time-weighted average 
0.5 mg/m, 8-hr time -weighted average 


0.1 mg/m, 15-min time-weighted average 


Calcium-, strontium-, and 0.01 mg/m, 15-min time-weighted average 


zinc chromate 
Lead and barium chromate 0.025 mg/m3, 15-min time-weighted average 


Combined chromium 
exposure 


0.01 mg/m3, 15-min time-weighted average 


Courtesy of U.S. Occupational Safety and Health Administration; Health Coun- 
cil of the Netherlands. 


mium production capacity from stainless steel-producing countries 
to chromite-ore—producing countries. 

Both electrical po wer capaci ty and production capacity of 
submerged-arc electric furnaces used in the production of fer ro- 
chromium have been increasing, whereas the unit consumption of 
electrical power and emissions has been declining. Retrof itting at 
major producer plants has impro ved production p rocesses such as 
agglomeration of chromite ore to prevent it from blowing out of the 
furnace during smelting; preheating of furnace feedstock to reduce 
electrical ener gy consumption; and closed furnace techn ology to 
reduce emissions. These improvements also are being incorporated 
into newly constructed plants. The first indu strial ferrochromium 
furnaces were rated in low kilovolt-amperes, whereas furnaces built 
recently have electrical capacities in the tens of megavolt-amperes. 
The capacities of fer rochromium plants, as wel | as the c hromite 
mines that supply them, has been increasing. In effect, chromite is 
becoming more like a bulk commodity. As chromite and ferrochro- 
mium production has grown, so too have investments and sales, 
while production has been concentrated in only a fe w companies. 
Although the amount of production has increased, the number of 
producers has decreased. As the industry grows, mines and plants 
get lar ger and the capital cost barri er to market entry rises. As a 
result, new entrants into the market tend to be absorbed by esta b- 
lished producers. 

The introduction of post-melting refining in the steel industry 
after 1960 shifted ferrochromium production from low-carbon to 
high-carbon grades. Years of fer rochromium productio n have 
resulted in large slag stockpiles. Processes that reco ver ferrochro- 
mium from slag ha ve re cently imp roved i n rec overy e fficiency. 
These processes have been or are being installed now at plant sites. 
In South Africa, the leading ch romite- and ferrochromium-produc- 
ing country, two trends are emerging: ferrochromium plants are 
being developed in the western belt of the Bushveld Complex and 
ferrochromium prod uction processes ha ve begun to use chromite 
by-product from platinum operations. 

In the United States, chromite use has dec lined dramatically; 
the demand for chromium, however, is we Il established and is 
increasing, especially for chromium ferroalloys and metal imported 
for metallurgical use, mostly to make stainless steel. Chromite use 
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in producing chromium ferroalloys and for refractories has ended 
and chemical in dustry demand has_ decreased substantially. U.S. 
industry has replaced domestic chro mium ferro alloys and refrac- 
tory materials with imports, and demand for chr omium chemicals 
has declined. 

In the United States, several trends are developing simulta- 
neously in chr omium industries. Ferrochromium pro duction from 
chromite declined to zero in the United States in 1998 . Chromite 
use for chemical production grew slowly, with industry eliminating 
excess, uneconomic capacity, and concentrating production and 
growth in surviving plants until 2002, when _ production dropped 
dramatically. This left one c hromite-consuming chemical plant in 
the United States. Chromite use for shaped and unshaped refractory 
materials declined to zero in 2003; foundry use, however, has been 
growing slowly. 

Environmental regulations are affecting chr omite con sump- 
tion, primarily in the chemical and refractory industries. Re gula- 
tions limiting w  orkere xposure and limiting chro mium in 
emissions, effluents, and solid w astes continue to in crease operat- 
ing costs and, for new operations, capital costs. 

Chromium-related businesses are international in nature. Chro- 
mium-containing materials are mined and processed in various coun- 
tries, but chromium-containing industrial and consumer products also 
are distributed and used throughout the world. Diverse regulations on 
product manu facturing, labeling, and shipping are concerns for t he 
chromium industry. It will be affected most by the regulatory require- 
ments of its most important markets. Similarly, health and safety reg- 
ulations adopted by countries where chromium-containing materials 
are processed and used will continue to affect the industry. 

Economic growth in China resulted in chromium in dustry 
growth. Industrial growth in Ch ina required the construction of 
infrastructure and industrial plants and equipment, processes that 
are stee | int ensive. China mines lit tle chromite ore; however, it 
manufactures ferrochromium from imported chromite. Since 2003, 
China expanded its stainless steel industry by constructing modern, 
large-capacity stainless steel production plants, turning itself into a 
major chromite ore an d ferrochromium consumer . Continued 
growth in China anda similar economic transition in Ind ia were 
anticipated; however, the duration of growth in China and the eco- 
nomic path that India will follow remain unclear. 
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INTRODUCTION 


The term clay is somewhat ambiguous unless specif ically defined, 
because it is used in three ways: 

¢ As a diverse group of fine-grained minerals 

¢ As arock term 

¢ Asa particle size term 

As arock term, clay is difficult to define because of the wide 
variety of materials that comprise it; therefore, the definition must 
be general. Grim (1962) defined clay as af ine-grained, natural, 
earthy, argillaceous material. The particle size of clays is very fine 
and is generally considered to be about 2 pm or less by most clay 
scientists. These minerals are hydrous silicates composed mainly of 
silica, alumina, and water. Several of the se minerals also c ontain 
appreciable quantities of magnesium, iron, alkalis, and alkalin e 
earths. Many definitions state that a clay is plastic when wet. Most 
clay materials do have this property, but some clays are not plastic, 
such as halloysite and flint clay. 

As a particle size term, cl ay is use d for the category that 
includes the smallest particles. The maximum size particles in the 
clay size grade are defined differently on various grade scales. Soil 
investigators and mineralogists generally use 2 pm as the maximum 
size, whereas the widely used scale by engineers (Wentworth 1922) 
defines clay as material finer than approximately 4 pm. 

Some authorities find it convenient to use the term clay for 
any fine-grained, natural, earthy, argillaceous material (Grim 1968). 
When used in this way, the term includes clay, shale, argillite, and 
some fine soils. 

Even though no standar d definition of the term clay is 
accepted b y geologist s, agronomists, engineers, and other s, the 
term is generally well understood by those who use it. Clay is an 
abundant natural raw material, and it has an amazing variety of uses 
and properties, which are discussed in the following chapters. 


Clay Types and the Clay Chapters 

The following seven chapters, written by experts on clay mineral- 

ogy, categorize the clay minerals on the basis of their composition: 
¢ Ball clays 


Bentonite 
¢ Common clays and shale 
Fuller’s earth 


Kaolin 
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¢ Palygorskite and sepiolite (hormites) 
* Refractory clays 


There is som e overlap between fuller’s earth, bentonite, and 
hormites because they all have similar properties for some applica- 
tions. Therefore, both the bentonite and palygorskite—sepiolite 
chapters discuss fuller’s earth. Fuller’s earth is a term based on use, 
and both bentonites and hormites may be sold as fuller’s earth. The 
overlap is particularly evident where both bentonite and nonbento- 
nite fuller’s earth are used for the same purposes or products, such 
as in drilling mud, for bleaching or clarifying fats and oils, and as 
carriers for insecticides and fertilizers. Kaolin, ball clay, halloysite, 
and refractory clays are sometimes grouped to gether because they 
consist mainly of minerals of the kaolin group. Common clays have 
no unique mineral composition and may be composed of any mix- 
ture of the clay types and other f ine-grained materials, including 
shale, sometimes referred to as miscellaneous clay. 


WORLD PRODUCTION STATISTICS 


Unfortunately no co mprehensive w orld p roduction statistics ar e 
available for the clay minerals. The U.S. Geological Survey (USGS; 
Virta 2003) publishes an annual review of statistical data but, unfor- 
tunately, numerous countries, i ncluding India and China, are not 
always included. V irta (personal communication) estimates that the 
recorded world production figure for k aolin rep orted by individual 
countries may also include the actual mined tonnage figures and does 
not take into account the losses incurred during processing. Although 
Virta ( 2003) qu otes a worl dto nnage of 43 Mtp yo fk aolin, he 
believes that the tonnage actually sold (raw plus processed) is closer 
to 26 Mtpy. His statistics, ho wever, do not include China, India, and 
many former eastern bloc countries. Besides t his estimate of world 
production of about 26 Mtpy of kaolin, other clay types include 10.3 
Mtpy bentonite, 3.9 Mtpy of fuller’s earth, and 13 Mtpy of ball clay, 
whereas hormite (palygorskite—sepiolite) production is estimated to 
be about 3 Mtpy. 

The amount of common clays used worldwide is difficult to 
estimate since there are no comprehensive statistics. It is 1 ikely, 
however, to exceed many hundreds of million metric tons/year. Sta- 
tistics for refractory cla ys also a re not well documented. Their 
world production, however, e xceeds 10 Mtp y and may indeed 
exceed 20 Mtpy. There are also a few unique depo sits of high- 
purity clays such as halloysite (used in high-quality por celain and 
catalysis) and hectorite (used in cosmetics and pharm aceuticals) 
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Table 1. World production estimates 





Clay Type 2002 World Production, Mt Reference 
Common Hundreds Estimate only 
Refractory Possibly more than 20 Estimate only 
Kaolin 43 mined 

26 sold Virta 2003 
Bentonite 10.3 V irta 2003 
Fuller's earth Uncertain—possibly 10 
Ball 15.5 Chapter on Ball Clays 

in this volume 

Hormites 2.1 Chapter on Palygorskite 


and Sepiolite in this volume 





Table 2. Uses of clay minerals as inert components 





Clay Family Industry Use 
Kaolin Paper, plastics, Filler 
rubber 
Pesticides Carrier, diluent 
Vermiculite Building Heat insulation, sound dissipation 
Packaging Shock-proof materials, thermal 
protection, liquid absorption 
Foundries Thermal protection 
Mica Electrical Insulation 
Paints UV-, heat-stable and underwater 
paints 
Cosmetics Nacreous pigments 
Coatings Corrosion proofing, polymer 
coatings, underseal 
Talcum, Plastics, rubber, Filler 
pyrophyllite paper 
Cosmetics, Powders, pastes, ointments, lotions 
pharmaceuticals 
Refractories Refractories 
Palygorskite, Pesticides Carrier for insecticides and 
sepiolite herbicides 
Chemicals Catalyst carrier, filter material, 
anticaking agent 
Cosmetics, plastics _ Filler 





that have unique properties leading to their classif ication as high- 
quality additives rather than bulk industrial minerals. 

In addition, some nonclay mi nerals—finely ground to have 
similar proper ties to some industrial cla ys—are also freq uently 
included in industrial clay surveys. These minerals include vermic- 
ulite, mica, talc, and pyrophyllite. The individual chapters present 
production statistics of the individual clays. Table 1 summarizes the 
estimated overall world production of clay minerals by both USGS 
sources and others. 


CLAY USAGE 


Clays and clay minerals ar e v ery important industrial minerals. 
They are used in many process industries, in agricultural applica- 
tions, in eng ineering and construc tion, in en vironmental remedia- 
tion, and in man y other di verse applications (Grim 1962; Grim 
1968; van Olphen 1977; Patterson and Murray 1983; Jepson 1984; 
Odom 1984; Murray 1986, 1999, 200 0, 2003; Darley and Gray , 
1991; Bundy 1993; Galan 1996; Harv ey and Murray 1997 ; Rav- 
ichandran and Sivasankar 1997; and Philippakopoulou, Simonetis, 
and Economides 2003). 


Table 3. Uses of clay minerals based on their rheological properties 


Clay Family Industry Uses 





Tiles, bricks, earthenware, 
stoneware, sewer pipes, sanitary 
ware, refractory bricks 


Common clays Ceramics 


Kaolins Paper Coating 
Ceramics Porcelain, bone china, vitreous 
sanitary ware, earthenware 
Bentonites See Table 4 
Palygorskite, Paints, chemicals, Thickening and thixotropic additive, 


and mineral oils dispersing and antisettling agent, 


drilling fluids 


sepiolite 





Clay usage falls into two broad classes: 


* Clays are used because their inertness and stability pro vide 
specific properties (such as unique rheology) to an industrial 
use. This leads to large variety of industrial applications. 


* Clays are used because of their reactivity, which promotes or 
catalyzes specific reactions. 


Tables 2, 3, 4, and 5 give a brief summary of uses; the individ- 
ual chapters give a more detailed breakdown. 


CLAY MINERAL STRUCTURES 


All the cl ay minerals are basically h ydrated alum inum sili cates. 
There are, however, significant structural and chemical differences, 
which may include substitution of many cations that affect the neu- 
trality or stability of the clay mineral. For example, iron or magne- 
sium may substitute for aluminum; aluminum may substitute for 
silicon; and in s ome clay minerals, alkalis and alkaline earth ele- 
ments are present as essential constituents. The structure of all the 
clay minerals consists of sheets of silicon tetrahedra and aluminum 
octahedra arranged in dif fering patterns f or each indi vidual clay 
mineral. 

The physical properties of a particular clay mineral depend on 
the structure an d composition (M urray 2000) . Because of their 
extremely fine particle size, clay minerals were very difficult to 
identify until the advent of x-ray diffraction in the 192 Os. Today, 
sophisticated analytical equipment is available to fully identify and 
characterize the clay minerals. The more important analytical meth- 
ods that are used include x-ray diffraction, x-ray fluorescence, elec- 
tron microscop y, infrared sp ectroscopy, and dif ferential ther mal 
analysis. 


PHYSICAL AND CHEMICAL PROPERTIES 


The important physical and chemical characteristics that relate to 
the applications of clay minerals are particle size, shape, and distri- 
bution; surface chemistry, area, and charge; pH; high and low shear 
viscosity; filter cake permeability; color and brightness; opacity ; 
plasticity; green, dry, and fired strength; absorption and adsorption; 
fired color; electrical and heat conductivity; abrasion; cation and 

anion exchange capacity; refractoriness; disper sability; and thixo- 
tropy. The clay chapters each delineate and discuss these and other 
special properties. In most indu strial applications, the clay materi- 
als are functional rather than just inert components in the system in 
which the y are used. The common clays are the largest tonnage 
usage in numerous engineering applications, including road con- 

struction, fill, and dam construction, and in waste containment. The 
mineralogy and p article size di stribution in the co mmon cl ays 
determine their engin eering properties. The y contain mixtures of 

different clay minerals such as illite/smectite minerals, kaolinites, 
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Table 4. Uses of bentonites based on their rheological properties 





Industry Uses Activation" 
Agriculture, Soil improvement r,s 
horticulture 
Building Supporting dispersions for cut-off r,$ 
diaphragm wall construction, shield 
tunneling, subsoil sealing, antifriction 
agents for pipejacking and shaft sinking 
Additions to concrete and mortar r,s 
Ceramics Plasticizing of organic masses, ra 
improvement of strength, fluxing agents 
Foundries Binding agents for molding and core sands r,s 
Binding agents for anhydrous casting sands ° 
Thickening of blackwashes ° 
Mineral oil Drilling fluids r,a,o 
Thickening of greases ° 
Paints, varnishes Thickening, thixotroping, stabilizing, s, 0 


antisettling agents 


Coating materials, sealing cement, 8,0 
additives for waxes and adhesives 
Cosmetics, Bases of creams, ointments, and cosmetics r, a, s 
harmaceuticals Nisei : 
P Stabilization of emulsions 1,0 
Tar exploitation — Emulsification and thixotroping of tar-water a,o 
emulsions 


Tar and asphalt coatings, additives for 
bitumen 





* Bentonites are used as raw materials or in activated form: r = raw bentonite, 
a = acid-activated bentonite, s = soda-activated bentonite, 
© = organo-bentonite. 


smectites, micas, and accessory minerals. A second class is termed 
industrial kaolins , which are recognized by _ their relatively high 
contents of kaolinite (kaolins) or sometimes a small proportion of 
high-quality kaolin minerals. Ball clays have very fine particle size 
and are comp osed predominantly of kaolin. A fourth class is clay 
that has a high mo ntmorillonite (smectite) content (bentonites). A 
fifth class is the palygorskite and sepiolite clays (hormites), which 
have many similarities to bentonites and are used specifically for 
their surface properties and reactivity. 


CLAY MINERAL SOCIETIES AND PUBLICATIONS 


Several scientific societies and groups are devoted to the science 
and applications of cl ays. The major societies and gr oups that are 
currently active in clay science are as follows: 


¢ The Clay Minerals Society in the United States 


¢ The European Clay Group, which includes most of th e Euro- 
pean countries 


¢ The Clay Science Society of Japan 


¢ The Association Internation ale pour|l’Etu de des Ar giles 
(AIPEA) 


Many of the individual clay groups in European countries hold 
meetings periodically. The Clay Minerals Society hosts an annual 
conference in the United States and publishes the journal Clays and 
Clay Minerals, plus special publications and workshop proceedings. 
The European Clay Group holds a Euroclay Conference every 2 
years and publishes the journal Clay Minerals. The Clay Scie nce 
Society of Japan sponsors an annual conference and publishes the 
journal Clay Science. AIPEA sponsors the International Clay Con- 
ference every 4 years and publi shes the proceedings. The journal 
Applied Clay Science is pub lished by Else vier. Other or ganizations 


Table 5. Uses of clay minerals based on their adsorption properties 
and reactivity 


Clay Family Industry Uses 





Kaolin Fiberglass Source of alumina 


Petrochemicals Catalyst support 
Chemicals Zeolite synthesis 
Building 


Agriculture, horticulture 


Additive in cement 
Bentonite Soil improvement, composting 
Adsorption of mycotoxins 


Chemicals Sulfur production: refining, 


decoloration, bitumen extraction 
Catalysts 

Carriers for pesticides 

Dehydrating agents 

Adsorbents for radioactive materials 


Regeneration of organic fluids for 
dry cleaning 


Cleaning 


Polishes and dressings 


Additives for washing and cleaning 
agents and soap production 


Forest and water conservation: fire 
extinguishing powders, binding 
agents for oil on water 


Environmental 
technology 


Animal husbandry, manure 
treatment, cat litter 


Water and wastewater purification 
Sewage sludge pelletizing 
Barriers 


Food Refining, decoloration, and 
stabilization of vegetable and 
animal oils and fats 


Fining of wine, must, and juices, 
beer stabilization, purification of 
saccharine juice and syrup 


Mineral oil Refining, decoloration, purification, 
and stabilization of mineral oils, 


fats, waxes, and paraffins 


Pigment and color developer for 


Papermaking 
carbonless copying paper 


Adsorption of impurities in 
circulation water 


De-inking in wastepaper recycling 


Powders, tablets, drug carrier, odor 
control, liquid absorption 


Cosmetics, 
pharmaceuticals 


Adsorbent, carrier, bleaching, 
decoloration, anticaking agent 


Palygorskite, Chemicals 
sepiolite 
Environmental Cigarette filters (sepiolite), cat litter 


technology 





and publica tions that feature articles oncl ays are the American 
Ceramic Society (annual meetin gs and monthly b ulletin); SME 
(annual meetings, preprints, Mining Engineering magazine, books, 
and transactions); and /ndustrial Minerals magazine. 

The scientif ic and techno logical publications pertaining to 
clays are too numerous to cover in this chapter. Therefore, the rest 
of this chapter summarizes the subject matter and, where possible, 
indicates by bibliographic refere nce where more detailed informa- 
tion is available. For example, Bicker (1970) is a bulletin contain- 
ing only summary information on the economic geology of 
bentonite in Mississippi, b ut it cont ains references to virtually all 
published reports on bentonite in that state. 
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Major textbooks and reference volumes on various aspects of 
clay mineralogy and the industrial uses for clay published in the 
last 5 decades include Mackenzie (1957), Grim (1962, 1968), Zvy- 
agin (1967), Beutelspacher and Van Der Mar el (1968), Gillott 
(1968), Cle ws (1969), Malk ovsky and V achti (1969a, 1969b, 
1969c), Carroll ( 1970), Gar d (1971), Weaver and Beck (1971), 
Grimshaw (1972), Weaver and Pollard (1973), van Olphen (1977), 
Theng (1979), Brindley and Brown (1980), Velde (1985), Robert- 
son (1986), Newman (1987), Bailey (1988), Chamley (1989), Mur- 
ray, Bund y, an d Harv ey (199 3), Moore an d Re ynolds (1997), 
Pinnavaia and Beall (2000), Worden and Morad (2003), and Klo- 
progge (2005). Many other excellent books on clays could be men- 
tioned. Various pro vincial, state, and federal geological sur veys, 
mining bureaus, and other international agencies ha ve also pub- 
lished much inf ormation on the geology, technology, and uses of 
clay. 

Within the United States several industrial groups with similar 
industrial processes and markets have formed institutes or associa- 
tions to share information, standardize specifications and test pro- 
cedures, and lobby government or trade organizations for support. 
They include the following: 

¢ The Sorptive Minerals Institute, formed mainly to re present 
the producers of absorbent granules and other fu ller’s earth 
products 

¢ The Bentonite Producers Association, organized to represent 
the interests of the producers of bentonite 

¢ The U.S. Clay Producers Traffic Association, incorporated in 
1953 in New Jersey 

¢ The China Clay Producers Association 

In addition t o these or ganizations dealing specif ically with 
clays, the clay industry and other mining industries formed min- 
ing associations in many states, incl uding Georgia and Texas in 
1972, to protect their interests against restrictive state and federal 
legislation. 


OCCURRENCE OF CLAY MINERALS 


Clay resources may be formed from weathering processes, diagene- 
sis, metamorphism, or hydrothermal processes. The nature of the 
formation process significantly affects the crystallinity and purity 
of the clay and its associated minerals. Resources that are still in 
situa ftert he forma tion proc esses aret ermed primary cla y 
resources whereas, if subseq uent erosion, sorting, and sedimenta- 
tion occur , thereby concentrati ngt he finer clay m inerals, t he 
resources are termed secondary clay r esources. The origin of all 
clay types is discussed under the indi vidual clay chapters. Pur e 
clays do not usually occur in nature. 


TECHNOLOGIES FOR CLAY PROCESSING 


The processing technolog ies for clays are di verse. Many clays are 
used as mined, some are dry processed using air classif ication, 
whereas others are wet processed, chemically mo dified, or pro- 
cessed using a variety of complex processing steps. The individual 
clay chapters discuss these processes. 


CATEGORIZATION OF CLAY RESOURCES 


With the continued world population growth and movement toward 
urbanization and industrialization, there is an ongoing and growing 
need throughout the world to develop resources of industrial clays. 
During the early to middle part ofthe 20th century, developments in 
the industrialized world typically began on a small scale from a low 
technology base. The initial mark et focu s w as on constr uction 
materials or relatively low-quality ceramic products. With increas- 


ing levels of industrialization, the level of technology and product 
sophistication increased, with the ultimate objective of achieving 
high product quality. 

Over the past 20 years, the de veloped world has experienced 
the following: 


¢ The exhaustion of many natural resources 

¢ Mature low-growth markets 

¢ Increasing environmental constraints 

¢ Higher labor costs 

¢ A general movement against mining in many countries 


This has encouraged interest and investment in resources in 
developing nations. In addition, growth in the gross domestic prod- 
uct (GDP) of man y de veloping nations has pro vided investment 
capital for the de velopment o f their indigenous clay — mineral 
resources. 

On the basis of many industrial clay mineral studies in both 
developed and developing countries, it has been found that catego- 
rizing industrial clays into one of four categories is a useful precur- 
sor to undertaking technical and economic evaluations of potential 
resources. Such categorization also benefits the explorer or devel- 
oper because it: 


¢ Assists in identifying the most suitable development strategy 


¢ Provides a general estimate of the time required to move from 
greenfield development to production 


¢ Enables a work program to be broadly defined 


¢ Permits provisional project cost estimates to be made 


Categories of Industrial Clays 
Clay resources fall in to four categories (Harvey and Murray 1997): 


* Category | clays are high-qu _ ality, high-technolog y clays 
requiring major investment for lar ge tonnage pr oduction to 
supply both local and international markets. 


* Category 2 claysareu nique spec ialty clays re quiring 
advanced technolog ies fo rsm all tonnage ni_ che mark ets, 
locally and internationally. 


* Category 3 clays include low-technology, moder ate-quality 
clays that mainly supply local markets. 


* Category 4 clays are of variable quality. 


Category 4 low-quality clays may justify little or no process- 
ing but be suitable for large tonnage local markets. Some Category 
4 clays may be of moderate to high quality but for one or more rea- 
sons are considered noneconomic. These reasons may include: 


¢ Isolation from markets 
* Politically or economically unstable locations 


¢ Unfavorable legislative environment 


Examples of Different Categories 
Category I 


Three re gions (kaolin pro vinces) curr ently produ ce Cate gory 1 
kaolin clays: 


¢ The sedimentary kaolins of southeastern Geor gia in the 
United States 


¢ The hydrothermal kaolins of Cornwall in the United Kingdom 
¢ The sedimentary kaolins of the Amazon Basin in Brazil 


The limited number of kaolin resources identified in this cate- 
gory conf irms the rarity of Category 1 clays curr ently kno wn 
worldwide. They are discussed in detail in the Kaolin chapter. 
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Category 2 

There are also very few resources that might be classified as Cate- 
gory 2. These ar e relatively rare , unique resources of somewhat 
unusual, but valuable industrial clay minerals. Such depo sits are 
typically of high purity and are found in somewhat unique geologi- 
cal s ettings. Exam ples i nclude t he hallo ysite depo sits of Ne w 
Zealand, which are unusually pure deposits of halloysite formed by 
low-temperature hydrot hermal alteration of v olcanic ash (Harv ey 
and Murray 1993, Harv ey 1996). Halloysite is wet processed and 
supplied to a unique niche market in high-quality ceramics. 

A second example is hectorite, a lithium smectite that also is 
the product of hydrothermal alteration. In this ca se, basaltic ash 
with elevated concentrations of magnesium and lithiu m was sub- 
jected t o h ydrothermal alt eration, fo rming thi s | ithium sm ectite 
(bentonite). It is wet or dry processed and used in a wide variety of 
industries (coatings, greases, adhesives, and paints) because of its 
high viscosity, high gel strength, and good temperature stability. 

A thirde xample is white bent onite, whichis very rare in 
nature and command s high prices in collo id applications, deter- 
gents, pharmaceuticals, and ceramics. For some specialty markets, 
these bentonites are wet processed or surface modified to achieve 
the high quality required for such applications. 


Category 3 

Category 3 resources are numerous and widespread. Their specif i- 
cations are typically no t rigid, which means that the level of pro- 
cessing is typically only mo derate becaus e the ma rket qua lity 
requirements and pricing cannot ju stify high processing costs. All 
of the kno wn Category 1 resources ar ound the w orld also contain 
large tonnages of these clays, wh ich are too impure to meet Cate- 
gory 1 requirements. Examples of large exploited resources of Cat- 
egory 3 clays associated with Category 1 clays are the filler kaolins 
of Geo rgia (United States) a nd of Cornw all (United Kingdom). 
Other Category 3 resources contain few if any Category 1 compo- 
nent. These in clude the kaolin resources of Central Europe in the 
Czech Republic, Ukraine, and Germany; the filler grade kaolins of 
Indonesia; and the bentonite resources of Wyoming and the south- 
eastern United States. 

An example of a Cate gory 3 clay is the Belitung kaolins of 
Indonesia. During the 1960s and early 1970s these primary kaolins 
were mined as an adjunct to the associated, highly profitable, tin 
mining operations. W ith the radica 1 drop in tin prices during th e 
1970s and 1980s, more emphasis was placed on the kaolin opera- 
tions. These clays are currently e xploited to supply large ceramic 
and filler clay markets within Indonesia and they are also exported 
to Asian countries, including Taiwan, Japan, and South Korea. 


Category 4 
Category 4 clays exist in all countries of the world and are typically 
used as mined. 


Role of Categorization in Assessing Industrial Clay Resources 


In any assessment of an industria 1 clay resource th e e xplorer or 
developer has to go thr ough the various stages of resource assess- 
ment, raw material testing, and assessment of product quality, mar- 
ket size, and market demand. All these data must then be integrated 
into a feasibility study that will recommend whether the project 
should proceed or be abandoned. An early classification of materi- 
als into one or more of the four categories can be a useful precursor 
to esta blishing de velopment stra tegies and lik ely project costs. 
Such categorization can provide a useful insight into the comple xi- 
ties of such studies because these different categories have different 
requirements for the w ork program needed and the t ime frame to 
reach the feasibility study. 


Increasing Level of Exploration, Evaluation, and Confidence ——+> 


Reserves 


Resources 


Class 1 Class 2 


Conceptual 
Mine Plan 


Mineable in situ 


Exploitation 
Strategy 



















Apply Mining 
Recovery Factor 





Detailed 


Mine Plan 
Measured Recoverable 


Apply 
Beneficiation 
Recovery Factor 


Marketable 


Figure 1. Flow chart showing levels of confidence and assessment 
of mineral resources and reserves 


Increasing Level of Exploitation, Evaluation, and Confidence 


Relationship between Category and Annual Tonnage 


In any mineral processing operation, the term benefits of scale is 
used to indi cate that signi ficant e conomic adv antages ca n be 

obtained by having larger production volumes and by shipping in 
larger vessels. Larger tonnage operations operate with fewer labor 
hours per ton whe reas capital costs for 1 arger machines a re less 
than the multiples of their rel ative production capacities. To com- 
pete on w orld markets, Cate gory 1 producers must co nsider the 
benefits of scale. In the kaolin industry in the 1970s, for example, 
a 100,000 tpy operation was considered a reasonable commercial 
operation. Fort he curre nt developments in Braz il, a minimum 
plant size of 300,000 tpy is bein g quoted. Cate gory 2 clays have 
annual to nnage requ irements that are go verned by mark et size 
rather than benefits of scale. Annual production from such pr o- 
cessing operations typically falls between 10,000 and 100,000 tpy. 
The sizes of Category 3 operations are typically governed by fac- 
tors such as market size or accessible market share. 


Relationship between Category and Resource Confidence 


Based on the category criteria, the de velopment of a Cate gory 1 
resource requires a very high level of confidence in the quality and 
quantity of the raw material. If a minimum resource life of 20 years 
is required at 300,000 tp y, then the resource must be of suf ficient 
size to p roduce 6 Mt of prod uct. For Cate gory 2 and Cate gory 3 
industrial clays, the tonnage requirements may be significantly less 
and resource confidence may also be less. 

Figure 1 shows the various levels of resource certainty that are 
internationally recognized in the classification of industrial mineral 
resources. 

The lo west level of conf idence (Inferred, in the upper left 
comer), exists when no drilling or detailed testing has been car- 
ried out. The level of confidence moves from Inferred to Indicated 
when an initial exploration and testing program has been carried 
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Construction 
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Figure 2. Flowsheet of project development 


out and the boundaries of the resource in three dimensions may be 
reasonably estimated. Once a systematic exploration, drilling, and 
testing program has_ been completed, the le vel of conf idence 
moves to Measured. 

This may result in a prefeasi bility study wh en a decision is 
made to proceed or withdra w from the project. If the project pro- 
ceeds, then further drilling and testing leads to a mine plan, exploi- 
tation strate gy, and calculations of Mineable in situ tonnages. A 
recovery figure for mining and processing may then be applied to 
calculate the Recoverable and Marketable reserves. 

For resources in Cate gories 1 and 2i tis essential that the 
knowledge be at th e Marketable reserves stage. F or Cate gory 3 
minerals, the resource certainty may be much less, possibly at the 
Inferred resource level or less. 


Relationship between Category and Value 

Category 1 kaolin products command the largest tonnage and high- 
est added-value positions in the industry. Frequently, however, it is 
the Category 2 products that command the highest unit value posi- 
tion, although their tonnages may be relatively small. Cate gory 3 
kaolins command an intermediate value between Cate gory | and 
Category 4 kaolins. 


Relationship between Category and Preinvestment Capital 

Category | projects require significant preinvestment or “risk” cap- 
ital. The level of confidence in the resource and markets has to be 
very high, requiring a significant level of investment that may well 
exceed US$1 million. The payback time for such investments can 
be at least 5 years because of the time required to mo ve from 
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reconnaissance t ocom missioning. The pre investment capital 
requirements for Categories 2, 3, and 4 become progressively lower 
as the category of clay moves lower. 


Relationship between Category and Investment Capital 


The investment capital requirements for large tonnage, high-com- 
plexity Cate gory 1 kaolin pr ojects are quo ted to be as high as 
US$300 per processed ton (Harvey 1995; Pleeth 1997). For Cate- 
gory 2 kaolins, investment capital costs would depend on the com- 
plexity of the p rocess b ut might range between US$100 and 
US$500 per processed ton. For Category 3 kaolins, the investment 
level may be less than US$50 per finished ton. 


THE RESOURCE EVALUATION PROCESS 


The e valuation mo ves thro ugh a series of prog 
detailed stages as shown in Figure 2. 


ressively mor e 


Translating from Laboratory-Scale Testing 
to Major Plant Scale 


The clay industry has many examples of insu fficient scale-up fac- 
tors being applied to basic laborat ory data. This rang es from basic 
recovery figures to assessments of product quality based on too few 
laboratory test data. F or example, losses dur ing commercial plant 
operations may be much higher than in small-scale laboratory test 
equipment. A conservative approach to both lab oratory- and pilot- 
scale test data is essential. 


The Level of Applied Technology 


Almost anything can be done with alo w-grade clay resource if a 

sufficient number of applied tec hnologies are thrown at it. For 
example, with commercial kaolin resources, a wide-ranging selec- 
tion of technologies can be applied. By applying a number of such 
technologies to alo w-grade raw material, it may be possible to 
upgrade it significantly. When all the various processes are costed 
into the operation, ho wever, the total e xpenditures (and process 
losses) may b ecome prohibitive, effectively constraining de velop- 
ment of the resource. 


Losses Associated with Applied Processing Steps 


For each technology introduced into a process there will be process 
losses. These may range from 2% to much higher values. If, how- 
ever, it is generalized that each process step loses 4% of prod uct, 
then the effects of multistage processing on recoveries may be very 
significant. Also, such losses will be cumulative. 


Time to Move from Commissioning to Full Production 


Industries that use industrial minerals are often conserv ative by 
nature and do not read ily accept ne w products. For example, the 
paper industry uses a complex technology, and an industrial clay 
such as kaolin may be ju st one component in a complex formula- 
tion. Purchasing agents may have to be convinced that the product 
is compatible with their formulations, and further, that the product 
quality and supply will be consistent. To reach this stage, it is nec- 
essary to convince the company of the quality, consistency, and 
value of ane w product over and abo ve the quality of its e xisting 
supplier. In such cases it may be necessary to compete on the basis 
of higher quality, lower price, better continuity, or better technical 
support. Even with such strengths, however, the new player in the 
marketplace still has to de al with buyer conservatism. Therefore, 
the rate at which a p roduct is ac cepted may be a combination of 

advantageous positioning and sheer luck. For some products, it may 
take years to g ain full market ac ceptance. F or example, recent 
developments of Category 1 kaolin resourc es i n Braz il (P leeth 


Table 6. Timetable of activities and investments 


Category 
Activity 1 2 3 4 





Stage I: Reconnaissance 


Geological reconnaissance, property 
surveys, testing, broad categorization of 
materials, market surveys and evaluation 


Decision to proceed (months) 12 9 6 3 


Stage II: Exploration (prefeasibility) 


Property negotiation, drilling, testing, 
market surveys, precise material 
characterizations, process flowsheet 
development, resource calculations, 
economic studies and evaluation 


Prefeasibility study and decision to 18-24 9 96 


proceed (months) 


Stage Ill: Delineation and feasibility 


Drilling, testing, market surveys, bulk 
samples, engineering studies, assessment 
of products in the marketplace, economic 
studies and evaluation 


Feasibility study (months) 24 12 9 3 


Stage IV: Decision to invest 


Total elapsed time since project initiation 4-5 2.0-2.5 2 1 


(years) 


Design, construction, and commissioning 1-2 ] ] ] 
(years) 


Typical overall project time (years) 5-7 3-4 2-3 1 





1997) quote time intervals of at least 5 years to move from initial 
exploration through to commissioni ng. Table 6 illus trates typical 
times required. 


Reducing Risk during Development 


There are several procedures for minimizing risk and reducing the 
time necessary to develop Category 1 or Category 2 ventures: 


Associate or form a joint v enture with established producers 
in the industry. 


Associate or form a joint venture with major market users of 
the product. 


Engage specialized consultants for resource evaluation, mar- 
ket surveys, and so forth. 


Develop resources adjacent to proven established resources. 


SUMMARY 


This overview illustrates the diverse nature of clay minerals and the 
breadth of their technologies and markets, and demonstrates why 
they are such important industrial minerals. The seven chapters that 
follow expand on the individual clay types. 
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INTRODUCTION 

Ball clays are kaolinitic se dimentary clays tha t are an important 
component in most ceramic bodies because they confer strength and 
plasticity. Most ball clays impart a light cream to white fired color in 
an oxidizing atmosphere. Ball clays ha ve varying proportions of 
kaolinite, illitic mica, or sericite and fine quartz, with small amounts 
of or ganic mat ter and other minera Is such as sme ctite. They are 
commercially v alued be cause they incre ase the w orkability and 
strength of ceramic bodies. Contaminan t minerals frequently 
include pyrite, siderite, iron and titanium oxides, gypsum, and dolo- 
mite. The quantity, form, and type of contaminant can influence the 
usefulness, processing route, an d ceramic applicatio n of the clay. 
The major differences between the kaolinite in ball clay and in china 
clay (kaolin) are particle size and the degree of ordering within the 
crystal structure. Whereas the kaolinite in china clay is moderately 


[_] Ball Clay Deposits 









coarse and generally we Il ordered, kaolinite in ball clay norm ally 
has a very fine particle size and is predominantly b-axis disordered. 

The term ball clay is thought to be deri ved fr om the old 
method of working the clay. The clay was cut into cubes about 9 in. 
(230 mm) square, each weighing 30-40 Ib (13-18 kg); because of 
the plastic nature of the cl ay, these rapidly assumed a spherical 
shape during handling. Clay was sold in this form by the “ _ ball.” 
Alternatively the name may have derived from a digging implement 
called a “tubal,” which is still used to mine ball clay in some parts of 
the world. 

Figure 1 sho ws the location s of some of the major de posits 
worldwide. In 2003, the production of ball clay w as estimated at 
15.5 Mt (Table 1), and this should be considered only an estimate 
because many countries do not dist inguish between ball clays and 
other types of clays. Nine countries—China, Germany, Indonesia, 
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Figure 1. Map of some major ball clay deposits of the world 
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Table 1. Estimated ball clay production by region/country, 
2002-2003 





Region/Country Production, t 
North America 
United States 1,120,000 
Europe 
Czech Republic 400,000 
France 400,000 
Germany 3,000,000 
Italy 100,000 
Poland 50,000 
Spain 1,200,000 
Turkey 550,000 
Ukraine 3,500,000 
United Kingdom 1,000,000 
Asia and Oceania 
Australia 80,000 
China 2,000,000 
India 150,000 
Indonesia 500,000 
Malaysia 600,000 
Thailand 300,000 
Vietnam 200,000 
Others 
Argentina 50,000 
Brazil 250,000 
Chile 5,000 
South Africa 10,000 
Total 15,500,000 





Malaysia, Spain, T urkey, Ukraine, the United Kingdom, and th e 
United States—account for 83% of the world’s production with the 
largest, Ukraine, at 23% (Figure 2). The most significant develop- 
ment has been the dramatic in crease in production from Ukr aine 
mainly for the manufacture of Gres Po rcellanato tiles. The clay is 
characterized by high strength, f ine particle size, and particularly 
low water absorption, which is especially suitable for single firing. 

This chapter describes the ball clays of t he United S tates in 
detail followed by a brief review of some other deposits of the 
world. 


BALL CLAYS OF THE UNITED STATES 


Local potters near Paris, Tennessee, in the 1800s were the earliest 
ball clay miners in the United States after European settlement. In 
1894, Isador Mandle be gan selling clays out of state from Whit- 
lock, in Henry County, Tennessee (Whitlatch 1940). Ball clay min- 
ing subsequently spread across Henr y, W eakley, and C arroll 
counties in Tennessee and north into western K entucky. With the 
migrations and population growth farther west, ball clay resources 
were disco vered and e xploited in Ca lifornia, Maryland, Missis- 
sippi, and Texas. 

The four major suppliers of ball clay in t he United State s 
are H.C. Spinks Clay Company (Franklin Industries); Kentucky— 
Tennessee Clay Company (Imerys); Old Hick ory Clay Company; 
and Unimin Corporation. 

The major markets for ball clay are in the manufacture of san- 
itary ware, wall tile, and floor tile. Ball clay is also used in the man- 
ufacture of acoustic ceiling tile, dinnerware, electrical porce lain, 
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Figure 2. Major ball clay producing countries, 2002-2003 


refractories, hobb y ceramics, coal tar/asphalt, fiberglass, rubber, 
and a variety of coating and sealant applications. 


Production and Trade 


According to U.S. Ge ological Survey (USGS) statistics, in 2002, 
approximately 1,120,000 t of ball clay valued at US$47 million was 
produced in the United States (Table 2). Tennessee was the largest 
producer at 59%, followed by Texas, Kentucky, and then Missis- 
sippi. Most of this tonnage was produced for ceramic applications 
(floor and wall tile, 35%; sanitary ware, 22%; pottery and miscella- 
neous ceramics, 15%). Figure 3 illustrates the distribution to e ach 
market. 


Processing 


Raw ba Il cl ay is processe d into four dif ferent forms: shredd ed, 
mechanically dried, air-floated (powdered), and slurry. Shredded 
ball clay under goes the least amount of processing. In this process, 
raw clay is run throu gh a shredder, and the resulting pro duct is no 
more than 2 in. (5 cm) in diameter with a moisture content of about 
17%. Mechanically dried clay also has a diameter of no more than 
2 in. (5cm),b ut it has amoistu re value of about 10%. In 2002, 
shredded and mechanically dried forms represented about 31% of 
the market and had an average value of $34/t. Air-floated clay is 
powdered and hasa moisture percentage of no mo re than 3%. In 
2002, air-floated clay represented about 40% of the market and had 
an average value of $54/t. Slurried clay is shipped in liquid form and 
consists of about 60% clay and 40% water. Slurried clay represented 
about 29% of the market and had an average value of about $43/t in 
2002 (Virta 2004). Reserves of ball clay in the United States at cur- 
rent consumption rates will last far more than 150 years. 


Geology 
Overview 


The sedimentary environments into which ball clays were deposited 
appear to vary greatly. As a result, the physical characteristics of ball 
clays v ary great ly. In Tennessee, man y deposits are narrow and 
curved; in cross section, the y appear to be ri ver-channel shaped 
(Figure 4). These deposits are typically surrounded on the sides and 
undersides by cross-bedded sands and occasionally fine gr avels. 
Clay deposits of this type generally are dark brown and have tan 
clay on both the top and the bottom of the deposits (Figu re 5). 
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Table 2. Ball clay sold or used in 2002 by producers in the United States, by state’ 

















Airfloated Water-Slurried Mechanically Dried and Shredded Grand Totals 
Value, Value, Value, Value, 
State Quantity, t $US million Quantity, t $US million Quantity, t $US million Quantity, t $US million 
Tennessee 248,000 12.4 194,000 8.4 217,000 7.3 660,000 28.1 
Othert 196,000 11.5 wi WwW WwW WwW 459,000 11.5 
Total 444,000 24.0 194,000 8.4 217,000 7.3 1,120,000 47.0 





Source: Virta 2004. 


* Data are rounded to no more than 3 significant digits; may not add to totals shown. 


t Includes Indiana, Kentucky, Mississippi, and Texas. 


+ W = withheld to avoid disclosing company-proprietary data; included in Totals. 
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Adapted from Virta 2004. 
Figure 3. Percentage usage of ball clay produced in the United 
States 


Thicknesses of the deposits vary from 10 to 50 ft (3 to 15 m). Chan- 
nels are typically about 300 ft (91 m) across and from 500 ft (152 m) 
to almost 1 mile (1.6 km) long. Deposit siz es range from 2 to 50 
acres (1 to 20 ha) (McCuistion 1995). 

Other Tennessee and K entucky deposits are much lar ger and 
not confined to channels. These deposits canco ver 100 or more 
acres (40 ha or more), but they do not have a typical lensoid shape. 
The clays in these deposits a re mostly gray b ut grade into bro wn 
clay that is crisscrossed with root structures at the tops of the depos- 
its. These deposits are commonly capped by 2-8 ft (0.5—2.5 m) of 
lignite with a contact that undulates a few inches with the underlying 
brown clay. These deposits also range from 10 to 50 ft (3 to 15 m) in 
thickness (McCuistion 1995 ). Most other types of deposits f all 
somewhere near or between the two extremes. 


Occurrence and Origins 


By far, most of the ballclay produced in the United States is 

shipped from the Kentucky—Tennessee region (Henry, Weakley, and 
Carroll counties in Tennessee; Graves County in Kentucky). Signif- 
icant amounts of clay are also shipped from Panola County in Mis- 
sissippi and from Cherokee Cou nty in Texas. The T ennessee, 
Kentucky, and Mississippi deposit s are all located in t he Middle 
Eocene Claiborne Group (Ackerman 1996), which is near the edges 
of the Mississippi Embayment (Figure 6). The econo mic clay 


deposits in T exas are inthe Lower Eocene W ilcox F ormation 
(Fisher et al. 1965). 

The environment in which th ese clays were de posited is 
generally considered to be ona fairly flat plain traversed by lo w- 
gradient, aggrading streams that occupied broad, flat valleys. Sea- 
sonal flooding caused major channels to shift paths, leaving behind 
abandoned, low-energy environments known as “ox bows.” These 
abandoned channels or oxbows became ideal low-energy environ- 
ments for the deposition of fine-grained clays. It is conceivable that 
the larger deposits not confined to a channel are large-scale over- 
bank deposits. 

Two theories exist for the origins of U.S. ball clay sediments. 
The first is that Porters Creek Clay in the Middle Paleocene weath- 
ered to kaolinite and w as transported a relatively short di stance to 
its current locations (Hughes, Moore, and Reynolds 1993). The sec- 
ond is that the deposition of these sedimen ts was the result of the 
Appalachian River system entering the Mississippi Embayment in 
Kentucky and mean dering back a nd forth across this wide plain 
(Potter an d Dilcher 1980). Both theories are worthy of more 
thought and further study. 


Mineralogy and Properties 


The two maj or components of ba Il clay are kaolinite and quartz. 
Many of the properties important to end users are tied to the rela- 
tive percentages of these two minerals. The variations in composi- 
tion can be quite large. In five profiles sampled from working clay 
pits by McCuistion (1995), the quartz contents ranged from 21% 
to 64 % and the kaolin ite cont ents ranged from 33% to 80 %. 
Hughes, Moore, and Reynolds (1993) confirmed that much of the 
kaolinite present in these clays is mixed-layered kaolinit e—smec- 
tite. Well-ordered kaolinite represents 37% —67% of the kaolinite 
within these clays. The kaolinite-smectite component has approxi- 
mately 88%—99% ka olinite laye rs (McCuistion 1 995). Hu ghes, 
Moore, and Re ynolds (19 93) examined man y dif ferent depo sits 
and stated that the kaolinite—smectite in ball clay had >80% kaoli- 
nitic layers. The presence of this poorly crystallized kaolinite con- 
tributes to the plasticity for which ball clay is so well known. Trace 
clay mineral s prese nt in bal | c lays include illite, sm ectite (dis- 
crete), chlorite, and other mix ed-layer clay spe cies. Other trace 
minerals are mica, pyrite, ilmenite, magnetite, tourmaline, and zir- 
con (McCuistion 1995). 

The physical properties of ball clay are as varied as their min- 
eralogies, and the variations significantly affect the end uses of the 
ball clay. Ball clays have the following properties: 


¢ Moisture content between 18% and 22% 


¢ White, various shades of gray and brown, black, tan, pink, and 
all shades in between 
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Figure 4. Cross section and isopach map of a ball clay deposit. Deposit is a clay lens within the Claiborne Formation sands and appears river- 


channel shaped. 





Figure 5. Photo of a mine with tan clay overlying dark brown clay 


* Particle sizes between 15% <0.5 um and 65% <0.5 pm 

* Specific surface area (SSA) between 8 m?/g and 40 m?/g 
* Carbon content from 0.1% to >3% 

¢ Sulfur content from <10 ppm to as much as 7,000 ppm 


¢ With aging, sulf ate content from between 200 ppm and 
5,000 ppm 


* Residues on +200-mesh screens from a trace to 30% 
* Deflocculation demands from very low to very high 
¢ Fired color can be white, peach, or pink 

¢ SiO, from 50% to 70% 

¢ Al,O3 from 18% to 35% 

¢ Average E203 close to 1% 


Technology 
Exploration 


Exploration involves planning, drilling, laboratory testing, and geo- 
logic interpretation. Ball clay de posits were originally located by 
finding outcrops that were visible in topo graphic lo ws such as 
ditches and str eam bottoms. Alth ough that meth od is still usefu 1 
today, most deposits are generally found well below the elevations 
of even the most de eply incising streams. Drilling has been con- 
ducted in the Tennessee, Kentucky, Texas, and Mississippi regions 
for more than 75 years. Numerous ball clay deposits have been 
identified and 1 ocated b ut not yet de veloped. In most of these 
deposits, the locations, depths, and thicknesses are known, but the 
only quality information recorded was what the drillers logged in 
the field (color, sandiness, etc.). Because of the e xtensive drilling 
done over the past 75 years, modern plan ning fore xploration 
involves e xtensive review of hist orical rec ords to f ind tracts of 
drilled land. Tracts of land that have never been drilled are chosen 
by proximity to known ball clay deposits and location within the 
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Figure 6. Approximate locations of Mississippi Embayment 
commercial deposits 


general area in which the Claiborne or Wilcox formations outcrop 
or subcrop. 

Ball clay deposits in the United States are now located using 
truck-mounted core or split-tube sample drills. Th ese drills can 
recover nearly 100% of the clay encountered. Sampling is typically 
at 2.5-ft (0.8-m) intervals. Cores are generally 2 in. (5 cm) in diam- 
eter. Figure 7 shows a typical rig. Laboratory testing is performed at 
2.5-ft (0.8-m) intervals. If an obvious change such as a variation in 
the color or sandiness of the clay is apparent within that interval, 
then the sampling interval may be further reduced. 

Exploration drilling is done with 150-ft (46-m) sp acing 
between holes. It is necessary to drill this close because some of the 
deposits may not be much wider across, and drilling at wider spac- 
ings could miss some smaller deposits. In most deposits, this dis- 
tance between holes is suf ficient to assess the quality and quantity 
of the ball clay before removing the overburden. In some smaller 
deposits and close to the edge of deposits, holes are spaced closer 
together to ensure quality and to minimize the amount of 0 verbur- 
den remo val. These holes are then surveyed using eit her laser - 
ranging transits or global posit ioning system (GPS) receivers. 
Aerial photography is widely used to assist in both exploration and 
mine planning. This enables sufficiently accurate contouring to be 
generated to assess b oth t he o verburden and re serves ine ach 
deposit. Exploration holes are typically drilled to between 75 ft and 
100 ft (23 m and 30 m). 





Figure 7. Typical truck-mounted drilling rig used in the United 
States 


Each sample representing 2.5 ft (0.8 m) or less is tested for the 
following properties: 


Particle size (mainly % <20 pm; % <10 um; % <5 um; % <2 pm, 
% <1 ym; and % <0.5 yim) 

SSA (single and multipoint) 

+200 and +325 mesh residue 

Chemistry (mainly SiO 2, A 1203, F e203, K 20, and lo ss on 
ignition [LOT]) 

Total sulfur or carbon 


Fired color 


Composites of samples are given the following ceramic tests: 
* Casting rate 
¢ Dry modulus of rupture (MOR) 
¢ Moisture retention 

Other application-specific tests may be run on certain individ- 
ual or composite samples as appropriate. 

Most mapping and modeling is now done with computer-aided 
design (CAD)-based computer programs. If a deposit has sufficient 
quality, quantity, and overburden ratio to justify de velopment as a 
mine, then a th ree-dimensional property map is produced that dis- 
plays the surface topography and drill-hole locations. After labora- 
tory testing on the exploration samples, a geologist correlates each 
layer within a deposit between drill holes. Once the property map is 
produced, then the dri ll-hole information is entered into the com- 
puter to gen erate a three-dimensional model of the deposit. This 
model generates geolog ic tools such as cross sec tions and isopach 
maps (Figure 4) to aid in the min e-planning process. Just as impor- 
tant, volumes of indi vidual layers can be calculated for both long- 
and short-term planning. Volumes of ball clay are transformed into 
weights by the following relationship: 


1 ft? = 100 lb (1 m? = 128 kg) 
Mining 
Mining in volves planning, permit ting, overburden stripping, pro- 
duction drilling, actual mining, regular mine sampling, clay aging, 
and blending. 


Mine planning requires the joint involvement of various disci- 
plines. Quality, environmental concerns, and costs are all equally 
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Figure 8. Overburden is stripped using tractors with self-loading 
pans 








Figure 9. Trackhoes selectively mining individual layers from a 
Tennessee clay pit 


weighted in designing a mine plan to balance all three factors. Mine 
plans are constructed using the same maps generated by the CAD- 
based computer programs. 

State en vironmental or ganizations i ssue perm its. The ma in 
federal regulating authority for mine safety is the Mine Safety and 
Health Administration (MSHA). 

Open-pit mining, the method used in all U.S. ball clay mines, 
requires o verburden strip ping. The dominant equipment used to 
remove o verburden ma terial is self-loading scrapers or _ tractors 
pulling self-loading pans (Figure 8). In particularly wet or so ft 
material, it is sometimes necessary to top-load these pans or scrap- 
ers with a trackhoe. 

Production drilling is done after the o verburden has been 
removed and before mining takes place. Production holes are spaced 
50 ft (15 m ) apart to re fine mine plans and reserve estimates. The 
test procedures used in exploration are again used on these produc- 
tion samples. After laboratory testing, the three-dimensional models 
are updated to make mine plans, cross sections, isopach maps, and 
estimates of reserves more accurate. 


In the Unite d St ates, the most common equ ipment used to 
mine ball clays is the trackhoe (Figure 9). The horizontal and verti- 
cal variability inherent in ball clay deposits dema nds precise min- 
ing. Some deposits contain six or more different strata. Each must 
be mined precisely and stored separately for later blending. The 
clay is load ed directly onto trucks wher e it is the n tra nsported 
directly to sheds or intermediate storage areas. Once in the sheds, 
bulldozers push each load of clay onto its appropriate pile. 

Mine samples are taken on a re gular basis at the stockpile in 
the shed. Testing is done to confirm that all steps up through trans- 
port of the clay have been performed correctly. If the samples show 
clay to be out of spec ification, the clay is either isolated and used 
appropriately or mo ved to its pr oper stockpile. Mine sample data 
are also used to make precise blends of different clays to achieve a 
required combination of properties. 

Proper aging is important to the deflocculation characteristics 
of ball clay. Newly mined clays are almost always very difficult to 
deflocculate. Oxidation and bact erial at tack ont he mined clay 
change and degrade the organic matter over time. Sulfate growth is 
also a result of the ag ing process and hasa profoun d effect on 
ceramic bodies. Another benefit of aging is drying; natural drying, 
in particular, significantly decreases costs. 

Blending is a major step in the quality control process. Blend- 
ing clay reduces v ariations in products by dampening the natural 
variation inherent in each strata. Blending also allows adjustment of 
relative percentages to account for changes in the mine. Blending 
enables adjustments to be made to control trends or sudden changes 
in a product that are caused by variations in the clay composition or 
physical properties. Blending also can create “engineered” products 
not found in the natural environment as individual strata. 

The ball clays are blended in se_ veral different ways. Initial 
blending is done on the floor befo re loading into the hopper. With 
this method, the loader operator is given a recipe for the number of 
buckets of each clay to mix together. With the second method, the 
recipe is for the number of pounds of each clay to load directly into 
the hopper. Scales on the hopper guide the operator in this process. 

Preprocessing quality control can be summarized in three major 
steps: drill sampling (premining) , mine sampling (postmining), and 
blending. Figure 10 is a flow chart of this process. 


Processing 


Ball clay in the Uni ted States is processed in dry forms and wet 
forms (slurry). The flo w chart in Figure 10 ends by branching to 
one of these two processes. 


Dry Processing 


Figure 11 illustrates the dry- processing technology pathway. Once 
a blend is batched and mixed together, a front-end loader dep osits 
the blended clay into a hopper leading to a J.C. Steele feeder. The 
clay exiting this feeder is no larger than a softball. The clay is then 
carried up a belt to a crusher that further reduces the size of the clay 
pieces to 1 in. (2.5 cm) or less in diameter. 

From the crusher, the clay runs through a dryer that reduces 
the moisture content of the clay from approximately 20% to about 
12%. For mechanically dried prod uct, the clay can be run into a 
stockpile or loaded directly into a railcar or truck. For air-floated 
product, the clay is diverted into a mill hopper that feeds clay into a 
mill that grinds the clay into a powder and dries it further to 3% or 
less moisture. From the mill, the powdered clay is pneum atically 
pumped into ah opper. From th e hop per, the clay can either be 
bagged in 50-Ib (22.5 k g) bags or pumped into a silo. Trucks and 
railcars can be loa ded directly from the se silos or clay can be 
loaded into 1-t supersacks. 
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Figure 10. A generalized flow chart for exploration and 
preprocessing quality control of ball clay 


Wet Processing 


The other branch of the flo w chart in Figure 10 leads to wet pro- 
cessing, which is further illustrated in Figure 12. Instead of blend- 
ing clay onthe floorasisdone with dry processing, indi vidual 
clays are loaded into the hopper by weight. A digital readout on the 
hopper shows the loader operator how many tons of each clay have 
been loaded. When the batch is completed, the J.C. Steele feeder 
feeds the clay onto a belt in softball-size or smaller lumps and into 
a crusher that crushes the clay into lumps 1-in. (2.5 cm) or less in 
diameter. The clay is then fed into a blunger and mixed with water 
and chemicals. Large blades blend the clay—water—chemical mix- 
ture until all the clay has broken down. When blunging is complete, 
the slurry is th en pumped 0 ver coarse screens that scalp of f the 
coarser ma terial suc h as li gnite and coarse sand. The sl urry is 
pumped over fine screens that take out even more undesired mate- 
rial. After screening, the slurry is pumped into blend tanks. These 
blend tanks are checked for quality and consistency and, if neces- 
sary, are mixed with other tanks to improve the quality. From the 
blend tanks, the slurry is pumped in _ to ship-o ut tanks wher e the 
slurry is check ed for consistency a final time bef ore the tanks ar e 
loaded into either trucks or railcars. 
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Figure 11. A generalized flow chart for ball clay dry processing 
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Figure 12. Generalized flow chart for wet-processing technology 
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Marketing 
Ceramic Usage 


Ceramic usages of ba Il clays include wall and floor tile, sanitary 
ware, and miscellaneous uses. 

A typical tile body contains 20%—60% ball clay, and the rest is 
varying amounts of pyrophyllite, feldspar, silica sand, and talc. The 
ball clay in a tile body enables forming and imparts green strength 
so that the pressed tile retains its shap e throughout the green or 
forming phase of the manu facturing p rocess. The ball clay also 
helps the body co ntinue to retain its shape throughout the firing 
process until a v itreous bond is established through melting and 
mineral transformations (W orrall 1986) . Ball clay s used fo r tile 
products are typically quite f ine and fire white to of f-white. For 
some of the darker styles, dark firing clays are more desirable. 

A typical sanitary-ware body consists of 35% ball clay, 15 % 
kaolin, and 50% nonplastics such as feldspar and silica sand. Because 
sanitary ware is cast instead of pressed, the rheological and viscosity 
characteristics that ball cl ay adds toa slip are v ery important. The 
ball clay acts as asuspending agen t forthe rest of the nonplastic 
materials in a slip so that the coarse, nonplastic materials do not settle 
out. During casting, the green forming characteristics that ball cl ay 
adds to the body become important. Green strength and plasticity are 
critical to the handling of unfired ceramic ware. Sanitary-ware blends 
are typical ly fairly coarse to ma intain fast casting rates. The ideal 
blend, however, includes both fine and coarse clays to better balance 
the need for both casting rate and strength. 

Electrical porcelain, hobbyware, and dinnerware all use ball 
clay for its plasticity and forming characteristics. 


Nonceramic Usage 


Ball clays are formulated in a wide variety of nonceramic applica- 
tions such as coatings (interior and exterior), rub ber, adhesives, 
sealants, fiberglass, and fire-retardant systems. Depending on the 
application, the f ine particle si ze of certain ball clays of fers the 
following processing charact eristics or adv antages: rheological 
modification and st abilization; bonding st rength; desirable oil 
absorptions; e xtrudability; reduced sag and increased stiffness; 
pigment reduction; improved surface appearance; tack reduction; 
and con trolled dr ying. Ball clay blends can be engineered to 
address specific processing needs, resulting in process and quality 
improvements for the end user. 


Economic Factors of the Ball Clay Industry 
Exploration and Mine Development Costs 


No surface features signal that ball clay may be present on a particu- 
lar tract of land. Therefore, it is necessary to drill hundreds of holes to 
find a potential deposit of economic ball clay . Once a deposit is 
found, it is necessary to drill 100 or more holes to properly character- 
ize a deposit. Additional cost is involved in tes ting and recording 
data, int erpreting the data, and creating t hree-dimensional models 
and mining plans. Permitting also in curs significant costs. A permit 
for a new mine can tak e 3-6 months to complete and be appro ved. 
Ball clay companies typical ly have 7-12 mines in some stage of 
development, mining, or reclamation at any given time. 


Stripping, Mining, and Crude Clay Transport Costs 


Both contracting and fleets owned by individual companies remove 
overburden. Costs of overburden removal vary greatly depending 
on the type of overburden, ratio of clay to o verburden, length of 
haul to a dump site, and amount of water present in the sands. 

Ball clay is mined from ground owned by the mining compa- 
nies and from leases. Minimum payments are made to the landhold- 


erseach year until mining be gins. When mining be gins, the 
landholders are paid a royalty for every ton removed from the prop- 
erty for purpose of sale. Another cost involves water: it is necessary 
to pump water nearly contin uously from most ball clay mines to 
keep both rain and groundwater away from the mining areas. 

Both con tractors and company-owned fleets truck crude 
clay to processing plants, usually traveling distances of 5-50 miles 
(8-80 km). 


Processing and Drying Costs 


Shredded material costs the least to process because it is run only 
through a sh redder before it is re ady for shipment. Mechanically 

dried material is run through a shredder, but it also runs through a 
dryer that uses significant quantities of gas or other energy source. 
Air-floated or po wdered materials go through an additional costly 
step of being almost completely dried in a furnace and powdered in 
a ball or roller mill. Slurry products are also shredded, but they are 
introduced intoablung erwithheatedw ater and sig_ nificant 
amounts of chemicals to break the clay down into a pumpable form. 


Product Transport Costs 


Ball clay product is transported by tnck, railcar, barge, or container 
ship in North and South America. Transportation costs are signif i- 
cant and often exceed the cost of the product itself. 


Customer Support Costs 


Ball clay producers offer total support to customers and have teams 
of c eramic eng ineers that w ork directly with c ustomers at their 
plants to help a customer with both production problems and ef fi- 
ciency issues. These teams of e ngineers discuss the problems and 
issues with the production facilities so that products can be adjusted 
to better suit a customer’s needs. 


BALL CLAY DEPOSITS OUTSIDE THE UNITED STATES 


Europe 

Ball clay is found in many countries in Europe; major production is 
in the Czech Republic, France, Germany, Spain, Turkey, Ukraine, 
and the United Kingdom. Figure 13 is a map of the ball clay depos- 
its in Europe (for this chapter, Europe refers to western and eastern 
Europe, Ukraine, and Turkey). 


Czech Republic 


The main ball clay producing regions in the Czech Republic are in 
Cheb, Pilsen, Most, South Bohemia, and Western Moravia. Produc- 
tion of ball clay w as 400,000 t in 2003, with the best-quality ball 
clay in the Cheb Basin where it is mined in the Nova Ves, Karel, 
and Vackov areas. T hese cl ays are characterized by f ine particle 
size, very good plasticity, white firing, good MOR, and relatively 
low iron and titania. 


France 


The two principal clay-producing areas of France are the Charente 
Basin, w orked by A GS, and the Pro vins Basin. Pornon et Cie 
SARL is part of WBB Minerals (Sibelco Group) with operations in 
the Allier re gion. Here Pornon man ufactures selected plastic clay 
blends for sanitary ware (SanMix PT-28) and for refractory applica- 
tions (Carat PT-13). 


Germany 


Clays are mined throughout Germany, but by far the most important 
region for the production of plastic clays is the Westerwald region. 
The Westerwald region is situated between Frankfurt and Bonn, 
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and the main basin is divided into a number of topographic and 
generic basins that are controlled by earlier fault patterns. Clay- 
bearing sequences were laid down in subsidence hollows in the 
Tertiary period, some 25-40 Ma. 

The largest c ompany in Ge rmany is W BB Fuch s, whic h 
extracts and processes a wide ra nge of plastic clays and kao lins 
from deposits in the Westerwald region and other areas of the coun- 
try. Fuchs’sche Tongruben (Fuchs-Ton) was established as a family 
company in 1838 and gr ew into one of the country’s leading clay 
suppliers, becoming part of the WBB Group in 1974. WBB Fuchs- 
Keramische Massen is a market leader in prepared ceramic bodies, 
with two dedicated plants at Ransbach and Kannenbickerland in 
HGhr-Grenzhausen. W BB Fuchs produces approximately 2 Mtpy. 
A large range of ball clay pr oducts come from the Westerwald; 
these consist mainly of disordered kaolinite, illite, and quartz with 
good forming properties and range from red-firing to white-firing 
clays. The Italian floo r-tile market accounts for more than 30% of 
the Fuchs Westerwald ball clay sales. This market, ho wever, has 
been attack ed by increasing imports of ball clay from Ukra ine. 
Clays having good plasticity and high strength are also sourced 
from the Eifel region. 


Spain 


Ball clays used in Spain are mainly domestic (67%) with the rest 
imported f rom the United Kingd om, Ger many, France, an d 
Ukraine (R egueiro 2004). Total ball clay consumption in Spain 
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reached 1.2 Mtpy in 2003 and was worth about €36 million (2003 
currency; Sanchez and Regueiro 2004). 

Formed in 1999, WBB Espafia SA is the market leader in the 
supply of red-firing clays to the Spanish ceramic tile industry. WBB 
extracts more than 4.5 Mt of clay, kaolin, and silica sand annu ally 
from four main quarries: Sant Joan de Moré near Castellén, Galve 
near Teruel, and from Mad rofio and La Yesa near Valencia. WBB 
also has tw o other smaller operations in the Castell6n Area— 
Morella an d El Campillo—and a ka olin and silica san d plant in 
Higueruelas near Valencia. WBB Espafia’s clays are relatively low 
in calcium carbonate content and are ideally suited for the manufac- 
ture of single-f ired floor tiles. The S panish ceramic tile indu stry 
uses almost all of the output from WBB’s quarries and produces 
about 650 million m? of tiles each year; the industry is in the C as- 
tell6n region. 

Euroacre, a subsidiary of the Samca Group, is the major ball 
clay body producer operating in Spain. The compan y developed a 
wet-purification system to produce 115,000 tp y for use in sanitary 
ware, glazes, and engobes, and has its own spray drying plant with a 
capacity of 475,000 tp y of ceramic bod ies for floor and w all tiles. 
Euroacre has a quarry in Teruel that produces about 600,000 tpy of 
ball clays using av ery selective extraction technology. These are 
ground and blended in a 350,000-tpy homogenization facility to pro- 
duce illitic-kaolinitic clays for the ceramic industry. Minera Sabater 
is the second Spanish producer from three quarries in Teruel, reach- 
ing 250,000 tpy. Potome produces 90,000 tpy of ball clays consumed 
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exclusively in theirf actories. Smaller pr oducers are Acrimu so, 
Minesa, and Minera Capilla, all with operations in Teruel. 


Turkey 


Ball clay producers in Turkey include Esan Eczacibasi Endustriyel 
Hammaddeler AS, Toprak Mining Company, and Matel Raw Mate- 
rial Industry & T rade Compan y. Matel pro duces 250,000 tpy of 
ball and ceramic clays in the nor thwest of T urkey in the Sile 
region. Matel also has ar efined product plant in Bileci. Toprak 
also has o perations in the Sile r egion and p roduces 300,000 tpy, 
mainly for floor and wall tiles. Esan produces about 150,000 tp y 
of ball clays and also imports clays from Ukraine. 


Ukraine 


Ukraine has become an important supplier of ball clay over the last 
two decades with production now reported at about 3.5 Mtpy. One 
of the companies, Donbas Clays JSC, was established in 1995 and 
is a joint venture between WBB Minerals and Ukrainian clay pro- 
ducers, YUG. Pr oduction increased dramatically from 70 ,000 t in 
1996 to 660,000 t in 2001. Today Donbas exports premium quality 
white-firing plastic clays to cust omers in 2 0 countries around the 
world. In 2002 Donbas became th e first Ukr ainian ceramic ra w 
material supplier to achieve the globally recognized ISO 9001 qual- 
ity assurance stan dard. The prod uction site in Mertsalo vo has 

Ukraine’s first purpose-built covered storage area; it can hold up to 
100,000 t of clay. A rail link straight into this storage unit enables 
fast and direct supply. Ukrainian clay deposits are characterized by 
very thick overburden (up to 148 ft [45 m]) and relatively thin clay 
seams (6.5 ft [2.0 m]), making extraction much heavier work than 
in other par ts of the w orld. In creating a new quarry area at th e 
South October deposit, an innovative technique for stripping over- 
burden w as de veloped using tr actors with scraper pans; _ it has 

proved to be about 2.5 times faster than conventional methods. 

WBB currently quarries fo ur clay deposits: Yuzhno-Oktiabr- 
skoye, Kucherov-Yarskoye, Novostepanovskoye, and No voshveyt- 
sarskoye. This represents almost 11 Mt of reserves, and each year 
WBB prospects to identify new deposits. 

Another comp any is K eramet Pr ivate JSC, which mines 
ceramic clays throughout the Druzhkovka Donetaka region of east 
Ukraine. The company produced approximately 500,000 tpy of ball 
clay in 20 03, of which 80% was exported to Italy . Exports from 
Ukraine have grown rapidly because of their suitability for the man- 
ufacture of Gres P orcellanato tiles. The clay is characterized by 
high strength, fine particle size, and particularly low water absorp- 
tion. When blended with T urkish feldspar, it makes an excellent 
blend for tiles and is particularly suitable for fast firing. 


United Kingdom 


The U.K. production of ball clay in 2002 was approximately 1.0 Mt 
from which sales were 0.92 Mt. U.K. ball clay sales had been on a 
rising trend for many years and reached a record 1.1 Mt in 2000. Of 
the 0.92 Mt sales in 2002, 20% was for U.K. customers and 80% 
was exported. Domestic sales were down from 337,000 t in 1980 to 
158,000 t in 2002, partly reflecting the increasing overseas compe- 
tition that the U.K. whiteware industry has been facing, notably in 
the tiles and tableware sector (British Geological Survey 2004). 
Only two companies produce ball clay in the Un _ ited King- 
dom, WBB Devon Clays Ltd. (now WBB Minerals Ltd., part of the 
Belgium group Sibelco) and Imerys Minerals Ltd. (a French group 
formerly operated by ECC International Ltd.). For WBB Minerals, 
nearly 98% of ball clay products are sold into ceramics, with sani- 
tary ware, tiles, and br ick being the three most imp ortant sectors. 
Economic deposits of high-quality ball clay deposits in the United 


Kingdom are confined to three areas in southwest England, the Pet- 
rockstow Basin in North Devon, the Bovey Basin in South De von, 
and the Wareham Area in Dorset. 

Ball clays have a limited distribution in the United Kingdom 
and globally. After the establishment in Devon and Dorset of ball 
clays consultation areas in the 1940s and 1950s, and the granting of 
widespread permissions, there are extensive reserves. The consulta- 
tion areas are designed to ensure that other forms of de velopment 
do not sterilize clay-bearing land. Table 3 shows estimates of per- 
mitted reserves of ball clay for the three basins. 

Overall there are large reserves of ball clay, particularly in 
Devon. The Bo vey Basin has by far the largest permitted reserv es 
and unpermitted resou rces of the thr ee basins, together with the 
greatest diversity of clays. It will continue to be the major source of 
ball clay in the United Kingdom for the foreseeable future. 

The 921,000 t sold in 2002 was from the following basins: 


¢ Wareham Basin, Dorset: 167,000 t (Imerys sole producer) 


* Bovey Basin, South De von: 66 1,000 t (WBB and Imer ys 
producers) 


¢ Petrockstow Basin, North Devon: 108,000 t (WBB and Imerys 
producers) 


In Devon, palynological dating indicates that the clays were 
deposited in the Oligocene epoch (28-35 Ma). They are linked with 
fault-bounded, tectonic basins as_ sociated with the — Stickepath- 
Lustleight fault zone, which has re sulted in the ac cumulation and 
preservation of se veral hundred meters o f b all clay—bear ing sedi- 
ments. The paleoenvironment of the Bovey Basin area during the 
Paleogene period w as a broad flo odplain containing seasonal shal- 
low lakes, swamps, and fluvial outwash fans. Thick lignites are asso- 
ciated with the ball clays and formed from floating rafts or mats of 
vegetation. The Petrockstow Basin shows evidence of cyclothems, 
and t he com mercial ba Il cl ays are re stricted to shelf areas int he 
northwest and southeast parts. In Dorset, the ball clays of the Ware- 
ham Area are dated to the Earl y to Mid -Eocene (40-50 Ma). The y 
occur in distinct seams up to 5 m thick in host clay seq uences that 
were deposited over a wide area in the lower reaches of a large, east- 
ward-flowing, meand ering river system in the western part of the 
Hampshire Basin. 

Dorset ball clays are renowned for t heir hi gh plasticity and 
green strength. Because of the re latively low amounts of coloring 
oxides, they are white toi vory when fired. Clay seamse xhibit 
extensive | ateral and vertical v ariation inc hemical and ph ysical 
properties, representing the v ariation through time of the source 
materials and the local depositi on conditions. Ge nerally clays 
become more illitic eastward, as would be expected with the greater 
marine influence. In Dorset, some 26 clay ty pes are worked from 
the various seams in the host clays. All the kaolinite in these clays 
can be characterized as highly disordered with very fine particle 
size, frequently 90% <1 um. In the Bovey Basin, significant differ- 
ences exist in the mineralogy and ceramic characteristics of the ball 
clays from the various geological members. The Abbrook Member 
clays have more disordered kaolinite and micaceous mineral than 
the clays higher in the sequenc _ e, which gi ves a higher green 
strength and plasticity and a cream fired color. This might represent 
the exposure and weathering of the nearby Dartmoor granite, giving 
more kaolinite in the upper levels. The overlying Southacre Mem- 
ber clays are car bonaceous and have a higher percentage of well- 
ordered kao linite. The laterally equi valent Chudleigh Knighton 
Member clays also contain well-ordered kaolinite and e xhibit the 
weak, nonplastic, b ut white-f iring characteristic of sedimentary 
kaolin. The ball clays in the Petrockstow Basin are basically two 
types: Type | contains appreciable quantities of montmorillonite, 
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Table 3. Estimated reserves and resources of U.K. ball clay in 2001 








Permitted Resources 
Basin Reserves, Mt Years Unpermitted, Mt Years 
Bovey 63.1 114 16.7* 34 
Petrockstow 8.8 37 3at 136 
Wareham 2.5 11 9.6 40 
Total TAA 58.2 





Adapted from British Geological Survey 2004. 
* Only resources in the east of the basin. There is also potential in the central 
and western parts of the basin. 
t Permitted but not fully explored. 


resulting in high defloc culant demand v alues and relatively high 
slip viscosities; Type 2 contains relatively little monmorillonite and 
consequently has lower deflocculant demand values and lower slip 
viscosities. 

Table 4 sum marizes the mineralogical composition o f ball 
clays from the three U.K. deposits. 

In the United Kingd om, some higher -value-added products 
are often based on wet ref ining and screening. Some dry grades 
may be a blend of five to six different components, often from dif- 
ferent areas. 

Table 5 gives the main types of ball clay, their properties, and 
utilization for Imerys Minerals in the United Kingdom. Table 6 lists 
the commercial properties of some of the products from the three 
areas. 

The biggest constraints on future U.K. ball clay development 
are environmental concerns. It is very difficult to get permission 
for new ball clay extraction sites. This is especially so in Dorset 
where there are outstanding international and na tional habi tats 
covering much of the ball clay consultation area. Also, the greatest 
constraint on bal | cl ay e xtraction, parti cularly in Dorse t, is the 
extent o f European nature conservation des ignations (Special 
Areas of Co nservation an d Sp ecial Protect ion Areas), which 
restrict and potentially sterilize large parts of the Wareham Basin. 
There is a lso amu Iltiplicity of bot h in ternational an d na tional 
nature conservation designations. Of the total resources in Dorset, 
some 65% are constrained by nature conservation and other desig- 
nations. The habita ts creat ed afte r ball c lay extraction, in m any 
cases, provide alternative biodiversity benefits. 


South America 
Argentina 


The San Julian Areao f Patagonia contains sedimentary clays of 
Quaternary age that are exploited as ceramic kaolins and used as a 
ball clay substitute. There are 70 prospects in the area, of which 
several are being mined. The T ehuelche mine in San Julian has 
three distinct layers of clay that are mined selectively. The qualities 
of the layers dif fer little apart from the amount of carbonaceous 
(lignite) material present. The clay exhibits a gray to white matrix, 
the color depending on the carbonaceous content, an d consists of 
kaolinite and fine-grained silica. 


Brazil 


Several small produc ers are mining so-called ball clay in Braz il, 
especially in the Sao Paulo region. All the clays, with a few excep- 
tions, can be classif ied as ceramic kaolins rather than the true ball 

clays, and itis often necessary to blend one or two of the different 
clays to arrive at a suitable ceramic body. The Sao Simao is the best 
known and e xhibits a wide range of fired brightness values. The 


Table 4. Mineralogical composition of UK ball clays from three 
deposits, wt % 





Mineral Petrockstow Basin Bovey Basin Dorset 
Kaolinite 33-68 20-90 20-83 
Quartz 15-48 0-60 5-60 
Mica 0-22 0-40 0-30 
Organic matter 0-3 0-16 0-8 





Table 5. Imerys U.K. ball clay types, main properties, and 


utilization 
Utilization 


Type of Ball Clay Main Properties 





Hycast Good fluid properties Sanitary ware 

Hywhite High fired properties Tableware 

Hymod High strength Tiles, electrical porcelain 
Hyplas Strong and plastic—siliceous Tiles, electrical porcelain 





principal clay mineral present is kaolinite. Free quartz varies from 
3% to 24%, accounting for more than 90% of the re maining miner- 
als. Mica content is lo w: the kaolinite—mica ratio is close to 20:1. 
Traces of montmorillonite are present and 1% is gibbsite. The clay 
shows a reasonable MOR , good casting concentration, and casting 
rates with low deflocculant demand and thixotropy. 

Other ball clays are f ound in the Santo Amaro and Suzano 
areas. These clays are finer grained than Sao Simao and have higher 
strength and plasticity but also have the disadvantage of containing 
considerable amounts of free quartz. The y are fairly open burning 
with low alkalis and good fired colors. Gibbsite is a common con- 
stituent in these clays but appears to have little effect on their good 
theological behavior. 


Africa 


G&W Base & Industrial Minerals (Pty) Ltd. is the main ball clay pro- 
ducer in South Africa with 10,000 tpy from the Albertinia mine in 
West Cape Province. The ball clay consists of a dark, carbonaceous 
material and a light-colored clay. The two clays are blended 50:50 at 
the mine, stockpiled, and dried in the sun. M illing is carri ed out in 
Johannesburg where the powder clay is bagged. The majority of the 
clay is sold as a milled product. Further processing is limited because 
the clay contains very fine quartz, making it difficult to cyclone. The 
clay has a good green strength and is used in tiles and sanitary ware. 
The ceramic and tile market is growing in South Africa. 


Asia and Oceania 


Asia and Oceania is the fastest growing market in the world, mainly 
as a result of the tremendous growth in the Chinese economy. Also 
there has been a tendency for European ceramics producers to close 
some of their production facilities in Europe and move them to this 
region. Ball clay deposits are op erated and being de veloped in 
China, Thailand, V ietnam, Indonesia, and Malaysia, amo ng other 
counties (Figure 14). 


Australia 


The three main deposits in Australia are in Victoria State, and pro- 
duction is as follows: 


¢ Axedale—about 50,000 tpy, mainly for floor tiles, roof tiles, 
and pavers. The quality of the Ax edale ball clay allows road 
freight to Ne w South W ales cu stomers, ands ome is also 
exported to New Zealand. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


354 


Industrial Minerals and Rocks 





Table 6. Properties of typical ball clays in production in 2003 in the United Kingdom 


Ball Clay Deposits 








Bovey Bovey Bovey Petrockstow Petrockstow Wareham Wareham 

Application Sanitary ware Sanitary ware Tableware Tableware General Refractory Tableware 
Producing company Imerys WBB WBB WBB Imerys Imerys Imerys 
Product Hycast Rapide Sanblend 75 Slurry Prestige BLU Prestige TA Hyplas 71 Hymod Excelsior | Hymod Blue 
Residue, wt% <125 pm 1.5 0.1 0.2 0.5 1.0 0.3 0.1 
Particle-size distribution (psd) 

% >10 pm 2 5 3 6 na” na na 

% <2 pm 70 78 82 77 57 92 89 

% <1 pm 60 65 na na 50 87 79 

% <O.5 pm 45 na na na 40 80 65 
MOR (dried at 100°C), MPa 3.5 7:9 4.5 9.2 6.5 739 8.0 
Chemistry, wt % 

SiOz 55 53.7 54.0 60.5 69 49 53 

Al2O3 29 28.9 31.2 25.8 20 35 31 

Fe2O3 1.1 1.2 1.0 1.9 0.9 1.6 1.4 

TiO2 1.1 1.1 1.2 1.5 1.7 1.3 1.0 

CaO 0.2 na na na 0.1 0.3 0.3 

MgO 0.3 na na na 0.4 0.3 0.5 

KO 1.6 2.5 Alkalies 3.0 Alkalies 2.9 Alkalies 1.9 1.2 3.2 

Na2O 0.2 2.5 Alkalies 3.0 Alkalies 2.9 Alkalies 0.4 0.2 0.4 

Carbon 2.0 2.5 0.2 0.6 0.1 0.3 0.4 

LOI 12.0 12.0 9.0 8.0 5.4 12.0 9.2 





Adapted from WBB Minerals Ltd. and Imerys Minerals U.K. published data sheets. 
*na = not available. 












/\ Ball Clay Deposits 





Russia 


MRD*/WBB 
Thailand 


*Mineral Resources Development (MRD) Co. Ltd. 





Figure 14. Producers of some ball clay deposits in Asia 


* Rowsley—about 15,000 tp y, main ly for lo cal ceramics and 


also air-milled for the rubber industry. 


China 


WBB has been acti ve in China fo r a long time and is no w part of 
the Sibelco Group. They have carried out a great deal of exploration 
in China and recently acquir ed the Gilfair Com pany, which pro- 
duced some 600,000 tpy of ball clays for a wide range of markets. 
Some small amounts of high-quality b all clay from the United 
Kingdom are still imported, particularly for us e in sa nitary ware. 
China is the w orld’s leading producer of sanitary w are and table- 
ware, so the search for high- quality ball clays continues in many 
parts of the country. 


India 


India has lar ge resources of ball clay—type material , particularly in 
the Gujarat Area where Ashapura Minichem Ltd. pr oduces 60,000 
tpy. Other producing companies are Ambika Overseas Pvt. Ltd., Bha- 
vani Minerals, and Mahavir Minerals Ltd. 


Indonesia 


There are anumber of ball clay _ prospects in In donesia, and the 

main one is PT Clayindo, part of the Sibelco Group. The ball clay 
concessions of the company are 100 km north of Pontianak (on the 
equator) on the island of Kalimantan (formerly Borneo). Geologi- 

cally, the sequence is 4-5 m of overburden with a sequence of 10 m 
of light creamy brown ball clay interbedded with sandy horizons. A 
typical result from the area shows a fired brightness of 74, absorp- 
tion of 17.5, and contraction of 3.7 at 1,120°C with iron and titania 
levels at 1.1 and 1.2 wt %, respec tively. The silica level of 55% is 


¢ Morwell—about 6,000 tp y, mainly for sanitary w are in Mel- reflected in the mineralogy of 73% kaolinite, 8% mica, and 1 9% 
horizon occurs between bro wn coal quartz. The clay is suitable for a wide range of ce ramic applica- 


bourne; the ball clay 


deposits. 


tions, particularly sanitary ware. 
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A number of ball clay d eposits on the island of Belitung ar e 
being developed. 


Malaysia 


The lar gest producer in Malaysia is Unisil, which controls more 
than 90% of the market with up to 500,000 tpy, mainly destined for 
tile manufacture (locally called homogeneous tiles, which are the 
equivalent of gres porcellanato) . The main tile producers are in 
Johore State with GTI (K luang) producing 50,000 m 2/day. Other 
producers are MML, Yilai, and Niro. The ball clay deposits are 
mainly situ ated ne ar K uala Lum pur, wi thre cently discovered 
deposits in the Langgor Area. The Langgor Area shows extensive 
deposits of ball clay , which are being exploited for their san itary- 
ware potential. The “B” grade clay is being exported to Taiwan and 
Thailand. A 20-t contain er for Taiwan is approx imately US$45— 
$50/t CIF (cost, insuran ce, and freight). Up to 300 tpm are also 
being sold in containers to Thailand for use in tableware. The clays 
can be described as low-carbon, kaolinitic ball clay of medium par- 
ticle size and low plasticity. The clay has low combined iron a nd 
titania, 2.2%, but alkalis are higher at about 3%. It has reasonable 
fired properties with 75 reflec tance at 1,1 20°C. Rheology sho ws 
reasonably fluid clay, with the ca sting concentration reflecting th e 
fine end of the psd range. Carbon and salts are low. 

The clay has potential in sanitary ware and possibly earthen- 
ware. The low carbon would make it suitable for fast-firing appli- 
cations, though the lo w strength may d etract from its use in tiles 
unless combined with more plastic ball clays. In general, its prop- 
erties would lend themselves to a number of uses if suitable other 
ball clays and kaolins could be found to be a match to particular 
applications. 

Recent exploration in Sarawak identified a series of ball clays 
over- and underlying coal seams in the Mukah Basin. These depos- 
its are attracting attention from international com panies be cause 
they show some potential for tiles, sanitary ware, and tabl eware. 
They are similar in quality to the ball clay deposits of the Pontianak 
region of Kalimantan. 


Vietnam 


Vinaceglass Imex is amember of the Vietnam Ceramic and Glass 
Corporation and is responsible for all resources for the country’s 
glass and ceramic industries. It is interested in de veloping the Truc 
Thon ball clay deposit near Hanoi for the local sanitary-ware market. 

The deposit was developed in 1964 to extract clay for refrac- 
tories, and it was later realized that the clay was suitable for t he 
developing san itary-ware mark et. Th e area is geo logically well 
studied and has been split into 500-m blocks for development. The 
resource is given as 7 Mt of clay (includes ball clay and clay for 
refractories). The clay is present in a floodplain area, and the depth 
of clay is fairly shallow. A typical cross section is given in Table 7. 

The ball clay seam is mined with | ocal tubals, and much is 
sold in lump form. Some of the grade “A” ball clay is dried in the 
sun and bag ged. There is much foreign in vestment in V ietnam— 
Inax, Kerat, Johnson, Ceasar, Laufen, and American Standard have 
sanitary-ware production in the country. 


Thailand 


WBB (Sibelco Group) and Imerys (in a joint venture with Banpu) 
have ball clay operations in the northern part of Thailand in Lam- 
pung Province. The Imerys de posits are at Maetan and occur as 
secondary deposits, laid down in seams derived from sedimenta- 
tion of the weathered T riassic-rhyolitic tuffs of the region. There 
are 22 clay seams in the area that exhibit a range of properties from 
carbonaceous to siliceous ball clays with varying degrees of plas- 


Table 7. Typical cross section of a floodplain area 





Thickness of Horizon, m Type of Material 
4-5 Alluvial sands and soils (waste) 
3-4 Colored clay (for bricks), 14-18% AlzO3 
2-3 Ball clay, 25-28% Al2O3; Fe2O3 1.4-3.5% 
1-2 Black clay, 22-25% Al2O3 (not used) 


Varies Refractory clay, 25-28% Al2O3 





ticity and iron content. The raw-component clays are selected and 
mined from an open pit. The range of products is based on their 
casting rate, plasticity, and chemistry. Grades such as Sancast and 
Thaiplas S1 are produc ed for local mark ets and a Iso some for 
export. 


OUTLOOK AND FUTURE TRENDS 


Ball clay production has steadily increased over the past few years 
and should continue to do so as ball clay producers look for new 
applications for their clays outside the ceramic industry. The ball 
clay industry within the Uni ted States faces little competition 
from imports because of transportation costs and the quality of the 
materials. 


ADDITIONAL RESOURCES 


Trade Journals 


A list of selected publications related to ball clay and its end prod- 
ucts follows: 


¢ American Ceramic Society Bulletin, http://www.ceramicbulle- 
tin.org 


¢ Asian Ceramics, http://www.asianceramics.com 

¢ Ceramic Forum International, http://www.cfi-web.de 

* Ceramic Industry, http://www.ceramicindustry.com 

* Ceramic Source, http://www.ceramicsource.org 

* Ceramic World, http://www.ceramicworldweb.it 

¢ Industrial Minerals, http://www.indmin.com/index.html 


¢ International Journal of A pplied Ceramic Technology, http:// 
www.acers.org/act/default.asp 


¢ Journal of the American Ceramic Society, http://www.acers. 
org/journal 


* Ziegelindustrie International—Brick and T ile Industry, http:// 
www.penrose-press.com 
Organizations 


Ball clay and its end products fall under the purview of the follow- 
ing organizations: 


American Ceramic Society, http://www.acers.org 


Society for Mining, Metallurgy, and Exploration, http://www. 
smenet.org 


Geological Society of America, http://www.geosociety.org 


Clay Minerals Society, http://www.clays.org 


Canadian Ceramic Society, http://www.ceramics.ca 


European Ceramic Society, http://www.ecers.org 
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Math wee. aa a 2 ee a eee 
Bentonite 


Don Eisenhour and Franz Reisch 


The term bentonite was first proposed by Knight in 1898 after he 
had originally named this clay taylorite after the site of the original 
mine at the Taylor ranch near Rock River, Wyoming. The name 
bentonite is from the Benton Shale, the formation within which the 
clay was thought to have occurred. The Benton Shale is named after 
Fort Benton, Montana, located more than 640 km to the north. 

Several geo logists in the earl y 20th century recognized that 
bentonite, fou nd predominately in Cretaceous and T ertiary sed i- 
mentary rocks, w as deposited as_ transported v olcanic materials. 
This observation resulted in a definition based on origin. A widely 
quoted definition that is accepted by many geologists is the follow- 
ing by Ross and Shannon (1926, p. 77): 


Bentonite is a rock composed essentially of a crystalline 
clay-like mineral for med by  devitrification and the 
accompanying chemical alterations of a glassy ig neous 
material, usually a tuff or volcanic ash; and it often con- 
tains variable proportions of accessory crystal grains that 
were originally phenocrysts in the volcanic glass. These 
are feldspar (commonly or thoclase and oligoclase) , 
biotite, quartz, pyroxenes, zircon, and other various min- 
erals typical of v olcanic rocks. The characteristic cla y- 
like mineral has a mic aceous habit and facile cleavage, 
high birefringence and a te xture inherited from volcanic 
tuff or ash, and it is usually the mineral montmorillonite, 
but less often beidellite. 


This definition presents difficulties when applied to bentonite 
as an industrial mineral because it is based on origin and restricts 
the precursors of bentonite to ash, tuff, or volcanic glass. According 
to this definition, deposits that consist primarily of the clay miner- 
als montmorillonite or be idellite but are of ot her than volcanic 
origin should n ot be called bentonite. Ho wever, many 
montmorillonite-rich deposits throughout the w orld that have non- 
volcanic origins are mined and so Id as bentonite. Theref ore, com- 
mercially, bentoni tes are def ined e xclusively on a mineralogical 
basis. 

Grim (1973) gave the most widely used commercial definition 
of bentonite in a plenary lecture at the International Clay Confer- 
ence (Association Intern ationale pour JEtudedes  Argiles 
[AIPEA]) in Madrid, Spain. According to th is definition, used in 
this chapter, bentonite is ac lay consisting of essent ially smectite 
group minerals, re gardless of occurrence or origin. This def inition 
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allows the inc lusion of sm ectite c lays that are sedimentary or 
hydrothermal in origin and ar_e derived from n onvolcanic paren t 
materials. 

Bentonites are generally classif ied as either sodium (swell- 
ing) or cal cium (nonswell ing) based on thei r interlayer cati ons 
and corresponding ability to swell in water. Bentonites with Na* 
as the predominant exchangeable cation exhibit a high swelling 
capability in water, whereas bentonites with Cat* as the predomi- 
nant exchangeable cation exhibit much lower swelling ability. The 
term sub-bentonite was proposed to denote alow or moderate 
swelling bentonite, but it has largely fallen into disuse and is not 
recommended. 

Within the Unit ed Sta tes “wes tern bentonit e” and “southern 
bentonite” are often used interchangeably with sodium and calcium 
bentonite, respe ctively. This terminology o riginated bec ause th e 
majority of calcium bentonites within the United States are located in 
the southern states of Mississippi and Al abama, and _ the higher - 
swelling, natural sodium bentonites are located primarily within the 
western sta tes of W yoming, So uth Dak ota, an d Mon tana. Othe r 
descriptive terms are based on bentonite grade such as high-yield and 
13T, which have their origins in the drilling and foundry industries. 

Not all bentonites fit easily into these common definitions. 
Some bentonites, especially those from Turkey and Australia, have 
Mg** as the major exchangeable cation and are nonswelling in their 
natural form. Others, especially those with near-surface exposures 
that are covered with vegetation, ha ve H* as their predominan t 
exchangeable cation and are nonswelling. When dispersed in water, 
these na tural H* bentonites cane xhibit pH values aslow as 4 
(Knetchel and Patterson 1962). This is much lower than the pH 
of most calcium or — sodium be ntonites, which are typically 
between 8 and 10 in water. 

Another type of benton ite, referred to as the potassium type, 
K-bentonite or metaben tonite, is found in Ordivician and other 
Paleozoic rocks. This bentonite c onsists mainly of illite and mixed 
layer minerals and is generally assumed to have formed from volca- 
nic ash. Smectite minerals are present only in minor amounts. This 
bentonite type contains significantly more potassium than the other 
types. The meta prefix is included in the name to denote the idea 
that this ben tonite is the pr oduct of lo w-grade metamorphism or 
diagenetic alteration. The only known attempt to use K-bentonite 
was is 1928 when five or six ca rloads were min ed near Dayton, 
Rhea County, Tennessee, for purifying lard (Gildersleeve 1946). 
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Table 1. Bentonite sold or used by producers in the United States, by use, kf 














Use 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 
Domestic 
Absorbents 
Pet waste absorbents 302 A455 574 607 604 773 788 862 902 899 
Other absorbents 66 91 88 91 wt WwW Ww Ww Ww WwW 
Adhesives Ww WwW WwW 11 15 13 14 6 2 2 
Animal feed 78 97 98 65 110 77 74 47 52 42 
Ceramics (except refractories) + 24 Ww Ww Ww Ww Ww Ww Ww Ww WwW 
Drilling mud 476 586 627 572 789 665 667 654 787 762 
Filler and extender applications$ 31 30 70 34 Al 49 25 35 49 46 
Filtering, clarifying, decolorizing 13 WwW WwW WwW 82 104 81 94 92 127 
Foundry sand 733 712 745 772 901 869 888 835 746 762 
Pelletizing (iron ore)** 466 509 646 674 536 529 540 500 522 536 
Miscellaneous efractoriesr 58 32 22 17 8 3 2 4 Ww Ww 
Miscellaneoustt 2 55 288 242 126 80 83 67 91 117 
Waterproofing and sealing 213 287 228 227 267 236 268 254 283 269 
Total 2460 2850 3390 3310 3479 3398 3430 3358 3526 3562 
Exports 
Drilling mud 90 34 87 102 150 65 69 56 73 59 
Foundry sand 243 321 256 278 293 239 251 233 244 244 
Other## 72 81 89 46 101 123 121 115 129 106 
Total 405 436 431 426 544 427 4A] 404 446 409 
Grand total 2870 3290 3820 3740 4023 3825 3871 3762 3972 3971 





Source: USGS Minerals Yearbooks. 


* Data rounded to nearest thousand tons and may not add to totals shown. 


t W = withheld to avoid disclosing company proprietary data; included with "Miscellaneous." 


t Includes catalysts and pottery. 


§ Includes cosmetics, ink, medical, paint, paperfilling, pesticides and related products, pharmaceutical, and plastics. 


** Excludes shipments to Canada. 


tt Includes chemical manufacturing, heavy clay products, and other unknown uses. 


tt Includes absorbents, fillers and extender, miscellaneous refractories, pelletizing, and other unknown uses. 


HISTORY AND USE 

Most of today’s major uses of bentonite were developed in the 20th 
century. In the United States bentonite finds major uses in iron ore 
pelletizing, drilling muds, pet litters, and fo undry sands (Table 1). 
Overall, global consumption follows similar trends to U.S. con- 
sumption, with the exception that use in pet litters is less, especially 
in developing countries. Significant secondary uses include water- 
proofing and sealing applicatio ns, animal fee d addi tives, oi] and 
grease a bsorbents, a gricultural ca rriers, an d f iltering, clarifying, 

and decolorizin g agents. Still smaller specialty uses of bentonite 

include asphalt emulsions, catalysts, paints, plastics, inks, greases, 
cosmetics, and pharmaceuticals. 

The use of calcium b entonites can be traced back as early as 
5000 BC, when they were used to cleanse and thicken woolen cloths 
in Cyprus (Robertson 1986). It is from this ancient use that calcium 
bentonites derive the name fuller’s earth. 

In the last century it was discovered that some calcium bento- 
nites are effective at decolorizing or “bleaching” vegetable, animal, 
and mineral oils (Nutting 1943). This is especially true when cal- 
cium bentonites have been acid activated to improve their bleaching 
efficiency (Rich 1960; Torok and Thompson 1972). Acid-activated 
bentonites have grown inuse relative to unacti vated bentonites, 
especially for oils that are more difficult to bl each or whe n more 
highly refined oils are desired. 

As used today, fuller’s earth is a general descriptive term for 
clay or other fine-grained earthy material that is used in bleaching, 


absorbent, and other related applications (for more details, see the 
chapter on fuller’s earth in this volume). The name does not carry 
any specific mineralogical or compositional meaning and applies 
equally to minerals such as attapulgite and sepiolite. Each of these 
different minerals, however, is not e qually suited to all applica- 
tions in which fuller’s earths ar e used. Premium p roducts f or 
decolorizing edible oils are lar gely based on ac id-activated cal- 
cium bentonites. 

In the United States, mining of natural sodium bentonite 
began in 1888 on the Taylor Ranch near Rock River, Wyoming, and 
in 1903 a mine was opened in Upton, Wyoming, within the bento- 
nite beds surrounding the Black Hills. Mining of calcium bentonite 
began on a significant scale in th e United States in Mississ ippi in 
the early 1930s (Bicker 1970). Today there are five major producers 
and 10 production facilities in Wyoming and South Dakota. 

Significant use of bentonite as a sand bonding agent in found- 
ries and as a drilling mud in the oil industry began in the late 1920s. 
The suspension and fluid loss control properties of western bento- 
nites make them especially suitable for w ater-based drilling appli- 
cations (Darley and Gray 1 988). As a bonding agent in greensand 
molding, bentonite has the advantage of producing good compres- 
sive strengths when wet or dry (Anon. 1962 , 1963, 1994; Sanders 
1973). The natural sodium bent onites from the western Un ited 
States also per form well at the elevated temperatures encountered 
during the pouring of molten iron and steel, resulting in good clay 
utilization and fewer casting defects. 
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Natural sodium bentonites from the western United States are 
recognized w orldwide as performance standardsf or drilling, 
foundry, scoopable pet litters, geosynthetic clay liners (GCLs), and 
in av ariety of other applications. These western bentonites con- 
tinue to be used in markets worldwide despite the a vailability of 
local alternatives. This is especially true in applications where tech- 
nical performance is essential. 

Western bento nites are e xported to Europe, Australia, and 
Chile foruse in wine cl arification. Signif icant qua ntities ar e 
exported to Europe and Asia for use in GCLs where long-term low 
permeability is desired. Many regional regulations require the use 
of western bentonite for GCLs in environmental and civil engineer- 
ing applications. A number of public and private organizations are 
studying whether natural sodium bentonites are always superior in 
GCL applications or whether sodium-activated calcium bentonites 
can be engineered to achie ve similar performance. F _ or less 
demanding applicatio ns, sodi um-activated ca Icium bentonites ar e 
commonly used in GCLs today. 

Two other applications where western bentonites are widely 
used in export markets are foundries and oil-well dr illing. For oil- 
well drilling, few bentonites in the world meet the demanding spec- 
ifications set forth by t he American Petroleum Institute (API) for 
nontreated, section-5 bentonite (Anon. 1993). For the less demand- 
ing grades, sections 4 and 6, regional sources are more commonly 
used. Iron and steel found ries use western bentoni tes to produce 
large, heavy-section castings. The superior th ermal durability and 
hot strength of western bentonites are believed to be responsible for 
their performance advantages (Sanders and Doelman 1968). 

Related to the use of bentonites for clarifying oils is their use 
in clarifying juice and wine. The colloidal nature and high surface 
area of montmorillonite are e xploited in these applications to 
remove proteins and other submicron substances that contrib ute to 
color and opacity. Other mineral filtering aids such as silica sand , 
diatomaceous earth, and attapulgite work well for removing coarse 
particles but are relatively ineffective at removing suspended colloi- 
dal matter. For clarifying wines and juices, sodium bento nites are 
used mu ch more frequently than calcium bent onites. Although 
local bentonites are available, wineries in Europe, Australia, Chile, 
and el sewhere prefer U.S . nat ural so dium bentonites because of 
their superior performance. 

The ceramics industry uses bentonites to modif y the flow 
properties of glazes and as plasticizers and extrusion aids in form- 
ing ceramic bodies. In the manufacture of both ceramics and refrac- 
tories, bentonites are used at le vels of 0.5% to 3.0% to improve 
green strength properties. Bentonites added to refractory gunning 
mixtures assist with sag control. 

Bentonite finds some use in modifying the rheological behav- 
ior of water-based inks and paints, although attapulg ites and 
organic modifiers are also commo nly used. Or ganically modified 
bentonites are in wide spread use in oil-ba sed inks, paints, and 
greases. In both w ater-based and oil-based applic ations, bentonite 
is used to im part anti-drip and anti-sag characteristics. Itis also 
employed as as uspending agent for mineral pigments to impro ve 
package sta bility. In cosm etic and pharmaceutica | applications, 
bentonite serves a similar function to that in inks and paints: It acts 
as a suspending agent in shampoos , lotions, and gels, and its high 
yield strength and pseudoplastic behavior allow for the creation of 
fluids that do not drip or run but flow easily when a spreading force 
is applied. 

Because of their high surface areas and unique surface chem- 
istries, bentonites have been used as catalysts in a number of chem- 
ical processes. One common application is the recovery of benzene, 
toluene, and xylene (B TX) compounds through UOP’ s (located in 


Des Plaines, Illinois) Isomar process. In this process, acid-activated 
clay typically facilitates the recovery of para-xylene, but can also 
be used to enhance ortho-xylene and meta-xylene recovery as well. 
Smectites treated with transition metals such as copper and iron cat- 
alyze other reactions. Balogh and Laszlo (1993) describe a variety 
of reactions using cl ays, including electrophilic aromatic substitu- 
tions, addition reactio ns, elimination reacti ons, aromatization, 
hydrogenation, dehy drogenation, c yclization, Diels-Alder reac- 
tions, isomerization, dimerization, rearrangements, cond ensation, 
and amino acid and peptide formation under prebiotic conditions. 

Cairns-Smith and Hartman (1986) describe the potential role 
of smectite clays in the formation of life. According to this interest- 
ing hypothesis, smectite clays may have been responsible for build- 
ing the more complex molecules needed for the formation of life on 
earth. 


PRODUCT SPECIFICATIONS 


Among the industry stan dards available for bentonites ar e th ose 
used in drilling muds, foundries, absorbent granules, oil bleaching, 
cosmetics, and pha rmaceuticals.Som est andards are widely 
adhered to such as API standards for oil and gas drilling and United 
States Pharm acopeia (US P) standards for cosmetics and pharma- 

ceuticals, where as others suc h as those for foun dry bentonites 

issued by the Steel F ounders’ Society of America (SFSA) are fol- 

lowed less rigorously. For most applications, a combination of indi- 
vidual customer r equirements a nd supplier cap abilities lar gely 
determine specifications. Some te sting methods and specifications 
are described hereafter, by application. 


Foundry 


The SFSA provides specifications for sodium bentonites to be used 
as binders for mold and core sands or in preparing mold an d core 
washes. These specif ications are described under SFSA_Designa- 
tion 13 T-86 (Anon. 1986), and b entonite products meeting these 
specifications a re commonly re ferred to as 13T bentonites. The 
technical requirements under 13T are as follows: (1) the product 
moisture must be between 6 and 11 wt %, (2) the pH value must be 
equal to or greater than 8.2, (3) the green compression strength 
must be 15 psi or greater at a compactability of 46 to 51 for agreen- 
sand mixture containing 7% bentonite and 2.3% to 2.6 % water, and 
(4) the me thylene bl ue e xchange capacity must be equal to or 
greater than 90 meq/100 g of bentonite. 

In addition to standard technical requirements, SFSA 13T-86 
also provides supplementary requirements that apply only if speci- 
fied by the foundry customer. These include (1) a maximum 
exchangeable calcium content of 25 meq, (2) a liquid limit of 
between 600 and 850, and (3) a bulk density less than 50 g/at. 

The State Mechanical Industry Min istry of China issued 
foundry bentonite standar ds JB/T 9227- 99 in 1999 (Wen 1998). 
These standards specify grades of bentonite based on wet tensile 
strength and green compression strength (Table 2). 

Neither the SFSA nor Chinese foundry bentonite standards are 
widely adopted by foundries e xactly as written. Ne vertheless, they 
do provide good guides to the types of properties that are important 
and minimum requirements that are e xpected. In alm ost all cases, 
competitive products must meet or exceed these standards. 


Drilling Mud 


Specifications for bentonites supplied to the petroleum industry are 
set by the American Petroleum Institute under API Specification 
13a (Anon. 1 993). Specification 13a sets forth requirements for 
three grades of bentonite under sections 4 (bentonite), 5 (nontreated 
bentonite), and 6 (Oil Companies Materials As sociation [OCMA] 
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Table 2. Chinese foundry bentonite specifications (JB/T 9227-99) 
issued by the State Mechanical Industry Ministry in 1999 


Based on wet tensile strengths (WTS) 





Methylene Blue 














Moisture,” Dry Size, Absorption, wis, 
Grade % maximum <200mesh g/100g minimum kPa minimum 
WTS-25 12 95 20 >2.5 
WTS-20 12 95 20 2.0-2.4 
WTS-15 12 95 20 1.5-1.9 
WTS-5 12 95 20 0.5-1.4 

Based on green compression strengths (GCS) 
Methylene Blue 

Moisture,t Dry Size, Absorption, WTs, 
Grade % maximum <200mesh g/100g minimum kPa minimum 
GCS-10 12 95 20 >100 
GCS-7 12 95 20 70-99 
GCS-5 12 95 20 50-69 
GCS-3 12 95 20 30-49 





* Moisture specification 15% maximum in winter. 
t Moisture specification 15% maximum in winter. 


grade bentonite). Additional specifications in the United Kingdom 
can be found from the OCMA (Anon. 1969). 

Section 4 (bentonite) requires rheol ogical properties to be 
measured in a suspension of 22.5 g of bentonite added to 350 g of 
water. The dial reading at 600 rpm on a direct indicating viscome- 
ter must exceed 30, with a maximum yield point/plastic viscosity 
(YP/PV) ratio of 3. Filt rate volume must not exceed 15 cm? and 
the amount of 75-ym grit must be less than 4 wt %. Small additions 
of polymer extenders are permitted provided that all section 4 test 
requirements are met. 

Section 5 (nontreated bentonite) requirements are measured in 
a suspension of 25 g of bentonite added to 350 g of water. Based on 
600 and 300 rpm viscometer readin gs, the YP/PV ra tio must n ot 
exceed 1.5. Sodium he xametaphosphate is then added to the sus- 
pension and the dispersed plastic viscosity and f iltrate volume are 
determined. Minimum values of 10 cps for dispersed plastic viscos- 
ity and 12.5 cm? for dispersed filtrate loss are required. The specific 
test procedures and specifications for API section 5 bentonite have 
been designed toen sure that high v__ iscosities ha ve not been 
achieved through enhancement with polymer extenders. Section 5 
requirements further specify the absence of chemical additives. 

Section 6 (OCMA grade bentonite) is described by the API as 
a bentonite that by the nature of its source c annot meet all the 
requirements of section 4. It may be treated with soda ash, poly- 
mers, or othe rche micals toim prove suspension performance. 
Rheological properties are measured ina suspension of 22.5 g of 
bentonite in 350 g of w ater. The 600 rpm dial readin g on a direct 
indicating viscometer must exceed 30, witha maximum YP/PV 
ratio of 6. The filtrate volume must n ot exceed 16 cm? and th e 
amount of 75-pm grit must be less than 2.5 wt %. 


Iron Ore Pelletizing 


A number of tests have been used to determine the suitability of ben- 
tonites for iron ore pelletizing (Davison 1969; Sastry and Fuerstenau 
1971; Stone, Karpinski, and White 1971; Wakeman 1972). The most 
direct tests measure the wet and dry strengths of pellets formed by 
mixing iron ore po wder with bentonite and w ater. Typically, how- 
ever, producers of ir on ore pellets run these direct tests more than 
bentonite suppliers. 


The most common test used by suppliers to determine the 
suitability of bentonite for iron ore pelletizing is plate water absorp- 
tion. This test measures the water absorption ability of a 2-g sample 
of bentonite placed on a porous sandstone plate in water. In North 
America and Euro pe the test is typically run for 18 hours. The 
amount of w ater absorbed ise xpressed as a percentage o f the 
weight of the initial bentonite sample; for example, if 2 g of water 
are absorbed by the 2- g bentonite sample, the w ater absorption is 
100%. Plate water absorption values greater than 800% are desir- 
able. In China, IOP specification JC/T 592-1 995 requires a 2 -hr 
absorption test with a minimum value of 150% required for the 
highest grade, P-Q-1.In add ition, the Chinese standard also 
requires a minimum free swell value of 15 mL/g for grade P-Q-1. 

Other desirable bentonite qualities are low levels of v olatile 
elements such as Na and K, low Si, low Cr and Ti, and high Fe. Na 
and K contribute to slag on the walls of blast furnaces, Si contrib- 
utes to the overall slag content in the melt, and Ti and Cr alloy with 
iron. High iron is desirable because it contributes to iro n yield 
rather than to slag. In North America, bentonites are typically sup- 
plied as a milled po wder with 70% passing a 200-mesh screen. In 
Asia, products are sup plied as powders milled to between 95 and 
99% passing a 200-mesh screen. 


Absorbent Granules 


Specifications for absorbent granules provide for size, resistance to 
attrition, and absorption ability. One source of guidelines is p ro- 
vided in Federal Specification P-A-10 56A, Absorbent Material, 
Oil, and Water. In the early 1970s, the American Society for T est- 
ing and Materials (ASTM) published similar specif ications under 
C431-65, Standard Methods for Sampling and Evaluation for Sorp- 
tive Mineral Products Used as Flo or Absorbents, which has since 
been withdrawn. 

In general, absorbent granules should be bet ween 6 and 
80 mesh in size, havea solubility of less than 1.5% in distilled 
water, and have the ability to absorb 0.8 mL of lubricating oil (or 
0.9 mL of distilled w ater) per gram. Weidhaas and Brann (19 55) 
describe some special tests for insecticides and other uses. 


Bleaching Clays 


Bench-scale tests using an ap proved standard as a reference deter- 
mine the a bilities of both na tural a nd acid-activated bl eaching 
earths to decolorize oils. Official natural bleaching earth standards 
are approved by the American Oil Chemists’ Society (AOCS). The 
AOCS also provides testing guidelines under Official Methods Cc 
8f-91, Evaluation of Bleac hing Clays a nd Absorbents; Cc 8 e-63, 
Modified Bleaching Test for Soybean Oil; Cc 8a-52, Bleaching Test 
(cottonseed oil); and Cc 8b-52 , Bleaching Test (soybean and sun- 
flower oils) (Anon. 1998). 


Specialty Applications 
Bentonites are used inav_ ariety of cosmetic and pharmaceutical 
applications as a thick ener, a suspending and gelling agent, and a 
binder. Bentonites used in these a pplications must conform to the 
guidelines set forth by the USP/NF (National Formulary) (Table 3) 
(Anon. 2004). The tw o basic classi fications for USP/NF products 
are bentonites and magnesium alum inum silicates. Bentonites are 
specified as dioctahedral smecti tes and magnesium aluminum sili- 
cates are mixtures of both dioctahedral and trioctahedral smectites. 
Products in the dioctahedral cate gory are classified as either 
bentonite or purif ied bentonite and are manufactured from mont- 
morillonites. The ma gnesium al uminum sili cates are sub divided 
into four grades, three of which (Types 1A, 1B, and 1C) are distin- 
guished primarily by their viscosities. The fourth grade, Type IIA, 
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Table 3. USP/NF smectite specifications 





Pb, ppm As, ppm Glycolated XRD Acid Demand, ml 
Type Al:Mg Ratio Viscosity, cps (maximum) (maximum) pH (001) (maximum) XRD" (060) 
Magnesium aluminum silicates 
Type 1A 0.5-1.2 225-600 15 3 9.0-10.0 15.0-17.2 40 di/tri 
Type 1B 0.5-1.2 150-450 15 3 9.0-10.0 15.0-17.2 40 di/tri 
Type 1C 0.5-1.2 800-2,200 15 3 9.0-10.0 15.0-17.2 40 di/tri 
Type IIA 1.4-2.8 100-300 15 3 9.0-10.0 15.0-17.2 15 di/tri 
Bentonite _ _ 40 5 9.5-10.5 15.0-17.2 _— di 
Purified bentonite 3.5-5.5 40-200 15 3 9.0-10.0 15.0-17.2 40 di 





* di = dioctahedral smectite, di/tri = mixture of dioctahedral and trioctahedral smectite. 


is distinguished by its lower acid demand and hig her Al:Mg ratio. 
The magnesium alumin um silicates are produced by _ blending 
montmorillonite with either saponite or hectorite. Although color is 
not specified by the USP/NF , these products are typically white 
with Hunter brightnesses greater than 85. 

Bentonites are used in a wide range of other specialty applica- 
tions. Specifications for these are typically negotiated between cus- 
tomers and suppliers and are not dictated by national or _ trade 
association standards. 


MINERALOGY 


Smectite 


The p redominant mineral co mponent o f ben tonite is smectite, 
which is responsible for bentonite’s unique physical and chemical 
properties. The smectite group mine rals include beidellite, mon t- 
morillonite, hectorite, nontronite, and saponite. Each mineral in the 
smectite group shares structural similarities but varies in chemical 
composition. Powder x-ray diffraction is particularly useful in iden- 
tifying these various smectit e minerals (Moor e and Re ynolds 
1989). 


Structure 


The structure of the smectite minerals is an octahedrally coord 1- 
nated oxygen layer situated between two tetrahedrally coordinated 
silicon layers (Figur e 1). These individual tetr ahedral-octahedral- 
tetrahedral (TOT) layers are r oughly 1 nm thick and ar e loosely 
held together by charge-compensating interlayer cations. 

The smectite minerals are di vided into two groups, dioctahe- 
dral and trioctahedral, dependi ng on whether all three octahedral 
sites are occupied (trioctahedral) or only two are occupied (diocta- 
hedral) (Giiven 1988). The dioctahedral smectites montmorillonite, 
beidellite, and nontronite have the theoretical formula 


M*usvez [Al,FeyMg,)2.00(Si4.00-(u+v)FeyAly)O19(OH)2] * nH20, 


where M* represents the exchangeable cations. The theoretical for- 
mula for trioctahedral smectites such as saponite and hectorite is 


M*,4u [(Mg3.00-zLiz)(Si4.00-uAlu)O10(OH)2] * nH20. 


Bothc lasses of sme ctites displa y e lemental substi tution 
within the octahedral and tetrahedral sheets, and it is this substitu- 
tion that is in part responsible for their unique physical and chemi- 
cal properties. The magnitude and distribution of surface charge are 
largely determined by the number a nd type of substitutions with in 
the tetrahedral and octahedral layers. The replacement of higher 
charged cations with those having lower charge, for example, the 
substitution of Al** for Si**, results in a net negative layer charge. 
This negative charge is counter balanced by loosely held surface 
cations that are readily exchangeable. 








n H2O 





© Hydroxyls 


0@ Silicon, Occasionally Aluminum 


@ Aluminum, Iron, Magnesium 


O Oxygens 


Figure 1. Structure of smectite 


Exchangeable Cation Chemistry 


The most common e xchangeable ca tions in smectites are sodium, 
calcium, magnesium, hydrogen, and po tassium. Along with the 
exchangeable cations, w ater molecules also exist between the T OT 
layers. The type of exchangeable cation present influences the nature 
of this interlayer water. Sodium allows one or more layers of water in 
the interlayer space whereas calcium allows only two layers. 

The ability of sm ectites to exchange cations is described as 
the cation exchange capacity (CEC) and is typically e xpressed in 
milliequivalents per 100 g of cl ay (meq/100 g). Smectites e xhibit 
cation exchange capacities between 6 0 and 170 meq/100 g, with 
values of 100 to 120 being typical. Bentonites commonly exhibit 
lower CECs than pure smectites because of the presence of nonclay 
minerals. The exchange capacities of bentonites are influenced by 
pH and, if iron is present within the structure, Eh (Stucki, Golden, 
and Roth 1984). Chang esinEh  (oxidation-reducing potential) 
cause iron in smec tites to c hange oxidation stat e and correspond- 
ingly result in changes in CEC. 
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Figure 2. Western U.S. bentonite outcrop 


The influence of ir on oxidation state on CEC can be seen in 
bentonites in Wyoming and South Dakota. Bentonites in this region 
can be gray or yellow, depending on the oxidation state of iron. 
Gray bentonites contain comparatively more Fe** whereas yellow 
bentonites are richer in Fe 3+. The yellow, or weathered, bentonites 
have historically exhibited superior colloidal properties. The rea- 
sons for this have been a subjec t of some debate. Knetch el and 
Patterson (1962 ) proposed that the super ior pro perties may b e 
related to an increased level of exchangeable calcium. Elzea and 
Murray (1990) suggest that oxidation of iron results in a reduction 
in surface char ge, a corresp onding decrease in exchangeable cal- 
cium, and an overall increase in the Na/Ca ratio. 

Sanders and Doelman (1968) report observ ations similar to 
those of Knetchel and Patterson, that in weathered yellow outcrops 
calcium levels increase relative to sodi um rather than the reverse. 
Because an increase in Ca/Na ratios appears generally accepted, it 
is likely that the im proved performance characteristics of weath- 
ered yellow clays are related to either reduction in layer charge or a 
process of physical delamination. 

The ty pe ofe xchangeable catio ns greatly influences th e 
behavior of smectite particles in aqueous suspensions (Foster 1953; 
Van Olph en 1977; Alther 1986; Lagaly 1989; W olfbauer 1977). 
Sodium smectites display greater swelling and superior colloidal 
properties relative to calcium smectites. 


Other Minerals 


Other minerals found in bentonite can be classed in three catego- 
ries: (1) those of volcanic origin, (2) secondary minerals that form 
in situ as a result of diagenesis and weathering, and (3) those that 
are of det rital origin. Typical volcanic minerals include feldspars, 
biotite, quartz, apatite, zircon, magnetite, and amphiboles. Occa- 
sionally unaltered volcanic glass is also present. 

Minerals of low-temperature origin are poorly ordered opaline 
silica (Elzea, Odom, an d Miles 1994), zeo lites, calcite, gypsum, 
various iron sulf ate and oxide mine rals, and o ther clay minerals, 
including kaolinite and illite. Detrital minerals are the le ast com - 
mon and can consist of any rock-forming minerals that are found in 
sedimentary environments. These minerals rarely exceed 10% of a 
commercially viable deposit. 


OCCURRENCE 


Bentonites are found in both marine and non marine environments 
ranging in age from Jurassic to Pleistocene. These beds can be very 
extensive geograp hically, range in thickness fr om several centi- 
meters to tens of meters, and are usually parallel with the over- and 
underlying str ata. Bentonites also occuras small, lens-shaped 
deposits. Other less common types of bentonite deposits are th ose 
that grade into unaltered host rock. 

Bentonites are found in arange of colors, the most common 
being gray, yellow, olive green, brown, gray-blue, and white. Ben- 
tonites have a characteristic soapy texture and w axy appearance. 
Sodium bento nites often display atypical “popcorn” te xture on 
weathered outcrops. Weathered calcium bentonites have an “alliga- 
tor skin” texture. 

Origin 

The most common mode of formation of bentonite is through the in 
situ alteration of volcanic ash or tuff. A less frequent origin of ben- 
tonite is from the hydrothermal alteration of existing igneous rocks. 
The parent rock type for the majority of bentonite deposits was sili- 
ceous and ranged from dacitic to rhyolitic in composition. 

The alteration of volcanic ash to smectite is a hydration reac- 
tion that requires magnesium and produces excess silica and alkali 
ions. Bentonite is most commonly found in marine strata, and the 
alteration of ash in contact with seawater is the most common envi- 
ronment of deposition of commer cial bentonites. Other modes of 
formation include gene sis through contact with alkaline lak e and 
groundwaters. 

Numerous forms of mineralogical, chemical, and te xtural 
evidence show that some bentonites formed through alteration of 
volcanic ash. Mineralogical e vidence includes _ the observ ation 
that bentonite beds often contain euhedral minerals characteristic 
of volcaniclastic rocks. Chemi cally the maj or e lement and rare 
earth chemistry of bentonites is consistent with a volcanic origin 
(Elzea and Murray 1990). Observations under both optical and 
scanning electron microscopes reveal relict glass shards that have 
been replaced by smectite. The presence of unaltered glass shards 
in some deposi ts provides the strongest evidence of a v olcanic 
precursor. 

The time at which alteration of the ash to smectite occurs has 
been disputed. Theories that alteration of ash be gins immediately 
on contact with seawater and that alteration begins shortly after the 
ash has settled to the seafloor or lake bottom have been proposed. 
Others believe that alteration takes place after burial. The Wyoming 
bentonites have shown to have been altered after burial within the 
top several hundred meters of subseafloor sediment. This alteration 
was caused by contact with diag enetic pore fluids e volved from 
Mowry seawater (Elzea and Murray 1990). 


Distribution of Deposits 
United States 


Western Bentonite. Western or W yoming bentonite is mined 
in three major districts in the western United States encompassing 
Wyoming, Montana, and South Dakota (Figure 2). These districts 
accounted for more than 90% of western bentonite mined in the 
United States in 2004. 

The B lack Hills District is the easternmost of the three dis- 
tricts and production is centered near Colony, Wyoming. This dis- 
trict e xtends sout h to Upt on, Wyoming, north west to Alzada, 
Montana, and southeast to Belle Fourche, South Dakota. This area 
produces high-quality sodium bentonite that is primarily used in the 
foundry and drilling mud industries. Inthe past decade alar ge 
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amount of bentonite also has been mined for use as scoopable cat 
litter. Four processing facilities currently manufacture sodium ben- 
tonite products from this district. 

The central Wyoming district is on the eastern edge of the Big 
Horn Mountains near the towns of Casper and Kaycee (Figure 2). 
One plant near Casper processes clay from this area. 

The third district is along the western edge o f the Big Horn 
Mountains. Bentonite mines are near Tensleep, Lovell, Gre ybull, 
Worland, and Thermopolis, and processing facilities are near Lov- 
ell, Greybull, Worland, and Thermopolis. 

Western ben tonite is mined from ap proximately eight beds 
and the majority of these are located within the Cretaceous Mowry 
Shale. The Mowry Shale is an or ganic-rich marine shale that was 
deposited along the Western Interior Seaway. The Mowry Shale is 
overlain by the Belle Fourche Shale and Frontier F ormation, both 
of which contain commercially exploited bentonite beds. Bentonite 
is also mined from several beds in older formations in the Big Horn 
Basin. 

All of the Wyoming bentonite beds are interstratified wi th 
marine sediments, except for the Newcastle bed mined in the Black 
Hills District. The Newcastle bed is lim ited in g eographic extent 
and is believed to have been deposited in fresh water. 

Southern Bentonite. Southern, or calcium, bentonite is mined 
in Texas, Mississippi, and Alabama. The primary uses for southern 
bentonite are as a bonding clay for foundry sands, a refining agent 
for oils and fats, an additive for animal feeds, and absorbents. This 
area is the second most productive bentonite mining district in the 
United States after Wyoming. 

Deposits of southern bentonite are found throughout the Gulf 
Coast region and are located within formations of Upper Cr eta- 
ceous to Middle T ertiary age. Commercially developed bentonites 
in Mississippi are produced from the Eutaw Formation (Upper Cre- 
taceous), the Ripley Formation (Upper Cretaceous), and the Vicks- 
burg Formation (Tertiary). Calcium bentonites mined in Alabama 
are located in the Ripley Formation. Texas contains extensive ben- 
tonite deposits, which are f ound in the Jackson and Gue ydan For- 
mations of Tertiary age. 

Fuller’s Earth. The majority of fuller’s earth produced in the 
United States is m ined from the Paleocene Porters Creek Forma- 
tion. Processing plants are located along the edge of the Mississippi 
Embayment outcrop area in an arcuate band from Mississippi north 
to the southern tip of Illinois and then south through Missouri. The 
Porters Creek Formation ranges in thickness from 3 to 40 m in the 
north (Thomas 1981) to up to 150 m in Mississippi (Hughes 1958) 
and contains an upper weathered zone th at is up to 12 m th ick. 
Pyrite is concentrated in the underlying black to dark gr ay clay 
(Reisch 1992). Minerals present in this formation are ac alcium- 
magnesium smectite, opal C-T, kaolinite, illite, and trace amounts 
of halloysite and clinoptilolite. 

Fuller’s earth is also mined in the Miocene Monterrey Forma- 
tion in the southwestern corner of the San Joaquin Valley near Taft, 
California. The fuller’s earth mined here is used predominantly for 
cat litter and industrial absorbents. Although the Monterrey Forma- 
tion is se veral hundred meters thick, mining is conducted only in 
those areas where the bulk density is low. 

Other locations where fuller’s earth is mined and processed 
are the Hawthorne Formation near Ocala, Florida, and the Twiggs 
Clay Member of Barnwell Formation near Wrens, Georgia. 

Hectorite. Hectorite is a relatively rar e ma gnesium-lithium 
silicate with in th e smectite gr oup. The majority of hecto rite is 
mined from Tertiary age deposits ne ar Hector, California, which is 
the type locality for this mineral. These deposits are believed to be 
altered alkaline lake sediments. 


Hectorite is also locatedina de posit in Amargosa Valley, 
Nevada. This deposit is an average of 4.6 m thick, covers a few 
square kilometers, and contain s approximately 25% hectorite and 
75% calcium carbonate. West of McDermitt, Nevada, an area con- 
sisting of hu ndreds of square kilometers contains pure to impure 
hectorite be ds and lenses that are associ ated wi th volcanic sedi - 
ments, zeolites, and carbonates; it has been co mmercially mined 
since 1986 (Odom 1992). 

Other Deposits. Although bentonite production in the United 
States is predominantly from the Wyoming and Gulf Coast dis- 
tricts, there are a number of small bentonite producers in other parts 
of the country. Desiccant grade bentonites are mined from a deposit 
near Chambers, Arizona; this ben tonite has also b een used as a 
bleaching earth. Deposits near Vici, Oklahoma, have also been used 
as de siccant gra de material. Sodium bentonite is mined near 
Adrian, Oregon, and is used in civil engineering and drilling appli- 
cations. Bentonite deposits in Utah are used in the civil engineering 
and pet litter markets. Many local producers also supply bentonite 
for use as a binder in animal feed. 


Canada 


Bentonite deposits in western Canada are in Alberta, Manitoba, 
British Colum bia, Saskat chewan, and the Northwest Territories. 
The deposits are found in Cretace ous- and Tertiary-age sediments 
and are predominant in the Upper Cretaceous marine sedimentary 
horizons (Grim an d Giiven 1978). These ben tonite beds are often 

located with shales and limestones and also can occur as partings in 
coal beds. The Canadian bentonites are predominately calcium ben- 
tonites, although they are the same age as bentonites from the west- 
ern U.S. district. Sodium bentoni tes are present but are much less 
common. 

Sodium bentonite is mined a nd produced in Saskatche wan. 
Commercial products from th is area include clays f or drilling 
muds, civil en gineering, foundry greensand molding, and animal 
feeds. 


Mexico 


Bentonite and fuller’s earth are min ed in Mexico, primarily in the 
central region, which contains a large amount of volcanic sediments. 
Many of the bentonites mined in Mexico are of a mixed calcium— 
sodium type. Calcium-type bentonites are concentrated in Hidalgo 
and th e majority of | sodium bentonite mining is cond ucted in 
Durango. Production of both calcium and sodium bentonites totaled 
more than 415 kt in 19 99. In 2004, bentonite pro duction was esti- 
mated at 450 kt (Anon. 1995). 


South America 


Brazil. Bentonite is present in the states of Minas Gerais, Rio 
Grande Sul, Santa Catarin, Pariba, Parana, and Sao Paulo of Brazil. 
The majority of these bentonite deposits are not commercially via- 
ble because of a high percentage of nonclay minerals. The fairly 
pure bentonite deposits in the states of Parana and Sao Paulo supply 
more than 90% of bentonite mined in Brazil, which totaled 220,000 
tons in 1998 (Russell 2000), making it the largest bentonite pro- 
ducer in South America. 

Argentina. Bentonite is found in the pro vinces of La P ampa, 
San Juan, Mendoza, Neuquen, and Rio Negro of Argentina. Natural 
sodium ben tonite deposits are lo cated in Rio Ne gro and Nuequen. 
Argentina is the second largest bentonite producer in South America. 

Peru. Bentonite deposits are commercially developed in Cal- 
lao, Ica, and Piura in Pe ru. Calcium bentonites are the dominant 
type of bentonite deposit in Pe ru, although natural sodium bento- 
nite deposits are found in Piura. 
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Chile. Bentonite mining in Chil ei sconc entrated ne ar 
Bocanegra, about 60 km east of Arica. Calcium bentonite supplies 
the local f ishmeal pelletizing industry. Acid-activated ben tonites 
are also produced in Lima. 


Europe 


United Kingdom. Deposits of calcium mont morillonite in 
England are referred to locally as fuller’s earth. These deposits are 
present in Upper Cretaceous- a nd Jurassic-age sediments and ar e 
mined in Bedfordshire, Oxfordshire, and Surrey. 

Germany. Calcium bentonite is e xtracted in Ba varia from 
deposits near Mainburg, Mossburg, and Lanshut. These ben tonites 
are located in lenses found in the Oligocene to Miocene section 
between the Upper Marine Molasse and Upper Freshwater Molasse 
(Harben and Kusvart 1996). 

Greece. The Greek island of Milos contains very large bento- 
nite deposits, some gr eater than 30 m thick. These deposits have 
formed by the al teration of Lo wer Pl eistocene v olcaniclastics 
(Christidis and Scott 1996). Along with the United States, Greece is 
one of the largest exporters of bentonites. 

Italy. Bentonites from I taly are mined pr edominately on the 
island of S ardinia and have formed by hydrothermal alteration of 
trachytes and trachytic tuffs (Grim and Giiven 1978). 

Spain. Bentonite deposits in Spain are located near Madr id 
and Almeria. Calcium, natural sodium, and sodium exchanged ben- 
tonites are all produced in Spain. Many companies in Spain mine 
bentonite as a smaller part of their main operations, which involve 
the production of hormite clays. 

Turkey. Numerous deposits of bent onite are present in T ur- 
key, including white bentonites and desiccant-grade calcium bento- 
nites. White bentonites exported to western Europe are mainly used 
as pet litters an d desiccants, a nd in the produ ction of detergent 
granules. 


Africa 


Morocco. The majore xploitable bentonite depo sits in 
Morocco are located southwest of Nador and together are estimated 
to have reserves totaling 1.8 Mt. 

South Africa. Bentonite dep osits are located in the Koppies 
district of the Free State and the Heidelburg area of Western Cape. 
Small deposits are present in the KwaZulu-Natal Province. Acid- 
activated bentonites are also produced in South Africa. 


Australia 


The continent of Australia contains many bentonite deposits, includ- 
ing natural sodium. Calcium bentonites are present in Quee nsland 
and New South Wales, and sodium bentonites are mined at Gur ulu- 
mundi in New South Wales. 

Asia 

India. Indian bentonite reserv es contain both calcium and 
sodium deposits, and the majority of reserves are located in Rajas- 
than and Gujarat. These bentonites are used for both iron ore pellet- 
izing and foundry greensand molding. Lesser amounts are used for 
drilling, ci vil engineer ing, and pet litters. Indian bentonites ar e 
commonly dark redto brown incolor and are high in structural 
iron. 

Japan. Bentonite depo sitsin Japanare of theca Icium, 
sodium, and acid, or hydrogen types. Some white bentonites are of 
high quality and are used in nanocomposite applications. Almost all 
bentonites produced in Japan are consumed internally. 

China. Bentonite is mined in nearly every province of China; 
the leading producing provinces are Shandong, Sichuan, and Liaon- 


ing. Bentonite types are both calcium and sodium, although natural 
sodium bentonites are comparatively rare and of low quality. Min- 
ing methods include open pit a nd under ground. Although recent 
investments by ma jor be ntonite com panies ha ve result ed in the 
establishment of | arger-scale operations, the majority of b entonite 
producers are small and local. 


DEPOSIT EVALUATION 
Exploration 


Exploration for bentonite involves using geological knowledge and 
field investigations. The initial step in exploration is examining the 
geological en vironment. An understanding of the basic require- 
ments for bentonite formation narrows the possible settings. Bento- 
nite most commonly forms thr ough th e aqueou s alteration of 
volcanic ash. In addi tion the predominant environment of post- 
depositional alteration is marine in nature. Bentonites are largely 
restricted to formations of Cretaceous and Tertiary age. Using these 
factors, a typical bentonite-forming environment will be an area of 
past volcanic activity that was located near a substa ntial body of 
water. 

The next step in exploration is field investigation of a potential 
deposit. At this time the target area is examined for the presence of 
bentonite in outcrop. Once the presence of bentonite is conf irmed 
the nature of the deposit is de termined via surface mapping com- 
bined with drilling. The data from drill logs and maps allow a gen- 
eral assessment of the reserve volume and quality. 

After a deposit has been confirmed as viable, other factors are 
taken into consideration before further expenditure in detailed drill- 
ing, testing, and mapping. The thickness of the overburden, dis- 
tance to major transportation routes and markets, and governmental 
permitting requirements all must be taken into account. 


Mineralogical Evaluation 


Examining the mineralogical components of a deposit is an impor- 
tant part of depo sit characterization. A thorough understanding of 
the physical and chem ical properties of the c lay minerals present 
will enhance understanding of the deposit, allowing for proper eco- 
nomic utilization. Beneficiation of clays is an increasingly important 
process as man y of the high er quality de posits be come deplete d. 
Detailed k nowledge of the ph ysical and chemical properties of a 
clay can be used to design processes for optimum utilization. As 
higher technology processes continue to be refined, clay minerals 
are increasingly required to meet more demanding specifications. 

Analytical methods used in the study of clay minerals include 
x-ray diffraction, differential sc anning calorimetry, infrared spec - 
troscopy, and zeta potential measurements. Other methods are used 
to determine particle size distribution, surface area, and interlayer 
cation chemistry. 


Appraisal of Field and Laboratory Results 


Bentonite testing consists of a combination of b oth standard and 
customer-specified t ests. Typical standard tests include rheology 
testing, as outlined by the API, and foundry bond testing, as speci- 
fied by the American F oundrymen’s Society. ASTM test proce- 
dures cover free swell, liquid ab sorbance, and wat er permeability. 
Individual companies also conduct special test procedures designed 
to satisfy individual customer requirements. 

In addition, numerous test procedures are set forth by varying 
organizations for specialized markets. Examples of suc h tests are 
bleaching oil procedures set forth by the AOCS and purity require- 
ments outlined by the USP/NF. 

After the relevant data on a deposit are gathered, the informa- 
tion is syn thesized with the spatial data on the location of drill 
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holes. Maps of the deposit are generated, giving a detailed analysis 
of the deposit that includes clay thicknesses, grades, and overbur- 
den depths. This info rmationis used to ca Iculate t he e xpected 
reserve of the various grades of bentonite. Estimating reserve is one 
of the first and mo st important phases of deposit evaluation, but 
other factors must be taken into account before mining can be gin. 
Overburden amounts and type, dist ance to processing f acilities, 
transportation issues such as roadw ays and right-of-ways, and the 
various le gal and environmental permitting requirements all must 
be accounted for before mining can begin. 


MINING AND PROCESSING 

Mining 

The mo st common method of mini ng bentonite is the open pit 
method. This in volves removing overlying material to expose the 
desired commodity, in this case bentonite. Bulldozers, scrapers, and 
excavators, and often a combination of these types of equipment, 
remove the overburden. In a typical bentonite mine the topsoil and 
subsoil are f irst removed and stoc kpiled separately for redistrib u- 
tion during pit closure and land reclamation, and the overburden is 
then removed. In a typical Wyoming bentonite mine a dep osit is 
mined in stages: After the bentonite is removed from the first area, 
the overburden from the adjacent area is placed in the void left by 
the removal of the bentonite and this sequence continues as mining 
progresses. Scrapers, fron t-end load ers, or ex cavators ex tract t he 
bentonite and load it into trucks for transport to the processing 
facility. 

Western bentonite overburden thicknesses range from zero up 
to 10 m. Mineable bentonite beds range in thickness from less than 
1m to up to2 m. A general mle of economic recovery of bentonites 
requires that the ratio of overburden to c lay thickness be less than 
10:1, although this ratio may be exceeded where other logistic or 
market factors are favorable. 

Although most bentonite minin g uses open pit methods for 
extraction, some under ground mining is practiced . Under ground 
mining methods are used extensively to mine ben _ tonites in 
Durango, Mexico, and in many locations in China. 


Processing 


As mined, most bentonites have a moisture between 25 and 35 wt 
%. Processing the clay usually requires some combination of field 
drying and plant drying. In arid re gions, field drying alone can 
reduce moistures to less than 12 wt %. Coal-fired rotary dryers are 
commonly employed at a pro cessing plant when additional drying 
is required. Final product moisture s typically range between 7 and 
12 wt %. Care must be tak — en _to a void o verdrying ben tonites 
because this can result in reduced performance. 

After drying, bentonites are sized by passing the ore through a 
combination of roll crushe rs, sc reens, a nd roller mi lls. Where 
extremely fine particle sizes are required, air classification is often 
used either during milling or as aseparate stage of processing. 
Polymers to improve viscosity a nd fluid loss are typically added 
either di rectly be fore ora fter mi lling. Polym er additions v ary 
depending on the application, but levels between 0.25 and 1.50 lb 
(0.1 to 0.7 kg) per ton of clay are typical. Long-chain water soluble 
polymers are most commonly used to enhance the performance of 
bentonites. 

Soda ash is typically added either in the field or at the plant 
before drying. In the field, soda ash is added as stockpiles are built 
or on clay that has been spread out to dry. Both dry and wet addi- 
tions of soda ash are common in field operations. Plant additions of 
soda ash are typically made to wet clay using a paddle mixer to uni- 
formly distribute the components. Water may be added to improve 


the reaction between sod aashan d clay, b ut e xcessive w ater is 

avoided because of the hig her drying costs associated with higher 

moistures. In some operations, pug mills ande xtruders help mix 

soda ash and clay. The more aggressive mixing by extruders has the 
added benefit of improving clay performance through mechanical 
delamination. 

For hig h-end cosmetic and pha rmaceutical products, w ater 
washing commonly removes impurities and improves brightness. In 
this process, bentonites inlo w-solids slurries are sub jected to a 
series of wet screening, h ydrocyclones, and centrifug ation to 
remove nonclay imp urities. Soda ash additio ns are made _ before 
drying on rotary dru ms to prod uce flake products or by spray to 
produce powdered products. An additional fine milling step some- 
times further reduces particle size to less than 20 pm. 

To produce acid-activated clays, sulfuric or hydrochloric acid is 
added to a clay slurry and allowed to react for several hours. Pressure 
filtration removes residual acid from the clay. An alternative method 
for pr oducing acid acti vated bentonites involves the form ation of 
“noodles,” which are then acid 1eached and washed without f ilter 
presses. The rinsed acid-activated clays are then dried and ground to 
the desired particle size. Acid activation typically increases Brunauer 
Emmett Teller (BET) surf ace areas from less t han 10 m2/g to more 
than 250 m2/ 'g. This method of surface area measurement is based on 
the physisorption and desorption of nitrogen. 


ORGANOCLAYS 


In the second half of the 20th century it was discovered that smec- 
tite clays could be organically modified to make them function well 
in low-polarity solvent syste ms suc ha s mi neral oils, t oluene, 
xylene, and diesel fuel. The basic technolog y involves exchanging 
Ca and Na cations with cationic surfactants, especially quaternary 
amines. This exchange process converts hydrophilic smectites into 
those that are organophilic (hydrophobic). 

Although both types of smecti tes (hydrophilic and organo- 
philic) function by delaminating to form colloidal size particles, the 
mechanisms for dispersion are quite different. In aqueous systems, 
sodium smectites disperse through the hydration energy of water 
and are electrostatically sta bilized as a result o ft heir ne gative 
charges. In contrast, electrostatic and enthalpic forces do not domi- 
nate in nonpolar systems, so the primary driving force for disper- 
sion is entropic. 

Organoclays have found a wide variety of uses in low-polarity 
systems, and ne w applications are constantly being de veloped. A 
particular area of recent focus has been the development of organo- 
clays for use as functional fillers in plastics. Numerous commercial 
applications of clay-polymer composites have appeared in the past 
few years. 


Applications 
Paints and Coatings 


Organoclays serve three primary f unctions when used in solv ent- 
based paints and coatings: (1) anti-settling, (2) anti- sag, and (3) 
anti-drip. In high er-end coating applications finely ground wet- 
process organoclays ensure a smooth and uniform surface finish. In 
lower-end c oating app lications suc has traf fic pa ints, coarser 
ground dry-process organoclays are more commonly used. Typical 
use levels in paints are between 0.3 and 1.1 wt %. 


Printing Inks 


In printing inks, organoclays provide stable viscosity, control mist- 
ing, and can improve water resistance. High purity and fine grinds 
are required in this application. Typical use le vels in printing inks 
are between 0.2 and 3.0 wt %. 
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Lubricants and Greases 


Water-washed organoclays that are free of abrasive grit are used in 
the manuf acture of greases. Or ganoclays are especially used to 

thicken high-temperature greases because of their thermal stability. 
One potential weakness of or ganoclays in greases is their poor 
interaction with som ec orrosion inhi bitors. T hese anticorrosion 
additives can have a detrimental effect of an organoclay’s ultimate 
viscosity. Typical use levels in greases are between 5 and 10 wt %. 


Drilling Fluids 


Although both organobentonites and organohectorites are used in 
oil-based dril ling appl ications, the majority of t he volume is in 
low-end dry-process organobentonites. These low-end organoclays 
do not require the fine grinding required for paint grades and easy- 
dispersing grades. The hi gh shearing encountered in the drilling 
process provides enough energy to disperse even coarser grades of 
organoclay. 

For deep well dri lling where greater t hermal stabi lity is 
required, organohectorite is used in place of the more cost-ef fec- 
tive organobentonites. Bentone 38 (Elements Specialties, Inc., 
Hightstown, NJ) is the pri mary product used in these hig h-tem- 
perature applications. For quite some ti me Bentone 38 was t he 
only suitable product on the market. Alternatives, however, are 
now becoming available. Typical use levels in drilling fluids are 
between 2 and 5 wt %. 


Adhesives and Sealants 


Organoclays are principally used in adhesives and sealants to pre- 
vent running or sag dur ing the drying or setting process. Or gano- 
clays are used not only because of their rheological properties but 
also because the y typically do not negatively affect the ph ysical 
properties of the system. As an example, organoclays are used in 
polysulphide sealants for the c onstruction industry to maintain 
slump resistance in vertical joints during curing. Typical use levels 
in adhesives and sealants are between | and 3 wt %. 


Ceramics and Refractories 


Organoclays are used as a binder inthe manufacture of some 
refractory bricks and monolithics, especially where the presence of 
water in the binder system is detrimental. An example is calcined 
dolomite refractories, where an oil-based binder system pre vents 
the hydration of the lime and magnesium oxide. 

Organohectorite is sometimes preferred in the ma nufacture of 
monolithics because of its higher thermal stability in the range of 
200° to 400°C. In some applications organobentonites do not main- 
tain enough viscosity in this temperature range to prevent sag during 
firing. Higher-temperature thermal stability is a general characteris- 
tic of organohectorites. Typical use levels in ceramics and refracto- 
ries are between 0.3 and 1.5 wt %. 


Consumer Products 


Wet-process organohectorites and organobentonites are both widely 
used in cosmetics and personal care products, especially fingernail 
lacquers, antiperspira nts, lipstick s, sunscreens, and eye products. 
Hectorite treated with a trialkylaryl ammonium cationic surfactant 
is widely used in fingernail lacquers because of the medium-to-high 
polarity solvents used in their formulations. 

This mark et h as increasing ly shifted away from using dry 
organoclays to ward using mastergels. Master gels are organoclays 
that have been predispersed in commonly used solv ents such as 
mineral oils, SD 40 alcohol, lanolin oil, cyclomethicone, or combi- 
nations of th ese. Mastergels have grown in popularity in the per- 
sonal care industry because of their ease of use. 


In response tocustomer requests, or ganoclay suppliers 
recently introduced products based on surfactants not derived from 
animals. Exa mples i nclude av egetable-derived quater nium-18 
organobentonite and a vegetable-derived stearalkonium organoben- 
tonite. Typical use levels in personal care products are between 0.3 
and 1.5 wt %. 


Material Requirements 


Organoclay systems require th ree basic components to function 
properly: (1) clay, (2) a cationic surfactant, and (3) a polar activator. 
Conventional or ganoclays incorp orate two components, clay and 
surfactant, into the organoclay product, and the end user adds a 
polar activator. Self-activating or self-dispersing organoclays com- 
bine all three components, clay + surfactant + activator, in a single 
product. 

Because of the volatility of some polar activators like metha- 
nol and acetone, they cannot be incorporated directly into a single 
product, so self-dispersing organoclays typically contain a differ- 
ent type of polar activator than is used in conventional organoclay 
systems. Although self-dispersing organoclays offer added conve- 
nience, in many applications they also have somewhat lower gel 
strengths than conventional or ganoclays. Consequently a nu mber 
of users st ill prefer conventional or ganoclays to the ne wer, self - 
dispersing grades. 


Clays 


The type of clay used in the production of an or ganoclay is as 
important for the final performance as the surfactant and the polar 
activator. No simple correlation appears to exist between a clay’s 
performance as an organoclay and its performance as an untreated, 
water-based, rheological additive. Consequently conventional tests 
of free swell, viscosity , cation e xchange capacity, and plate water 
absorption do not directly predict a clay’s performance potential as 
an organoclay. 

Bentonites from the Black Hills region of South Dak ota and 
Wyoming have been widely used in the manufacture of both wet 
and dry-process organoclays. To date, the only commercially avail- 
able or ganohectorites are based on hectorite mined from Hector, 
California. 


Surfactants 


The majority of organoclays are surface modified by reacting ben- 
tonite or hectorite with a tetraalkyl ammonium cationic surfactant. 
These are used in solvent systems based on mineral spirits, hexane, 
toluene, xylene, styrene, alkyds, and vegetable oils. 

The second most common organoclay surface modification is 
achieved by reacting a smectite clay with a trialkylaryl ammonium 
cationic surfactant. This surface treatment produces an organoclay 
that will disperse in higher polarity solvents than organoclays pro- 
duced with acon ventional dime thy] di tallow qua t (t etraalkyl 
ammonium surfactant). Com mon sy stems that use a_ trial kylaryl 
ammonium organoclay are epoxies, polyesters, polyamides, poly- 
urethanes, ace tone, met hy] ethy | k etone, ethy | ac etate, e thylene 
glycol ether, propanol, and ethylene glycol. 


Polar Activators 


Polar activators facilitate the dispersion of or ganically modified 
clays and help achieve stable gel strength and high gelling efficien- 
cies. Most self -dispersing grades either ha ve some f orm of polar 
activator incorporated into the or ganoclay du ring p roduction or 
have an excess of surfactant loading. Table 4 lists types o f polar 
activators and typical amounts required based on the weight of 
organoclay. 
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Processing 


The two basic methods of manufacturing organoclays are dry pro- 
cessing and wet processing. The dry process pr oduces lo w-end 
organoclays and the wet process produces high-end organoclays. In 
both processes, the ad dition level of surfactant is critical. The opti- 
mum level of surfactant is usually between 27 and 34 wt %, although 
some self-dispersing grades have surfactant loadings >40 wt %. For 
any given clay, the optimum level must be maintained within +1% or 
performance can be degraded. Undertreatment is usually more detri- 
mental than overtreatment. 

The drying temperature and final moisture are also important 
factors. Exposing organoclays to temperatures >100°C can be detri- 
mental to performance. Similarly, over or under drying can also be 
detrimental. Optimum f inal produc t mo istures should be in th e 
range of 1% to 3%. 


Dry Process 


In the dry process, warm surfactant is added to 200 mesh clay (with 
or without a small amount of water) to form a dough. For best per- 
formance, the dough is thoroughly mixed and (preferably) extruded 
under high shear. The wet organoclay is then dried and ground to 
the desired particle size. In addition to reducing grit, grinding to a 
finer particle size improves the dispersibility of the final product. 


Wet Process 


In the wet process, the clay is disperse d in water ata total solids 
level between 2% and 5%. The resulting clay slurry is then hydrocy- 
cloned and centrifuged to remove nonclay impurities. In a sep arate 
mix tank, the surfactant is dispersed in warm water (50° to 80°C) at 
alevel of 3% to 8%. The surf actant/water mixture is then added to 
the clay slurry under high shear or stron g agitation. The r esulting 
organoclay suspension is then filtered to (a) increase the solids level 
and (b) remove excess Na and Ca salts produced by the reaction of 
the surfactant and clay. The filter cake may be washed one or more 
times to remove additional salts. The cake is then dried and ground 
to the desired particle size. To improve the rate of dispersion, high- 
end or ganoclays are commonly mill ed toa mean particle size of 
between 1 and 10 pm. 


FUTURE TRENDS 


An area of acti ve research in th e past decade has been the use of 
smectites as functi onal fillers in polymers. In these applicati ons, 
individual smectite particles are dispersed within a polymer matrix 
to form a polymer-—clay composite material. Because the thicknesses 
of the dispersed clay platelets are approximately 1 nm, the compos- 
ite materials formed are commonly referred to as nanocomposites. 

The steps involved in making smectites suitable for nanocom- 
posites are similar to those for making organoclays for conventional 
applications such as greases and printing inks. Smectites are benefi- 
ciated to remove other mineral impurities and then surface modified 
with a surfactant to m ake them disperse within the host polym er. 
Organoclays designed for use in nanocomposites pr imarily differ 
from conventional organoclays in th eir types of surface modifica- 
tions and th eir greater le vels of purity. Smectite-based nanocom- 
posites have the potential to improve the thermal and mechanical 
properties of engineering plastics, increase chemical resistance, act 
as flame retardants, and decrease the permeability of films. 

A number of surf ace-treated smectite products ha ve been 
introduced into the market by leading organoclays manufacturers or 
through alliance partners. The overall use of smectite-based nano- 
composites is currently limited but is expected to grow as markets 
adapt to this new technology. 


Table 4. Chemical polar activators commonly used with conven- 
tional organoclays 





Activator Percentage’ 
Methanol (95%)/water (5%) 33 
Propylene carbonate (100%) 33 
Propylene carbonate (95%)/water (5%) 33 
Ethanol (95%)/water (5%) 50 
Acetone (100%)t 60 
Octylphenoxy polyethoxy ethanolt 75 





* Percentages based on weight of organoclay. 
t When a water-free polar additive is desired. 


Over the past decade, the use of GCLs has continued to show 
strong growth and new bentonite-based liners continue to be devel- 
oped. Efforts are being made to extend the effective lifetime of lin- 
ers and to improve their re sistance to a v ariety of environmental 
contaminants. Investigations are also taking place to better under- 
stand the performance differences between natura | sodium bento- 
nites and sodium-activated calcium bentonites. The results of these 
investigations could influence GCL specifications set forth by regu- 
latory bodies. 

A significant amount of resear ch has been condu cted on the 
synthesis of pillared clays (S choonheydt et al. 1999; Gil, Gandia, 
and Vincente 2000; Cool and Vansant 2004). The unique mesopore 
dimensions and high pore volumes of pillared clays ha ve demon- 
strated potential viability in several adsorption and catalytic appli- 
cations in volving re latively largem olecules of hig hv alue. 
Commercial adoption of pillared clay technologies, ho wever, has 
been slow to develop. This has been in large part because of their 
high manufacturing cost relative to conventional adsorbents such as 
zeolites and because of difficulties involved in producing materials 
that have sufficient selectivity and reproducibility for demanding 
adsorption and catalytic applications. It remains to be seen whether 
the unique characteristics of pi Ilared clays willbe gin to be 
exploited more widely in commercial applications. 

The unique surf ace chemistries an d hi gh surf ace areas of 
smectites continue to make them a focus of many research efforts. 
Their colloidal properties and nanoscale dimensions are likely to be 
increasingly exploited as emerging technologies focus on nano- and 
mesoscale interactions and processes. 


BIBLIOGRAPHY 


Alther, G.R. 1986. The ef fect of exchangeable cati ons on the 
physico-chemical properties of Wyoming bentonites. Applied 
Clay Science 1:273-284. 

Anon. 1962. Moulding M ethods and Materials . Des Plaines, IL: 
American Foundrymen’s Society (AFS). 

. 1963. Foundry Sand Handbook. 7th edition. Des Plaines, 

IL: AFS. 

. 1969. Bentonite, Specifications No. DFCP.4. London: Oil 

Companies Materials Association. 

. 1986. Western Bentonite’ s SFSA Designation 13T-86. Des 

Plains, IL: Steel Founder’s Society. 

. 1993. Specification for Drill ing-Fluid Materials. 5th edi- 

tion. API STD 13a. Washington, DC: American Petroleum Insti- 

tute (API). 

. 1994. Back to the Basics: 

Plaines, IL: AFS. 

1995. Clays. P ages 48-49 in USGS Miner al Commodity 

Summaries 2005. Reston, VA: U.S. Geological Survey (USGS). 














A Gr een Sand Primer . Des 








© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


368 Industrial Minerals and Rocks 








. 1998. Official Methods and Recommended Practices of the 
AOCS. 5 th e dition. Cha mpaign, IL: Am erican Oil Chemists’ 
Society (AOCS). 

. 2004. The U.S. Pharmacopeia: The National F ormulary 
(USP28 NF23). Rockville, MD: The U.S. Pharmacopeial Con- 
vention, Inc. 

Balogh, M., and P. Laszlo. 1993. Organic Chemistry Using Clays. 
Volume 29. Reactivity and Structure Concepts in Or ganic 
Chemistry. New York: Springer-Verlag. 

Bicker, A.R., Jr. 1970. Economic Minerals of Mississippi. Bulletin 
112. Jackson: Mississippi Ge ological, Economic an d Topo- 
graphical Survey. 

Cairns-Smith, A.G., and H. Hartman. 1986. Clay Minerals and the 
Origin of Life. Cambridge, UK: Cambridge University Press. 
Christidis, G., and P.W. Scott. 1996. Physical and chemical proper- 
ties of the bentonite deposits of Milos Island, Greece. Transac- 
tions of the Institution of Mining and Metallur gy (Section B: 

Applied Earth Science) 105:B165—B174. 

Cool, P., and E.F. Vansant. 2004. Pillard clays and porous clay het- 
erostructures. Pages 261-311 in Handbook of Layer ed Materi- 
als. Edited by S.M. Auerbauch, K.A. Carrado, and P.K. Dutta. 
New York: Marcel Dekker. 

Darley, H.C.H., and G.R. Gray. 1988. Composition and Properties 
of Drilling and C ompletion Fluids . 5th editio n. Woburn, MA: 
Butterworth-Heinemann. 

Davison, J. 1969. Bentonites major markets: Three, iron ore pel- 
letising. Industrial Minerals 25:27-31. 

Elzea, J.M., and H.H. Murray. 1990. Variation in the mineralogical, 
chemical and ph ysical properties of the c retaceous cl ay spur 
bentonite in Wyoming and Montana (USA). Applied Clay Sci- 
ence 5:229-248. 

Elzea, J.M., J.E. Odom, and W.J. Miles. 1994. Distinguishing well 
ordered opal-CT and opal-C from high temperature cristobalite 
by x-ray diffraction. Analytica Chimica Acta 286:107-116. 

Foster, M.D. 1953. Geochemical studies of clay minerals: II. Rela- 
tion between ionic s_ubstitution and swelling in montmorillo- 
nites. American Mineralogist 38(11,12):994-1006. 

Gil, A., L.M. Gandia, and M.A. Vincente. 2000. Recent advances in 
the synthesis and catalytic appl ications of pi llared clays. Cata- 
lytic Reviews—Science and Engineering 42(1,2):145—212. 

Gildersleeve, B. 1946. Minerals and Structur al Materials of East- 
ern Tennessee. Report B, Knoxville: Tennessee Valley Authority 
Regional Products Research Division. 

Grim, R.E. 1973. Technical properties and applications of clays and 
clay miner als. Pages 71 9-721 in Proceedings of the Interna- 
tional Clay Con ference, Madrid, 1972. Haverlee, Be lgium: 
Association Internationale pour |’Etude des Argiles (AIPEA). 

Grim, R.E., and N. Giiv en. 1978. Bentonites—Geology, M ineral- 
ogy, Properties and Uses. Developments in Sedimentology, 24. 
Amsterdam: Elsevier. 

Giiven, N. 198 8. Smectites. Pages 497-559 in Hydrous Phylosili- 
cates: Reviews in Mineralogy 19. Edited by S.W. Bailey. Chan- 
tilly, VA: Mineralogical Society of America. 

Harben, P.W., and M. K uzvart. 1996. Industrial Minerals—A Glo- 
bal Geology. London: Industrial Minerals Information Ltd. 

Hughes, R.V., Jr. 1958. Kemper County Geology. Bulletin 84. Jack- 
son: Mississippi Geological Survey. 

Knetchel, M.M., and S.H. Patterson. 1962. Bentonite Deposits of 
the Northern Bla ck Hills District, W yoming, Mo ntana, and 
South Dakota. Bulletin 1082-M. Reston, VA: USGS. 

Knight, W.C. 1898. Bentonite. Engineering & Mining Journal 17. 





Lagaly, G. 1989. Principles of flow of kaolin and bentonite disper- 
sions. Applied Clay Science 4:105—123. 

Moore, D.M., and R.C. Reynolds, Jr. 1989. X-Ray Diffraction and 
the Id entification and Analysis of Clay Miner als. New Y ork: 
Oxford University Press. 

Nutting, P.D. 1943. Adsorbent Clays, Their Distribution, Pr oper- 
ties, Production, and Uses. Bulletin 92-C. Reston, VA: USGS. 

Odom, LE. 1992. Hectorite deposits in the McDermitt Caldera of 
Nevada. Preprint No. 92-155. Littleton, CO: SME. 

Reisch, F.J. 1992. Investigation of the geology, mineralogy, and eco- 
nomic utili zation of the Porter s Creek F ormation in T ippah 
County, Mississippi. MS thesis. Bloomington: Indiana University. 

Rich, A.D. 1960. Bleaching clay . Pages 93-101 in Industrial Min- 
erals and Rocks. 3rd editio n. London. Edited by J.L. Gillson. 
New York: AIME. 

Robertson, R.H.S. 1986. Fuller's Earth—A_ History of Calcium 
Montmorillonite. Hythe Kent, UK: Volturna Press. 

Ross, C.S., and E.V. Shannon. 1926. The minerals of bentonite and 
related clays and the ir physical properties. American Ceramic 
Society Journal 9(2):77-96. 

Russell, A. 2000. Pages 13-21 in Industrial Clays .3rd_ edition. 
Edited by N. Keegan. Worcester Park, UK: Industrial Minerals 
Information Ltd. 

Sanders, C.A. 1973. Foundry Sand Pr actice. 6th edition. Sk okie, 
IL: American Colloid Company. 

Sanders, C.A., and R.L. Doelman. 1968. Durability characteristics of 
twenty-nine commercial clays. AFS Transactions 76:334-348. 
Sastry, A.V.S., and D.W . Fuerstenau. 1971. A labor atory method 
for determin ing the balling behavior of taconite co ncentrates. 

Transactions of SME-AIME 250:64-67. 

Schoonheydt, R.A., T. Pinnavaia, G. Lagaly, and N. Gan gas. 1999. 
Pillard cl ays a nd pi Ilard 1 ayer stru ctures. Pure an d App lied 
Chemistry 71(12):2367—2371. 

Stone, R.L., J.M. Karp inski, and F.P. White. 1971. Muller mixing 
of bentonite and iron ore concentrate at Cornwall. Transactions 
of SME-AIME 250:236-239. 

Stucki, J.W., D.C. Golden, and C.B. Roth. 1984. Effects of reduc- 
tion and reoxidation of structural iron on the surface change and 
dissolution of diocta hedral smectites. Clay and Clay Miner als 
32:350-356. 

Thomas, A.R. 1981. The Porter’s Creek Formation (Paleocene) of 
the Northern Mississippi Embayment: Clay mineral v ariations 
and depositional interpretation. MA thesis. Blo omington: Indi- 
ana University. 

Torok, A., and Thompson, T.D. 1972. Activated Bleaching Clay for 
the Future. Transactions of SME-AIME 252:15-17. 

Van Olphen, H. 1977. An Introduction to Clay Colloid Chemistry. 
2nd edition. New York: John Wiley & Sons. 

Wakeman, J.S. 1972. Method for the evaluation of data from the 
batch testing of | green pellets. Transactions of SME- AIME 
252:83-86. 

Weidhass, D.E., and J.L. Brann, Jr. 1955. Handbook of Insecticide 
Dust Diluents and Carriers. 2nd edition. Cladwell, NJ: Dorland 
Books. 

Wen, L. 1998. Bentonite. Pages 33-38 in Chinese Industrial Miner- 
als. Edited by J. Griffiths. Surrey, UK: Industrial Minerals Infor- 
mation, Ltd. 

Wolfbauer, C.A. 1977. Exchangeable Cations in Cretaceous Bento- 
nites from Wyoming and Mon tana. Open File Report 77-158. 
Reston, VA: USGS. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


CLAYS 


‘Common Clays and Shale 


Karan S. Keith and Haydn H. Murray 





aT A 











INTRODUCTION 4 

: : ¢ é oa —_=&[TTD 
Common clays are ana turally oc curring, f ine-grained material "LN OE OD 
composed predominately of hydrous aluminum silicates. The term Tetrahedtal 0 
common clay encompasses a wide variety of clay types, including Sheet ay \) 
fine-grained rocks such as shale. Common clays and shale are a \ i \ Q 
useful geologic materi al because the y ty pically e xhibit plastic ——— C8 72 es 
behavior when wet. This material can then be formed into desired Octahedral 
shapes and f ired to produce a product with rock-like hardness. Sheet 





Common clays and shale are the most widespread ceramic materi- 
als. Products made from these clays include items such as structural 
and face brick, drain tile, v itrified pipe, quarry tile, flue tile, con- 
duit, pottery, stoneware, and roofing tile. Large quantities of com - 
mon clays are also used to make construction materials such as 
lightweight aggregate and portland cement. They are used as f iller 
in paint and other products, for packing dynamite blast holes, and 
for plugging oil and gas wells that are no longer in use. 


GEOLOGY 
Mineralogy 


Common clays occur in a variety of environments and in many dif- 
ferent rock types across all time periods of the geologic record. The 


source material includes glacial clay, soils, alluvium, loess, shale, O Oxygen 

weathered and fresh schist, slate, and argillite. Fireclay and kaolin O Potassium 

are sometimes considered common clays, particularly when used in © Hydroxyl 

the manufacture of structural clay products. Mineralogically, com- @ Aluminum (Only 2/3 of silica Renleced 
© * * uminum nly 30 ° ica 4 eplace 

mon clays are highly varied, although the most common constituent Available Positions Filled) Ey Aluminund 


is usually on e of the memb ers of the mica mineral group. Mica 
clays i nclude i llite, seri cite, mu scovite, an d biot ite. Ot her fre - Figure 1. Structure of illite 
quently occurring clay miner al components of common clays are 
kaolinite, sm ectite, mix ed-layer cl ays, and c hlorite. Quar tz a nd 


other detrital minerals are typical nonclay minerals present in rocks Because of the similarity in structure, it is common to have smectite 
mined for common clay. interlayered with illite, which is termed a mixed-layer clay. Smec- 
Illite is one of the most abundant clay minerals found in sedi- tite is an expandable clay, and if the mixed-layer clay material con- 
ments and sedimentary rocks and one of the most prevalent miner- tains si gnificant q uantities of smectite, its presence c an lead to 
als incom mon clay resources. //lite, a term in troduced by Grim, excessive shrinkage during drying, in addition to other problems. 
Bray, and Bradle y (1937), is mica- type clay mineral that was Clays and shale from the Pennsylvanian strata in the central and 
named after an abbreviation for Illinois. Illite is a low-temperature eastern portions of the United States have an excellent range of prop- 
mineral formed at the earth ’s surface. It is ah ydrated potassium erties for making structural ceramics and1 ow-grade refractory 
aluminum silicate (Figure 1) in which some iron is usually substi- shapes. Commonly these strata have ar efractory underclay or fire- 
tuted for aluminum in the structure. I]ite is similar in struc ture to clay beneath a coal bed and a red-firing, illite-chlorite—rich roof shale 
smectite, the main difference being that in illite the interlayer cation above the coal (Hughes 1993). The roof shale is sometimes upw ard 
is potassium and in smectite it is sodium, calcium, or magnesium. coarsening, which allows producers to create shale or fireclay blends 
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that have adequate plasticity for forming t he material. Additionally , 
there are often enough sand- and silt-si ze nonclay minerals to open 
the body and speed burnout during firing. 


Physical and Chemical Properties 


Common clays have a wide range of physical properties, making 
them applicable in many different structural products. These physi- 
cal properties include plasticity, green strength, dry strength, drying 
and firing shrinkage, vitrification range, and fired color. The prop- 
erties desired vary with the structural clay product made. For exam- 
ple, clay used in making conduit tile must be very plastic and have 
high green and dry strengths and uniform shrinkage. These proper- 
ties do not have to be as closely controlled in manufacturing drain 
tile or common brick. 

Plasticity is defined as the pr operty of a material to und ergo 
permanent deformation in an y direction without ruptu re under 
stress beyond that of elastic yielding. Fat clays are clay materials 
that have a high plasticity; Jean clays have low plasticity. Many fac- 
tors can influence the plasticity of a clay material, including miner- 
alogy, part icle si ze, particle shape , organic matter, sol uble salt s, 
adsorbed ions, and the amount and typ e of non clay minerals 
present. 

Green strength and dry strength are important properties of 
clays used in structural applications because most structural clay 
products are han dled in the manufacturing process and must be 
strong enough to maintain their shape. Green strength refers to the 
strength of the clay material in the wet or plastic state, while dry 
strength is the strength of t he clay after it is dried. Dry strength 
depends on the proportion of fine particles pre sent; the shape of 
the individual particles; the degree of hydration of the clay frac- 
tion; the method of form ing the ware; and the rate and thorough- 
ness of the drying. The presence of a sma ll amount of smectite, 
which occurs in v ery fine hydrated particles, generally increases 
dry strength. Green strength is in fluenced by many of the same 
variables as plasticity. 

Drying and f iring shrinkag es are critical properties of clay 
used for structural clay products. Shrinkage refers to the loss in vol- 
ume of acla y material as it is dried or fired. Drying shrinkag e 
depends on the water content, the character of t he clay minerals, 
and their particle size . Most pl astic clays shrink appreciably with 
drying, often producing cracking and warping. Clays with low plas- 
ticity, such as sandy clay, have low shrinkage but can produce a 
weak porous body. An excess amount of smectite minerals (10% to 
25%) commonly cau ses excessive shrinkage, cracking, and slo w 
drying. Firing shrinkage of the raw clay depends on the density of 
the material, volatiles that are present, the types of crystalline phase 
changes that take place during firing, and the dehydration charac- 
teristics of the clay minerals. 

Vitrification (or glass formation) is a process of gradual fusion 
in which some of the more ea __ sily mel ted constit uents produce 
increasing amounts of liquid as t he temperature is increased. This 
liquid produces glass as the material is cooled, and the glass is the 
bonding material in the final fired product. The temperature range 
of vitrification during firing is a very imp ortant property of clays 
and shale used in structural clay products. Some clay has a narrow 
vitrification range, requiring close monitoring of kiln temperatures 
during firing. Clays consisting primarily of illite, smectite, or chlo- 
rite have a lower vitrification temperature than kaolinite-rich clay . 
Mineral impurities such as calcite and feldspar lower vitrification 
temperatures by acting as fluxes. Temperature and duration of firing 
will determ ine the de gree of vi trification attained. The amount of 
shrinkage and porosity required in the final product most commonly 
dictates the extent of vitrification. 


Uniform color is an essential property of many structural clay 
products. The color of a final fired product is influenced by a vari- 
ety of conditions: the state of oxidation and particle size of the iron 
minerals; the firing temperature and degree of vitrification; the pro- 
portion of alumina, lime, and magnesia in the clay material; and the 
composition of the gases in the kiln during the burning operation. 
High-grade white-burning clay contains less than 1% Fe203, buff- 
burning clay ordinarily contains 1% to 5% Fe203, and red-burning 
clay contains 5% or more Fe 203. Although se veral f actors also 
affect product color, finely divided iron-bear ing minerals are the 
primary materials influencing color in the final fired product 

Mineralogy of the clay or shale deposit can most easily be 
determined by x-ray diffraction. The type and pr oportion of clay 
minerals present directly influence the amount of iron-bearing min- 
erals in the material. A raw material that is pre dominantly ill ite 
becomes red when fired and gets hard at relatively low tempera- 
tures. Products that could be made from this material include red 
bricks, drain tile, and building tile. The presence of kaolinite in a 
raw material generally results in material that burns light or white 
and is hard to fuse. Products made from these clays are light or buff 
bricks and refractory brick. 


PRODUCTION AND MARKETS 


Common clays are w idely distributed, usually easily located, and 
are often used in products that do not require elaborate processing. 
Typically, common clays and shales are dug from op en pits, and 
these pits must be near the processing plants to minimize produc- 
tion costs. Usually both the raw material and the finished products 
are heavy and the profit margin is low, so production costs must be 
controlled. Most products made from these materials are processed 
and marketed ina similar manner to refractory clays. Common 
clays and shale require little bene _ficiation. T ypically the y are 
crushed or grou nd only before pu gging and e xtrusion. Ph ysical 
contaminants such as con cretions are r emoved by dry screening. 
Beneficiation for cl ays needed in ball clay or ka olin applications 
may occur in the form of drying or air flo _ tation. Clays used in 
refractories are often blended to meet product standards. Figure 2 is 
a generalized flo wsheet for processing clays used to mak e struc- 
tural clay products. 

In 2003, approximately 160 companies in 41 U.S. states pro- 
duced common clays and shale. In _ states no t reporting production, 
common clays and shale probably were mined and sold for construc- 
tion applications by companies not participating in the U.S. Geologi- 
cal Surv ey canvass of producers. Common clay production in the 
United States, at the mine, was 23.2 Mt (a slight increase from 2002) 
with a value of $149 million. This increase was the result of st rong 
demands from the construction mark et. Maj or domestic uses for 
common clays are distrib uted as follows: 56% brick, 17% cement, 
17% lightweight aggregate, and 10% other uses. 

The average price for all common clays and shale sold in the 
United States and Puerto Rico in 2003 was $6.45/t. The price of 
common clays and shale sold for lightweight aggregate production 
in 2003 was estimated to be $ 13.70/t. The price of lightweigh t 
aggregate products ranged from $30 to $50/t for most applications. 

Leading producer states of common clays and_ shale in 2003 
were, in decreasing order: North Carolina (2.4 Mt); Texas (2.16 Mt); 
Alabama (2.02 Mt ); Geor gia and Ohio (1.31 Mt each); Missouri 
(1.05 Mt); California and Oklahoma (1.03 Mt each); South Carolina 
(1.02 Mt); and Kentucky (925 kt). 

Sales or use of common clays and shale increased to 23.2 Mt in 
2003, matching production. The major markets were building brick 
(12.8 Mt), production of lightweight aggregate (4 Mt), and portland 
cement clinker manufacture (3.95 Mt). Sales of lightweight aggregate 
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can be subdivided into concrete block (2.37 Mt), structural concrete 
(908 kt), highway surfacing (364 kt), and miscellaneous lightweight 
aggregates (361 kt). Other mark ets include drain til e, floor tile, flue 
linings, po ttery, refractory pro ducts, ro ofing granules, sewer pi pe, 
and structural tile. 

The largest user of common clays and shale is the brick manu- 
facturing industry. Production of bricks increased from 8.47 million 
in 2002 to 8.6 million in 2003 , whereas shipments of brick 
increased from 8.04 million in 2002 to 8.54 million in 2003. This 
increase was the result of continued demands from the construction 
sector. 

The demand for clay floor and wall tile also increased in 2003. 
Production incr eased from 622,000 floor tiles and 649,000 w all 
tiles in 2002 to 652,000 floor tiles and 672,000 wall tiles in 2003. 

Production of vitrified clay se wer pipe and fittings decreased 
to 143,000 units in 2003 from 159,000 units in 2002, whereas ship- 
ments increased to 151 ,000 units in 2003 from 139,000 units in 
2002. The increase in shipments resulted from using stockpiles for 
clay pipe and tile products (Virta 2004). 


RESEARCH AND TESTING 


Developing and testing most common clay products demands pre- 
paring test pieces of specific dimension, and drying and firing prop- 
erties (Klinefetter and Hamlin 1957; Clews 1969; Grimshaw 1972). 
Fired test pieces are evalutated for shrinkage, w arping, cracking, 
permeability, modulus of rupture, and compressive strength. Color 
and soluble salt content are also important properties for some clay 
products. 

A collaborative effort between the Illinois Clean Coal Institute, 
the Illinois Department of Co mmerce and Community Affairs, 
researchers at the Illi nois State Geological Surv ey, and local bri ck 
manufacturers is ongoing in researching the combined use of coal fly 
ash and local clays and shale in brick manufacturing. Development of 
a commercially viable brick product could result in a value-added use 
for the millions of tons of waste fly ash produced each year. 

In 2002 the Illinois State Geol ogical Survey, sponsored by the 
Illinois Clean Coal Institute, began a 2-year study to locate and map 
common clays and shale resources that have high potential for use in 
producing fly ash-supplemented brick. This research was done in an 
effort to provide a mark et for fly ash, a by-product of coal-deri ved 
power generation, and to expand existing markets. Using by-product 
wastes such as fl y ash generall y requires cl ay materials wit h a fine 
particle size. The researchers def ined areas that were best suited for 
development of aclay or shale resource within a 50-mile radius of 
four major coal-fired power plants in IIinois. Results of this study are 
under co nsideration for the possible d evelopment of an ew brick 
manufacturing operation that would use by-product fly ash and local 
clay and shale resources in the brick production process. 


REGULATORY CONSIDERATIONS 


The U.S. Environmental Protection Agency (EPA) issued its emis- 
sion standards for brick and structural clay products manufacturing 
under its maximum achievable control technology (MACT) stan- 
dards. These ne w standards are expected to re duce emissions of 
hydrocarbons, h ydrogen chloride , h ydrogen fluoride, an d tr ace 
metals by 2.3 ktpy, a 35% reduction from current emissions. The 
standards specify acceptable technology for controlling pollution 
and also limit plant kiln design capacity (Virta 2004). 


Mining 
Storage 
Pug Mill 


Extruder and De-airing 


Drying 


pay AG 


Firing 


Figure 2. Typical process flowsheet for structural clay product 
manufacturing 


OUTLOOK AND FUTURE TRENDS 


The ma rket incom moncl ays and sha le has rem ained nea rly 
unchanged for the past 5 years. The primary markets for common 
clays and shale products are residential and commercial construc- 
tion. Products used in construction include brick, drain tile, light- 

weight aggregate, quarry tile, and structural tile. Strong growth in 
these segments should sustain the common clays and shale market 
for the near future. The demand for other products may fall short of 
this growth rate. Based on recent growth trends, the sale and use of 
common clays and shale should rema in steady for the next several 
years. 

The mark et for heavy structur al-clay prod ucts still f aces 
strong competition from c ement, wood, glass, plas tics, aluminum, 
and other metals. Growth in this market is a lways limited by the 
heavy weight of these products, which limits their market range and 
increases production costs. The cost of fuel for transportation can 
have a major effect on industry growth, and thus the most economi- 
cal mines and plants are often loca ted near one another and ideally 
near large metropolitan markets. 
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CLAYS 


Math wee. a a 2 oe ee eee 
Fuller’s Earth 


Sam M. Pickering Jr. and Fred G. Heivilin 


INTRODUCTION 


Fuller’s earth is a general term for industrially versatile smectite or 
palygorskite—sepiolite clays (hormites) with high surface area and 
strong sorptive, binding, gelling, thickening, or decolorizing ability. 
Fuller’s earth has been in common use from perhaps biblical or at 
least m edieval times, when such c lays and earths were used for 

“fulling,” or cleaning raw wool to remo ve greasy lanolin and dirt 
before the wool was spun, dyed, and woven. The term fuller’s 
earth, when used for such a wide variety of industrial clays, has no 
specific compositional, market, or mineralogical connotation. 

Fuller’s earths are composed of v arious combinations of 
absorptive clay minerals, often with varying amounts of impurities 
such as silica (at times inthe form of f ossil diatoms), kaolinite, 
illite, zeolites, clay-size micas, and carbonate minerals. In general, 
such clays of marine sedimentary origin in the southeastern United 
States are commonly called fuller’s earths, whereas in the Ameri- 
can West clays o riginating by alte ration of v olcanic ash ar e typi- 
cally termed bentonites. 

Mineralogy, crystallinity, crystal habit and shape, particle size, 
and crushability are all critical to the sorptive, binding, thickening 
(gelling), cation exchange capacity (CEC), specific gravity, dusting, 
deodorizing, and decolorizing abilities of commercial-grade fuller’s 
earth clays. Therefore, these important f actors ha ve a pro found 
effect o nth er efined product’s sp ecific industrial uses, mar ket 
applications, pricing, and customer acceptance. 


NOMENCLATURE 


Although fuller’s earth is a wid ely used commercial term, it has 
often b een inconsisten tly applied to av ariety of smectites, hor- 
mites, bentonites, zeol ites, impure diatomites, and other such clay 
occurrences. The essence of the American Ge ological Insti tute’s 
(AGI’s) Dictionary of Geological Terms definition of fuller’s earth 
is that itis av ery fine grained, earthy substance with hig h water 
absorptive capacity and ability to refine and decolorize edible oils; 
it differs from ordinary clay in its higher water percentage and lack 
of plasticity (AGI 1962). The AGI also applies this term to fuller’s 
earth clays without reference to any particular chemical or mineral 
composition, texture, or geological origin. 

Given tha t t his def inition a llows consid erable o verlap tha t 
could include many different types and occu rrences of other clay 
materials, more specific fuller’s earth definitions may be of interest. 
Ampian (1985, pp. 158-159) stated that the term fuller’s earth “has 
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neither a compositiona | nor a mineralogical connotation, and the 
substance is defined as a nonplastic clay , usually high in magne- 
sium, that h as adequate decolo rizing and purifying properties.” 
Although the term nonplastic is often used, it is seldom specif ied 
whether it is applied to fuller’s earth clays in the raw moist state, 
after partial drying or in a semicalcined condition. 

In the 6th edition of Industrial Minerals and Rocks, Elzea 
and Murray (1994, p. 234) used the term fuller’s earth as “more or 
less a catchall for clay or other fine-grained earthy material suit- 
able for bleaching and absorbent and certain other uses.” In a like 
manner to the AGI usage, they also state that fuller’ s earths have 
“no compositional or mineralogical meaning.” Elzea and Murray 
also gave a historical outline of fuller’s earth use, which can be 
summarized as use in antiquity for cleansing and fulling wool; use 
by the late 1800s for decolorizing and purifying mineral and edi- 
ble oils; use in the early 1900s for petroleum processing; and use 
in the last half of the 20th c entury as an oil absorbent, cat litter, 
and agricultural chemical carrier granules, repl acing petroleum 
purification as the dominant use. In the mid- to late 1900s, fuller’s 
earths began to be widely used for adsorptive purposes as either 
natural or acid-activated clays for bleaching mineral or edible oils 
(Nutting 1943). 

Bentonites are similar clays t hat ma y o verlap wi th fuller’s 
earths in both commercial application and mineralogy. To simplify 
the di stinction bet ween the se two c lay type s, ho wever, the AGI 
(1962, p. 49) defined bentonite as “a clay formed from the decom- 
position of volcanic ash and is largely composed of the clay miner- 
als montmorillonite or beidellite.” They specifically restrict the use 
of the term bentonite to clay that was “produced by decomposition 
of volcanic ash and not from the decomposition of any other sub- 
stances.” It is interesting that some southeastern fuller’s earth clay 
producers refer to their products used in the foundry sand market as 
“bentonites,’ which may serve to obtain a freight-r ate advantage 
over the western bentonite producer’s eastern sales. 

Some clay researchers explain the origin of many of the south- 
eastern fuller’s earth deposits as wind-blown volcanic ash from the 
west, but they have never been able establish a volcanic source for 
the presence of hun dreds of feet of eastern clay deposits. The 
present author s (also see Merkl 1989 ) re gard the so _utheastern 
smectitic-hormitic clay deposits as having been deposited by n or- 
mal, non volcanic sedimentation in quiet w ater basins under v ery 
low energy in highly saline, anoxic-reducing environments. 
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Table 1. A historical long-term trend record of U.S. fuller’s earth production and average U.S. free on board (f.o.b.) selling prices 





U.S. Production’ 1940 1950 1960 1970 1980 1990 2000 
Short tons, sft 146 395 407 980 1,529 2,541 3,201 
Metric tons, t 133 359 370 891 1,390 1,880 2,910 
$/st 12.21 26.45 22.55 23.73 49.82 88.00 75.09 





Source: Buckingham and Virta 2003. 


* Note that U.S. production, unlike statistics from other nations, is of actual refined product tons, not crude clay tons. 
t All U.S. domestic sales of bulk fuller’s earth product are made by the short ton (2,000 lb). 


Table 2. U.S. fuller’s earth sales by market use, 2002 





Market Application Sales, st 
Pet waste absorbent (cat litter) 1,738,000 
Oil and grease absorbents 449,900 
Fertilizer pelletizing binder 152,900 
Pesticide and herbicide carrier 112,200 
Animal feed pelletizing binder 89,700 
Filtering, clarifying, and decolorizing 69,630 
Fillers, extenders, binders, and drilling mud 64,680 
Miscellaneous 290,400 
U.S. export 33,990 
2002 yearly total sales 3,003,000 





Source: Virta 2004. 


PRODUCTION 


U.S. Geolog ical Surv ey (USGS) publish ed records (V irta 2004) 
show that w orldwide annual 200 2 fuller’ s earth production was 
some 3,900,000 t, of which the United States produ ced and sold 
approximately 70%. As has been discussed, however, nomenclature 
of industrial smectite and hormite clays is su bject to c onsiderable 
confusion. 

In gathering U.S. and foreign mineral production statistics, the 
USGS, by policy, does not attempt to precisely identify the type of 
clay being mined but rather classes each mining company’s produc- 
tion based only on what the companies themselves report that they 
mine (R.L. Virta, personal communication). For several examples, 
the following instances are rather typical: 


¢ Calcium montmorillonite may be referred to as calcium ben- 
tonite in some parts of the United States but is called fuller’s 
earth in England (Harben and Bates 1990). 

In the Florida—Georgia fuller’s earth district, near the town of 
Attapulgus, the clay being mined is informally referred to as 
attapulgite rather than the mineralogically more accepted term 
palygorskite. Similarly, palygorskite occurs in two very differ- 
ent cr ystal habits—as “mountain leather” type mater ial in 
hydrothermal vein environments and as so rptive gelling clay 
in anoxic-reducing, semimarine sedimentary deposits. 


Attapulgite (palygorskite) and sepiolite may both be reported 
by the USGS as fuller ’s earth production in the United States 
(Heivilin and Murray 1994). 

Calcium montmorillonite may be referred to by the USGS as 
“southern bentonite,” “Mississippi bentonite,” or “Texas Ben- 
tonite,” although there may be 1ittle or no evidence of its vol- 
canic origin. 


Large tonnages of sorptive clays produ ced for cat litter 
products in Spain and Senegal are variously refer red to as 
sepiolite, meerschaum, and attapulgite in the same publication 


(Newnan 2003) andasb oth f uller’s ear th and attapulgite 
(Virta 2004). 


U.S. fuller’ s earth production tonnage and _ product prices 
(exclusive of bentonites) ha ve grown with the national economy 
over the past 70 years, as reported by Buckingham and Virta (2003) 
in thousands of tons and average selling price in Table 1. 

The USGS (V irta 2 004) lists U.S. produ ction of pr ocessed 
fuller’s earth products for 2002 as 3,003,000 st (2,730,000 t), which 
sold for $246 million (or an average 2002 price of $81.92 per 
processed short ton). This total production was from 12 listed states: 
5 companies in Geor gia; 3 companies each in F lorida, Mississippi, 
and Nevada; 2 each in California and Virginia; and a single company 
each in Kansas, Illinois, Missour 1, Ore gon, Tennessee, and T exas. 
Additionally, the USGS = (Virta 2004) rep orted U.S. 2002 to tal 
fuller’s earth sales by generalized market application (Table 2). 

Fuller’s earth is such a_ versatile industrial minerals material 
that many of its commercial uses do not fit conveniently into such 
simple cate gories, so this listing should be re garded as ref lecting 
only generalized mark et se gments. Also, by la wt he USGS is 
required to avoid listing production statistics for mineral market uses 
served by only one or two producers because that w ould divulge 
confidential production and sales information. This practice has the 
effect of putting much of special ized production into the mi scella- 
neous category. Similarly, the USGS (Virta 2004) reports estimated 
2002 w orld fuller’ s earth prod uction from mar ket economy coun- 
tries (France, India, Iran, Japan, and Turkey unreported; Table 3). 


HISTORICAL U.S. PRODUCTION AND PATTERNS OF USE 


Native Americans were reported to have used full er’s earth and 
bentonite for cleaning blank ets and clothing befo re Eur opean 
arrival in the 15 th century. During the Re volutionary War, soldiers 
stationed near Perth Amboy in New Jersey used W oodbridge fire 
clay to clean their b uckskin clothing. In th e early 1800s, fuller’ s 
earth was discovered in association with an iron ore bed near Kent, 
Connecticut. During the Civil War, fuller’s earth was used to bleach 
sugar near Falls City, Texas. 

The first documented commercial fuller’s earth deposit in the 
United States, which is still being mined today, was discovered in 
1893 near Quincy, Florida. The Owl Commercial Co. (predecessor 
of the present makers of White Owl cigars) made the discovery dur- 
ing their attempt to make burnt brick from clays on their Quincy 
tobacco plantations. Because of its high content of smectite, the 
clay was unsuitable for brickmaking. One of the Alsa tian f arm 
workers in the area, however, recognized the Quincy clay as similar 
to fuller’s earth, which was being mined in Ger many. Two years 
later, his observation led to de velopment of the first U.S. mine for 
fuller’s earth for processing mineral oils. Also, fu Iler’s earth had 
been mined sligh tly earlier on a small scale in Arkansas in 1 891 
(Miser 1913) and tested for use in refining cottonseed oil. 

The U.S. demand for acid-activated fuller’s earth for edible oil 
and petroleum refining and decolorizing expanded rapidly until it 
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peaked at about 317,000 st in 1930. At that time, this w as about 
90% of total U.S. fuller’ s earth production. After 1930, the use of 
fuller’s earth for petroleum refining decreased because of the avail- 
ability of alternative oil refining methods. 

After that time, U.S. oil refining use of fuller’s earth declined 
until it reached a unifo rm rate of 35,000 to 40,000 stp y for edible 
oils only. Using fuller’s earth as a waste oil absorbent and floor- 
sweep type of clean-up agent, however, began before World War II 
and, by the 1950s, its use as a car rier for herbicides and pesticides 
had become more prominen t. Cat litter production be gan in 1952, 
and it has grown rapidly since then. 

In the district between Quincy, Florida, and Attapulgus, Geor- 
gia, the e xcellent ge lling properties of pal ygorskite (attapulgite) 
fuller’s earth were discovered and developed for salt water drilling 
mud, as a joint b inder taping compound for sealing the seams of 
construction wallboard, and for other applications requiring a thick- 
ened gelling clay. These uses for gelling fuller ’s earth products 
developed to r eplace sales lost when use for petroleum refining 
declined. The Florida—Geo rgia mining district today is the w orld 
center for gelling fuller’s earth clay production. 

What is now by f ar the most prominent American use for 
fuller’s earth, as a pet waste absorbent product (cat litter), began to 
grow rapidly in th e 1950s. At f irst, cat litter was made from oil 
absorbent product th at had been crushed to f iner than 3/4-in. size, 
semicalcined in countercurrent ro tary kilns, milled an d screened, 
and packaged for retail sale. T oday, cat litter is typically dried to 
only 4% to 15% moisture, which results in improved absorption, 
reduced dusting, and lower energy cost. 

In the ear ly 1990s, clumping cat litter became very popular. 
Blending western bentonite or clumping agents with eastern fuller’s 
earth causes liquid waste to form clumps that can easily and neatly 
be taken from the litter bo x with a perforated scoop. This lea ves 
only unused clean granules in the litter box, minimizing waste and 
enabling easy handling of a formerly messy and unsanitary chore. 
Today, many clumping cat litter products are up to 100% western 
sodium bentonites. 


GEOLOGY 
Mineralogy 


Typically, full er’s earth isa marine or semi marine sedi mentary 
clay variably com posed of the clay mineral groups smect ite and 
hormite. Tables 4 and 5 summarize these cl osely similar types of 
clay minerals. 

In 1862, Savchenkov first used the term palygorskite to define 
a vein-type hydrothermal “mountain leather” clay mineral from the 
Palygorsk locality in the Ural Mountains of Russia ( Hey 1975), 
where it was mistaken at first for a variety of asbestos. 

J. de Lapparent first termed the highly absorptive gelling clays 
from Decatur County, Georgia (United States), and also those from 
an area near Mormoiron, Fr ance, with the mineral name attapul- 
gite, because he thought those clays quite different from palygors- 
kite. The new name was applied to gelling clays occurring near the 
small southern Geor gia town of Attapulgus. More recently , how- 
ever, x-ray dif fraction proved the two clay types to be the same 
mineral (Baile y et al. 1971) . Although first applied later than 
palygorskite, the name attapulgite is still in common informal use 
in the Florida—Georgia mining district where the crystal length-to- 
diameter ratio does not exceed 10:1 (Merkl 1989). 

In 1774, Glocker first applied the name sepiolite for ac lay 
mineral later called “meerschaum” by W erner in 1788. Hauy in 
1801 described the same type of low-density white magnesium sili- 
cate clays as ecuame de mer, which Brochant in 1 802 also termed 
talcum p lasticum. Today, this type of magnesian c lay mineral is 


Table 3. World production of fuller’s earth, 2002 


Producing Nation’ Production, t 





Algeria 3,521 
Argentina, estimated 1,500 
Australia, attapulgite 6,000 
Germany (unprocessed)t 500,000 
Italy 30,000 
Mexico 150,000 
Morocco, smectite 42,243 
Pakistan 15,000 
Senegal, attapulgite 176,454 
South Africa, attapulgite 7,900 
Spain, attapulgite, estimated 90,000 
United Kingdom, estimated product 140,000 
United States 2,730,000 

Rounded world total 3,890,000 





Source: Virta 2004. 
* Excludes centrally planned economy countries. 
t Crude rather than processed product tons of clay. 


Table 4. Smectite group minerals 





End-Member Crystal 
Mineral System Chemical Composition 
Montmorillonite Monoclinic — (Na,Ca)o.3(Al,Mg)2Si4O10°nH2O 
Beidellite Monoclinic — (Na,Cao,05)0.33Al(Al, Si,)40 10(OH)2°nH20 
Nontronite Monoclinic — Nao.33Fe2(Si,Al)10(OH)2*nH2O 
Hectorite Monoclinic —Nao.33(Mg,Li)3Si4O10(F, OH)2 
Saponite Monoclinic (Ca/2,Na)o.33(Mg,Fe)3(Si, Al) 40 190° 4H2O 





Source: Roberts, Campbell, and Rapp 1990. 


Table 5. Hormite group minerals 


End-Member 


Mineral Crystal System Chemical Composition 


(Mg,Al)2Si4O 1 0(OH) °4H20 
MgaSigOQ15(OH)2*H20 





Palygorskite” Orthorhombic and monoclinic 


Sepiolite Orthorhombic 





Source: Roberts, Campbell, and Rapp 1990. 
* Informally termed attapulgite in the Florida-Georgia, Spain, and Senegal 
mining districts. 


known as sepiolite and is found more abundantly in the northern 
extent of the Florida—Georgia basin than more southerly concentra- 
tions of attapulgite near Quincy. 

The reader is referred to the Bentonite, and P alygorskite and 
Sepiolite chapters of this book for a more detailed discussion of the 
mineralogy of the smectite group and hormite minerals, respectively. 
Origin 
Fuller’s earth clay deposits in the eastern United States are found in 
marginal ma rine se dimentary uni ts that formed in restr icted, 
anoxic, shallow, low-energy, reducing, and often hypersaline condi- 
tions. Such depositional en vironments favor formation of magne- 
sian montmorillonite, palygorskite (attapulgite), or sepiolite. 

Alternatively, sorpti ve calci um montmorillonit e fuller’ s 
earth deposits have been formed in Nevada in Pliocene freshwater 
lakes with as much as 40% siliceous diatom tests. In south-central 
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California, what is no w the Miocene Antelope S hale was origi - 
nally deposited as diatomite and _ then diagenetically altered by 
deep burial to a form of absorbent opal CT. 

Other inert, nonabsorptive, ac cessory mi nerals in ful ler’s 
earths can includ e dolomite, calcite, quart z (sand, silt , bio genic 
opaline CT, or diatomite), gyp sum, and assorted heavy minerals. 
Finely divided f ossil or ganic plant matter can color the f uller’s 
earth gray or bluish gray; oxidative weathering alters the clay toa 
cream, tan, green, pink, or yellowish tint. 


Physical Properties 


Mineralogy of fuller’s earths determines their most ef fective poten- 
tial use. Monmorillonite is a type of clay mineral that shrinks when 
dried and may swell when re wetted. Highly adsorptive when dried, 
this mineral is used in granular animal litter, in floor-sweeping com- 
pounds, and as a carrier for insecticides, herbicides, and so forth. 

The extremely fine particle size, high CEC, and tight packing 
of attapulgite- and montmorillonite-rich fuller’s earths make them 
useful to increase “stickiness” and promote high green strength in 
ceramic dinnerw are; to pro vide adhesion and plasticity in metal 
foundry molding sands; as an adhesive binder to form pellets of tac- 
onite iron ore, agricultural fertilizers, and so forth; and to form an 
impermeable seal or slurry barrier for isolation of sanitary landfills 
and hazardous waste disposal sites. 

Bleaching clays with or without acid activation need a particu- 
lar pore size and porosity to clean and decolorize edible oils. There 
are only two such actively mined fuller’s earth clay deposits in the 
United S tates—in northeastern Mississippi where acid activation 
(the clay slurried with acid) is necessary and in the south Geor gia 
district near Meigs, where clays bleach naturally or with only acid 
addition to the dry powdered product. 

The presence of attapulgite in elongate needle-shaped or acic- 
ular habit crystals is indicative of superior gelling or thixo tropic 
behavior when slurried with water or liquid polymers. Such fuller’s 
earths can be used for oil-f ield drilling muds, which ret ain the ir 
integrity as thick and viscous gels, e ven in the presence of saline 
formation brines. Magn esian fuller’s earths can also be used in 
thickened or gelling form to produce nondripping paint, to thicken 
liquid deter gents, fo r w allboard joint ce ment and spackle com- 
pounds, and for other specialty applications. 

In the Florida—Geor gia fuller’s earth mining district, attapul- 
gite commonly occurs in two distinct forms known as sh ort- and 
long-length crystalline material. The higher gelling long- _ length 
clays are found in the southern part of the district and are strati- 
graphically restricted to the Mid-Miocene age Dogtown Member of 
the Ha wthorn Formation of northwestern Flo rida. Dogto wn atta- 
pulgites are typically longer in crystal habit than 10pm and are 
associated with the most favorable gel-strength clays. The slightly 
younger Meigs Member clays contain short attapulgite crystals less 
than 10 um long and ar e more prevalent in the northern portion of 
the fuller’ s earth mining district in southeastern Geor gia near 
Ochlocknee. 

Sepiolite clay also occurs in needle-like crystal habit in the 
more nor therly Mei gs Me mber and re mains st able at rel atively 
higher temperatures. Thus sepiolite-rich fuller’s earth products can 
be useful as drilling muds fo r maintaining bor ehole circulation 
when completing geothermal production wells. 


DISTRIBUTION OF MAJOR U.S. DEPOSITS 
Southeastern United States 


Fuller’s earth deposits of commercial quality and accessible for 
shallow open-pit mining are mostly found in several districts in the 


southeastern Unit ed St ates, whe re rel atively lo w-energy, w arm, 
restricted coa stal ma rine conditions wer e p revalent during late 
Mesozoic and Cenozoic times. 

These southeastern fuller’ s earths are found in three main 
stratigraphic formations: 


1. In the Mid-Miocene Dogto wn and Meigs me mbers of the 
Hawthorn Formation in the mining district between the towns 
of Quincy, Havana, and Dogto wn in the pan handle of north 
Florida, and Attapu Igus, Reno, Calvary, Cairo, Ochlocknee, 
and Meigs in southwestern Georgia 


2. Inthe Late Eocene T wiggs Clay Me mber of t he Barnwe Il 
Formation inthe area eastof Wrens in Jefferson County , 
Georgia 

3. Inthe Late Paleocene Porters Creek Clay between Cairo and 
Mounds in Pulaski County at the southern tip of Illinois, and 
in the towns of Ripley and Blue Moun tain in Tippah County, 
Mississippi 


The Florida-—Georgia District 


A narrow depositional trough trends southwest to northeast across 
the Florida Panhandle region from the town of Quincy to near the 
Georgia towns of Attapulgus, Meigs, and Ochlocknee (Herrick and 
Vorhis 1963). This restricted ba sin, v ariously termed the Gulf 
Trough or the Apalachicola Embayment, has localized fuller’s earth 
deposits in th e Miocene-age Hawthorn F ormation that d ominate 
U.S. production of both granular and gelling-grade industrial clays. 

Suggestions have been made that fuller’s earth clays in the 
Florida—Georgia District originated from altered volcanic ash (such 
as in Reynolds 1970); more recent research (Thomas 1981), how- 
ever, has sho wn no indication that the se marine and semi marine 
clays were deposited in an y conditions other than normal, nonvol- 
canic, reducing environments in shallow sedimentary basins. 

Gelling-grade magnesian attapulgite (Figure 1) is much more 
concentrated in the Dogtown Member of the Hawthorn Formation at 
the narrowest southern end of th is trough or basin ; and the smal ler 
percentages of sepiolite and shorter -crystal-length attapulgit e- and 
montmorillonite-mixed clays of the Meigs Member are more ab un- 
dant toward the northern end. The Florida—Georgia area underlain by 
this Miocene-age trou ghhas been cont inuously and e xtensively 
mined for various grades of fuller’s earth for more than a century. 

This depositional trough is thought to have begun as a consid- 
erably older graben structure that served as a major ocean current 
seaway throug hout mu ch of the ear ly and mid-T ertiary but was 
broadly uplifted in the Miocene when much of what is now Florida 
was raised by the Peninsular Arch (Herrick and Vorhis 1963; Hud- 
dlestun 1993). During the mid-Miocene, the trough was uplifted 
and cut off from open ocean circulation; it became a series of dis- 
continuous, small to extensive, evaporitic basins rich in magnesian 
salts, where dolomitic limestone, attapulgite/palygorskite, and sepi- 
olite were deposited. 


The Virginia District 


Two fuller’s earth producers in east-central Virginia mine a rather 
heavy, marginal-grade diatomaceous mudstone for cat litter in the 
Miocene Calvert Formation (Hosterman and Patterson 1992). This 
material, al though not of supe rior qual ity, ha s a considerabl e 
freight advantage in shipping to the population centers in north- 
eastern cities. 


The Mississippi Enbayment District 


A wide Coastal Plain sedimen tary emb ayment or open-f ronted 
basin extends inland along the course of the Mississippi River as far 
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north as Cairo and Mounds, Illinois. This continuous outcrop belt 
of the Late Paleocene-age Porters Creek F ormation from Riple y 
and Blue Mountain, Mississip pi, to Mounds and Cairo contains 
many fuller’s earth deposits that are as much as 370 ft thick. 

These Paleocene-age calcium montmorillonite clays have less 
desirable higher-density and lower-absorbency characteristics than 
clays from the Florida—Georgia district. Their freight advantage to 
the large midcontinent market area, ho wever, and t heir abil ity to 
blend with western swelling bentoni te to pro vide good liquid- 
clumping capacity allow their extensive use in the cat litter trade. 
Some c ompanies ble ndt he weathered light-colored clays with 
darker, unoxidized clays to produce an attractive “salt and pepper” 
colored product from the Porters Creek clay district. 


The U.S. Western District 


Different types of fuller’ s earth are produced in the western 
United States, such as at California’s San Joacquin Valley, where 
absorptive mixtures of opal-CT altered from diat omite are 
present. Two high-grade fuller’s earth deposits in Nevada, com- 
posed of mixed montmorillonite and diatomite, have been proven 
for quality and passed standard validity exams for granular cat lit- 
ter and oil absorbent, b ut they have not yet been brought to the 
market. Some sepiolite gelling clay is found in eas t-central Cali- 
fornia, but it is of marginal quality and sold mainly in the West 
Coast market. 


EXPLORATION METHOD 


Fuller’s earth exposed in surficial outcrops is commonly too weath- 
ered and oxidized by soil-forming processes to have sufficient qual- 
ity forind ustrial use. Ne w_ fuller’s earth depos its ar e ofte n 
discovered by widely spaced core drilling near areas where the clay 
was mined or near outcrop exposures that look promising. 

Truck-mounted rotary drilling rigs of the type developed for 
placing explosive charges for early oil-field geophysical explora- 
tion—such as the 500 and 1250 models built by Failing, Gardner- 
Denver/Mayhew, and DSM—are used for the drilling depth of 100 
to 200 ft common in f uller’s earth exploration. Double-tube core 
barrels wi th built-up hard m etal bits are used, and the core is 
extruded with water pressure from the drill rig’s mud pump or with 
compressed air. Typically, NX-size core of about 21/s-in. diameter 
is recovered; rinsed and trim med; marked accurately by property 
code number, hole grid location, and depth in the hole; and trans- 
ported in bo xes or bags to the co mpany laboratory for extensive 
quality testing. 

When an area of core holes tests f avorably in the laboratory, 
accurately spaced core-drilling campaigns are begun on a surveyed 
grid of 400 to 800 ft. As the shape, e xtent, and quality of new clay 
deposits are proven, grid drilling is narrowed to spacings of 200 and 
100 ft before overburden stripping is begun. 

After the commercial clay surface is e xposed, closer spaced 
drilling may be done using air-pneumatic or auger methods, or the 
area may be sampled with a mi ning backhoe. Re gulated wetlands, 
endangered species areas, and _ archaeological sites area _ voided 
wherever possible. Lately, however, mitigation is needed for wet - 
land areas that must be crossed by haul roads or those underlain by 
high-quality fuller’s earth that the company wishes to mine. 

Fuller’s earth quality is poste d from drill and laboratory test- 
ing results on carefully scaled grid maps, which are used for mine 
planning, government permitting, and future clay reserve tonnage 
calculations. These mine planning maps show overburden thickness 
and type, clay thickness and commercial quality, location of prop- 
erty boundaries, and regulated wetland areas. 
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Figure 1. Foliate texture of high-magnesian attapulgite gelling- 
grade fuller’s earth from the Florida-Georgia District near the axis of 
the Gulf Trough depositional embayment. This texture develops 
shortly after the raw clay is exposed for mining and is thought to be 
an indicator of high gelling strength. (Knife, for scale, is 10 cm long.) 


CLAY QUALITY CHARACTERISTICS 

Special Characteristics 

The fuller’s earth industry, particularly perhaps in North America, 
has become accustomed to applying special terms to different prop- 
erties of clays and their products. These terms may not be familiar 
to those outside the in dustry, so some simplified explanations may 
be helpful, as follows: 


* Clumping clays are those clays with clumping agents or a high 
content of western sodium bent onite; they have become very 
popular for clumping or scoopable-type cat litter products. 
The bentonite absorbs liquid wastes, which clump in discr ete 
lumps that can be neatly scooped from the litter box, leaving 
only clean litter behi nd. Bactericides are needed to imp rove 
long-term odor reduction in we stern bentonite clumping cat 
litters. 


Dusting clays are those clays that are unsuitable for granular 
products because they break down too finely upon crushing or 
during shipping, handling, or use. In cat litters, a high dusting 
clay product causes mud ding, tracking outside the litter box, 
and a dirty cat. 


Heavy or high-density clays is a term used for cat litter pr od- 
ucts that are denser than about 40 lb/ft?. These products typi- 
cally are lacking in absorption, take up more room in the cat 
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box, are inconvenient for th e retail purchaser to carry , and 
commonly do not control odors as well as lighter clays. 
Gelling clays is aterm used for clays that have a high slurry 
viscosity at low percent solids; these clays are used as a thick- 
ening agent for wallboard-tape joint cement, nondripping 
paints, drilling muds (especially palygorskite, used to main- 
tain circulation when drilling in brine formations), and liquid 
detergents, and as a fine pulp retention aid in paper manufac- 
ture, liquid fertilizer suspensions, adhesives and sealants, put- 
ties and glazing compounds, and other industrial applications. 
Gelling viscosity is typically measured on Fann or Brookfield 
viscometers. Gelling behavior and viscosity can be enhanced 
by extruding the moist clay to align the needle-shaped crystal- 
lites or by adding calcined magnesium oxide. 

* Granular clays refers to products that are carefully crushed 
and screened to a narrow range of chip sizes, often listed such 
as “4-20” (passing thro ugh a U.S. Standard 4-mesh screen 
and retained on 20 mesh). The granule size controls product 
surface area and liquid or gas absorption in the animal litter. 
Slaking clays are those clays that, after drying, break down to 
mud when wetted with water or oils. Slaking is a very undesir- 
able q uality in gr anular fuller’s earth products because it 
decreases odor control and increases liquid buildup in cat litter 
and causes unsafe sli ppery conditions when used as a floor - 
sweep compound ty pe of oil absorbent prod uct. Slak ing is 
caused by d ispersion of the surface of the clay granules to 
form a slic k surface, in which the clay crystallites are uni- 
formly negatively charged and consequently repel each other. 
Paradoxically, althou gh slaking is undesirable beha vior in 
granular fuller’s earth products, it is essential in gelling clays. 


Quality Testing 


Companies that produce fuller’s earth test their exploratory drill core 
and qu ality con trol samples against a variety of published and 
unpublished product specifications that are important to their cus- 
tomers. Fuller’s earth product specif ications are set by the type of 
market use intended. The initial critical quality factor is the percent- 
age of coarse inert impurity materials, commonly termed grit, that 
contaminate the clay deposit. Grit specifications for the maximum 
allowable nonabsorptive minerals pre sent in crude cla ys can range 
from 5% to as much as 15%. Some of the coarser grit material can 
be partly removed by air separation at the whizzer during dry mill- 
ing or by oversize screening when producing granular products. 

Dry calcined MgO can be added to the raw clay during pro- 
cessing to impr ove gelling, viscos ity, and thickening behavior. It 
may be necessary to extrude the moist clay for crystallite alignment 
or to allow for a seasoning time of up to 2 weeks to allow the MgO 
to have its maximum desired effect. 

Granular fuller’s earth product s commonly must be composed 
of a narrow size range of chip particles, with very little fine dust-size 
material allowed. Dusting behavior can be a problem with man y of 
the softer or more frangible abso rbent fuller’s earth products. When 
dried or semicalcined and then crushed to a granular or chip-sized 
product, the finer mesh sizes of clay may need to be removed and dis- 
carded to meet the customer’s particle-size specifications. De-dusting 
boxes and li quid polytetrafluoroe thylene addition may be use dto 
reduce airborne dust immediately before packaging. Slaking is also a 
quality problem, where the clay granules break do wn when wett ed 
and form an impermeable, nonabsorbent muddy mass. 

The American Petroleum Instit ute (Anon. 1969) lists drilling 
mud specif ications. Specification P-A-1056A, pub lished by _ the 
U.S. General S ervices Administra tion, descr ibes tests for floor - 
sweep-type absorbent granules. The American Oil Chemists’ Soci- 


ety (Anon. 1958) describes edible oil bleaching tests. Weidhaus and 
Brann (1955) describe testing for the various types of insecticide, 
carrier, and dusting diluents. 


Product Performance Standards 


The following are gene ral guidelines for specific full er’s ea rth 
products intended for particular market applications. 

Granular products intended for cat litter should be light in 
color with a loose packaged density of less than 50 Ib/ft?, and when 
crushed they should produce a minimum of fine dust-size material. 
Low bulk density is especially important for high-quality consumer 
cat litter; the purc haser will select ge nerous-size pa ckages that 
weigh as little as possible. 

The sa me lo w bulk densi ty, ho wever, wi Il inc rease pe r-ton 
shipping cost in railcars and e xport containers. Litter granule size 
usually ranges from about 4 to 30 Tyler screen mesh, and liquid 
absorptivity ranges from 50% to 120% without slak ing or granule 
breakdown. Cat litter products are typically dried to 10% to 15% 
moisture, and western bentonite is commonly added to absorb liq- 
uid waste into easily removed, scoopable clumps. 

Granular oil-absorbent fuller’s earth products vary in density 
from 22 to 52 1b/ft?, with non slaking oil absorption rangin g from 
50% to 100%. Hard granules, lo w dusting, an d high adsorption 
ability all bring a premium price for this type of product, which is 
generally sold at 0% moisture. 

Agricultural granules for use as carrier agents for liquid insec- 
ticides, herbicides, bactericides, nutrients, and fungicides are gener- 
ally sold in screen sizes ranging from 24 to 48, or 30 to 60 Tyler 
mesh, with minimal dusting or slaking allowed. These products are 
commonly produced from Porters Creek Clay in the midcontinent 
Mississippi Embayment area and are dried to 0% moisture. 

Gelling-type fuller’s earth products are tested by measurement 
of slurry viscosity at low clay solids percentages. The most widely 
used viscometers are the lo w shear Brookfield unit at 100 rpm or 
the high shear Fann unit at 600 rpm, depending on customer prefer- 
ence and m arket application. Clay slur ry viscosity can be tested 
with either fresh or supersaturated saline water. 

Magnesium-rich attapulgite fuller’s earth clays retain good gel 
strength un der saline conditio ns, whereas sodium- or calcium- 
based montmorillonite gelling products break down in the presence 
of salt water. Therefore, a ttapulgite fuller’s earth is selected as a 
high-gelling drilling mud for oil and gas exploration when e xpect- 
ing saline formation cond itions. For such drilling use, a 600-rpm 
clay testing 30 Fann units will equate to 100-bbl yield units of prop- 
erly thickened mud per ton. 

Bleaching fuller’s earth clays are used to purify and remove 
discoloring agents from edible oils and liquid products. These prod- 
ucts must have very specific pore sizes and shapes to absorb impu- 
rities properly while allowing the c larified liqu id to f ilter easily 
through the clay. The only U.S. fuller’s earth products suitable for 
this use are produced in the Jackson Area of Mississippi and the 
Meigs to Ochlocknee mining districts of Geor gia. These specialty 
clays are dried to no less than 10% moisture, ground to finer than 
325 mesh, and acid treated or soaked for enhanced activation. 

Fuller’s earth used for sports turf or lawn growth aids (for ath- 
letic playing f ields or golf courses) is usually dried hard at high 
temperature to light red, making granular products similar in size to 
cat litter. These products loosen soils for better drainage and more 
effective use of plant nutrients. 


MINING 


Fuller’s earth is mined by open-p it methods (Figure 2). Generally, 
mine planning and permitti ng, foll owed by o verburden excavation, 
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are based on core drilling on grids of 50 to 100 ft and careful clay 
quality testing. Ov erburden is, whene ver possible, backfilled int 0 
nearby pre viously mined-o ut pits and sl oped to blend in witht he 
original, premining terrain. After the overburden is remo ved, closer 
spaced drilling using com pressed air or auger sample return is fre- 
quently done on 50 to 25 ft spacing for effective mine quality control. 

Overburden is stripped with backhoe e xcavators and off-road 
haul trucks, or dozers and scrapers, often by local independent con- 
tractors (Figure 3). The clay itself is excavated with backhoes, front- 
end loaders, or scrapers. Becaus e sedimentary fuller ’s earth w as 
deposited in horizontal layers or strata, quality control is much more 
reliable if the clay is mix ed during mining by v ertical excavation 
(such as with hydraulic backhoes). This vertical mining averages out 
the horizontal layering of quality variations and deli vers better - 
blended crude clay to the stockpile or processing plant. Acceptable 
overburden thickness can range f rom only a few feet or meters to 
more than 100 ft, depending on the mining district, ore zone thick- 
ness, clay quality, and the market value of products produced. 

Highway haul trucks transport th e crude clay fro m the prop- 
erty; they must meet complex state and interstate regulations for 
haul weight, individual wheel load bearing, spillage, tracking mud 
onto the paved road surface, and so forth. Thus, there is a real cost 
and efficiency advantage to mining near enough to the clay process- 
ing plant so that mine- run crude clay can be hauled by v ery large 
off-road trucks on privately owned roads, where regulated load lim- 
its do not apply. After a fuller’s earth plant has operated for a few 
decades, however, it is likely that most or all of the nearby accept- 
able quality clay deposits have already been mined out. 


Mine Permitting and Regulation 


Proposed fuller’s earth mines must be approved and permitted by 
state and local agencies. Each mine permit process addresses recla- 
mation, air quality, stormwater runoff, local zoning, and other regu- 
latory issues. The permit process can be very different from state to 
state, and may vary consid erably thr ough time in an indi vidual 
state. Careful attention should also be paid to wetlands, county zon- 
ing re gulations, Native American tribal customs and practices, 
proximity to historic homes or buildings, parks, natural areas, wild- 
life sanctuaries, or endangered species regulations. 

Mine permitting must also deal with land and mineral 0 wner- 
ship and leasehold rights, mine water control, highwall slope stabil- 
ity (typically laid back to bet ween 0.5:1 and 2:1 angles), adjacent 
property setback, and so forth. Mineral rights on privately owned 
lands are commonly leased from the landowners, and royalties for 
extracted clay are paid by the ton or cubic yard. 

Failing to obtain a satisfactory lease contract, mining compa- 
nies may purchase clay properties outright or buy the deeded, sev- 
ered minerals only and lea ve surface and timber ownership to the 
landowner. On federal lands, the U.S. Bureau of Land Management 
or the U.S. Bureau of Indian Affairs must handle mineral leasing or 
placer claims in accordance w ith the General Mining Act of 1872 
and their own particular standards and regulations. 


Mined Land Reclamation 


Once mining is completed, the mined-out pits are backfilled and 
leveled with o verburden from a nearby o r adjacent cut, ord evel- 
oped into fishing ponds. The disturbed land is restored to attractive, 
stable, noneroding, less than 3:1 slopes. Co ver crops of pastur e 
grass and select tree seedlings are planted on the reclaimed land to 
leave little or no hint that the property had ever been mined. Ind i- 
vidual states, and in some cases al so a county or smaller local per- 
mitting agenc y,controlre gulationof such pri vately owned 
disturbed mining lands in the United States. 








Figure 2. Typical open pit fuller’s earth mine near Ochlocknee, 
Georgia, showing the excavated surface of the minable clay 
under approximately 20 m of overburden. Ore zone thickness is 
approximately 4 m. 











Figure 3. Mining fuller’s earth clay after overburden has been 
removed and hauling by highway truck to the processing plant. 
Note overburden in the background that has been backfilled to fill 
the previously mined-out pit. 


CLAY PRODUCT PROCESSING 


Fuller’s e arth is an unusually versatile mineral that can be pro- 
cessed to meet arather bewildering variety of product specif ica- 
tions for sales to a wide range of differing market uses. Crude run- 
of-mine full er’s e arth is typ ically crushe d and se midried with a 
shredder or hammer mill, Raymond mill, Williams mill, or Imp mill 
for bleaching and gelling products. 

The clay may be dried to 10% to 15% moisture or se mical- 
cined. Care is tak en not to overheat and reduce pore size, abso rp- 
tion, or CEC, and alter mineralogy to make cat litter, bleaching and 
oil-adsorbent ma terial, a gricultural chemical carriers (for pesti- 
cides, he rbicides, etc.), jet fue| filtration age nts, or t urf improve- 
ment products. 

Various-sized granular products can be screened to make any 
product from 4 by 12 mesh, 30 by 60 mesh, or even as fine as 60 to 
90 Tyler mesh specifications. Finer clay products can be ground 
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and air-float separated to f iner than 200 mesh , 325 mesh, or e ven 
ultrafine —6-um material. Th e moistclay canbe “pugged ” 
(extruded) to align elongate crystals and improve gelling properties. 

MgO may be added to impro ve product viscosity and gelling 
characteristics. There is not agreement in the industry on whether 
adding MgO causes actual attapulgite crystal needle growth after a 
few days’ residence in the clay product, or if the MgO simp ly 
results in an im proved surface charge on the existing clay crystal- 
lites that results in better gel performance. 


PRODUCT HEALTH AND SAFETY CONSIDERATIONS 


Crude fuller’s earth clay is checked by scanning electron microscope, 
transmission elec tron microscope, x-ray diffraction, and x-ray fluo- 
rescence chemical anal ysis for the presence of indust rial fibers of 
possible asbesti form ch aracteristics, cristobal ite, trace metals, and 
other possible hazardous elements. Because some fuller’s earth prod- 
ucts may be u sed for processing animal and human foods, all pr od- 
ucts and additi ves used must meet fo od-grade stan dards. Se veral 
examples of possible hazardous situations that have affected fuller’s 
earth operations are as follows: 


¢ Development of E ast Gate, Ne vada, m ordenite for ca t litter 
use was halted because of the presence of erionite fibers in the 
crude clay and overburden. 


¢ Use of fu Iler’s earth c at lit ter in Ca lifornia was challenged 
because of the presence of crys talline silica. It was necessary 
to obtain a “Safe Use Determination” by the So rptive Miner- 
als Institute to enable the sale of most types of cat litter in the 
state. 


¢ The National Institute f or Oc cupational Safety and He alth 
(NIOSH) conducted a health study to ensure th at the type of 
elongate crystalsinp alygorskiteint he Florida—Georgia 
fuller’s earth district did not constitute an asbestiform mineral 
health hazard. 


PRODUCT PACKAGING, TRANSPORT, AND MARKETING 


Finished granular fuller’s earth products such as cat litter, oil absor- 
bents, and floor-sweep compounds are sold in consumer-attractive 
paper or plastic packages of 5 to 50 lb or in metric sizes for export 
markets. Cat litter packaging has evolved from unweighed filling of 
semicalcined clay into hand-stapled bags in 1952 to fully auto- 
mated bag-f illing units that shri nk-wrap bundles which are then 
conveyed onto automatically stretch-wrapped pallets for warehous- 
ing and then loading onto trucks or railcars. 

Agricultural chemical car riers, jet fu el filtration pr oducts, 
bleaching clay granules, anticaking or dry-flow agent clay powders, 
specialized d rilling muds, and gelling or thick ening agents ar e 
shipped in 40- or 50-Ib pap er bags, poly propylene bulk big-bags, 
bulk truckloads, or railcars. 

Some export fuller’s earth products are shipped overseas in 
large metal shipping containers, covered barges, or bulk ship holds. 
Although the industry packaging trend is to ward nearly complete 
automation, some fuller’s earth products cont inue to be hand- 
bagged and -palletized. 

Finished fuller’s earth products may be distributed to a market 
radius of only af ew hundred miles for typical high-density , low- 
absorption cat litter or to worldwide markets for high-grade bleach- 
ing clays. Order size can range from barge load or shipping cargo 
bays, or 80- to 120-truck load sp ecial promotions, to indi vidual 
pickup truck loads destined for the local hardware store. Generally, 
the main tonnage of fuller’s earth products is shipped to mark et in 
truckloads, railcars, or in metal shipping containers. 


Individual fuller’ s earth customers can be har dware stores, 
municipal or hazardous w aste landfills, city or uni versity athletic 
fields for turf enhancement granules, jet fuel purification facilities 
at major airports, or multibillion-dollar distributors for chemical, 
grocery, or discount consumer sales outlets. 

Product sales go through regional or n ational distributors or 
directly to the wholesale or retail customer. Fuller’s earth products 
are sold in the neighborhood grocery store in attractive small pack- 
ages for household cat litter or to a paint manufacturer for use as a 
thickener and antidrip agent. 

The overall trend in the fuller’ s earth industry is to develop 
new products that better satisfy the particular customer’s needs and 
allow a hig her added-v alue pric e 0 ver standard or commodity 
grades. New product de velopment research must consider fuller’ s 
earth mineralogy, ph ysical and ch emical spe cifications, e xisting 
patent ri ghts, cust omer se rvice a nd pa ckaging prefe rences, and 
extra processing and ener gy cost requirements before launching 
innovative higher-value products. 

The fu ture of t he U.S. fuller’s earth in dustry depen ds on 
developing and patentin g ne w sp ecial-use products and reaching 
new types of market applications. 
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INTRODUCTION 


Kaolin is a global industrial mineral primarily used as (1) a pig- 
ment to improve the appearance and functionality of paper and 
paint, (2) a functional filler for rubber and plastic, (3) a ceramic 
raw material, and (4) a component for refractory, brick, and fiber- 
glass products. Other lower-volume uses for kaolin include chemi- 
cal manufacture, civil engineering, agricultural applications, and 
some pharm aceuticals. T he li mited a vailability of suit able ra w 
material, extremely competitive market conditions, and the techno- 
logical complexity of kaolin processing and kaolin product func- 
tionality creates a high barr ier of entry in to kao lin pr oduction. 
Rock and soil containing kaolin minerals occur over wide areas on 
most cont inents, b ut lar ge hi gh-purity k aolin de posits that ar e 
capable of supplying large processing facilities and are accessible 
to global transportation i nfrastructures a re r are. Therefore, t he 
majority of the world’s kaolin is mined from sedimentary kaolin 
deposits located in the United States and Brazil and from primary 
kaolin deposits in the United Kingdom and Germany. The large 
size of operations in these re gions is driven in part by demand in 
the paper market for large volumes of consistent quality pigment 
and by the need to cover the large fixed cost base that is required to 
mine and process kaolin ore into marketable product. 


Definitions 

Kaolin is a white or nearly white clay comprising naturally occur- 
ring kaolin group minerals. It is distinguished from other industrial 
clays containing high le vels of kaolin minerals—such as b all clay 
and fire clay—by its whiteness, fine particle size, and kaolin group 
mineral content (Table 1). The white color of kaolin can occur natu- 


Table 1. Features that distinguish kaolin from ball clay and fireclay 


Ball Clay 


rally or result from e xtensive processing to remo ve color-bearing 
minerals and organic compounds that adsorb certain wavelengths of 
visible light. A second component of kaolin’s white appearance is 
derived from its fine particle size, which causes light to scatter. In 
most commercial products, kaolin contains particles with an equiv- 
alent spherical diameter that is generally finer than 2 pm, though 
some grades of k aolin products contain particles about 10 pm in 
size. The term hydrous kaolin generally refers to processed kaolin 
product that contains kaolin minerals with their structural water or 
hydroxide component. Calcined kaol in ref ers to the rmally pro- 
cessed kaolin e xposed to temperatures higher than 450°C to form 
metakaolin, or to temperatures higher than 1,000°C to form high 
temperature minerals such as mullite, spinel, and cristobalite. 
Crude kaolin ore deposits are contained in a variety of kaoli- 
nitic rock types. Primary kaolin generally describes a kao lin ore 
altered from an igneous or metamorphic rock that was kaolinized in 
situ by hydrothermal or weathering processes. Varieties of primary 
kaolin are China -clay rock and residual kao lin. Sapro lite can be 
residual kaolin that forms from the weathering of felsic igneous and 
metamorphic rocks. Sedimentary ka olin is akaolin oref ormed 
through sedimentary depositional processes. Secondary kaolin is 
sedimentary kaolin comprising transported mi neral particles. 
Though the term sedimentary kaolin w as originally synon ymous 
with secondary kaolin, it is clear that many kaolin ores deposited as 
sediments have under gone some p ostdepositional ka olinization of 
other minerals or recr ystallization of kaolin minerals (Pruett 1993; 
Hurst and Pickering 1997). The primary or sedimentary origin of a 
kaolin depo sit influences the exploration, mining, and processing 
methods used to manufacture a kaolin product (Figure 1). A variety 


Fireclay 





Kaolin 

Occurrence Altered rock, sedimentary rock Sedimentary rock 
Processing Unprocessed, air-float, water- 

washed, delaminated, calcined 
Properties White or nearly white, clay particle 

size organic matter and/or swelling clay 
Use Pigment, filler, ceramic, refractory Ceramic, refractory 
Synonyms China clay, paper clay, white clay, Pipe clay 


bolus alba 


Unprocessed, air-float, some slurry 


Highly plastic clay, contains some 


Sedimentary rock 


Unprocessed, calcined 


Low in alkalies, calcium, and iron; high alumina and silica; 
does not deform at high temperature 


Refractory 


Firestone, pot clay, refractory clay, sagger 
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Kaolin Ore Type 


Primary Hydrothermal” ~~~ Residual (Saprolite) 


Sedimentary 





Kaolinitic Sandstone Sandy Kaolin Kaolin 





Kaolin Mineral Content 10% 50% 75% 100% 
(Dry Weight Basis) 
Typical kaolin Monitor jet; Bucket wheel Dragline/Backhoe/Dozer 
extraction techniques: excavator; Dredge 
Method of ore Pipeline slurry; Conveyor Pipeline/Haul Trucks 


transport fo process: 


Cornwall-Devon, UK 
Germany 


Example: Georgia, US 


Capim/Jari, Brazil 


Figure 1. Relationship between kaolin mineral content and extrac- 
tion method for kaolin ore types 


of terms (Table 2) are used to describe rock types that contain 
kaolin minerals in sufficient concentration to be used or considered 
as kaolin ores or are associated with kaolinized rock units. 


GEOLOGY 
Mineralogy 


Kaolin minerals are dioctahedral 1:1 phyllosilicates having a sheet 
of silicon atoms in tetrahedral coordination with four oxygen atoms 
and a sheet of aluminum atoms in octahedral coordination with two 
oxygen atoms and four h ydroxide molecules (Figure 2). The basal 
oxygen atoms of the tetrahedral sheet form a crystal face, and the 
apical oxygen in the silica sheet are shared with aluminum. Th e 
remaining two thirds of oxygen in the octahedral sheet are shared 
with h ydrogen (i.e., h ydroxides) and form the opposing crystal 
face. Hydrogen bondin g between the basal oxygen of the tetrahe- 
dral (T) sheet and h ydrogen of the octahedral (O) sheet in an adja- 
cent lay er def ine a clea vage pl ane that enables del amination of 
kaolinite into flat platy particles. The difference between kaolinite, 
dickite, and nacrite is related to differences in the stacking order of 
unit layers. Kaolinite has a single tetrahedral-octahedral (TO) layer; 
dickite has atwo TO-stacking unit layer with higher structural 
order than kaolinite; and nacrit e has a si x TO-stacking unit layer 
and ordered distrib ution of octahedral vacancies forming a crystal 
with rhombohedral symmetry. Hallo ysite has two layers of w ater 
between each TO layer in its hydrated form. Hydrated halloysite is 
also referred to as 10A -halloysite, indianaite, and endellite. Deh y- 
drated halloysite is called 7A-halloysite or metahalloysite. 

Kaolinite is the most common ka olin mineral and ha s the 
greatest industrial importance. The kaolinite crystal lattice shows a 
range of defect concentrations and isomorphous substitution of iron 
for aluminum in the octahedral sheet and perhaps aluminum for sili- 
con in the tetrahedral sheet (Schroeder and Pruett 1996) . The termi- 
nology to describe kaolinite defect s is confusing and discordant. 
Kaolinite crystal defects were initially described as well-crystallized 
or poorly crystallized, terms used by Grim (1953), which changed 
in the scientific literature to we ll-ordered or poorly ordered, and 
evolved to high-defect or low-defect, which is currently favored by 
mineralogists publish ing in ac ademic journals suchas Clays & 
Clay Minerals. In the patent literature, industrial mineralogists and 
technologists typically use the terms well-c rystallized or poorly 
crystallized, as originally used by Grim. 

The Hinckle y inde x is a meth od reco gnized b y in dustry for 
measuring the relative levels of defects in kaolinite powders. The 
Hinckley index of kaolin is calc ulated using x -ray powder diffrac- 
tion patterns (Figure 3). High-defect kaolinite has broad x-ray peaks, 


a low Hinckley index (<0.6), and is called poorly ordered or poorly 
crystallized kaolinite. Low-defect kaolin has sharp x-ray diffraction 
peaks, a high Hin ckley index (>0.7), and is called well- ordered or 
well-crystallized kaolinite. Hinckley index re lates generally to the 
physical prop erties of kaolin, particularly to particle size. Kaolin 
with a high Hinck ley index is typically co arse particle size (<70 wt 
% <2 um), wh ereas kaolin with alo w Hinckley index is typically 
fine particle size (>80 wt % <2 jm). 

The accessory mineral content of kaolin is a result of its geo- 
logical origin and the separation processes used for benef iciation. 
Primary kaolin ore from different deposits or even the same deposit 
generally show a wide variation in mineralogy that is controlled by 
the degree of alteration by weathering and hydrothermal processes. 
Primary kaolin contains significant amounts o f nonkaolin minerals 
that are resistant to alteration. Common m inerals that resist a Iter- 
ation processes are quartz, m uscovite, tourmaline, and zircon. The 
margins of primary kaolin deposits can have sharp boundaries or can 
gradually change into less-altered rock that shows only partial feld- 
spar and mica alte ration. Rock that is partly kaolinize dcan have 
some host minerals from the parent rock, such as feldspar or biotite, 
or some minerals that are first series products of chemical alteration, 
such as halloysite, illite, vermiculite, or smectite. 

Sedimentary kaolin typically does not contain high concentra- 
tions of unstable or labile mine rals from the parent source rock 
(Figure 4), and the content of minerals such as quartz and mica in 
commercial deposits is low because coarse sand- and silt-sized par- 
ticles were separated from clay during sediment transport. The fine 
silt- or clay -sized fractions that make up the b ulk of sedimentary 
kaolin deposits contain impurities such as anatase, illite, smectite, 
hydroxyl-interlayer vermiculite, and mixed-layered clay minerals. 
Sedimentary kaolin that is associated with oxidized sediments con- 
tains iron oxide and iron hydroxide minerals that are com mon in 
soil en vironments such as hematite and goethite. Sedimentary 
kaolin that is associated with reducing anoxic depositional environ- 
ments will generally contain organic matter and may contain iron 
sulfides such as pyrite, marcasite, or both. 

Clay-sized titania minerals such as anatase are common in sedi- 
mentary kaolin and are uncommon in primary kaolin. Anatase and its 
precursor pseudorutile are weatheri ng products of ilmenite and ti ta- 
nium-bearing biotite mica inherited from the parent rock (Schroeder, 
Pruett, and Melear 2004). The chemistry of anatase appears to reflect 
its precursor minerals (ilmenite, micas) by ha ving minor levels of 
iron and trace levels of chromium, zirconium, and niobium substitut- 
ing for titanium, thus causing the mineral to have a brown to tan color 
which detracts from the whit eness of kao lin pr oducts. Leuco xene 
originating from ilmenite typically occurs as coarse aggre gates that 
can be remo ved by standard gravity separation or magnetic separa- 
tion processes, whereas anatase resulting from biotite mica alteration 
is typically finely disseminated in the kaolin ore and responds well to 
flotation or selective flocculation for removal. 


OCCURRENCE 


Kaolinite is a very widespread mineral across the earth’s surface, 
especially as a major component of soils in humid subtropical and 
tropical areas. Kaolin deposits (Ross and Kerr 1931; Patterson and 
Murray 1984) of sufficient purity, brightness, whiteness, and suit- 
able mineral-water slurry viscosity, however, are rather rare. 
In general, kaolin deposits can occur as the following: 
¢ Sedimentary bodies with fairly to e xtremely low “grit” con- 
tent in various stages of oxidation and recrystallization 
¢ Residual weathering blankets or funnel-shaped hydrothermal 
alteration zones along fracture patterns from much older alu- 
minous rocks such as granites 
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Table 2. Kaolin rock terms and definitions 


Terms Generic to Kaolin 





Kaolin 
A rock mass containing principally kaolinitic clays that are low in iron, and 
usually white or nearly white in color (Ross and Kerr 1931) 


Tonstein 
Kaolin composed of volcanic ash that was partly or fully altered to kaolin 
minerals and is commonly associated with coal deposits. 





Terms Typically Related to Primary Kaolin 





China stone 
Partly kaolinized granite that is harder than China-clay rock 


China-clay rock 
Granite showing the highest degree of kaolinization where all feldspar has 
altered to kaolinite and can readily be broken apart by hand 


Cornish stone 
China stone 


Lithomarge 
A smooth indurated variety of kaolin containing a mixture of kaolinite and 
halloysite 


Saprolite 
Weathered igneous or metamorphic rock showing primary relict texture 
that can have a high kaolin mineral content 





Terms Typically Related to Sedimentary Kaolin 





Ball clay 
Highly plastic secondary clay containing kaolinite and used for ceramics 


Fireclay 
A clay, typically containing kaolin minerals, with a high silica and alumina 
content; used as a refractory because it will not deform at high temperature 


Flint clay 
Kaolin that is smooth, tough, flintlike, and breaks with a pronounced 
conchoidal fracture 


Hard kaolin 
A term original used for kaolin used to fill hard rubber that originates from 
fine-particle-size kaolin deposits located in the Georgia-South Carolina 
kaolin district. Hard kaolin also occurs in northeastern Brazil. It has a low 
Hinckley index and tends to break with some difficulty in a rough irregular 
fracture. 


High-alumina kaolin 
Kaolin containing minor amounts of hydrous alumina minerals such as 
gibbsite, boehmite, or diaspore 


Kaolinitic sandstone 
Sandstone containing significant and potentially separable amounts of 
kaolin minerals. The sand-sized particle content is >50% by volume or 
mass. 


Sandy kaolin 
Kaolinitic sediments generally containing between 5 and 50 wt % sand- 
sized particles 


Soft kaolin 
A term originally used for kaolin used to fill soft rubber that originates from 
coarse-particle-size kaolin deposits located in the Georgia-South Carolina 
kaolin district. Soft kaolin has a high Hinckley index, tends to be massive, 
and breaks with a smooth conchoidal fracture. 


Underclay 
A clay that underlies a coal bed representing a soil from the coal swamp 
flora. Underclay is commonly kaolinitic and can be a source of ball clay or 
fireclay. 








O Oxygen 


@ Hydroxide 


Adapted from Grim 1953. 
Figure 2. Kaolinite crystal structure 


Low-defect Kaolinite = High HI 







Hinckley Index (HI) = ae 


High-defect Kaolinite = Low HI 


2 
degrees two-theta 


Figure 3. Hinckley index formula with examples of calculation for 
low-defect and high-defect kaolinite from x-ray powder diffraction 
spectra collected from random-oriented, pulverized kaolin powders 


Transport/ : 
Distance > Higher Early Late 
Mineralogy Weathering | Higher Energy (reduction) | (oxidation) 
—— | 


—_ 
sco ——— 
Kaolin, Towdetect |—=E=> 


Recrystallization 


IImenite/Magnetite 


Figure 4. Sequence of mineral changes from a granite that are 
associated with (1) weathering, (2) transport and deposition, 

(3) early stage of postdepositional alteration, and (4) late stage 
postdepositional alteration for kaolin in central, middle, and eastern 
Georgia, United States 


Kaolinite, high-defect | ==> 


Halloysite 
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Rest of World,§ 
5,912 













United States, 8,010 


New Zealand, 16 
Poland, 142 


India, 170 
Portugal, 175 
Ukraine, 225 

Australia,* 230 
Malaysia, 258 
France, 300 
Turkey, 372 

South Korea,t 428 
Czech Republic,t 548 
Mexico, 680 

cls,t 870 

Brazil, 1,710 


United Kingdom, 2,400 
Germany,* 1,800 


Modifications from the USGS numbers including the following: 
* German kaolin production taken from Minerals Yearbook 2002. 
t Assumed 15% beneficiated, dry product recovered from crude kaolin. 
+ Includes ball clay. 
§ Modified to reflect adjusted volumes for CIS, Czech Republic, and South Korea; 
and deletion of volume from Columbia. 


Figure 5. World production, kt (as compiled by the U.S. Geological 
Survey [USGS], 2002) 


Section 
(thickness not 


¢ Weathering alteration deposits of feldspar-rich (arkosic) sedi- 

mentary rock 

The most prominent w orld kaolin mining districts are in the 
United S tates (southeastern), Brazil (n orthern), the United King- 
dom (Cornwall—Devon), and Ger many (Bavaria and Saxo ny). The 
volume of beneficiated kaolin produced from these four districts is 
shown in Figure 5. Kaolin production from some other countries is 
reported using dif ferent metrics such as cr ude tons mined (Com- 
monwealth of Independent States [CIS], Czech Rep ublic, and the 
Republic of Korea), or includes ba Il clay (Australia) or common 
clays (Colombia). The prominence of U.S., Brazilian, U. K, and 
German kaolin production is both in terms of volume and quality of 
beneficiated product that reaches global pigment and filler markets 
as o pposed to local co mmodity markets where kaolin is sold as 
inexpensive mineral filler or as a structural component in brick. 


United States 


In the so utheastern Unite d St ates, kaolin has b een mined since 
colonial times in the upper Coastal Plain areas of Georgia and 
South Carolina. These depo sits are composed of deltaic sediments 
of Late Cretaceous to Early Tertiary age that represent the Oconee 
Group (Figure 6). 

The major sedimentary units here are cross-bedd ed, fining- 
upward coarse- to fine-grained quartz sands which originated as out- 
wash from weathered Paleozoic to Precambrian granitic rock bodies 
contained in the Piedmont and Blue Ridge provinces of the Appala- 
chian Mountains. Lens-shaped clay accumulations were formed by 
sediments deposited in low, swampy areas on the ad vancing delta 


Description of Stratigraphic Units, Including Their Role in 


proportional) Formation 


‘eckson Twiggs Clay 


or 


Clinchfield 
Sand 


Barnwell 


Early-Middle 


Eocene 


Late 
Oconee 
Paleocene 


Latest Buffalo Creek* 


Cretaceous 


WM Fluvial Deltaic ———>~<—- Marine —— 
i 


Late No formal 
stratigraphic 
term yet applied. 


Pio Nono 
Cretaceous 


No formal 
stratigraphic 
Pre-Cretaceous | term yet applied. 


Paleozoic and Piedmont 


“Basement” 


Member 


No formal 
stratigraphic 
term yet applied. 


Treadwell and 
Riggins Mill 


Jeffersonville* 


Marion* 


Not Yet 
Subdivided 


No formal 
stratigraphic 
term yet applied. 


No formal 
stratigraphic 
term yet applied. 


ck = Coarser particle size soft kaolin (both unoxidized and oxidized). 


kl = Gray kaolins and lignites. 
—~_ UU mS = Profound unconformity. 


—~2-U--— ~~ = Subtle unconformity. 


*Stratigraphic unit that produces important tonnages of commercial grade kaolins. 


Adapted from Pickering and Avant 1999. 
Figure 6. Stratigraphy of the Georgia kaolin district 


Groundwater Oxidation-Recrystallization of Kaolins 


Smectite fuller’s earth, denies recharging oxidizing groundwater 
access to kaolin beneath unless breached by erosion. 


Fine-grained sand with occasionally abundant marine vertebrate 
fossils (shark and other fish teeth and bones, etc.). 


Fining-upward aquifer sand sequences capped by hard, only partially 
altered, finer-particle-size, higher-iron kaolin lenses. 


Soft gray to black unoxidized kaolin and lignite lenses in clayey 
sands, few to no commercial-quality kaolin deposits. 


Many fining-upward aquifer sand sequences, capped by soft coarse 
kaolin lenses that are currently the most heavily mined. 


Arkosic clayey sand with no kaolin lenses, contains no known 
commercial kaolin deposits. Coarse gravel at base. 


Metamorphic-igneous complex; weathered granites, gneisses, and 
phyllites. These crystalline rocks were sources for commercial kaolins. 
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Figure 7. Electron photomicrograph showing the fracture surface of 
coarse kaolin crude that is representative of Cretaceous kaolin 
deposits in Georgia 
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Courtesy of IMERYS. 

Figure 8. Electron photomicrograph showing the fracture surface 
of fine kaolin crude that is representative of fine Tertiary kaolin 
deposits in Georgia 


Table 3. Comparison of typical sedimentary characteristics for soft, coarse-particle-size kaolin deposits with those for hard, finer-particle-size 


kaolin deposits 


Typical Characteristics of Sedimentary Kaolins 


Soft Kaolin 


Hard Kaolin 





Texture of crude clay fracture surfaces 


Larger trace fossils 


Microscopic fossil types of dominant plant pollen 
and spores 


Typical degritted crude clay particle size 
Clay particle crystal habit or morphology 


Crystallite particle packing relationship 


Crystal cleavage, ability to produce delaminated 
products 


X-ray diffraction patterns 


Hinckley index 


Clay chemistry after degritting removal of detrital 
minerals 


Accessory detrital mineral suites 


Moist crude clay bulk density and specific gravity 


Aqueous slurry viscosity at highest-solids 
concentration 


Georgia, geological age, and stratigraphic 
occurrence 


Northern Brazil occurrence 


Depositional environment 


Breaks easily into smooth, conchoidal surfaces 


Burrows and trace fossils very scarce to absent 


Mainly pollen of upland, back-deltaic, and 
continental aspect 


Coarser than about 65% to 70% finer than 2 ym 


Coarse books, stacks, and vermiforms in a matrix 
of euhedral thin crystallites, more recrystallized 


Open, porous, interlocking face to edge packing 


Coarse vermiforms and books cleave and 
delaminate well for high aspect ratio products 


Well-resolved peaks in the 020, 110, 111, 02T, 
and 021bands, low crystal defect kaolinite 


High Hinckley index, two phase mixture 


Fe and Ti low, increase with decreasing crude 
particle size, lower alkali metals 


Altered muscovite abundant, detrital heavy 
minerals more mature but less abundant 


1.2-1.3 st/yd3, specific gravity 1.3-1.6 


Generally Hercules higher and Brookfield lower 


Older, in Georgia in Cretaceous Buffalo Creek 
Formation or early Paleocene Marion Member 


Rio Capim District, Para State 


Fluvial upland back-deltaic, mostly fresh water 


Tough, breaks less easily, rough, earthy, hackly 
surfaces 


Common, mainly intertidal trace fossil burrows 


Trace bacteria, more marine pollen, dinoflagellates, 
and hystrichospherids 


Finer than about 80% to 90% finer than 2 pm 


Vermiforms, books, and stacks very rare or absent, 
only thin submicron single crystal plates, less 
recrystallized 


Tight, litle pore space, face to face packing 


Hardly delaminates at all, crystal plates are too fine 
and thin 


Poorly resolved peaks in the 020, 110, 111, 021, 
and 021 bands; diffuse pattern; high crystal defect 
kaolinite 


Low Hinckley index, single phase 


Fe and Ti higher, often same, or increase with 
decreasing crude particle size, slightly higher alkalis 


Muscovite scarce, coarser anatase more abundant, 
immature heavy minerals 


1.3-1.4 st/cu yd, specific gravity 1.6-1.7 


Generally Hercules lower and Brookfield higher 


Younger, in Georgia from Early to Middle Eocene 
Jeffersonville Member of the Huber Formation 


Rio Jari District, Amapa State 


Coastal, marginal marine, often brackish or saline 





Adapted from Pickering and Hurst 1989. 


front and also in the less saline back-delta areas. These lens-shaped 
clay units wer e d eposited dur ing se veral w orldwide episodes of 


rocks, and the 


Early T ertiary f ine-particle-size kaolin (Figure 8) 
from phyllitic meta volcanic source rocks. 


In general, T able 3 


marine transgression and highstand along the f all line in Geor gia 
and Sou th Carolina. This process of deposition —_ and the role of 

weathering and bacterial alteration are more thoroughly described in 
Elzea K ogel et a 1. (2000 ) and El zea K ogel et a 1. (2002 ). Dom- 
browski (1992) suggested that th e older Cretaceous coarse kaolin 
(Figure 7) was derived from weathered granitic and gneissic source 


describes soft and hard kaolin and holds true for kaolins in both 
Georgia and the eastern Amazon region of Brazil. 

Because the river deltas were heavily overgrown with thick 
plant cover, the clays were laid down with a considerable organic 
content of decaying vegetation. The re sulting cl ay deposits were 
originally rather dark organic, pyritic mud, and usually cap distinct, 
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Table 4. Comparison of the typical weathering alteration characteristics of reduced and oxidized types of sedimentary kaolins from Georgia 


Reduced, Unoxidized Kaolins, 
Protected from Recharging Fresh Groundwater 


Typical Characteristics of Sedimentary Kaolins 


Oxidized Kaolins, Well Exposed to 
Recharging Fresh Groundwater 





Moist clay color or shade 
Main impurity materials 


Stratigraphic and geomorphic occurrence 

impermeable overburden 
Amount and type of organic matter 
Valance state of iron minerals Fe2+, ferrous 
Extent of recrystallization 


Types of industrial processing required to produce 
well-whitened paper coating clay products 


Pale gray to brownish gray 
Dark organic matter, pyrite 


Typically down-dip, beneath a thick cover of 


More abundant, readily oxidized 


Can be lower Hinckley index 


Ozone oxidation or thermal calcination to remove 
dark organic matter; can be unresponsive to 
reduced-acid leaching and magnetic separation 


Pale pink to cream 
Hematite, anatase, and goethite 


Generally up-dip areas, where thick overlying 
impermeable overburden was eroded away 


Less abundant 
Fe3+, ferric 
Can be higher Hinckley index 


Ozone oxidation for removal of dark organic matter 
not needed, responds well to reduced acid leaching 
and magnetic separation 





Adapted from Pickering, Hurst, and Elzea 1997. 


fining-upward, cross-b edded sand depositional sequences. Subse- 
quent weather ing ox idation an d microbial alteration naturall y 
beneficiated t hese dark de Itaic clays t o t heir prese nt ne ar-white 
purity and appearance (Table 4), perhaps accompanied by extensive 
in-situ re crystallization of the coa rser pa rticle-size Cret aceous 
kaolin. The table applies to either the soft, coarse, and older clays, 
as well as the hard , fine, and younger clays. Bo th the Rio Capim 
and Rio Jari sedimentary kaolins of the eastern Amazon region of 
Brazil fit into the well-oxidized side of the table. 

In recent years, an attempt has been made to op en a primary 
kaolin district in the Georgia Piedmont near Sparta, Georgia. This 
venture is developing some exceptionally white and bright high-grit 
residual kaolin, which has formed as a weathering blanket over the 
extensive mid-Paleozoic Sparta granite batholith. Feldspars in the 
Sparta granite have been altered in situ, first to ha loysite, which 
then is transformed to very coarse kaolinite. Because the kaolinite 
particles were not exposed to the effects of erosion, river transport, 
and sedimentary de position, the clay is relatively pure after exten- 
sive de gritting. Potential adv antages of this ne w venture in clude 
very high brightness and whiteness, very coarse particle size, and 
favorable mining conditions with easily excavated low overburden. 
The main disadv antage of the Sparta primary kaolin is the much 
higher content of quartz and mica particles. 

Smaller volumes of kaolin are mined in several other states in 
the United States. In the high alumina-clay district near Anderson- 
ville, Georgia, and Eu faula, Alabama, mixed kaolin and gibbsitic 
bauxite are mined to produce refractory brick, castings, bodies, and 
grogs. In the Central Valley of California, refractory-grade kaolin is 
mined from cross-bedded kaolinitic sands of the Eocene Ione For- 
mation (Bates 1945). The Ione kaolin is a relatively minor by-prod- 
uct of industr ial and cons truction quartz sand production. 
Somewhat similar kaolinitic sand deposits of the La te Paleocene 
age W ilcox F ormation are mined near K osse, T exas, where the 
kaolin is calcined to produce a rather white pigment material. Near 
Edgar, Florida, similar kaolinitic sands of the Miocene Fort Preston 
Formation are mined for a popular kaolin product used by art and 
hobby potters. 


Brazil 


The fastest-growing kaolin-prod ucing district w orldwide is in the 
eastern Amazon region of northern Brazil (Figure 9). Here sedimen- 
tary kaolin is found in coarse deposits along the Capim River south 
of the Amazon and in very fine particle-size deposits on the east side 
of the Jari River north of the Amazon (Pickering and Linkous 1997; 
Pickering 1994). The coarse particle -size kaolin units in the Capim 

River area occur in the Late Cret aceous age Ipixuna Formation and 


are found in gr abens located along the southeastern mar gin of the 
Cameta Sub-basin (R ossetti and Santos 2003). Rossetti and San tos 
also propose a lower Tertiary age for the Barreiras Formation, which 
is the unit containing kaolin along the Jari River. Thus it appears that 
the eastern Amazon re gion sedimentary kaolins of Brazil were 
deposited during the same global s ea level highstands that enabled 
deposition of the Georgia kaolin. 

The Jari kaolin deposits were f irst developed by Ludwig in 
1976. The Jari deposit is now mined and processed by Caulim da 
Amazonia, S.A. (Cadam) to manufacture an ultra-fine glossing pig- 
ment for paper coating. Since th at time, Cadam’s Felipe mine has 
grown steadily to become what is probably the largest single kaolin 
mine worldwide in terms of ka olin product volume. This kaolin 
deposit is unusual in that the main stratum is nearly 35 m thick with 
very little overburden. The kaolin particle size is very fine, with low 
grit content, enabling av ery high recovery from crude clay . The 
mine east of the Rio Jari isc onnected to the processing plant at 
Munguba, on the west side of the ri_ ver, by a pipeline beneath the 
river. The Rio Jari is deep and wide enough at Munguba to permit 
large ocean-going ships to berth directly at the plant site and load 
directly with kaolin for worldwide export. 

South of the Amazon Ri ver are tw o rap idly growing kaol in 
operations located west of the Ri o Capim. Barges can navigate the 
Rio Capim, but this river is too shallow for the ocean-going ships that 
transport kaolin. Both of the Capim producers, Rio Capim Caulim, 
S.A. (RCC) and Para Pigmentos S.A. (PPSA), have built the longest 
kaolin slurry transport pipelines in the world (each >150 km) from 
their mining areas to the processi ng plant (RCC) and dryers (RCC 
and PPSA) near Barcarena, west of Belem. Each drying facility is 
connected by conveyor to mooring platforms in the river where ships 
can be loaded with either dry or slurry kaolin products for worldwide 
export or for domestic use in southern Brazil. 

Some advantages of the Brazilian deposits are the following: 

¢ Superior kaolin ores of lo w grit, v ery pure kaolin of high 
brightness and whiteness, with favorable viscosity and paper- 
coating characteristics 

¢ Access to deep water ship transport to worldwide customers 

¢ Low overburden ratios and relatively simple mining conditions 

¢ Abundant supplies of process water 

* Relatively low labor rates 

¢ Major nearby hydroelectric power supply, in the case of the 

Capim area 

For these reason s and others, in recent years the Brazilian 
kaolin industry has grown rapidly while the other main world pro- 
ducers have experienced considerably less growth (Figure 10). 
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Figure 9. Location of sedimentary kaolin mines with associated pipelines, wet process plants, and ports in northern Brazil near the mouth of 


the Amazon River 


United Kingdom 


Primary kaolin has been mined _ for cent uries from h ydrothermal 
alteration deposits in the southwestern United Kingdom, in Cornwall 
and Devon. Production is from altered fracture zones in the Variscan 
age Cornubian granite near St. Austell and Tregonning. The kaolin is 
quite coarse in crystal size, and recovery rates are 8% to 20% because 
of the very high content of coarse grit. Accessory minerals i nclude 
quartz, unaltered feldspar , musco vite and biotite mica, tourmaline, 
topaz, apatite, fluorite, zircon, cassiteri te, wolframite, rutile, hema- 
tite, and turquoise. The hydrothermal kaolinizing fluids have fol- 
lowed joints, fract ures, and f aults in the parent granite, often along 
north-south and northwest-southeast orientations. 

The result is roug hly funnel-shaped kaolin ized depo sits dip- 
ping steeply and taper ing downward to depths as great as se veral 
hundreds of meters. As would be expected, the most extensive kaolin 
deposits were found in areas where major fracture zones intersect or 
overlap (Exley 1959, 1976; Bristow 1977). Alteration fluids wer e 
apparently meteoric in orig in, recharging the groundwater system, 
which has set up slow convection cells carrying the low-temperature 
hydrothermal fluids (Durrance et al. 1982; Fehn 1985). Bristow 
(1993) has proposed that the heat sou rce to d rive the gro undwater 
convection cells was from radi oactive decay from ura nite, apatite, 
zircon, monazite, and zenotime associated with the granite. 

Kaolin in Cornwall—Devon is typically mined using a monitor 
directed at kaolinized zones along the rock fracture systems. The 
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Figure 10. Kaolin production from Brazil, the United Kingdom, and 
the United States, 1900-2002 
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resulting kaolin slurry drains to the lowest portion of the pits, from 
which itis pumped up tothe degritting equipment. Ref ined by 
hydroseparators and cyclones, the degritted kaolin slurry is pumped 
to the processing plants to produce kaolin produ cts for the paper 

filling and coating, paint, adhesives and sealants, rubber, tiles, plas- 
tics, and ceramics industries (Manning 1995). 


Germany 


Sedimentary ka olin is mi ned fro m T riassic a ge fe Idspathic— 
kaolinitic sand stone in th e Hirsh au a nd Schnaitenbach ar eas o f 
Bavaria, in sou thwest Germany. The sed iments were derived from 
granitic source rocks in the Naab Basin Mountains and are preserved 
in an east—west trending half-gra ben. The deposit averages about 
76% quartz, 12% feldspar , and 12% kaolin. The quartz has an 
average grain size of 1 mm, the feldspar about 0.1 mm, and t he 
kaolin about 2 um; economic sepa ration depends upon efficient 
size fractionation. 

Overburden is remo ved and ra w ore mined by b ucket-wheel 
excavator and transported by conveyor belt to the adjacent produc- 
tion plant. The ore is mix ed with water and dispersant chemical by 
chain stirrers in stone-lined vats. The sand is removed by screening, 
and the slurry is refined to remove fine quartz and feldspar. Kaolin 
recovery is 12% to 16% by weight from the raw ore. The feldspar 
and quartz sand concentrates are cleaned and sold to lo cal glass 
industries. The kaolin concentrate is further pr ocessed, and the 
product is used for applications such as paper filler and coater; 
paint, plastic, rubber filler, and pigment; and ceramics. 

In northwest Saxony in southeastern Germany, between Dres- 
den and Leipzig, primary kaolin derived from the alteration of vol- 
canic ignimbrites and porph yrytic andesites ofthe Bohemian 
Massif are extensively mined. These kaolins are used as pigments 
in paper, paint, and plastic; as filler in rubber; and as raw material in 
fine art ceramics and porcelains. Kaolin altered from pitchstone, 
felsite, and quartz porphyry has be en mined at Seilitz, near Meis- 
sen, continuously since 1764 (Murray 1989). 


INDUSTRIAL PROPERTIES 
Chemical Properties 


Theoretically, kaolin contains just al umina, silica, and structurally 
bonded h ydroxides (T able 5). Ho wever, natural processes form 
kaolin minerals and cause some iron substitution for alu minum in 
proportion to iron content of the bulk rock. Low concentrations of 
mineral impurities not removed by mineral processing will increase 
the content of the element oxides associated with those impurities. 
K20 and MgO le vels are typically elevated in proportion to mica 
content. MgO, CaO, and silica levels are typically elevated in pro- 
portion to smectite content. TiO2 content is proportional to anatase 
and rutile content. Iron content is influenced by a wide assortment 
of iron-bearing minerals or iron-substituted kaolinite. Where a high 
degree of alteration has occurred, alumina and loss on ignition 
(LOD at 1,050°C are ele vated if gibbsite or boehmite occur in the 
ore. Commercial specifications related to the chemistry of kaolin 
products are standard when kaolin is used in ce ramic, fiberglass, 
and refracto ry applications. The lower concentration of alkaline 
elements and higher concentration of alumina in kaolin make the 
material more refractory. 

Hydrous kaolin ish ydrophilic and can be dispersed at high 
solids (~70%) in w ater-based sy stems, making it an excellent 
pigment mineral for paper coatings and w ater-based paints. The 
aluminum-oxygen and silicon-oxygen bonds in the kaolin min eral 
layers form a chemically inert particle that is resistant to chemical 
attack through a wide pH range. Th is chemical resi stance enables 
kaolin to be used as a filler pigment for acid, Kraft, and alkalin e 


Table 5. Examples of chemical assay results for wet-processed 
kaolin products manufactured in Brazil, the United States, and the 
United Kingdom 








United 

Brazil Georgia Kingdom 

Theoretical (Capim) (Middle) (Cornwall) 

wt % 

SiO2 46.54 44.80 45.70 46.20 
AlnO3 39.50 38.30 37.60 39.00 
Fe2O3 0.0 0.51 0.46 0.38 
TiO2 0.0 0.55 1.41 0.01 
MgO 0.0 <0.05 0.03 0.16 
CaO 0.0 <0.02 0.08 0.05 
Na2O 0.0 0.13 0.26 0.03 
K2O 0.0 <0.02 0.05 0.55 
LOI @ 1,050°C 13.96 14.40 14.00 13.80 





paper. The absence of an in terlayer char ge gives kaolinite a v ery 
low cation exchange capacity, which is impor tant when high elec- 

trical resistance is desired in a material, such as for wire and cable 
insulators. The kaolinite edge and face surfaces have an electro- 
static charge that is pH dependent (Conley 1996). The octahedral 
edge of the kaolinite particle h as a positive charge below a pH of 
about 4.5 and becomes negative at a pH of about 11 or higher (Fig- 
ure 11). The tetrahedral edge of the kaolinite particle becomes more 
negative at a pH of about 7 or higher. Therefore, kaolin-water sys- 
tems typically flocculate at a pH of about 6 and lo wer and are dis- 
persed at a pH of about 6 or hi gher in the presence of dispersing 
chemicals (Figure 12). Dispersion is further discussed under Feed 

Preparation in the Processing section. 


Physical Properties 


Pure kaolinite is soft and white, has an aturally fine particle size 
and platy shape, an d can be disper sed in water into a fluid slurry 
with >70% solids. These physical properties make it an e xcellent 
white pigment for applications such as paint and paper coatings 
where whiteness, gloss, and coverage are important. Commercial 
specifications for the ph ysical properties of kaolin p roducts are 
standard where kaolin is used as a pigment or functional filler. Each 
market application has its own specific set of properties measured 
and reported on the kaolin product certificate of analysis (COA). In 
general, kaolin physical properties cited on a COA for pigment and 
filling applications fall into four categories: color, particle size, vis- 
cosity of a clay—water slurry, and abrasiveness. 


Color 


How color and whiteness are reported depends on the market appli- 
cation specific toa geographic re gion. Brightness is a measure of 
light reflectance relati ve to a specif ic white st andard at a speci fic 
wavelength. In North Ameri ca br ightness is measured using Test 
Method 534, Brightness of C lay and Other Mineral Pigments (d/0° 
diffuse) from the Technical Association of Pulp and Paper Industry 
(TAPPI) and is reported in GE units. GE brightness is reported rela- 
tive to an MgO standard at 457 nm and is measured using a technical 
brightness tester. Kaolin pigments with br ightness ranging from 84 
GE to 88 GE units are considered standard brightness grades; >8 9 
GE units are considered high brightness grades. In Europe, bright- 
ness is measu red using ISO Stand ard 24 70, Paper, Boa rd, a nd 
Pulps—Measurement of Dif fuse Bl ue Ref lectance F actor (ISO 

Brightness), and is reported to pigment consumers in ISO units. The 
Hunter L-a-b color system is used to report pigment reflectance and 
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Principles of Chemical Disperson 


¢ Charge repulsion: 

Build negative surface 
charge onto the mineral by 
adjusting pH higher than the 
isoelectric pH (M = Al, or Si) 


Dispersant adsorption onto 
the mineral surface 


© Water insulation: 
Adsorbed water barrier 


Mobile water region 





Figure 11. Scanning electron photomicrograph of a kaolinite parti- 
cle with diagram showing surface charges that influence dispersion 
of kaolin particles in aqueous systems 

















Zeta Potential, mV 




















Adapted from Yuan and Pruett 1998. 

Figure 12. Zeta potential (Z°) versus pH for coarse Georgia kaolin 
that has the Z° corrected to show the theoretical kaolinite zero point 
charge at pH 4.8 


shade. L isa measure of reflectance ona scale from zero (none) t 0 
100 (total); a measures redness (positi ve) or greenness (ne gative); 
and b measures yellowness (positive) or blueness (negative). Absence 
of color is indi cated by a zero v alue in the aand b scales. Several 
standards also report whiteness and yellowness as a function of light 
absorption across the visible light spectrum. 


Particle Geometry 


Particle-size specifications relate to the overall distribution of parti- 
cle size and to maximum concentrations of coarse particles. Kaolin 
used for paper applications has particle size measured by a gravita- 
tional settling technique such asthe SediGraph (Micr omeritics 
Instrument Corporation, Norcross, Georgia). Particle size measured 
by gravitational sett ling reports an equ ivalent spherical diameter 

that matches well with cut point targets on centrifuges. Particle size 
may be reported as a mass perc ent below 2 pm; for e xample, a 
No. | coating clay will typically have 90 wt % of particles <2 pm. 

Other markets may specify the products in terms of median diame- 
ter (d59) and maximum top size. The particle size distribution can 
be expressed as a particle size at two or more points ina range of 
particle sizes or can be e xpressed as a steepness or sorting coeffi- 
cient that describes the narrowness of a part icle-size distribution. 
A kaolin pigment p article-size distribution can be engineered to 


yield 0.3 pm pores in a paper coating, a pore size optimal for scat- 
tering light and higher opacity. 

Maximum top size is the largest particle diameter measured 
by a specified particle-size instrument, which could be a gravita- 
tion-settling or laser light-scattering device. Hegman grind is also a 
measure of maximum top size. Laser instruments can report a platy 
particle’s absolute diameter, absolute thickness, or some where in 
between as a fun ction of particle orientation to the light source. 
Residue specifications are another parameter related to particle size 
that provides the application’s tolerance to coarse particles inher- 
ited from the ore or inc idental to processing. Residue is typically 
expressed as a mass percen tage or parts per million (ppm) greater 
than a specific screen mesh size. 

The platy shape of kaolin is an important property that influ- 
ences coverage, gloss, and printability of ac oating. There is no 
agreed industry standard for reporting kaolin particle shape. The 
platy shape of individual kaolinite particles ise xpressed as an 
aspect ratio, which is the average of a particle’s diameter divided 
by its thickness. An average aspect ratio can be reported for a pop- 
ulation of particles. Measurement of t he average aspect ratio on 
kaolin is tedious and expensive because a statistically meaningful 
ratio requires the measurement of a large population of individual 
particles usin ga_ transmission e lectron microscope or sim ilar 
instrument (Vander Wood, Pruett, and Boltin 1995). Kaolin pro- 
ducers and consumers take different approaches to approximating 
aspect ratio. Some use microscopy, others use a combination of 
surface area and particle-size measurements. IMERYS developed 
its own proprietary technology for measuring the shape properties 
of particles. Some manufacturers of laser light-scattering, particle- 
sizing instruments claim to measure aspect ratio, but these tech- 
niques need to compensate for a range of particle orientations and 
are highly influenced by particle dispersion. 


Rheological Properties 


The rheological properties of akaolin- water suspension can be 
reported as fl owability, viscosity concentration, slurry solids, or 
fluid viscosity at a specific shear rate. Flowability is expressed as a 
percentage of solids in the minimum amount of water needed to 
make a di spersed cl ay system fluid. Viscosity concentr ation and 
slurry solids indicate, respecti vely, the slurry water content at se t 
viscosity and the recommended water c ontent tom akea fluid 
kaolin suspension fit for use when applied to material handling and 
to a custo mer’s application. Viscosity concentration is rep orted as 
percent solids wh en an optimally dispersed kaolin suspension is 
made down to 500 centipoise at 100 rpm measured using a No. 3 
spindle on a Brookfield viscometer (Brookfield, Middlebrook, Mas- 
sachusetts), the standard instrument used to measure low-shear vis- 
cosity of clay-water suspension. Brookfield viscosity is expressed in 
centipoise at a specified solids concentration, rotational speed (10 to 
100 rpm), and spindle dimension (typically 1 to 3). 

The Hercules viscometer (Kaltec Scientific, Inc., Novi, Michi- 
gan) is used to measure the high-shear behavior of a clay—water sus- 
pension (TAPPI method T-648). The Hercules instrument applies a 
shear rate from 0 to either 1,100 rpm or 4,400 rpm. The in strument 
changes the shear rate from 0 rpm to as high as 4,400 rpm and back 
down to 0 as it measures the torque (from 1 x 10 to 1.8 x 107 dynes- 
cm) applied to the clay slurry ina sample cup. Resultscan be 
reported in centipoise or more commonly, where the pen e xits the 
chart, in “dynes” or rpm. When the torque equal s 1.8 x 107 dynes- 
cm, an rpm value between 0 and 4,400 at 18 dynes is reported. When 
the torque is below 18 dynes, the dynes at 4,400 rpm are reported. 

The solids concentrati on of the clay slurry is re ported with 
the bob used and the shear rate or shear stress me asurement. The 
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Figure 13. Types of processed kaolin sold in 2002 by producers in 
Georgia, kt 


measurement ma de by th e Her cules viscometer also describes 
kaolin slurry as Ne wtonian, dilatant (shear thick ening), or thixo - 
tropic (shear thinning). 

Information published in previous editions of Industrial Min- 
erals and Rocks on the subject of high-shear kaolin rheo logy has 
focused on the need for kaolin products that are very fluid under 
the extreme high-shear conditions found under the blade of mod - 
ern paper bla de coaters. However, the evolution of paper-coating 
technology, combined with a better understanding of h ow kaolin 
properties add value to coatings in terms of appearance properties, 
have changed, to some de gree, the premise that premium kaolin 
products need to have dynes rheology at slurry solids >71%. For 
example, metered size press (MSP), curtain, and spray coaters no 
longer apply paper-coating colors using a blade to level the coating 
onto paper moving at very high speed. The engineering of paper- 
coating pigments to pro vide more even coverage at li ghter c oat 
weights orto p rovide high er op acity ath eavier coat we ights 
requires some compromise to rheological properties at high shear. 
High shear viscosity can be increased when features such as higher 
aspect ratio part icles are engineered i nto kaolin products to 
improve coverage or when a more tightly controlled particle-size 
distribution is used to im prove li ght sc atter and opacity. Ka olin 
pigment fluidity, however, does have an important role in enabling 
the paper coater to maintain a manageable water balance in the 
coating c olor rel ative to machine-drying capabilities and to eco- 
nomically ship kaolin slurry by truck, rail, or ship. 


Abrasiveness 


Kaolin used as a pigment or functional filler must be soft and non- 
abrasive to prevent excessive wear on equipment used during pro- 
cessing or application. The abrasi__veness o f kaolin is typi cally 
measured on dispersed slurry at 15 % solids using an Einlehner 
Abrasion Tester (Einlehner, Kissing, Germany) with t he measure- 
ment result reported as weight of screen loss after a specified num- 
ber o f re volutions (mg __loss/100,000 re v). Factors that impact 
abrasiveness are Mohs hardness of the mineral and particle size. As 
kaolinite is very soft, the occurrence of hard particles such as quartz 
and feldspar in the kaolin product will increase its abrasiveness. 
The top size and median particle size of the kaolin slurry also influ- 
ence abrasiveness. 


TECHNOLOGY 

Processing 

Kaolin processing is technically complicated and aco stly barrier 
for entry into many mar kets where purity , con sistency, handling 
characteristics, and appearance are valued properties. Most kaolin 
processing is performed in the _ wet state fo r pigment, f unctional 


filler, and specialty mineral applications. Kaolin processing is typi- 
cally performed in the dry state for refractory and ceramic applica- 
tions where bulk chemistry is important but where purity, handling, 
and appearance characteristics may be less stringent. The USGS 
tracks worldwide kaolin production by country, how U.S. kaolin is 
processed, and ho w kaolin is used for both do mestic and e xport 
consumption (see, for e xample, http://minerals.usgs.gov/minerals/ 
pubs/commodity/clays). The USGS reports kao lin pro cessing in 
several categories: airfloat, calcined, delaminated, unprocessed, and 
water washed (Figure 13). Dry-processed kaolin includes airf loat 
processed and refractory- grade calcined categories. Wet-processed 
kaolin includes water-washed, delaminated, and pigment-grade cal- 
cined categories. The term s/ip is used in re ference to a low-solids 
kaolin mineral-water suspension that is wet proc essed to remo ve 
impurities or to en gineer particle size and related characteristics. 
The term slurry refers to af inal product that is a high-solids and 
dispersed kaolin mineral-water suspension containing chemicals to 
prevent unw anted particle agglomeration, gelling, settling, or 
microbiological growth. 


Feed Preparation 


Blunging is a process where dry-mined kaolin ore is made do wn 
into a mineral-w ater suspension with water in a range of 35% to 
70% solids (Murray 1980). The kaol in blung er is simply a tank 
with an impeller near the bottom. Blunging is the first step in feed 
preparation for wet-processed sedimentary kaolins and dry-mined 
primary kaolins. It is not used where kaolin is wet m ined with 
water-jet monitors. Many blungers are located at the head of pipe- 
lines that transport clay slip to the processing o peration. Pipelines 
may then extend tens of kilometers, as in the case of the Georgia 
kaolin operations, or hundreds of kilometers, as in the case of the 
kaolin operations in the Capim District of northern Brazil. 

The purpose of blunging is mechan ical disaggregation of the 
rock to sepa rate particles and chemical addition to keep particles 
dispersed. There are two facets of chemical dispersion of kaolin 
particles: 


1. pH adjustment to in duce a negative charge on both kaolinite 
particle edges and faces 


2. Use of dispersant chemicals to increase the negative charge on 
mineral surfaces and thereby increase particle repulsion 


The choice of pH used to disper se the kaolin slurry is partly 
dependent on downstream processes utilized for beneficiation. Typ- 
ically, pH is adjusted to around 6 .5 or 7.0 using sodium carbon ate 
(soda ash). Chemical d ispersants can be classified as inorganic or 
organic. Common inorganic dispersants used for kaolin processing 
include sodium sili cate, tetrasodium polypho sphate (TSPP), and 
sodium h exametaphosphate (SHMP). The most common organic 
dispersant used in kaolin processing is sodium polyacrylate. The 
choice of dispersants used for primary dispersion is based on (1) the 
ability to disperse the kaolin particles, (2) the tolerance by do wn- 
stream benef iciation processes, and (3) cost. Conley (1996) pro- 
vides an e xcellent re view of _ the principles and practices of 
chemical and mechanical dispersion. 


Refining, Degritting, and Desanding 


The concentration of kaolin clay from crude is called refining or 
desanding. The purpose of refining is to concentrate the kaolin min- 
erals from the other major rock-forming minerals by particle-size 
separation, thereby making it one of the first steps in kaolin benefi- 
ciation. Refining is aimed at removing sand- and coarse, silt-sized 
particles. The particle size target inthe refining proc ess | argely 
depends upon the particle-size di stribution of nonk aolin mineral 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Kaolin 393 





impurities in the ore. Desanding is the first proce ss st ep whe n 
kaolin is extracted from a primary deposit using a monitor, as in the 
case of the Cornwall and Devon deposits (Pemberton 1989). The 
term grit is used for particles greater than 44 um (3 25 mesh), so 
desanding is the process of de gritting. Kaolin ores th at have high 
kaolin contents, such as commercial sedimentary kaolin in Georgia 
and Brazil, have degritting steps early in the process that are typi- 
cally performed after bunging. 

The processes used for refining are a function of gangue parti- 
cle size and content. In Cornwall and Devon, where gangue parti- 
cles are lar ge and the major com ponent of the ore, clay-bearing 
materials washed from the pit walls collect in sediment ponds near 
the pit bottoms. Gra vel pumps m ove t he c lay-bearing ma terials 
from the sediment ponds to a spiral classif ier or a b ucket wheel 
desander. The spiral classifier is similar to the drag-box (sandbox) 
used for remo ving sand from sedi mentary kaolin dep osits. This 
process equipment enables coarse sand particles to settle into a con- 
centrate that can be mechanically removed and en ables the kaolin 
slip containing fine particles to overflow the trough and proceed to 
the next process. Screens are located throughout the kaolin refining 
and beneficiation process to remove coarse residues . Screens with 
very coarse mesh size may be utilized after desanding. Fine sand- 
and silt- sized particles are removed using hy droseparators and 
hydrocyclones. 


Classification and Fractionation 


Classification is synonymous with fractionation, the grading of par- 
ticles too sm all to be screened according to their size, shape, and 
density by contro | of their set tling rate th rough a fluid mediu m 
(USBM 1997). The continuous bo wl-type decan ter centrifuge, a 
major advance in kaolin processing in the 1930s, permitted the pro- 
duction of >80% <2 umk _ aolin pigments used fo r paper coating 
(Murray 1980). The decanter centrifuge has a solid-wall bowl con- 
taining a helical screw inside the bow] that rotates at a slightly dif- 
ferent speed. Sedimentation occur s inside the bowl, and the screw 
removes the coarse fraction to the discharge on one end of the rotat- 
ing assembly while the fines-bearing slip discharges over a weir on 
the opposite side. The disc nozzle centrifuge is another type of cen- 
trifuge used for kaolin processing that has a finer cut size for pro- 
duction of ultra-fine kaolin products. 


Brightness Beneficiation 


Kaolin beneficiation processes include a range of advanced process 
technologies such as magnetic separation, selective flocculation, flo- 
tation, reduced acid leaching, and oxidative bleaching. Physical sepa- 
ration processes, such as magnetic separation, selective flocculation, 
and flotation, concentrate kaolin while removing nonkaolin particles, 
the majority of which are discoloring impurities such as iron oxides, 
iron h ydroxides, titania minerals such as anat ase, tourmal ine, and 
micas or abrasive impurities such as quartz and feldspar. 

The high-intensity magnetic separ ator (HIMS) has been u sed 
in Georgia and Cornwall for kaolin processing since the 1970s 
(Mills 1977; Clark 1985). Removal of paramagnetic impurities from 
kaolin requires th at a dispersed kaolin slip slo wly pass thr ough a 
high magnetic field with high field gradient and multiple c ollecting 
surfaces. The conventional HIMS is an electromagnet that surrounds 
acentral canister that may be 2.1 m (84 in.) or 3.1 m (120 in.) in 
diameter with an effective depth of about 51 cm (20 in.). The canis- 
ters are f illed with a matrix of — stainless steel w ool. In the 198 Os, 
superconducting magnet technology was introduced for processing 
kaolin. The main benefit of superconducting magnets is their lo wer 
energy consumption, smaller size, and higher field strength that is 
about 5 Tesla versus about 2 Tesla for a conventional HIMS. Super- 


conducting HIMSs are fu rther divided into static and reciprocating 
magnets. The static superconducting magnets use the same operat- 
ing principles as a conventional HIMS, where the magnetic field act- 
ing on the canister is cycled on and off to allow flushing of magnetic 
impurities from the can ister several times per hour when the mag- 
netic field is elim inated. Reciprocating ma gnets typica lly have a 
higher duty cycle because the magnetic field is constant, and a mov- 
able dual c anister allows one canister to be in the magnetic field 
while the other canister is flushed to pur ge c aptured impurities 
(Stadtmuller, Goode, and Riches 1988; Stadtmuller et al. 1997). 

The objective of selec tive flocculation is to aggregate specific 
mineral particles into large agglomerates while leaving the remain- 
ing mineral particles in a dispe rsed state to permit mineral—mineral 
separation by gravitational settling. All Georgian and some Brazil- 
ian wet kaolin p rocessors use selective flocculation to remove ana- 
tase, which contains some i ron inthe natural state. The selec tive 
flocculation process de veloped by Ma ynard (Maynard, Millman, 
and Iannicelli [1969] and Maynard [1974]) is the most common pro- 
cess and requires the blunged kaolin slip at approximately pH 6.5 be 
(1) overdosed with sodium hexametaphosphate and sodium silicate, 
(2) conditioned with sodium chloride, (3) aged to allow anatase par- 
ticle aggregation, and (4) flocculated using a water-soluble, strongly 
anionic, hig h-molecular-weight polyacrylamide polymer to form 
anatase flocs that will settle ina thickener. Several improvements 
have been made to the select ive flocculation process including 
those described by Shi (1986); Behl, Willis, and Young (1996); and 
Garforth et al. (2000). 

Reverse froth flotation was introduced to kaolin processing 
in the early 1960s (Greene and Duke 1962; Grounds 1964; Cundy 
1976; Yoon and Hilderbrand 1986) to remove anatase from sedi- 
mentary kaolin ore. Sedimentary kaolin flotation entails adding a 
carrier such as ground calc ium carbonate (ground limestone) or 
divalent ion such as calcium or bar ium chloride toa dispersed 
kaolin slip to aggregate anatase. The slip is then conditioned with 
a collector such as fatty acid that coats anatase particle surfaces, 
making these surfaces hydrophobic so that the anatase will attach 
to air bubbles. 

Reduced-acid leaching and oxidative bleaching are chemical 
treatments a pplied to ka olin slurr ies to imp rove brightness and 
shade. The use of red uced-acid leaching to remo ve solu ble iron 
oxides such as he matite and goethite from kaolin slips has been 
around since the 1930s. Sodium hydrosulfite (sodium dithionite) is 
added to a clay slip that has been acidified with sulfuric acid to pH 
of 3. The sodium hydrosulfite creates a reducing chemical environ- 
ment that promotes the dissolution of iron oxides and iron hydrox- 
ides. The low pH keeps the iron in solution until it can be remo ved 
in the liquid phase from the clay slip by filters. The dissolution and 
removal of iron oxide and iron hydroxide minerals that absorb light 
on the blue portion of the visible light spectrum increase brightness 
and decrease yellowness. I n th e 1970 s, oxidati ve bleaching by 
ozone gas was introduced as a co st-effective method of brightness 
improvement. The ionization of the oxygen or dry air in the ozone 
generator creates ozone, which is then bubbled through ozone con- 
tact towers that allow the gas to oxidize organic matter contained in 
the clay slurry. 


Wet Grinding and Delamination 


Kaolin processors use grinding to reduce particle size and to help 
obtain mineral liberation for mineral separation processes. Delam- 
ination is the cleaving or parting of kaolinite stacks into finer platy 
particles (Figure 14). During the mid-1950s, the delamination pro- 
cess was initially by extrusion of coarse kaolin. In the la te 1950s, 
the U.S. Bureau of Mines (USBM) developed attrition grinding of 
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Courtesy of IMERYS. 


Figure 14. Electron photomicrographs showing (A) kaolinite stacks prior to grinding and (B) kaolinite plates after delamination and classifica- 


tion to a delaminated kaolin product 
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Courtesy of IMERYS. 

Figure 15. Electron photomicrograph showing calcined agglomer- 
ates composed of sintered kaolin particles. Porosity of the calcined 
kaolin agglomerate imparts opacity and light-scattering properties. 


clay slurries using sand or other media to delaminate and separate 
fine kaolinite platy particles (Feld et al. 1960). Delaminated prod- 
ucts show value in paper coating because they have good sheet 
coverage and printability. 


Dewatering 


Dispersed kaolin clay slurries are typically shipped by tanker truck, 
rail, or ship at about 60% to 70% solids, depending on product type. 
Kaolin slip solids in the processing operation can range from 5% to 
70%, depen ding on mining and blu nging technolo gy. Kaolin slip 
solids are typically between 15% and 35% at the leaching stage, 
which occurs after physical separation of impurities, particle classi- 
fication, an d grinding. Most dewatering technologies requir e 
obtaining a flocculated ka olin slip in preparation for reduced- acid 
leaching. Kaolin particles are flocculated when pH is adjusted to <5 
and chemicals such as alum and high molecular weight polymers 
are added to aid de watering. Thickeners, centrifuges, rotary vac- 
uum filters, and pressure filters are then used to dewater flocculated 
slip (Murray 198 0; Leung 1988) . De watering a dispersed kaolin 
slip is possible with use of centrifuges, membrane filters, evapora- 


tors, and back mixing with dried clay. The limitations of filtration 
technologies and the need to add_ water to _redisperse flocculated 
slip typically allow only evaporating and back mixing with dry clay 
to increase slurry solids to 65% to 70%. The spray-d ry back-mix 
process involves addition of spray-dried clay to slurry in a mixing 
tank in a prop ortion required to raise slip solids to the appropriate 
amount for shipping. 

Drying 

Kaolin can be dried using several types of dryers: spray, rotary, tray, 
fluid bed, and apro n. The spray dryer is the most common dryer 
technology used by U.S. and Brazilian kaolin producers. Spray dry- 
ing involves fe eding slip to an atomizer located atthe top of a 
heated chamber. Atomized droplets of slip quickly dry into beads 
about 0.25 to 1 mm in diameter with a moisture content between 
1 and 3 wt %. The other dryer technologies previously mentioned 
are fed undispersed filter cake. The apron dryer is a common pro- 
cess for making acid-lump type pr oducts that contain low levels of 
dispersant. A band conveys a 2.5 to 15 cm (1 to 6 in.) bed of shred- 
ded or extruded filter cake on a perforated apron through a tunnel- 
like chamber containi ng hot gases. Dried product can be loaded 
bulk into road, rail, or sea containe rs or packaged into 50 -lb or 1-t 
bags. Dried product can be milled or pulverized to a powder form to 
help further reduce moisture content and impro ve ease of product 
makedown into slurry for intended applications. 


Calcination 


Calcination is a thermal process that causes ka olin mi nerals t 0 
transform to other amorp hous or crystalline phases. The phase 
transformations that occur during calcination are the dehydroxyl- 
ization of kaolinite to metakaolinite at about 500°C and crystaliza- 
tion of m etakaolinite into mullite above 1,000°C. Calcination can 
increase the brightness of kaolin by burning off organic matter and 
structures the clay into aggregates (Figure 15). Calciners used by 
the kaolin in dustry include the horizontal rotary kiln and vertical 
Herreshoff. Mi lling is typ ically used on the calcined produ ct to 
break up coarse agglomerates and residue. 


Georgia Kaolin Processing 


Georgia kaolin is most commonly processed in the slurry form by a 
variety of advanced beneficiation methods (Pruett 2000). Typically, 
the wet-process plant f irst ble nds kaolin from se veral mines to 
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enable production of a sp ecific range of products. The kaolin is 

blunged into slurry that is then centrifuged to make products having 
a range of particle sizes, which then may be whitened and bright- 
ened by chemical reduction leachi ng, oxidation bleachin g, HIMS, 
selective flocculation, froth flotation, thermal calcination, and other 
proprietary methods. The refined kaolin products may be shipped 
to North American customers as hi gh-solids slurry in tank cars or 
dried for w orldwide e xport. In ty pical years, approximately tw o 
thirds of Georgia kaolin production is used in North Amer ica, and 
one third is exported, mostly to customers in Western Europe and 
southeastern Asia (Figure 16). About two thirds of the kaolin pro- 
duced in the Geor gia district by we t slurry processing is used as a 

pigment for coating fine printing papers (Figure 17) for use in mag- 
azines, catalogs, and annual reports. These slurry-p rocessed prod- 
ucts may also be used as a pigment extender in paints, plastics, 

adhesives, and sealants; for various ceramic, refractory, and catalyst 
raw materials; and as an ine rt binder in pha rmaceuticals. Export 
kaolin products may be shipped in bulk, in polypropylene big-bags, 
or by large metal shipping containers. 

A rather small percentage of _ Geor gia kao lin prod uction 
(Figure 13), and most of South Carolina’s production (374 kt, USGS 
2002), is processed by dry air-float methods. Dry processing is less 
costly than we t processing but is not capable of im proving kaolin 
quality other than by limi ted removal of grit mate rial. The typical 
dry-process plant hauls the kaolin from the mines by highway truck 
and sorts it at the plant into various different crude grades in several 
separate bins. The dif ferent grades of clay are blended as th ey are 
loaded into a slicer, which breaks the lumps do wn to feed a drye r. 
The dried clay is then transported on a column of rapidly moving air 
into a roller mill or other dry mill where the clay is pulv erized to a 
powder form. The a ir column swe eps the powdered clay from the 
mill through a whizzer or cyclone classifier where coarse sand-size 
particles can be removed as gangue or returned to the mill for further 
size reduction. Airf loat processed Geor gia and South Carolina 
kaolins are used for ceramic sanitaryware, dinnerware, and decora- 
tive tile; as a pigment extender in floor coverings, paints, insecticide, 
and herbicide carriers; and as aluminous raw material for fiberglass 
and portland cement manufacture. 


EXPLORATION 
Strategy 


The mo st effective exploration for ne w deposits of commercial 
grade kaolin is be gun by con sidering how the mineral was origi- 
nally concentrated, altered, or deposited. The history of a kaolin 
deposit’s formation is a useful i ndicator of the topogr aphy, eleva- 
tion, structural attitude, de gree of alteration, and stratigraphic 
sequence in which favorable deposits of kaolin are most likely to be 
discovered. 

As examples, the Devon and Cornwall-type h ydrothermally 
altered primary kaolins are typically discovered as alteration depos- 
its along high-an gle shear zones or joints in the parent granite and 
therefore are commonly found in near -vertical funnel-shaped con- 
centrations. Exploration for this type of kaolin takes into consider- 
ation the preferred orientation of joint systems that were used by 
hydrothermal kaolin izing fluids, which cut th etypes of granitic 
rocks that tend to be altered to commercial grade kaolin. Knowing 
that kaolinization occurs in the district to a depth of several hundred 
meters, a drilling program need s to be prepared to drill to at least 
that depth. 

By contrast, Sparta-type primary kaolin from middle Georgia 
formed by surficial weathering of the muscovite—biotite granite and 
therefore occurs asa near-surface pallid saprolite blank et beneath 
upland divides where the weathering zone has been seasonally wet- 
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Figure 16. Georgia kaolin production for 2002 compiled by the 
USGS. Total kaolin volume sold by Georgia producers in 2002 was 
6,830 kt with a value of $893 million. 
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Figure 17. Electron photomicrograph showing a cross-section of 
coated paper. The very bright lines at the top and base of the paper 
are kaolinite coatings. The bright regions between the coating and 
darker-colored wood fibers are mineral filler. 


ted and dried. By this model, Sparta-type primary kaolins a re not 
expected to occur beneath stream valleys which ha ve been continu- 
ally w ater saturated. A dril ling st rategy for this type of primary 
kaolin concentrates on shallow exploration and stops coring when the 
saprolite begins to contain unaltered feldspars from the parent rock. 

As a further example, the v ery producti ve central Geor gia 
kaolins and eastern Amazon re gion Brazilian kaolins wer e depos- 
ited in lo w-energy water bodies associated with a fluvial deltaic 
sedimentary environment. These kaolin deposits therefore occur as 
clay lenses scattered in fining-upward sedimentary sequences. The 
common presence in Georgia of a thick overlying smectitic marine 
clay unit suggests that e xploration needs to be concen trated along 
elevations where the marine clay cover has been breached by later 
erosion, allowing fresh groundwater to access the kaolin lenses and 
to oxidize sulfide minerals and organic matter. 


Necessity for Continuous New Exploration 


Because most kaolin mining operations require a very large capital 
investment f or p rocessing plan t construction and for periodic 
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Table 6. Typical drill spacing plan for kaolin exploration and mine 
development 


Drill hole grid spacing 








Intent of drilling campaign m ft 

Initial exploratory work 120 400 
Preliminary proving of reserves 60 200 
Preparation for stripping and mining 30 100 
Mine quality control 15 50 





Table 7. Kaolin pigment grade structure for application in paper 
coatings. Particle size is reported at the range midpaint as equivalent 
spherical diameter (esd) using a gravitational settling particle-size 
analysis method. 





Grade Particle Size, esd 
Ultrafine 98 wt %, <2 pm 
Fine #1 95 wt %, <2 pm 
#1 90 wt %, <2 pm 
#2 85 wt %, <2 pm 
#3 65 wt %, <2 pm 





upgrades, there is a continual n eed for at least se veral decades of 
ore reserves. 

Many types of kaolin deposits can be worked to produce quite 
variable recovery of finished clay products from large tonnages of 
crude kaolin. As examples, the De von—Cornwall primary kaolin 
pits are said to yield 8% to 20% finished product from wet crude 
ore. At the other extreme, the Rio Jari fine particle size, sedimen- 
tary k aolin deposit in northeaster n Braz ilis re puted to p rovide 
product recovery of about 70% finished product from a wet crude 
ore. Whatever the anticipated recovery for the kaolin district being 
mined, the e xploration manage r mu st continually disco ver an 
increasingly large tonnage of proven ore reserves in order to main- 
tain a future clay reserve to support investment in costly new plant 
and equipment. 


Exploration Methods 


In areas where core drilling equi pment is a vailable, ne w kaolin 
deposits are discovered by widely spaced “wildcat” drilling in areas 
near previously known commercial deposits and at elevations or 
areas of favorable geology. This initial discovery drilling may be 
done at drill-hole spacing of 240 m (800 f t) or greater. Once com- 
mercial quality k aolin is encountered by this type of drilling, it is 

customary to ha ve a surveyed grid laid out for carefully spaced 
drilling to de velop an actual mini ng plan. T ypically, this type of 
sequential development drilling is done by variations of the spacing 
plan shown in Table 6. In the Georgia kaolin district, ty pical core 
drilling equipment is truck-mounted units with integral mud pump 
equipped with adoub le-tube core barrel and hard-metal allo y 
tipped bits. Core may be NX (nominal 2!/s in. diameter), which pro- 
vides sufficient samples for extensive laboratory testing. 

Typically, in this typ e of kaolin exploration, the o verburden 
and nonkaolinitic zones are drilled through by “fishtail” bit without 
coring. When kaolin cuttings are observed in the drill fluids, th e 
core barrel is inserted into the borehole, and continuous core sam- 
ples are taken until the clay zone has been completely penetrated. 
The clay core is forced from the inner barrel by hydraulic pressure 
from the mud pump. Kaolin core is carefully marked to identify the 
property drilled, the grid location of the hole, and top and bottom 


depths of the interval sampled. The core is then packed in wooden 
or cardboard boxes, or bagged by depth interval, and transported to 
the core testing laboratory. 

In the core testing laboratory the kaolin is trimmed to remove 
contamination, analyzed for crude clay quality, and then tested for 
potential product quality by replicating on the lab bench scale the 
beneficiation performed in the processing plant. Typically, labora- 
tory tests are done for grit (+325 mesh) residue content, brightness, 
color, part icle size, low- and high-shear viscosity , and fo r other 
physical and chemical properties needed by the customer. Testing 
results are posted on carefully scaled grid maps, which are used as 
the basis for all mine planning, initial quality control, and reserve 
calculations. 


MINING METHODS 


Primary kaolin deposits, with _ their typi cal la rge per centages of 
coarse grit material,commonly havea soft, me aly te xture. This 
type of primary kaolin is often mined by a “water cannon” or moni- 
tor, by which the clay is washed from the bank or highw all by a 
high-pressure stream of water. The resulting clay slurry flows to the 
lowest portion of the pit where most coarse _ grit par ticles are 

allowed to sett le out from the kaol in slurry , which is pumpe d 
through a pipeline to the refinery. 

The more-conce ntrated sedime ntary kaolin depo sits, which 
have much | ower grit content due to the fluvial process of sedi- 
mentary winnowing, are usually mined by dry excavation methods. 
The open pit mines are laid out from about | to 15 hectares (acres) 
in size, depending on economics, ore zone thickness, and produc- 
tion demand f or the exposed kaolin. Overburden is remo ved by 
backhoe and lar ge capacity off-road haul trucks, two-motor pan 
scrapers, or dragline. Pit highwall slopes are usuall y worked at a 
1:1 ratio, or 45 degree angle, and may be as deep as 45 m (150 ft) 
or even more if necessary. Average overburden to clay ratio may be 
as high as 4:1 to 8:1, or even higher if the kaolin is of a particularly 
needed grade. 

Many of the deeper kaolin mines may need to contend with 
large v olumes of groundw ater, from either perched or artesian 
water zones. Mine water levels may be controlled by de watering 
from a ditch encircling the perimeter of the pit. Excessive ground 
and surface water is pumped from a sump located in the ditch to an 
impoundment area where the water is clarified prior to being dis- 
charged into nearby streams. Alternatively, dewatering wells can be 
used to lower the artesian water level in particularly wet and deep 
kaolin mines. 

After excavation, the kaolin is transported from mine to pro- 
cessing plant by two basic methods: as dispersed slurry by pipeline 
or as solid lump clay by highway haul trucks. The slurry transport 
system is much less costly after the pipeline cost is amortized, and 
also sa ves on fu el costs and pot ential damage to public road s. 
Slurry transport of the kaolin has the additional advantage of allow- 
ing degritting operations at the mining area, where the grit can be 
disposed of with overburden. 


TRENDS 

Production Statistics 

The USGS and t he China Clay Producers Associa tion (CCP A) 
compile statistics on worldwide kaolin production. The CCPA sta- 
tistics (a vailable fro m ht tp://www.kaolin.com) fo cus on paper 
grades p roduced i n Geo rgia by the four maj or we t-processed 
kaolin pr oducers: Eng elhard, IMERYS, J.M. Hu ber, and Thiele 
Kaolin Company. The CCPA categorizes several grades based on 
product p article size, b rightness, or ad ditional pr ocessing. Stan- 
dard kaolin grades typically have GE b rightness between 84 and 
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89 and spec ified particle-size range s (Table 7). Hi gh-brightness, 
paper-coating kaolin typically has GE brightness of >89. Hig hly 
processed grade s incl ude del aminated, calcined, a ggregated, and 
engineered. 

Particle shape and particle-size distribution are properties that 
are now engineered into many pigments to add func tional value in 
specific ma rket segments or t o spe cific c ustomer ne eds. T hese 
products comprise the engineered grade category. Particle engineer- 
ing has reduced the importance of the coating kaolin grade structure 
based on particle size (T able 7) and raised the importance of the 
pigment’s functional performance in the customer’s application, 
much like a specialty chemical (Bundy 1993). The kaolin industry’s 
move to engineered pigments and functional fillers, similar to other 
engineered industrial minerals, prevents simple commoditization of 
kaolin into a few grades that fit all consumer needs. 


Market Trends 


Several factors strongly influence the volumes of kaolin produced 
to meet global market demands: 


¢ The paper market drives the demand for world production of 
beneficiated kaolin products (Figure 18). In 2000, about 79% 
of Georgian produ ction, 90% of Brazilian productio n, and 
75% of Cornish production was for the paper market. 


¢ The growth in kaolin production is mostly related to its use 
since the 1930s as a pigment to improve the appearance and 
printability of coated paper and coated paper board (Figures 
10 and 18). 


* Since the 1940 s most paper -coating kaolin has come fro m 
sedimentary kaolin ores (Figure 10). 


* Kaolin demand for pap er filling has fallen since the 1980s. 
This is see nin the U.S. market, where precipitated calcium 
carbonate (PCC) has replaced kaolin as the filler of choice in 
uncoated w oodfree (freesheet) pa per grades. This choice is 
paper-mill specific and driven by (1) PCC’s high brightness 
and light-scattering properties relative to regular brightness of 
hydrous kaolin, (2) the availability of carbon dioxide from the 
paper mill’s lime kiln, and (3) the re lative 1 ogistics c ost of 
delivered kaolin and lime. 


The kaolin growth rate for paper coating diminished in the late 
1990s as European-type coated papers that contain high levels 
of calcium carbonate gained market share. This change in the 
growth rate cau sed the oversupply of kaolin pigments and 
resulted insome manufacturing shutd owns in th e Unite d 
States and the United Kingdom (Figure 10). The number of 
wet-processed kao lin producers in Georgia dropped to four 
from six active companies in the early 1990s. Brazil has con- 
tinued to grow because o f the favorable quality and cost of 
products produced in the Amazon region. 


REGULATORY AND ENVIRONMENTAL CONSIDERATIONS 
Health and Safety 


Kaolin producers must comply with health and safety re gulations. 
Health regulations enforced by state and federal government bodies 
cover aspects of worker safety in the mines and process operations. 
In the United States mine and associated milling and laboratory 
workplace safety and h ealth is regulated by the U.S. Mine Safety 
and Health Administration (MSHA). Kaolin operations in the Euro- 
pean Union and Brazil also comply with similar strict workplace 
safety requirements. For example, Brazil requires manufacturers to 
have on-site medical staff at production operations. 
The health and safety of employees w orking for customers 

and for the end users are also.  aconcernfor kaolin producers. 
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Figure 18. Georgia kaolin production for paper filling and paper 
coating, 1900-2002 


Kaolin is recognized as achemically inert material that can be 
safely used and handled in many applications. Most wet-processed 
kaolin products co mply with U.S. Food and Drug Administration 
(FDA) or equivalent regulations for use in food contact applications 
with paper and paperboard. FDA compliance covers the minerals as 
well as the chemicals used during processing and for slurry preser- 
vation, including biocides. Some kaolin products also are designed 
to meet pharmaceutical or United States Pharmacopeia (USP) regu- 
lations where the product may be ingested, as in the case of anti- 
diarrhea medications. USP regulations determine permissible levels 
of metals and other compounds in the processed kaolin. Kaolin dust 
can pose a pulmonary hazard at high levels over extended periods 
of exposure, and some k aolin products may contain low levels of 
crystalline silica , such as natural quartz particles. The p roduct 
material safety data sheets (MSDS) should be consulted when han- 
dling any product. 


Pollution Control 


Kaolin p roducers invest sign ificant resources on environmental 
compliance to meet local and federal environmental re gulations. 
Although the mining process disrupts land, mines are reclaimed to 
their original topography or improved by development of wetlands 
or ponds. To prevent soil erosion and to recond ition the restored 
soils, mine lands are replant ed with grasses. Recl aimed kaolin 
mine lands in Georgia and Brazil are frequently re planted with 
trees. In Cornwall, one mined-out pit became the site of the Eden 
Project, a series of domes that contain flora from different climates 
and continents. 

Emissions fr om ka olin pr ocess oper ations are strictly con - 
trolled. Coarse mineral tailings and slimes from kaolin beneficia- 
tion are emptied into impounds that are acidified to flocculate and 
remove sol ids. In complia nce with wate r permits, t he c larified 
water dischar ge from these impounds is c hemically neutral ized 
prior to discharge into streams. Air emissions are also strictly con- 
trolled by permits that limit the levels of dust, sulfur dioxide, and 
nitrous oxides di scharged into the a tmosphere. En vironmental 
compliance is engineered into kaolin process operations, and most 
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operations make every effort to maximize kaolin recovery to pre- 
vent unwanted losses that fill impounds. 

Sustainable development is a relatively new term that encom- 
passes the past practices by kaolin producers to carry on long-term 
stewardship of the land, to maintain a healthy and safe environment 
for workers and neighbors, and to minimize raw material and energy 
consumption. The close dependence between local communities and 
kaolin producers requires continued discourse to resolve issues and 
maintain productive relationships. Innovation in terms of processing 
and product development are necessary to maintain the viability of 
the business relative to competition and increasing costs, as well as 
to extend reserves to resources once not considered economically 
useful. 
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INTRODUCTION 


The hormite clay miner als palygor skite and sepiolite are elongate 
clays that ha ve many import ant industrial applica tions. Important 
deposits of these clays occur in th e United States, Ch ina, Sene gal, 
Spain, India, and Ukraine. The majority of the deposits are Miocene 
in age. Mining is by open-pit me thods, and the processing is dry , 
although there is some wet processing for special applications. 

Palygorskite and sepiolite are hydrated magnesium, iron, and 
aluminum silicates. In the United States, the term attapulgite is 
used in place of palygorskite; however, the International Nomencla- 
ture Committee determined that palygorskite is the preferred name 
(Bailey et al. 1971). 

In 1862,Sa vchenkov used the name “palyg orskite” to 
describe a miner al from the Palygorsk locality in the Ural Moun- 
tains (Hay 1975). J. deLapparent proposed the name “‘attapulgite” 
for clays from Attapulgus, Georgia, in the United States, and from 
Mormoiron in France, because he thought them to be different than 
palygorskite, but Bailey et al. (1971) proved them to be the same. 

Both palygorskite and sepiolite are referred to as sorptive clays 
because of their large surface area and high sorpti ve capacity. The 
term fuller’s earth adds additional complica tions to the nom encla- 
ture. Fuller’s earth is more or less a catchall term for clays and other 
fine-grained earthy materials suitable for bleaching and sorbent 
uses. It has no comp ositional or mineralogical meaning. Fuller ’s 
earth was first applied to earthy materials used in cleansing and full- 
ing wool, thereby removing lanolin and dirt—thus the name fuller’s 
earth (Robertson 1986). The term “fuller’s earth” is used quite often 
for palygorskite and _sepiolite, some sm ectites, and other sorpti ve 
materials. For more detailed information, refer to the chapter on 
fuller’s earth elsewhere in this volume. 

Because of the elongate shape of palygorskite and sepiolite, 
the industrial applications are many and diverse. The elongate shape 
of the particles prevents flocculation, so these clays are used as sus- 
pending agents in systems with high electrolyte concentrations. 





* Atthe 13th International Clay Conference held in August, 20 05, in 
Tokyo, the International Nomenclature Committee recommended that use 
of the te rm “hor mites” be discon tinued and all future r eferences be 
replaced with palygorskite and sepiolite. Therefore, this chapter , origi- 
nally titled “Hormites,” has been renamed “P alygorskite and Sepiol ite” 
and re ferences to horm ites throughout the chapter have been replaced 
with palygorskite and sepiolite. 
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MINERALOGY, OCCURRENCE, AND ORIGIN 
Mineralogy 


Both palygorskite and sepiol ite are 2: 1 layer silicates, which means 
that the octahedral layer is bound above and below by a silica tetrahe- 
dral sheet. The tetrahedral sheets are linked infinitely in two dimen- 
sions. These two minerals are st ructurally different from other clay 
minerals in that the oct ahedral sheets extend in only one dimension 
and t he t etrahedral she ets ar e di vided in to ri bbons by ap eriodic 
inversion of rows of tetrahedrons. Figure | sho ws the structure of 
palygorskite (attapulgite) and Figure 2 shows the structure of sepio- 
lite; the channels between the ribbon strips are larger in sepiolite than 
in palygorskite. In pal ygorskite the dimensions of the channels are 
approximately 4 A by 6 A and in sepiolite the dimensions are about 
4A by 9.5 A. Figure 3 shows a scanning electron micrograph (SEM) 
of pa lygorskite. The general chemica | form ula for pal ygorskite is 
Mgs (Si g020) (OH) 2 (OH 2)4 * 4H 20a nd for sepiolite is Mgsg 
(Sij2039) (OH)4 (OH2)4* N H20. 

These two cl ay mineral s cont ain two ty pes of w ater—one 
coordinated to the octahedral cations and the other loosely bonded 
in the channels. The latter water is referred to as zeolitic water. The 
channels may also contain exchangeable ca tions. The el ongate 
morphology and the presence of the channels are the most impor- 
tant physical attributes, which are described later in this chapter. 

Palygorskite is more common than sepiolite. Usually , minor 
quantities of sepiolite are associated with the pa lygorskite. The 
major exception is the large sepiolite deposit near Madrid in Spain. 
Minor minerals in these deposits are smectite, quartz, dolomite, cal- 
cite, and occasionally clinoptilolite. 

Bradley (1940) determin ed the structure of palygorskite and 
Brauner and Preisinger (1956) determined the structure of sepiolite. 
Merk] (1989) in his study of the palygorskite deposits in south Geor- 
gia and no rth Florida obser ved two distinct morph ological forms: 
short-length palygorskite an d 1 ong-length palygor skite. The short 
form is 2 um or less, and the long-length form is greater than 10 um. 
He determined that the short-length form had alow magnesium con- 
tent, whereas the long-length form had a high magnesium content. 


Origin and Occurrence 


The im portant deposit s of pal ygorskite and sepiolite occur in 

southeastern United States, China, Sene gal, Spain, and Ukraine 
(Figure 4). All these major de posits are Eocene or Mi ocene in 
age. The origin of these deposits is some what uncertain, but in 
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general most formed in shallow marine lagoons or tidal flats and 
in supersaline lakes. The magnesium needed to form the palygor- 
skite, sepiolite, and dolomi te was apparently introduced by the 
reaction of detrital material with magnesium-rich brines and salts 
resulting from the evaporation of the entrapped sea water (Patter- 
son 1974). The pal ygorskite and sepiolite preci pitated in these 
hypersaline r estricted lago ons or lak es. The do lomite for med 
under conditions in which the amount of alumi num and silicon 
was less available from the clastic materials that entered the basin 
(Weaver and Beck 1972). 


United States 


The palygorskite-rich deposits in south Georgia and north Florida 
dominate the w orld’s production. The dep osits e xtend fr om 
Quincy, Florida, on the south to the Meigs, Georgia, area on the 
north (Figure 5), about 80 km. The deposition of the palygorskite 
took place in a shallo w water trough that co nnected the Gulf o f 
Mexico with the Southeast Georgia Embayment on the Atlantic 
Ocean (Merk! 1989). The seawater in this trough w as character- 
ized by fluctuating salinities, and at times the lagoons were closed 
off fr om no rmal ci rculation. There was su fficient magnesium 
present to precipitate palygo rskite. The m ineralogical cont ent 
changes from dominantly palygorskite in the Quincy—Attapulgus 
District to a mixture of smectite and palygorskite in the northern 
area around Ochlocknee and Meigs. Millot (1970) belie ves th at 
smectite is transformed t o pal ygorskite and sepiolite in a saline, 
alkaline wate r e nvironment. T hese Geo rgia—Florida de posits are 
early to middle Miocene in age. 

The p alygorskite-type f uller’s earth o ccurs in two dist inct 
stratigraphic intervals. The younger Meigs Member of early middle 
Miocene age unconformably overlies the Dogtown Clay Member of 
late Lower Miocene age (Figure 6). Both of these members are part 
of the Hawthorne Group. The Meigs Member contains about equal 
proportions of smectite and s hort-length palygorskite along with 
quartz anda small amou nt of se piolite, Opal-A, and sporadic 
amounts of clinoptilolite. In some sections of the deposit, diatoms 
comprise up to 50% or more of the f abric. The Dogtown Member 
has longer length palygorskite and minor amounts of quartz, smec- 
tite, and dolomite along with trace amounts of pyrite (Merkl 1989). 
The deposits in the Dogto wn Clay Member in the southern district 
range from 2 m to slightly more than 3 m in thickness. The deposits 
in the Meigs Member in the northern district near Ochlocknee and 
Meigs range from 9 to 14 m in thickness. 

Sepiolite is mined in sma ll qua ntities n ear La throp W ells, 
Nevada, about 160 km north west of Las Vegas in the Amar gosa 
Valley. The sepiolite occurs in thin beds less than 1 m th ick inter- 
bedded with deposits of saponite. These deposits are Pleistocene in 
age (Papke 1969). 


China 


Palygorskite is mined and processed in an area located near the pro- 
vincial b oundary of Anhui and Jiang su near Guanshan and Xuy i, 
respectively (Figure 7). At the Guanshan deposit, the palygorskite 
occurs directly b eneath a thic k basalt. The palygorskite ranges 
between 3 an d6 min thickness (Zh ou and Murray 200 3). The 
palygorskite in the Guanshan deposit was precipitated in a lacustrine 
environment as the alteration product of a basaltic ash (Zhou 1996). 
The deposits are in the u pper member of the Huaguoshan Forma- 
tion, which is Middle Miocene in age (Figure 7). W ithin the last 
20 years, more than 20 high-quality palygorskite deposits have been 
discovered in the area shown in Figure 7. The Geological Survey of 
China estimate d that there are m ore than 200 Mt of pa_lygorskite 
reserves in this area. The mineralogy of these deposits is dominantly 
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Figure 5. Location of the south Georgia-north Florida fuller’s earth 
deposits 


palygorskite with minor amounts of smectite, quartz, and dolomite. 
In the Guanshan deposit, the smectite content increases significantly 
below the palygorskite layer. 


Senegal 


Palygorskite is mined near the town of Theis, Senegal, which is 
approximately 100 km east of Dakar. In this area, the palygorskite 
directly overlies an aluminum phosphate deposit that is also mined. 
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Figure 6. Stratigraphic relationship of the Meigs Clay and Dogtown 
Clay members 


The age of the palygorskite is Early Eocene, and the beds range 
from 2 to 6 m in thickness (Wirth 1968). The palygorskite is trans- 
ported by truck to Dakar, and the majority is shipped to Europe. It 
is estimated that ab out 400 kt are processed and ship ped annually. 
The palygorskite is used fo r industrial absorbents, pet litter , and 
drilling mud mainly in the North Sea. The deposits are palygorskite 
along with minor amounts of sepiolite, quartz, and dolomite. The 
palygorskite beds extend south-southwest from Theis to the south- 
ern border of Senegal, a distance of about 100 km. The overburden 
is very thin, usually less than 2 m. 


Spain 

The world’s major commercial sepiolite deposit is located at Vical- 
varo near Madrid. The sepiolite was precipitated in Tertiary lakes in 
an evaporitic sequence (Huertas, Lima res,and Martin-Vivaldi 
1971). The thickness ranges from 1 to 5 m. The major uses for this 
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Figure 7. Location of palygorskite deposits in China 


sepiolite are pet litte r, agricultural carriers,a nd drilling mud. 
Approximately 500,000 t are produced annually from the deposits at 
Vicalvaro. Other locations in Spain producing palygorskite and sepi- 
olite are Toledo, Torrejon el Ruhe, Lebija, Almeria, and Maderuelo 
(Griffiths 1991). Galan (1 996) reviewed the properties and applica- 
tions of the these clays and showed the relationship between the 
structure, composition, and physical properties and their industrial 
applications. Galan et al. (1976) described a deposit of palygorskite 
in the province of Caceres. In addition to the applications previously 
mentioned, palygorskite and sepiolite are used in plastics, mastics, 
catalysts, bleaching earth, ceramics, and binders for animal feed. 


Ukraine 


Ovcharenko et al. (1964) described large deposits of palygorskite of 
Lower Miocene age. Near Kiev, Ukraine, in the Cherkassey District, 
palygorskite is mined primarily for use in drilli ng muds. The 
palygorskite in Ukraine occurs in the central portion of the Ukrai- 
nian crystalline massif in the regions near Cherkassey and Kiev. The 
palygorskite-rich bed occurs in the middle section of a bentonite 
deposit and is Lo wer Miocene in age ( Ovcharenko and K ukovsky 
1984). The thickness of the palygorskite layer is approximately 2 m. 
Smectite, hydromica, and quartz are the other minera | constituents 
in the palygorskite-rich layer. 


Other Locations 


Palygorskite occu rs in W estern Australia in a surf ace deposit at 

Lake Marromyne. In Turkey, sepiolite is produced near Eskisehir in 
Anatolia. In Somalia, a dep osit of sepiolite is used mainly to pro- 
duce de corative c arvings that are sold to to urists. In Guatemala, 
there is a deposit of palygorskite about 40 km from the Gulf of 
Mexico and 30 km south of the Belize border. 
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Figure 8. Process flow sheet for palygorskite and sepiolite 
production 


MINING AND PROCESSING 


Palygorskite and sepioli te are surface mined. The o verburden is 
stripped with motorized scrapers, draglines, shovels, or bulldozers. 
The c lay is mined using shovels, backhoes, small draglines, or 
front-end loaders, and is then loaded in trucks th at transport the 
clay to the processing plant. The processing is generally quite sim- 
ple, involving cr ushing, d rying, c lassification, an d pulverizing. 
Figure 8 shows a general process flow sheet. Special processes to 
enhance certain properties are sometimes used, including extrusion 
to se parate t he el ongate p articles; ad ding 1% or 2% Mg Oto 
improve the viscosity for use in drilling muds or thickeners; high 
heat drying to remove the zeolitic water from the channels in the 
structure, whi ch produces L VM (1 ow-volatile m aterial) that 
improves t he sorbent properties; and ultr afine pu lverization to 
improve suspension properti es and increase the surf ace area for 
use incertai n pharma ceutical and paint a pplications. Some 
palygorskites are acid activated to enhance their bleaching activity 
for use in clarifying edible and nonedible oils. This acid activation 
process can be dry, or wet if a superior bleaching earth is required. 

Pet litter and agricultural absorbents are granular products that 
are produced by dryin g, roll crushing, and screening to a sp ecific 
granular size. The granular products generally are 15/30, 30/60, and 
60/90. This means that the granule passes through the first number 
and is retained on the second number. A 15/30 pro duct means that 
all the granules range between 15 and 30 mesh. 
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PHYSICAL PROPERTIES AND APPLICATIONS 


Particle size , sha pe, distr ibution, sur face are a, che mistry, a nd 
charge are important ph ysical properties that relate to the applica- 
tion of palygorskite and sepiolite. The properties of these clays that 
relate to their applications are 


2:1 layer and inverted structure 
Octahedral substitutions (Mg, Fe, Al) 
Moderate charge on the lattice 


Moderate base exchange capacity (30 to 50 meq/100 g) 


Elongate shape 


Specific gravity 2.0-2.3 g/em? 
Mohs hardness 2.0—2.5 

High surface area (150 to 320 m?/g) 
High absorption capacity 


High viscosity 
API (American Petroleum Institute) yield—100 to 115 bbl/t 


The most important physical property of t hese clays is their 
elongate shape, because in m any applications it is the controlling 
property. Con siderable substitution of aluminum by magnesium 
and ironin the octahedral layer gives the particles a moderately 
high surface charge. This surface charge and the high surface area 
give the clays a moderate exchange capacity normally ranging from 
30 to 50 meq/100 g. The large surface area of more than 100 m/g, 
the charge on the lattice, and the periodic inverted silica tetrahedra, 
which creates parallel channels in the lattice, give paylgorskite and 
sepiolite a high sorptive capacity. These properties, along with the 
elongate habit of the minerals, make them ve ry useful in m any 
industrial applicat ions. The high viscosity of liquids into which 
these clays are added is a physical rather than a chemical viscosity, 
which makes for a very stable suspension viscosity. 

The more important in dustrial applications of palygorskite 
and sepiolite follow: 


« Adhesives 


¢ Agricultural carriers 


Laundry washing powders 


Metal drawing lubricants 


¢ Animal feed bondants Paint and coatings 


¢ Anticaking agent ¢ Paper 

* Catalyst supports Pet litter 

¢ Decolorizing oils ¢ Pharmaceuticals 

¢ Drilling fluids * Polishes 

¢ Environmental liners * Reinforcing fillers 

¢ Foundry sand binders ¢ Suspension fertilizers 


¢ Granular carriers Tape joint compounds 


¢ Industrial floor absorbents = * Wax emulsions 


One of the more important and larger uses is in drilling fluids, 
where both the viscosity and the gel strength of the mud are not 
affected by variations in electrolyte content as are drilling muds in 
which bentonite is used. Palygorskite and sepiol ite drilling muds 
can be used with salt water or when formation brines become a seri- 
ous problem. The sp ecifications for their use (API Specif ication 
13A) in drilling mud f ollow. These me asurements are m ade in 
water containing 40 g of salt (NaCl) per 100 cc of water. 

¢ Viscosity—30 centipoise minimum at 600 rpm 
¢ Yield point/plastic viscosity ratio—3 maximum 
+ Filtrate volume—15 cm? maximum 

* Residue—75 pm—4.0 wt % maximum 


Table 1. Annual 2004 world production of palygorskite and 
sepiolite, st 


United States 1,200,000 
Spain 900,000 
Senegal 150,000 
China 70,000 
India 60,000 
Others 100,000 

Total 2,480,000 





The clays are not flocculated because of their elongate parti- 
cle shape, and thus they are used as suspending agents and thicken- 
ers in paint, medicines, pharmaceuticals, and cosmetics. Ultrafine 
pulverization to 95% less than 10 pm subst antially im proves the 
suspension properties. Another large use is as floor-sweep com- 
pounds that absorb oil and grease spills on factory and service sta- 
tion floors and in other areas. where oil and grease spills are a 
safety problem. Granular clay particles are the most effective type 
of floor absorbent. 

Palygorskite and sepiolite are used extensively in agricultural 
applications as absorbents and carriers for chem icals and_pesti- 
cides. High heat drying at a temperature high enough to remove the 
zeolitic water in the structural channels improves the sorbent prop- 
erties. The chemical or pe sticide is mi xed with the clay granules 
and then placed in the ground with the seed. Tests for absorbent 
granules are done using the General Services Administration’s Fed- 
eral Specification P-A-1056A. The pesticide or chemical fertilizer 
is slowly released to provide the necessary protection or fertilizer 
for the gro wing plant. Finely pul verized clays are also used to 
absorb chemicals, which can then be dusted or sprayed on the plant 
or on the surface of the ground. 

Another very large use for palygorskites and sepiolites is pet 
litter. Granular particles of the clay are an effective litter for absorb- 
ing animal waste, particularly for domestic cats. The clay granules 
absorb the waste and greatly minimize the odors. 

Haden (1 963) described the properties and applications of 
palygorskite and pointed ou t both the colloidal and non colloidal 
characteristics that make it an important industrial clay. In the past, 
palygorskite was used as acat alyst in no carbon required (NCR) 
paper, but today this is a very minor application. An important future 
application of paygorskite and se piolite will be in blends with 
sodium bentonite in landfill and toxic waste liners or barriers (Keith 
2000). The estimated annual world production figure in 2004 totaled 
more than 2,400,000 st. Table 1 gives a breakdown of this estimate. 


FUTURE CONSIDERATIONS AND 
ENVIRONMENTAL ISSUES 


All palygorskite and sepiolite are surface mined and, in most coun- 
tries, the mining company is re quired by | aw to reclaim the land. 
Common practice is to open a cut, mine the clay, and then spoil the 
overburden from the ne xt cut into the mined-out area. The spoil is 
leveled or sloped to meet the standards prescribed by the govern- 
ment, and grasses and/or trees are planted. Sometimes the topsoil is 
put back on top of the spoil and used for agriculture. 

In each of the producing areas described in this chapter , the 
reserves are substantial, so there is no immed iate concern abou t 
production in the foreseeable future. Current w orld production is 
more than 2 Mt. The markets for both palygorskit e and sepiolite 
will continue to expand in the future. An annual growth rate of 2% 
to 5% is anticipated. 
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In the processi ng plants, the major environmental issue is air 
quality because of dust. Air quality is maintained by using dust col- 
lectors on dr yers, pulv erizers, ba ggers, and belt-transfe r points. 
These elongate clays have not been shown to be serious health haz- 
ards. Dust, ho wever, if inhaled in considerab le amounts day after 
day, can cause lung problems. Therefore, using dust collectors, face 
masks, and other de vices protects the workers from inhaling too 
much dust. Most clay dust contains quartz, which is a crystalline sil- 
ica. Cryst alline silica is a suspect ed carc inogen. Most all of the 
quartz, however, is 20 ym or larger, which is not in the respirable 
range of 2 to 10 um. The small amount of quartz in the respirable 
range is occlu ded, which means th at the quartz is co vered by clay 
particles, so the crystalline silica does not contact the walls of the 
lungs. P alygorskite and sep iolite contain no deleteriou s trace ele- 
ments or chemical compounds that are hazardous to human health. 

Several studies have been made to de termine if the elongate 
clay particles are a possible carcinogen, but to date all the results 
indicate it is not a carcinogen. 
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INTRODUCTION 


Naturally occurring rocks and clays have served as refractories since 
they were first used for ovens in China around 30,000 BC. The earli- 
est fired clay refractories appeared later, about 4000 BC. These mate- 
rials met most industrial needs until the 19th century and the onset 
of the industrial revolution. This technological transition created a 
need for better refractories and refractory tech nology to meet the 
demands of the gro wing industries, especially steel manufacturing. 
As ar esponse to this need, hi gh-purity silica brick and magnesite 
brick were introduced in the mid -1800s, and carbon and carb on- 
bonded brick were introduced in the late 1800s. In the United States, 
the American Ceramic Society was founded in 1899, in part to meet 
industry demands for impro ved refractories. Further de velopments 
included the introduction of synthetic raw materials in the late 1800s 
and dolomite bricks in the early 1900s, although their use was lim- 
ited until the mid-1900s. Synthetic raw materials have since enabled 
the production of refractories with higher purity and performance, 
but with higher costs than those produced from mineral ra w materi- 
als. Today’s refractories are produced from minerals, from synthetic 
raw materials, and from combinations of the two. 

Refractory c lays are us ed mainly in makin g firebricks and 
blocks of many shapes, insulating bricks, saggers, refractory mor- 
tars and mixes, monolithic and castable materials, ramming and air 
gun mixes, and other products. In Europe and elsewhere, a product 
called chamotte (Anon. 1972a, 1972b) is made by calcining high- 
grade fire clays and other kaolinitic clays. A similar material pro- 
duced in the United States is called calcined clay or calcined kaolin. 
A related material called mullite refractory is made by calcining 
bauxitic clay or claye y bauxite. Chamotte and ca Icined clay must 
be further fabricated into finished refractory products. Considerable 
tonnages of fire clay have also been previously used in the United 
States in the manufacture of li ght-colored face brick, tile, stone- 
ware, and other products. 


PRODUCT SPECIFICATIONS 


The specifications for refractory clays are as numerous as the dif- 
ferent uses. Because re sistance to heat is the most essent ial prop- 
erty, m any spec ifications are based on the heat duty —_ required. 
Resistance to shrinkage, w arping, cracking , and abrasion is also 

very important in man y products, and expressions of the require- 
ments for these properties appear in some specifications. Many of 
the end pro ducts must fu Ifill ri gid d imensional specif ications. 
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Restrictions on raw clay commonly include specficiations for plas- 
ticity, impurities, and content of alkalis, alkaline earths, and other 
constituents that reduce fusion points. 


GEOLOGY AND MINERALOGY 


The mineralogy, occurrence, and or igin of ref ractory ka olin and 
refractory ball clay are disc ussed in the com panion ch apters on 
kaolins and ball clays in this volume. Consequently, the following 
discussions concern these topics only as they apply to fire clay. 

The degree of ordering of the kaolinite, the principal mineral 
in fire clay, varies considerably. Most of the kaolinite in the harder 
and purer varieties of fire clay (also termed flint clay) is very well 
ordered and e ven more perfectly crystalline than the ka olinite in 
many kaolins. The kaolinite in the hard fire clay also tends to occur 
in coarser particles, and in the harder varieties the grains are inter- 
locking. The kaolinite in the plastic varieties of fire clay, however, 
is or dinarily cha racterized by im perfectly crystalline st ructures. 
The more disordered form of this kaolinite has been widely referred 
to as fire clay mineral to distinguish it from the more perfectly crys- 
tallized forms. 

Some of the better grades of refractory clays contain minerals 
that are richer in aluminum than kaolinite, and, therefore, higher 
alumina products can be made from them. Some refractory kaolin 
is a mixtu re of kao linite and gibbsite, Al(OH) 3°3H20. The better 
grades of fire clay, which are exceptionally rich in aluminum, con- 
sist of kaolinite and diaspore, AloSi205(OH)4*AIO(OH), and minor 
quantities of boehmite, AlO(OH). 


OCCURRENCE AND ORIGIN 


The physica | charact eristics of f ire cl ay v ary considerably; the 
clays range from soft and plastic to flin tlike (R yan 19 78). Fire 
clay, therefore, is divisible into plastic, semiplastic, semiflint, and 
flint types. Flint clay has unique properties for a clay: it lacks plas- 
ticity, it breaks with a c onchoidal parting into shardlike particles, 
and most of it is as brittle as limestone. Typical diaspore-bearing 
flint clay is brittle and has an oo litic, pisolitic, or nodular te xture. 
Such clay is referred to as burley, birdseye, or nodular clay. 

Most fire clay occurs in sedimentary rocks, and deposits range 
in age from Pennsylvanian to Tertiary. Fire clay is particularly com- 
mon in rocks of Pennsylvanian age, and deposits of this age occur 
as underclays (seat earths) immediately below or closely associated 
with c oal beds. Fire clays of Cretaceous and Tertiary age often 
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occur in lenticular bodies. Some deposits of these ages are associ- 
ated with lignite and are probably u nderclays, and o thers have 
apparently been transported and deposited in local basins in a near- 
shore, swamp, or floodplain environment. 

Opinions differ considerably on the origin of the extensive fire 
clays occurring below coal beds. Some geologists (P atterson and 
Hosterman 1963) belie ve that most underclay deposits formed 
mainly by the alteration of aluminous sediments in a swampy envi- 
ronment. S ome min eralogists, ho wever, bel ieve tha t the se cl ays 
were transported and some sort of a sedimentary winno wing pro- 
cess caused the rather pure accumulations of kaolinite in fire clay. 
Some clays of Cre taceous and Tertiary age were transported and 
formed by a process similar to those th ought to ha ve formed the 
transported kaolin deposits. 


DISTRIBUTION OF DEPOSITS 
United States 


Fire clay of Pennsylvanian age is widely scatter ed throughout the 
Appalachian re gion and par ts of the Mississippi V alley (Anon. 
1967). The v_ ery-high-quality diaspore-bearin g clay and other 
grades of f ire clay occur in t he Clearfield Dis trict, Pennsylvania, 
and in the Ozark re gion in Missouri (K_ eller 1952 ). Hig h-grade 
kaolinitic flint clay and semiflint clays are mined in the Olive Hill 
District, Kentucky (Patterson and Hosterman 1963); Oak Hill Dis- 
trict, Ohio (Stout 1923); and Somerset District, Pennsylvania (Hos- 
terman et al. 1968). Major districts producing fire clay suitable for 
low- and moderate-heat-duty —_ refractory products include th e 
Allegheny Valley and Bea ver Valley districts, Pennsylv ania; Cor- 
dova District, Alabama; East Liverpool District, Ohio and West Vir- 
ginia; and the Tuscarawas Valley and Hocki ng Valley distr icts, 
Ohio (Hosterman et al. 1968); an d a region that includes pans of 
Monroe, Audrain, Callaway, and Montgomery counties, Missou ri 
(McQueen 1943). 

The lar gest and best quality fire clay deposits in the Rocky 
Mountain region are in Fremont, Pu eblo, Custer, Huerfano, Jeffer- 
son, and Las Animas counties in Colorado. These deposits are in 
the Purgatoire Formation and Dakota Sandstone of Cretaceous age 
(Waagé 1953). Fire clay in these deposits occurs as isolated tabular 
lenses ranging in thickness from 1 to 6 m. 

In addition to the fire clay mentioned in the foregoing discus- 
sions, other deposits are scatte red throughout the western states 
(Van Sant 1959, 1964; Mark 1963; Anon. 1967). These deposits are 
of several types, and they include transported, residual, and h ydro- 
thermally formed clay. Districts in which these scattered de posits 
occur include several areas in King County and the Castle Rock 
area in Cowlitz County, Washington; the Molalla and Hobart Butte 
areas, Ore gon; and the Alberhill area, C alifornia. Mo st of these 
deposits are of Cenozoic age. Refractory kaolin is produced prima- 
rily in the fol lowing districts: (1) Georgia—South Carolina kaolin 
belt; (2) Andersonville, Georgia (Anon. 1972b); (3) Eufaula, Ala- 
bama; (4) Arkansas bauxite region; (5) scattered districts in Texas; 
(6) Latah County, Idaho; and (7) Ione, California (Anon. 1972a). 
Refractory ball clay is produced primarily in the western parts of 
Kentucky and T ennessee, but some of the ball clay produced in 
Texas can be used in refractory products. 

The total refractory clay resources in the United S tates suit- 
able for low-heat-duty refractory products were estimated to be as 
muchas 7Gt inthe 1960s (Hos terman et al. 1968). Since then, 
however, the decrease in pr oduction of many kiln-based industries 
has led to a stead y decrease in demand. In addition, the reserves of 
high-quality refractory raw materials have been depleted. The clays 
that can now be mined and processed at competitive costs are suit- 
able only for lo w-heat-duty products and to tal less than 1 Gt. The 


reserves are primarily in the fire clay and refractory kaolin and ball 
clay districts outlined previously. A fe w remaining resources of 
high-grade diaspore clay are mainly under considerable overburden 
in Pennsylvania, and only small resources are present in Missouri. 
The bauxitic kaolin resources are primarily in the Arkansas bauxite 
region and the Eufaula, Alabama, and Andersonville, Georgia, dis- 
tricts. Some dep osits also occ ur in other parts of Alabama and 
Georgia. 


Other Countries 


Refractory clays are prod uced in many countries; the information 
available on worldwide production is, however, sketchy and incom- 
plete. This is partly because the distinction between fire clay and 
miscellaneous clay is not made in some countries, and clay used for 
refractory products is lumped with kaolin in others. 

Those countries that produce more than 1 Mtpy of refractory 
(fire) clay include Ger many, Japan, India, the People’s Republic of 
China, and the United Kingdom. The production in France exceeded 
1 Mtpy a few years ago, but has apparently dropped below this fig- 
ure in recent years. Other countries producing 100,000 tpy to 1 Mtpy 
include Ar gentina, Australia, India, Italy, Mexico, Sweden, the 
United Arab Republic, Uruguay, and Yugoslavia. Refractory clay is 
exported from the People’ s Republic of China. Fire clay is also 
mined in the f ormer Soviet Union and Czechoslo vakia, Hu ngary, 
Poland, and other Eastern European countries. 

As in the United States, fire clay in other countries is in several 
types of deposits. Kao linitic fire clay associated with coal beds of 
Carboniferous age is mined in France, Germany, the United King- 
dom, and elsewhere. Very high alumina diaspore bearing flint clays 
are sources of refractory materials in Israel, the People’s Republic of 
China, Scotland, and South Africa . Refractory ka olin is mined in 
Australia, Ja pan, India , Hung ary, Italy , Czec hoslovakia, P oland, 
Sweden, Yugoslavia, Me xico, Ar gentina, Brazil, Chile, Pe ru, the 
Republic of South Africa, the United Arab Republic, Iran, and other 
countries; most such deposits are no older than Cretaceous. 


EXPLORATION AND EVALUATION 


The methods used in exploring and evaluating fire clay deposits are 
in general similar to those used for bentonite and kaolin, except that 
different drilling and te sting procedures are required. Drilling fire 
clay dep osits, particul arly those of Pennsylvanian age, ordinarily 
requires diamond bits and core barrels of the type used for minerals 
in hard rock. This is because the clay itself and the rocks overlying 
the deposits are hard. 

The most common test in evaluating fire clay is determining 
pyrometric cone equivalence (PCE). For refractory applications, 
the pyrometric cone measures the combined effects of temperature 
and time (Klinefelter and Hamlin 1957; Nort on 1968). This tech- 
nique is widely used and consists of series of cones manufactured 
from various proportions of standard raw materials that will distort 
at known temperatures. These cones, which consist of a series of 
standardized unfired ceramic compositions molded into the shape 
of triangular p yramids, are used to calibrate performance of both 
refractories and ceramic ware within furnac es. The sample of 
kaolin is molded into the standard cone shape and is heated along 
with several standard cones so that its end point can be determined 
in terms of an equivalent cone number. ASTM test method C24-56 
gives the p rocedure of making this PCE test (Anon. 1972a, 
1972b). Other commonly u sed tests for r efractory clays include 
chemical analysis for soluble sulfate, because only very low levels 
can be tolerated in refractory products. 

In addition to the PCE requirement, fired test pieces also may 
be tested f or such properties as high-temperature stability , hot 
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strength, porosity, and spalling (Norton 1968; Anon.1972b). Chem- 
ical analyses are also required for some e valuations, and the 
contents of alkalis, alkaline earths, iron oxides, and a few less com- 
mon elements are critical bec ause they act as fl uxes when clay 
refractories are heated. 


PREPARATION FOR MARKETS 


Fire clay and other refractory clays are mined by methods similar to 
those used for other types of clay. A much higher percentage of fire 
clay mining in th e past, however, was underground. Underground 
mining was used where higher quality clays occurred at consider- 
able depths or where o verlying rocks were too hard to strip profit- 
ably. Little if any underground minin g isno wu ndertaken for 
refractory clays in the United States, but it is still widely practiced 
in developing countries throughout the world. 

Firebrick and related p roducts are prepared for mar kets by 
grinding the clay , shaping or forming the firebrick or other prod- 
ucts, and firing (Figure 1). Commonly several varieties of fire clay 
and grog (crushed, previously fired clay) are blended to make a mix 
desired for a certain product, and blends are varied considerably to 
prepare different grades of firebrick. The harder clays are ordinarily 
the most refractory, and because they lack plasticity, small propor- 
tions of kaolin or plastic fire clay or both are added to aid in form- 
ing and bonding the brick until firing. Most firebrick is formed by 
hydraulic or other mechanical presses, but several types of products 
are intricately shaped and must be formed by hand. 

Most firebrick is fired in tunnel kilns heated by gas or oil. A 
few plants, particularly those making specially shaped products or 
having a limited market, use downdraft kilns. Finished products are 
palletized and shipped by rail or truck. Overseas shipments require 
heavy crating with p added packaging. Calcined clay is ordinarily 
fired in rotary kilns and shipped in paper bags and in bulk carloads. 


APPLICATIONS OF REFRACTORIES 


Refractories are used to line furnaces, kil ns, sm elters, che mical 
reactor vessels, and gasifiers. By definition they are resistant to heat 
and chemical and mechanical attack. Refractories are designed to 
meet the needs of the many industries using them with dif ferent 
classes and grades of refractories produced to meet each industry’s 
demand. Important pro perties of refractories are heat resi stance; 
chemical inertness; resistance to mechanical and thermal stress and 
strain (especially thermal shock); resistance to corrosion and ero- 
sion by solids, entrained particulates, liquids and gases; resistance 
to impact; permeability; and many other pr operties whose impor- 
tance varies according to the use of the refractory (Schacht 2004). 

Refractory materials are used throughout the many industries 
of the world as in sulation or c ontainment vessel linings in high- 
temperature and corrosi ve en vironments (Carneglia and Barn a 
1992). They must not only be capable of performing these task s at 
elevated temperatures but also may be called on to bear mechanical 
and thermal loads. These materials are so essential that it would be 
difficult to identify an industrial process that does not use refractory 
materials in one aspect or another. Refractories are characterized by 
two aspects that qualify them as strategic materials: (1) their ability 
to contain heat, chemicals, and melts; and (2) the crosscutting 
nature of their utility. Figure 2 shows the ranges of usage tempera- 
tures for numerous industrial applications of refractories. 


CURRENT FURNACE TECHNOLOGIES 


Many different types of furnaces are used in United States indus- 
tries, with different refractory types and issues prevalent for each 
type. Fif teen c lassifications o f furnaces can be identi fied, with 
common issues for each type: bl ast furnaces; basic oxygen fur- 
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Figure 1. Steps in refractory production 


naces; re verberatory furna ces; mult iple hea rth furnac es; transfer 
vessels (i.e ., la dles, t undishes, troughs, runners); el ectrolytic 
smelters; kilns and cal ciners; electric arc furnaces; cupolas; heat 
treatment or annea ling furna ces and drying o vens; stills an d 
retorts; reactors, reformers, and refiners; steam boilers and inciner- 
ators; gasifiers; and heat exchangers. Table 1 lists typical industrial 
applications of these 15 furnace types. Table 2 lists refractory chal- 
lenges and problems related to these furnace types, as reported by 
industry personnel. 


REFRACTORY USAGE IN INDUSTRY 


Although refractories are used in most, if not all, of the industries in 
the United States, the iron and steel industry consumes 70% of the 
refractories used, whereas the cem ent and lime industry consumes 
7%, the ceramics industry 6%, the glass industry 3% to 4%, and the 
oil industry about 4%. According to U.S. Geological Survey (USGS) 
census figures, 400,000 t of refractory clay were shipped in 2003. 

The most widely u sed raw materials for the production of 
refractories are listed in the sections that follow, along with some of 
their advantages and disadvantages. Many minerals make up each 
group of ra w materials. Refract ory raw materials are generally 
classified as ac idic, ne utral, or basic depending on the primary 
component. 


Classification of Refractory Minerals 


Refractory minerals containing alu minosilicates are acidic; those 
made of magnesiaor  calcia ar e basic; ando _ thers, p rimarily 
containing alumina, are neu tral. These c lassifications are de rived 
from historical slag practices in the metal industries. The following 
is a list of refractory minerals with their classifications. 
¢ Zircon (ZrSiO4): acidic; found in silica sands; used f or glass 
contact refractories because of its resistance to molten glass 


* Quartzite (SiO2): acidic; used for roofs of furnaces where high 
strength and refractoriness are necessary ( silica refractories 
are poor in thermal shock and alkali resistance) 

¢ Fire c lay([x]Al203¢[1—x]SiO2): acidic; 30% to 45% alumina 
(AlO3), includes andalusite (Al2SiOs), flint clay, pyrophyllite 
(AISiz050H); the most widely used refractory raw material 
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Figure 2. Temperature regimes for industrial applications of refractories 


Table 1. Types of furnaces used in U.S. industry 


Industrial Furnace Applications 











Cement and Chemical and Forest Iron and Metal 

Furnace Type Aluminum Lime Petrochemical — Products Glass Heat-Treatment Steel Casting Other 
Blast xX x 
Basic oxygen X X 
Reverberatory X X X xt 
Multiple hearth xt 
Ladles/tundishes/troughs/ X X X xtX 
runners 
Electrolytic smelters Xx x8 
Kilns and calciners Xx X X X X X x" tt 
Electric arc X xtt 
Cupolas x X 
Heattreatment/annealing X X X x**88 
furnaces and drying ovens 
Stills and retorts x"** 
Reactors/reformers/refiners 
Steam boilers/incinerators X X X X Xx xttt 
Gasifiers X x 
Heat xchangers  e X X X X X xX X X 

* Lead. 

Tt Copper. 

¢ Molten metal handling. 

§ Magnesium. 

** Ceramics. 
TT Mining. 


tt Oxide melting. 
§§ Various metal products. 
***Organic and inorganic products. 


tttVirtually all industries. 
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Table 2. Refractory challenges for furnaces used in U.S. industry 


Refractory Challenges 





Thermomechanical 





Caking Contamination Corrosion Mechanical Thermal Degradation/ Refractory 
Furnace Type Abrasion Agglomeration Fouling Wear Erosion Degradation _Insulation Shock Life Repairs 
Blast X X X X X 
Basic xygen ° X X X X X 
Reverberatory Xx Xx Xx Xx xX 
Multiple hearth xX Xx Xx 
Ladles/tundishes/ x Xx x x X 
troughs/runners 
Electrolytic smelters x x xX 
Kilns and calciners x X x x Xx Xx 
Electric arc Xx x X Xx 
Cupolas 
Heattreatment/ Xx 
annealing furnaces 
and drying ovens 
Stills and retorts xX X X x 
Reactors/reformers/ xX x x 
refiners 
Steam boilers and x xX Xx Xx X X X 
incinerators 
Gasifiers x Xx Xx Xx Xx x 


Heat exchangers 





Sillimanite and kyanite (Al2SiOs): acidic; used at higher tem- 
peratures than those at which fire clay can be used for tile and 
casting mixes 

Bauxite ([x]Al.03¢[1—x]H2O): neutral; most widely used for 
alumina production; made up of gibbsite (Al(OH)3), boehmite 
(AlO(OH)), and diaspore (AIO(OH)); used at higher tempera- 
tures than those at which sillimanite-based refractories can be 
used 


Chromite (FeO*Cr 703): neu tral; usedasab_ uffer between 
acidic and basic refractories 


Magnesite (MgCO 3): basic; generally us ed in fe rrous me tal 
industries 


Dolomite (CaMg(CO 3)2): basic; generally used in ferrous 
metal industries; more susceptible to hydration than magnesia 


Graphite (C): naturally occurring form of carbon; nonwetting 
and resistant to chemical attack, but oxidizes 


Synthetic Raw Materials Used for Refractory Production 


Synthetic raw materials ha ve enabled the productio n of impro ved 
refractories with higher purities, but these cost more than refracto- 
ries produced from mineral raw materials. The most widely used 
synthetic materials for the production of refractories are as follows, 
including generalities of their advantages and disadvantages. 

¢ Alumina (A103): neutral; produced from bauxite, aluminum 
salts, and aluminum metal; o ne of the most u sed and studied 
refractory materials; other ma terials are generally com pared 
to alumina 
Mullite (Al 4°5Si;,5O9,75): neutral; produ ced from k yanite 
(Al203°SiO>), kaolinite (Al2Siz05(OH)4), or various combin- 
ations of alumina- and silica-containing raw materials; theore- 
tically, 72% Al 203, but commercially available grades range 
from 47% to 85% Al203 


Spinel (MgA1,O,): neutral; produced from alumina (Al 203) 
and magnesia (MgO); synthesized using a wide ran ge of raw 
materials and techniques; _t heoretically, 72% Al 203, b ut 
commercially available grades range from 65% to 90% Al203; 
more co rrosion re sistant than alumina in ma ny inst ances 
without the hydration probl ems of doloma (CaO*MgO) or 
magnesia (MgO) 


Calcium aluminate cement ([x]CaO¢[1—x]AI,O3): neutral to 
basic; produced from lime (CaO) and alumina blended in 
many ratios depending on the desired alumina ratio; 
hydratable binder used for most refractory castables; other 
binder systems include colloidal silica (S iO), sod ium 
silicate (Na2O*SiOz), and phosphoric acid (H 3PO04), among 
others 


Silicon carbide (SiC): pro duced from silica sand and coke; 
very hard material used i n1 oad-bearing and abrasion- 
resistance applications; very high thermal conductivity 


Boron carbide (B4C): rarely used for re fractories e xcept in 
instances where higher abrasion resistance is needed than with 
refractory grade silicon carbide 


Silicon nitride (Si3N4): similar in properties and use to silicon 
carbide but generally more resistant to oxidation and ther mal 
shock 


Boron nitride (B N): often used as a lubricant, a seal, and an 
antiwetting agent; two crystal forms similar to carbon; hexa- 
gonal flakes like graphite and cubic like diamond 


Production Techniques and Finished Refractory Materials 


The American Society for T esting and Materials (ASTM) classif ies 
refractories according to forming technique and chemistry. The 

production technique is tied to the forming technique and chemistry 
of the r efractory. G eneral production follo ws the steps sho wn in 
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Figure 3. Improving refractory materials for improved energy 
efficiency 


Figure 3. Those materials that do not pass quality control at any point 
in the process are crushed and sieved to form synthetic raw materials. 
The fol lowing c lassifications are for shap ed refractories (all 
ASTM stan dard c lassifications a re available at http ://www.astm. 
org): 
¢ C27-98, Standard Cl assification of Fireclay and High- 
Alumina Refractory Brick 


* C155-97, Standard Classification of Insulating Firebrick 


¢ C1547-02, Standard Classification for Fusion-Cast Refractory 
Blocks and Shapes 


¢ C416-97, Standard Classification of Silica Refractory Brick 


¢ C455-97, Standard Classification of Chrome Brick, Chrome- 
Magnesia Brick, Magnesia-C hrome B rick, and Magnesia 
Brick 


¢ C467-97, Standard Classification of Mullite Refractories 
¢ C545-97, Standard Classification of Zircon Refractories 
The following classifications are for unshaped refractories: 


* C673-97, Standard Classification of Fireclay and High- 
Alumina Plastic Refractories and Ramming Mixes 


¢ C401-91, Standard Classification of Alumina and Alu mina- 
Silicate Castable Refractories 


GOVERNMENT, ENVIRONMENT, AND 
HEALTH CONSIDERATIONS 


Crystalline silica, asbestos, hexavalent chrome, formaldehyde, and 
the introducedr egulationso nmaximuma _ vailable contr ol 
technology (MACT) are the greatest go vernment, en vironmental, 
and health concerns facing the re fractories industry today . The 
following discusses these concer ns and what refractory companies 
are doing to alleviate them. 

Crystalline silica e xposure is the single greatest government 
and health-related issue f acing refractory producers because it is 
foundinab undanceinalmost  allrefracto ry raw mater ials. 
Therefore, refracto ry compan ies are w_ orking to reduce dust 
exposure to reduce the thr eat of crystalline silica related health 
concerns (Crolius 2005). 

Asbestos use has declined to near zero because of pre valent 
health conc erns. Ma ny re fractory com panies are e liminating 
vermiculite and other asbestos-containing raw materials from their 
products because of their small asbestos content. 

Hexavalent chrome also _ continues to be a problem for 
refractory producers. During use, he xavalent chrome mayb e 
produced from chrome-containing re fractories. Therefore, chrome 


use in refractories has drastically fallen because of health concerns, 
and c ompanies continuet otry to eliminate chrome int heir 
products. 

Formaldehyde is a small but looming problem, because it is 
used inman yrefr actory binder systems. Thee _ xtent of the 
formaldehyde problem may change in the coming years as its effect 
on health is better understood or if current regulations are changed. 

MACT is the Environmental Protection Agency’s plan to limit 
air pollutants, thus im proving the environment. New facilities will 
need to be constructed and existing facilities may have to retrofit to 
meet these guidelines. 

Of t hese co nsiderations, c rystalline silicaist he greatest 
concern to the refractories indus tries because most refractories 
today contain crystalline sili ca. Itis important that refractory 
material suppliers, producers, and end users w_ ork together to 
alleviate these concerns. 


RESEARCH AND DEVELOPMENT 


Recent Research 


Substantial changes that have occurred in refractories techn ology 
over the past 25 years have resulted in crosscutting impacts (issues 
common to man y applications) on a number of the manufacturing 
industries (Freitag and Richer son 1998) .Some of th ese ha ve 
included reduction of energy consumption in heat-treating furnaces 
by (1) the use of fibrous and high-strength porous insulation; (2) the 
use of resin-bonded MgO-C-metal linings in basic oxygen furnaces 
inthe steel industry, which have greatly e xtended the nu mber of 
heats between needed relinings; (3) the use of SiC-based refractories 
in steel blast furnaces, which has led t o increased furnace life; (4) 
the advent of oxyfuel melting leading to renewed interest in alterna- 
tive refractory materials in the g lass industry, which will allow for 
processing at higher temperatures and greater corrosion resistance to 
high alkali and water-rich environments; and (5) the development of 
many ceramic compositions that ha ve received lim ited e valuation 
but have not reached maturity or production status. All these events 
are representative of industrial process improvements that can be 
accomplished throug h adv ances in refractory ma terials, yet addi- 
tional improvements are still possible, which could lead to substan- 
tial energy savings throughout the various industries. 


Future Research 


Evaluation of refractory usage and the barriers and needs of energy- 
intensive process industries shows several common themes concern- 
ing impro ving refractory materials to improve energy ef ficiency. 
These themes relate to reducing energy loss and increasing produc- 
tivity by de veloping higher-strength refractories cap able of operat- 
ing at higher temperatures, de veloping re fractories with 1 ower 
thermal conductivity to reduce wall losses at higher service tempera- 
tures, impro ving the thermale xpansion capabilities of current 

refractories, and developing refractories with greater resistance to 
chemical and mechanical wear (such as corrosion, erosion, and abra- 
sion). This is conceptualized in Figure 3. 

Many issues appear common to multiple industries, as shown 
by an analysis of current refractory use, current barriers, possible 
improvements in process energy efficiency, and R&D ne eds. The 
following research focus areas and technical R&D topics have been 
identified as issues common to many applications of refractories. 

¢ Degradation mechanisms of r efractories in dif ferent environ- 
ments. Furt her work is needed to determi ne the mechani sms 
responsible for the chemical and mechanical de gradation of 
refractories in the various environments in which they are called 
to operate. 
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¢ Thermal control. Advances in thermomechanical properties of 
refractory materials allo w furn aces to operate with longer 
campaigns and with high er levels of insulation for reducing 
heat losses. 


Thermomechanical properties at elevated temperature. Deter- 
mination of key properties of refractories at elevated tempera- 
tures, including elastic modul us, strength , creep beha vior, 
physical and the rmal spal | re sistance, dimensional changes 
(thermal expansion and changes due to chemical alteration), 
and thermal conductivity, is needed. 
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INTRODUCTION 

Diamond is an extraordinary m ineral w ith e xtreme hardness and 
inherent beauty that is sought for personal adornment and industrial 
use. Because the genesis of this unique mineral requires extreme 
temperature an d pressure, n atural diamond _ is rar e—so rare that 
some diamonds are the most v aluable commodity on earth, based 
on weight. 

Diamonds are mined on several continents. The value of the 
raw production has resulted in a multi-billion-dollar industry. 
Natural diamond production annually averages more than 110 mil- 
lion carats, valued at more than $7 billion for the raw stones. Dia- 
mond values dramatically increase following the fashioning of the 
stones, and the value again dramatically increases with their dress- 
ing in jewelry, such that diamond jewelry typically sells for 10 to 
100 times the value of the ra w stone. Industrial diamonds, which 
are of con siderably lower value, include synthetic industrial dia- 
monds. Synthetic industrial di amond p roduction has an average 
annual value of about $1 billion. 


MINERALOGY 


Diamond consists simply of car bon. In nature, nati ve carbon may 
occur as one of the following polymorphs: diamond, graphite, or 
lonsdaleite (Erl ich and Hausel 2002). Th e ph ysical dif ferences 
among these polymorphs reflect th e different bonds between th e 
carbon atoms in the crystal structure. In diamond, the coordination 
of the carbon atoms is tetrahedral with each atom held to four 
others by strong co valent bond s, resulting ina mineral with 
extreme hardness. 

In contrast, graphite has six-member hexagonal carbon rings 
that resonate between single- and double-shared electron bo nds. 
These graphite sheets are very strong, but the hexagonal rings are 
stacked and do not share electrons between adjacent sheets, only a 
residual electrical charge—thus, no chemical bonds occur between 
the she ets, resulting in graphite being soft and the she ets eas ily 
separated. 

The hexagonal modification of diamond, known as lonsdale- 
ite, has acloser -packed arrange ment of atoms th an diamond or 
graphite, resulting in a rare mine ral of extreme hardness (Lonsdale 
1971). Lonsdaleite was initially synthesized at temperatures greater 
than 1,000°C (1,830° F) under static pressures exceeding 130 kbar 
(Bundy and Kasper 1967). DuPont deNemours and Co. obtained 
the same transformation by intense shock compression and thermal 


A415 


quenching. Lonsdaleite has since been identified in meteorites and 
in rare unconventional host rocks, the most notable being the Popi- 
gay Depression in Siberia (Erlic h and Hausel 2002). The extreme 
hardness of lonsdaleite makes it ideal for industrial grinding, but its 
rarity makes it unattractive for commercial use. 


Crystal Habit 


Diamonds are isometric with cubi __c, octahedral, he xoctohedral, 
dodecahedral, trisoctahedral, and related habits. Twinning along the 
octahedral {111} plane is common, and many crystals are often 
flattened parallel to this plane, produ cing a habit that appears as 
flattened, triangular-shaped diamond known as a macle. 


Cube 


Cubes are ar elatively un common habit for diamond, and when 
found are primarily frosted industrial stones. Many have been found 
in placers in Brazil, and a significant percentage of diamonds in the 
Snap Lake kimberlites of Canada have cubic habit (Pokhilenko et al. 
2003). Crystal faces of a cube often e xhibit square-shaped p yrami- 
dal depressions rotated 45° diagonally to the edge of the crystal face. 
The cube may also include scattered trigons mix ed with p yramidal 
and other depressions of he xagonal morphology v isible with a 
microscope. 


Octahedron 


The octahedron is an eight-sided crystal that has the appearance of 2 
four-sided pyramids attached at a common base. Each p yramid con- 
tains four equilateral triangles known as octahedral faces. In nature, 
an octahedral face will often have positive or negative trigons—small 
equilateral triangles that are visible under a microscope. These are 
growths or etches on the crystal surface that represent disequilib- 
rium during transport to the earth’ s surface from the initial stable 
conditions at depth within the mantle. 

Partial resorption of the octahedron will result in dif ferent 
crystal habits, in cluding a rounded dodecahedron (12-sided) with 
rhombic faces. Further resorption may result in ridges on the rhom- 
bic faces, yielding a 24-sided crystal known as a trishe xahedron. 
Many diamonds from Argyle, Australia; Murfreesburo, Arkansas; 
and the Colorado—W yoming State Line District e xhibit resorbed 
crystal habits. F our-sided tetr ahedral diamonds are sometimes 
encountered that are distorted octahedrons (Orlov 1977; Bruton 
1979). 
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Diamonds commonly enclose mineral inclusions along cleav- 
age planes. These tiny inclusions provide important data on the ori- 
gin of diamond and can be used to determine the age of the stone 
or to identify the unique chemistr y associated with the genesis of 
diamond. 


Bort 


Bort is poor-grade diamond used as an industrial abrasive. It forms 
rounded grains with a rough exterior and has a_ radiating crystal 
habit. The term is also applied to diamonds of in ferior quality and 
to small diamond fragments. 


Carbonado 


Carbonado is a black to grayish, opaque, fine-grained aggre gate of 
microscopic diamond, graphite, and amorphous carbon with or with- 
out accessory minerals. The material is hard, occurs mainly as irregu- 
lar porous concretions and dendritic aggregates of minute octahedra, 
and sometimes forms re gular, glob ular concretions. Carbonado is 
characterized by large aggregates (averaging 8 to 12 mm in diameter) 
that comm only weigh as much as 20 carats. Specimens of several 
hundred carats are not uncommon. The density for carbonado is less 
than that for diamond and varies from 3.13 to 3.46 gm/cm}, 

Although carbonado had been found in placer s in Brazil and 
Russia, it was not until the 1990s that it was found in situ. Twenty- 
six grains of carbonado ranging in size from 0.1 to 1mm _ were 
recovered from a 330- Ib sample tak en from avachite (a specif ic 
type of basalt from the A vacha v olcano of ea stern Kamchatka) 
(Smishlyaev 1999; Erlich and Hausel 2002). 


Physical Properties of Diamond 


Diamond exhibits perfect octahedral cleavage with conchoidal frac- 
ture. The mineral is brittle and will easily break with a mild strike 
of a hammer. Even so, it is th e hardest of all naturally occurring 
minerals and is assigned a hardne ss of 10 on the Mohs scale and 
nearly 8,000 kg/mm? on the Knoop scale. Corundum, the next hard- 
est naturally occurring mineral, has a Mohs hardness of 9. Even so, 
corundum does not even compare to diamond and only has a Knoop 
scale hardness of 1,370 kg/mm. Because of diamond’s e xtreme 
hardness and e xcellent transparency, diamond is extensively used 
in jewelry and has a variety of industrial uses. 

Diamond’s hardness varies in different crystallographic direc- 
tions. This allows for the mineral to be polished with less difficulty 
in specific directions using diamond powder. For example, it is less 
difficult to grind the octahed ral corners of f the diamond, whereas 
grinding parallel to the octahedral face is nearly impossible. 

With perfect cleavage in four directions parallel to the octa- 
hedral faces, an octahedron can be f ashioned from an irre gular 
diamond by cleaving (Orlov 1977). The specific gravity of dia- 
mond (3.516 to 3.525) is high enough that the gem will concen- 
trate in placers with “black sand.” This density i s surprisingly 
high, given that it is composed of such a light element. Compared 
to graphite, diamond is twice as dense because of the close pack- 
ing of atoms. 


Color 


Diamonds occur in a variety of colors, including white to colorless 

and shades of yello w, red, pink, orange, green , blue, brown, gray, 
and black. Those that are strongly colored are termed fancies. Col- 
ored diamonds have included some spectacular stones. For example, 
at the 1989 Christie’s Auction in New York, a 3.14-carat Ar gyle 
pink sold for $1.5 million. More recently, a 0.95-carat fancy purplish 
red Argyle diamond sold for nearly $1 million. The world’s largest 
faceted diamond, a yellow-brown fancy known as the 545.7-carat 


Golden Jubilee (Harlow 1998), is considered priceless. Possibly the 
most famous diamond in the world, the 45-carat Hope, isa blue 
fancy. 

In most other gemstones, color is the result of minor transition 
element impurities; however, this is not the case for diamond. Color 
in many diamonds is related to nitrogen and boron impurities or is 
the result of structur al defects. Diamonds with dispersed nitrogen 
may produce yellow (canary) gemstones. If the diamond contains 
some boron, it may be blue, such as the Hope diamond. The Hope 
was found in India; ho wever, many natural blue diamonds have 
come from the Premier mine in South Africa. Blue diamonds with 
traces of boron are referred to as type IIb diamonds and are semi- 
conductors. Natural irradiation may also result in blue coloration in 
some diamonds (Harlow 1998). 

The most common color for diamo nd is bro wn. B efore the 
development of the Ar gyle mine in Australia in 1986, bro wn dia- 
monds were considered industrial stones. But because of Australian 
marketing strategies, brown diamonds are now highly prized gems. 
The lighter bro wn stones are la beled champag ne and the dark er 
brown referred to as cog nac. Yellow is the second most common 
color, and such stones are referred to as Cape diamonds in reference 
to the Cape Province of South Africa. When the yellow color is 
intense, the stone is referred to as canary. 

Pink, red, and purple diamonds are rare. The color in these is 
concentrated in ti ny lamellae (referred to as pink graining) in an 
otherwise colorless diamond. The color lamellae are thought to be 
the result of deformation of the diamond structure. 

Even though there are man y green diamonds, fe w are f ac- 
eted, primarily because most have a thin green surface layer cov- 
ering clear diamond that is remo ved during faceting. F aceted 
green diamonds are so rare that only one is relatively well known 
(the 41-carat Dresden Green), and is thought to have either origi- 
nated in India or Brazil. The color in most green diamonds is the 
result of natu ral irradiation. Other green di amonds may r esult 
from hydrogen impurities. Another variety, kno wnasa_ green 
transmitter, produces strong fluore scence that tends to mask the 
yellow color of the stone. Other colors include rare orange and 
violet diamonds (Harlow 1998). 

One of the better -known blac k diamonds is the 67.5-carat 
Orlov. Black diamonds are colo red by numerou s gr aphite inclu- 
sions, which also make the diamond an electrical conductor. These 
are difficult to polish because of abundant soft g raphite, so black 
gem diamonds are uncommon. Opalescent, or fancy milky white 
diamond is the result of numerous mineral inclusions and possibly 
nitrogen defects in the crystal (Harlow 1998). 


Dispersion, Transparency, Conductivity, Wet Ability 


Diamond has a hig h coefficient of dispersion (0.044 ), the coeffi- 
cient is the difference in refractive index of two visible light wave- 
lengths at the 0 pposite ends of the spectrum (one blue-vio let and 
the other red), resulting in the distinct fire seen in faceted diamond 
caused by its high dispersion. Diamond is completely transparent to 
a broad segment of the electroma gnetic spectrum, making it useful 
in a variety of industrial, electrical, and scientific applications. It is 
also transparent to radio and micro waves. Colorless diamonds are 
also tra nsparent to vis ible li ght w avelengths e xtending into the 
ultraviolet (UV), and a few rare diamonds (type II) are transparent 
over much of the UV spectrum (Harlow 1998). 

Diamond has a luster described as greasy to adamantine that is 
related to its high refractive index (IR = 2.4195) and density. Such 
high density greatly diminishes the speed of light. For example, the 
speed of light in a vacuum is 186,000 miles/sec (300,000 km/sec), 
but in diamond, it is only 77,000 miles/sec (Harlow 1998). 
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Many diamonds are luminescent: approximately one third of 
all diamond s luminesce blue when placed in UV light. In most 
cases, | uminescence wi Il st op whe nt he UV li ght is turned of f 
(known as fluorescenc e). Diamonds flu oresce in both long- and 
short-wave UV light. The fluorescence is usually greater in long- 
wave light, and diamond may appear blue, green, yellow, or occa- 
sionally red. Fluorescence is gen erally weak, however, and it may 
not be readily apparent to the naked eye. In some cases, light emis- 
sion is still visible for a brief interval after the UV light source is 
turned off (known as phosphores cence). Some diamonds may also 
show brilliant phospho rescence when ru bbed ore xposed to th e 
electric charge in a v acuum tube, o r whene xposed to UV light 
(Dana and Ford 1951). 

At room temperature, diamond is four times as thermally con- 
ductive as copp er, e ven though it is not electrical ly con ductive. 
Because of the ability to conduct heat, di amond has a tendenc y to 
feel cool to the lips when t ouched, since the gemstone conducts 
heat away from the lips. This is why diamonds have been referred 
to as ice. Gem testers (about the size of a pen) are designed to iden- 
tify the unique thermal condu ctivity of diamond and distinguish it 
from other gems and imitations. 

Diamonds are hydrophobic (nonwettable). Even thou gh dia- 
mond is 3.5 times heavier than water, it can be induced to float on 
water. Because it is hydrophobic, diamond will attract grease, thus 
providing an efficient method for e xtracting diamond from ore 
concentrates (1.e., grease table). 

Diamonds are unaffected by heat except at high temperatures. 
When heated in oxygen, diamo nd will burntocarbon dioxide 
(CO2). Without oxygen, diamond will transform to graphite at 
much higher temperatures (1, 900°C [ 3,450°F]). Diamonds ar e 
unaffected by acids. 


ORIGIN AND OCCURRENCE 


There are literally thousands of known kimberlites and many hun- 
dreds of lam proites and lamprophyres, but only a hand ful contain 
commercial amounts of diamond. One estimate made many years 
ago suggested that less than 1% of al 1 kimberlites are commer- 
cially mi neralized (Lam pietti and Sutherland 1978). Alt hough 
many hun dreds o f ne w disco veries h ave been mad e since th at 
paper was published, this statistic remains essentially valid. 

Diamondiferous kimber lites a nd la mproites are ess entially 
restricted to cratons and cratonized terrains. These include s table 
Archean cratonic cores (known as Archons) as well as cratonized 
Proterozoic mar gins (referred to as Protons) (Figure 1). Some 
unconventional diamondiferous host rocks have also been identi- 
fied in cratons and _ outside crat onic te rrains within te ctonically 
active r egions along the mar gins of cr atons. Becau se high or e 
grades have been detected in so me of the se, unconventional com- 
mercial host rocks are anticipated to be found in the future (Erlich 
and Hausel 2002). Current diamonde xploration programs ar e 
designed to search for conventional host rocks (i.e., kimberlite and 
lamproite) or for placers presumably derived from these. 

Most diamonds are considered x enocrysts that separated from 
disaggregated mantle peridotite and eclogite during transportation to 
the earth’s surface in kimberlitic, lamproitic, and some lamprophyric 
magmas. Kimberlites, lamproites, and lamprophyres tend to occur in 
clusters of a few to more than 100 occurrences. Structural control is 
thought to be important in the em placement of these, and se veral 
structural orientations are often recognized within each district. 


Kimberlite 


The majority of diamond mines are developed in kimberlite such as 
the Wesselton, DeBeers, Kimberley, Dutoitspan, and Eka ti, or in 









Somerset 





@ i010 Line 
district 


EXPLANATION 


ES Archon 
(J Proton 
SS Tecton 


@ Diamond-bearing 
occurrences 


Prairie Creek 


0 500 1,000 km 
Utd 


/ 
r 


Adapted from Levinson, Gurney, and Kirkley 1992. 

Figure 1. The North American craton showing regions of 
favorability for conventional diamondiferous host rocks. Major 
Archean provinces are in all capital letters. 


placers, particularly beach placers along the west coast of Africa. 
Lampietti and Sutherland (1978) reported that only about 10% of 
the known kimberlites were mineralized with diamond. This statis- 
tic may no longer be valid in that as man y as 50% of kimberlites 
found in Canad a and Wyoming in recent years, and p ossibly as 
many as 90% in Colorado, have yielded diamond. Even so, only a 
very small portion is commercial ly mineralized. When economic, 
kimberlites may contain hundreds of millions to billions of dollars 
worth of stones; thus kimberlite s hould be a priority target in any 
exploration program. 

Kimberlites are essentially carbonated alkali peridotites that 
exsolve C O» during ascent to the surface from the earth’ s upper 
mantle, resulting in diatr emes with consider able br ecciation and 
dissolution-rounded xenoliths and cognate nodules. The diatremes 
appear as s ubvertical to vertical pipes that taper do wn at depth, 
forming steeply inclin ed cylindrical bodies. The a verage angle of 
inclination of the walls of various pipes in the Kimberley region of 
South Africa (Wesselton, DeBeers, Kimberley, and Dutoitspan) is 
82° to 85°. Ideally, the pipes have rounded to ellipsoidal horizontal 
cross-sections filled with kimberlitic tuff or tuff-breccia. Many con- 
tinue from the surface to depths of 2 to 2.4 km, wher e they pinch 
down to narrow root zones emanating from a feeder dike. 

The Kimberley pipe, which was mined out by 1915 (about 
20 years after discovery), contracted sharply at depth. At the low- 
est level of mining (1,056 m), it was no longer pipe shaped b ut 
rather had the appearance of th ree intersecting di kes (K ennedy 
and Nordlie 1968). Combined with the estimated 1,600 m of ero- 
sion since the time of emplacement, the depth to the original point 
of expansion was probably 2.4 km. 
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Courtesy of W.D. Hausel. 

Figure 2. Exposed contact of a Schaffer diamondiferous kimberlite, 
Wyoming, showing the knife sharp contact between the kimberlite 
(left) and granite (right), explained by adiabatic cooling of the 
kimberlite magma during eruption 


Kimberlitic magmas are interpreted to originate from depths 
as great as 200 km and tra vel to the earth’s surface in a matter of 
hours ( O’Hara, Richardson, and Wilson 1971). The magma is 
thought to rise rapidly, possibly 10 to 30 km/hr in order to transport 
high-density ultramafic xenoliths. Within the last few kilometers of 
the surface, emplacement rates are thought to increase dramatically 
to several hundred kilometers per hour. Such velocities could bring 
diamonds from the mantle to th __e surf ace in less than a day 
McGretchin (1968) estimated that the speed of the f luidized mate- 
rial near the surface increased to as much as 400 m/sec, or about the 
speed of sound (Mach 1 or 331 m/sec). Some estimates have even 
suggested kimberlite emplacement at the earth’ s surface may have 
achieved velocities exceeding Mach 3 (Hughes 1982). 

The temperature of the magma at the point of eruption is rela- 
tively cool (Figure 2). Watson (1967) indicated a magma tempera- 
ture of less than 600°C (1,110°F) on the basis of the coking effects 
on coal intruded by kimberlite. A low temperature of emplacement 
is also supported b y the absence of any visible thermal ef fects on 
country rock adjacent to most kimberlite contacts. Davidson (1967) 
suggested the temperature o f emplacement may have been as low 
as 200°C based on the retention of argon. Hughes (1982) pointed 
out that the near-surface temperatures of the gas-charged kimberlite 
melt may be as low as 0°C (3 2°F) because of the adiabatic expan- 
sion of COz gas as kimberlite erupts at the surface. 

Kimberlites typically transport xenoliths and xenocrysts to the 
surface. Many of the se are derived from mantle depths and some 
form a distinct suite of minerals that are referred to as kimberlitic 
indicator mine rals. T he tra ditional ind icator m inerals use d to 
explore for kimberlite include pyrope garnet, chromian diopside, 
chromian enstatite, picroilmenite, chromite, and diamond. 


Lamproite 


Serious interest in lamproite intensified following the discovery of 
a world-class diamond deposit in olivine lamproite in 1979 in the 
Kimberley region at Argyle, Western Australia. The discovery led 
to the recognition of other diamondiferous lamproites in Australia, 


Brazil, China, Gabon, Zambia, Ivory Coast, India, Russia, and the 
United States. 

Scott-Smith (199 6) subdi vides lamproites into two gen eral 
groups: phlogopite-leucite lamproites (~60% SiOz [silicon dioxide]) 
and o livine lamp roites (>20% Mg O [ magnesium oxide], 35 % to 
45% SiOz, and 7% KO [potassium oxide]) with abundant serpen- 
tine pseu domorphs after oli vine. Instead of p ipes with steep walls 
that slowly diminish in diameter with increa sing depth, lamproites 
are characterized by “ champagne-glass” vents filled by tuf faceous 
rocks, often with massive volcanic rocks in the core. 

In some cases, lamproites appear to have formed in the dia- 
mond stability field (Nix on 1995). A qu _alitative corr elation 
between diamond and olivine in lamproite is confirmed in both the 
Ellendale, Australia, and Kapa mba, Zambia, provinces in whic h 
diamond grades are consistently hi gher in ol ivine lamproites than 
leucite lamproites. When found, diamonds occur primarily in pyro- 
clastic rocks; the magmatic pha ses are notoriously diamond poor, 
owing to the high temperatures sustained in the flows during erup- 
tion, which are antipathetic to diamond preserv ation; that is, the 
diamonds will burn (Scott-Smith 1986). 

Where vents flare out, a potenti al for substantial tonnages 
exists in larger craters. At Argyle, Western Australia, past reserve 
estimates of 94 Mt of ore at an average grade of 750 carats/100 t led 
to its classification as a world-class deposit. Some of the richer por- 
tions of this deposit yielded grad es as high as 2,000 carats/100 t. 
Large numbers of the Ar gyle diamonds, however, are graphitized 
and partially reso rbed; more than 60% are irre gular in shape and 
include macles, polycrystalline forms, and rounded dodecahedrons. 
The largest Argyle diamond weighed 42.6 carats; the overall size of 
diamonds is quite small (average <0.1 c arat). Ne arly 80% are 
brown, and the remaining stones are dominantly yellow or color- 
less. Rare but economically important pink to red diamo nds bring 
Argyle fame (Shigley, Chapman, and Ellison 2001). 

Many lamproitic diamonds are relatively small and include 
common fancy yellow to brown stones. For example, macro dia- 
monds (>1 mm) from the Ellendale f ield in Western Australia are 
dominantly y ellow dodecahedra, an d man y micro diamonds are 
colorless or pale-brown, frosted, st ep-layered octahedral (Shigley, 
Chapman, and Ellison 2001). 


Placers 


Because of a relatively high spec ific g ravity (3.5) ande xtreme 
hardness, diamonds are often found in secondary stream or marine 
placers with other minerals of re latively high specific gravity such 
as magnetite, spinel, ilmenite, rutile, garnet, and gold. Some of the 
more productive deposits include stream and marine placers where 
a large percentage of diamonds are gem quality, owing to fracturing 
and disaggregation of imperfect industrial diamonds during stream 
transport. Considerable numbers of diamonds have been mined 
from stream sediments along the Orange River basin in so uthern 
Africa and continuing in beach sands downcurrent from the mouth 
of the Orang e River along the Atla ntic co ast. Hist orically, there 
have been man y reports o f gold prospectors f inding d iamonds 
while searching for placer gold. Examples include California, Colo- 
rado, Georgia, North Carolina, and Wyoming in the United States, 
and New South Wales in Australia (Hausel 1998). 

Placer diamond dep osits form ed throug hout geo logical his- 
tory as is e vident by diamonds in ancient Proterozoic paleoplacers 
in the Witwatersrand metaconglomerates of South Africa and the 
Snowy Range Group in Wyoming, United States, as well as modern 
placers along the Atlantic coast of Africa and Smoke Creek near the 
Argyle mine, Australia. 
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DISTRIBUTION AND PRODUCTION 


Diamond Production 


Diamonds are mined from at least 20 countries, and the leading pro- 
ducers of natural diamond are Australia, Bo tswana, Canada, South 
Africa, Russia, and Zaire. The World Diamond Council estimated 
that natural diamond production in 1999 was more than 111 million 
carats, valued at US$7.4 billion. In 2000, diam ond production was 
estimated at more than 110 million carats, valued at US$7.9 billion. 
In 2001, the U.S. Geological Survey (USGS) estimated that 119 mil- 
lion carats were mined, with an estimated value of US$7. 3 billion, 
and in 2003, diamond production estimates stood at 132 million car- 
ats (Olson 2 003). The Northern Miner (Anon. 2005) reported that 
rough diamond sales in 2 003 for the Diamo nd Trading Compan y 
(DeBeers marketing arm) were $5.52 billion. 

Canada ranked sixth in diamond production during the same 
period, but in the second quarter of 2004, it surpassed South Africa 
to become the third lar gest diamond producer (based on value). 
This is one of the great exploration success stories of the twentieth 
century because before 1998, Ca nada did not ha ve a diamond 
industry (Krajick 2001). 

Industrial diamonds have considerably less value than gem dia- 
mond, and much of industrial production is now synthetic. In 2001, 
nearly 70% of the total natural and synthetic industrial diamond pro- 
duction came from Ireland, Russia, and the United States: 92% w as 
synthetic (Olson 2001). According to the USGS, world production of 
natural industrial diamond totaled 48 million carats in 2001 and 48.9 
million carats in 2002. More than one third of the world’s natural dia- 
mond production was classified as industrial. This represented only a 
very small percentage (~1%), however, of the total monetary value of 
natural diamond production. Australia led the market in recovery of 
natural industrial diamonds and has averaged 22.1 million carats per 
year; however, declining reserves at the Argyle mine resulted in Aus- 
tralian industrial di amond production of only 13.1 million carats in 
2001 and in 2002 (Olson 2003). 

The World Diamond Council reported that the United States 
was the largest producer of synthetic industrial diamonds, with 125 
million c arats manufactured in 1999. The USGS reported th at 
domestic synthetic industrial diamond p roduction f or 2002 was 
310 million carats. The total industrial output worldwide was esti- 
mated to be in excess of 800 million carats in 2001, valued at more 
than US$600 million (Olson 2001). Domestic synthetic diamonds 
were produced by two companies: GE Superabrasives in Ohio and 
Mypodiamond Inc. in New Jersey. 

Natural diamond production was dominated by southern Afri- 
can countries with a si gnificant contribution by Russia and Austra- 
lia. Nearly all of the Australian diamond production was from the 
Argyle mine, which accounted for more than 20% of world’s dia- 
monds. The relatively low quality of the Ar gyle diamonds, how- 
ever, rendered the production to be less valuable than some smaller 
operations elsewhere. 


Diamond Distribution 


Although there are hundreds of known diamond occurrences around 
the world, commercial diamond deposits are rare. In the richest, dia- 
mond occurs in concentrations of much less than 1 ppm (Lampietti 
and Sutherland 1978). The fe w commercial diamond deposits are 
hosted by kimberlite, lamproite, and placers derived from these host 
rocks. These are all associated with Archean cratons and cratonized 
Proterozoic belts. The discovery of se veral un conventional h ost 
rocks in recent years, though, some with v ery high ore grades, sug- 
gests that other rock types and geological environments will become 
diamond targets inthe future (Hausel 1996; Erlich and Hausel 





Table 1. Diamond production of major mines in 2001 
Carats, Amount, Value, USS 

Country x1000 kt US$/carat million 
Canada 

Ekati 3,685 3,685 144 531 
Botswana 

Jwaneng 12,339 8,920 110 L357 

Orapa 13,056 15,779 50 653 

Letlhakane 1,021 3,625 180 184 
South Africa 

Venetia 4,977 4,602 85 423 

Namaqualand 808 6,083 180 145 

Finsch 2,465 4,768 70 173 

Premier 1,637 3,102 75 123 

Kimberley 550 3,766 110 61 

Baken 65 5,835 400 26 

Koffiefontein 145 2,299 225 33 
Russia 

Udachnaya 11,500 9,000 85 978 

Jubilee 5,500 9,100 65 358 
Australia 

Argyle 26,000 15,100 11 286 

Merlin 70 270 110 8 
Namibia 

Namdeb Onshore 1,385 21,867 220 305 





Adapted from Mining Journal 2002. 


The w orld’s natural diamonds are produced from a small 
group of deposits, which typically have operating lives of 20 to 30 
years. A notable e xception is the Premier mine (South Africa), 
which potentially could operate for more than 100 years (Levinson, 
Gurney, and Kirkley 1992) (see Table 1). 


Africa 


The Orange Ri ver basin with its many tributaries covers a region 
with more than 3,000 known barren and diamondiferous kimberlite 
pipes that include some of the richest pipes in the world. The prin- 
cipal diamond -producing countr ies in Africa are Angola, 
Botswana, the Central African Republic, the Democratic Republic 
of Congo (formerly Zaire), Ghana, Guinea, Namibia, Sierra Leone, 
South Africa, and Zimb abwe. In total, Africa accounts for nearly 
50% of the world’s diamond production. 

Angola. Angola produces 2 million carats of high-quality dia- 
monds annually derived primarily from alluvial sources. Nearly all 
diamond production is derived from alluvial sources in the Andrada 
and Lucapa ar eas of n ortheastern Lu nda Norte and the Cuango 
River. Only minor amo unts are mined f rom colluvial an d elu vial 
deposits overlying kimberlite at the Camafuca—Camazomba intru- 
sive along the Chicapa River near Calonda. Other kimberlites have 
been identified in Angola (Janse 1995). 

Atlantic Coast. Erosion of diamond p ipes and dik es in the 
Orange River basin resulted in the concentration of millions of dia- 
monds in the basin and along the Atlantic Ocean shoreline. Stream 
sediments in the basin and beach _ sands along the west coast of 
Africa extending from Port Nolloth, Namaq ualand, to Lud eritz, 
Nambia, contain placer diamonds . The powerful energy generated 
by the wave action along this co ast has destroyed or broken large 
numbers of poor-quality stones while gemstones remain intact. 
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Botswana. DeBeers discovered three w_ orld-class kimberlite 
pipes (Orapa, Letlhakane, and Jwaneng) in Botswana between 1967 
and 1973. The Orapa pipe was found in 1967 and production began 
in 1972. It is the second largest producer of diamonds in the world 
and yielded more than 13 mil lion caratsin 2001 (Table 1). The 
Jwaneng pipe was discovered in 1973 under the sands of the Kalahari 
Desert, and mining began on the pr operty in 1982. It has been the 
third mo st productive diamond mine by weight and first by value. 
Two smaller pipes known as the Letlhakane 1 and 2 were discovered 
in 1968. 

Botswana’s diamond reserves are immense. T otal production 
in 2001 was a record 26.3 million carats, compared to 21.26 million 
carats in 1999 and 19.8 million carats in 199 8. Output fro m the 
mines was 13 million, 1 million, and 12 million carats from Orapa, 
Letlhakane, and Jwaneng, respectively (Table 1). A fourth mine, 
Tswapong, produced 10,1 00 carats in 1999. An application for a 
fifth mine at Gope in the Central Kgalagadi Game Reserve was 
reviewed in 1999, and Debswana Diamond Company Ltd. (formed 
by the Botswanna government and South Africa’s DeBeers in equal 
partnership) applied fora license be ginning in 2001 to mine dia- 
monds from f our small kimberlite pipes known as the B/K pipes 
near the Orapa mine. 

Central African Republic. Diamonds from th e Central Afri- 
can Republic are mined from all uvium. Diamondiferous alluvium 
has been found near Bria in the central area of the country; Carnot- 
Berberati in the southwest; and th e Mouka Ouadda plateau in th e 
northeastern portion of the Central African Republic. To date, the 
source rocks for the diamonds have not been identified. Production 
amounts to about 500,000 carats per year (Janse 1995). 

Democratic Republic of Congo. Formerly known as Zaire, the 
Democratic Republic of Congo accounts for about 18% of the world 
production and, in recent years, has been the second largest producer 
by weight, next to Australia. Only 6% of the Congo diamonds, how- 
ever, are gem quality with another 40% near -gem, resulting in the 
Congo being the fourth-ranked producer based on value. According 
to the American Museum of Natural History Web site (undated), the 
Mbuji-Mayi mine in the Congo has been a prolific source for dia- 
monds with recent annual production of about 5 million carats. 

Ghana. Most diamonds in Ghana (formerly known as the 
Gold Coast) have been mined from tw o placers kno wn as the 
Akwatia and Birim concessions lo cated north west of the capital 
city of Accra. Ann ual production peaked at 2,283 ,000 carats in 
1975 and has since declined. About 10% of country’s output is clas- 
sified as gem quality, and most of the remaining stones are micro- 
diamonds (<2mm) (Janse 1996). Recoverable resources ar e 
estimated to range between 20 a nd 50 million carats and Ghana’s 
estimated annual production could well exceed 1.3 million carats 
(Miller 1995). The Akwatia deposits are nearly depleted, but large 
new resources ha ve been identif ied at the Birim River deposits. 
One altered meta-lamproite was found that is thought to represent a 
primary source for diamonds. 

Guinea. Most Guinean diamond s are mined from e xception- 
ally rich gravel pl acers.Some of the gr avel w as tra ced to th e 
Banankoro kimberlite swarms in eastern Guinea, which consists of 
small uneconomic dikes and pipes. Rich placers mined downstream 
from the kimberlite swarms were part of the Aredor placer mine 
(closed in 1993), and produced a number of large diamonds includ- 
ing several that weighed more than 100 carats; the largest was the 
Guinean Star, weighing 255.6 carats (Janse 1995). 

Ivory Coast. Also known as Céte d’Iv oire, Ivory Coast pro- 
duces a small number of diamonds annually from alluvial deposits 
and dikes in the Seguela area in the western portion of the country. 
Alluvial deposits in the Toritya field in central Ivory Coast also pro- 


duce a limited number. The source of many diamonds for the Seg- 
uela p lacers is the T oubabouko olivine lampro ite dik e. Another 
dike, the Bobi lamproite, has yielded about 400,000 carats from the 
rock and overlying eluvial deposits (Mitchell and Bergman 1991; 
Janse 1996). 

Lesotho. Several kim berlites were found in Lesotho (f or- 
merly Basutoland) but production is limited. Two pipes, the Kao 
and the Letseng-la-Terai kimberlites, are apparently low grade. The 
Letseng pipe, ho wever, operated as a commercial mine from 1977 
to 1982 and produ ced some lar ge stones, including a pale-bro wn 
601-carat diamond (Janse 1995). 

Liberia. Almost all Liberian diamond pro duction (45% of 
which is gem quality) comes fro m small alluvial diggings aro und 
Gbapa. 

Mali. Alluvial diamonds and k imberlite pipes occur near 
Kenieba in western Ma li, but no commercial diamond deposits 
have been identified (Janse 1996). 

Namibia. Formerly known as South West Africa, Namibia is 
a source for small h igh-quality diamonds from placers and allu- 
vium. Essentially all of Namibia’s production is derived from allu- 
vial,and coastaland  submarinet erracede posits in the 
Namaqualand coastal region, wh ich includes the coastal region 
from Luderitz to Bogenfels. 

Submerged terrace deposits ar e mined to depths of 100 m 
along the coast. These are thought to extend 100 k m from shore 
along the continental shelf (Janse 1995). The Elizabeth Bay deposit 
along the coast 30 km south of Luderitz began production in 1991 
and has yielded many v ery high-quality small diamonds. The 
deposit was reported to host 38 Mt of ore averaging 0.066 carats/t. 
The Auchas mine, located on the north bank of the Orange River 
45 km inland, was reported to contain 12.3 Mt averaging 0.036 car- 
ats/t. Kimberlites in Namibia occur in five different fields; all have 
proven to be barren (Janse 1995). 

Sierra Leone. Diamonds in Sierra Leone are found in stream 
and river placers, and in terrace s, off-shore terraces, and also ina 
few kimberlites. Man y placers have been depleted, although lar ge 
high-grade zones are still mined. Kimberlite dik es and two small 
pipes were found on the Tongo deposit. The dik es were relati vely 
rich, but their narrow width made them unfavorable for mining. The 
small Koidu pipe (0.4 ha) has an ore grade reported at 1.0 carat/t and 
is reported to host avery high occ urrence (60%) of gem-quality 
stones. Sierra L eone is known for its relat ively large, high-quality 
placer gemston es, and has prod uced some very attractive stones 
including the Woyie River diamond, which weighs 770 carats. 

South Africa. Diamonds were initi ally reported in So uth 
Africa in the 1860s, and between 1870 and 1871, a great diamond 
rush occurred al ong the Orange R iver, resulting in disco very of 
several deposits (Wagner 19 14). South Africa is the f ifth lar gest 
producer of diamonds (by value) with annual production of 8 to 
10 million car ats. In 200 1, the South African mines p roduced 
10.65 million carats. The region has produced more than 500 mil- 
lion carats since the 1860s. A high percentage of these have been 
gem and near-gem, and South African mines have produced some 
of the largest diamonds found in history. 

The diamonds occur in kimberlite pipes and dikes and in asso- 
ciated alluvial placers. The largest pipe in South Africa is the 54-ha 
Premier. The Prem ier mine has been the source of some of the 
world’s lar gest diamonds, includin g the Cullinan , Premier Rose, 
Niarchos, Centenary, and Golden Jubilee. The largest diamond ever 
found, the fist-size (3,106 carats) Cullinan, was recovered from the 
Premier. 

The Finsch mine covers 17.9 ha and lies 160 km northwest of 
Kimberley. It is one of De Beers’ seven South African op erations. 
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Discovered in 1961, the deposit was initially developed by open pit. 
Since 1991, underground mine ope rations continued beneath the 
abandoned pit. Production from the mine in 2001 was 2.46 million 
carats from 4.8 Mt of ore (51.7 carats/100 t). 

Diamond-bearing gravels were discovered as early as 1903, 
close to the Limpopo River, 35 km northeast of the present location 
of the Venetia mine in South Africa. In 1969, DeBeers launched a 
reconnaissance sampling program to locate the source of the allu- 
vial deposits, and kimberlite pipes were discovered upstream in 
1980. Mine constr uction began in 1990, and the Venetia mine 
opened in 1992, with full production in 1993. This mine represents 
one of DeBeers’ single lar gest investments in South Africa. Situ- 
ated 80 km fr om Messina in the Northern Province, the proper ty 
required a cap ital investment of $400 million . The mine p roduced 
4.98 million carats from 4.6 Mt of ore in 2001 (108 carats/100 t). 

There are 12 kimberlites in the Venetia cluster. Of the 11 pipes 
and 1 dike, only two kimberlites, K1 and K2, are currently being 
mined. Some of the pi pes were formed by mult iple intrusi ve 
events, resulting in a variety of kimberlite facies. The kimberlites 
are clustered over approximately 3 km, and the total surface area 
of kimberli te is 28 ha. V enetia is being mined by conventional 
open pit. Surface mining is expected to continue for 20 years with 
the targeted pit depth of 400 m. 

Swaziland. One sma ll commercial operation is reported in 
Swaziland. Janse (1995) describes an alluvial deposit referred to as 
the Hlane occurring do wnstream from the small (2.8 ha) Dok  ol- 
wayo kimberlite pipe. The placer has produced about 50,000 carats/ 
year since 1983. 

Tanzania. Diamonds were initially found in alluvial deposits 
and later in eluvium on the Mabuki kimberlite 60 km south of Lake 
Victoria in north ern Tanzania. In 1940 another diamondif erous 
kimberlite of significance was found 140 km south of Lake Victoria 
by an independent Canadian _ prospector, John W illiamson, who 
apparently rode a bicycle in his search for diamonds. This pipe, the 
largest economic kimberlite e ver found, is known as the Mwadui 
pipe. The Mwadui is 1,500 m in diameter, covering 146 ha of sur- 
face area. The pipe produced some fine pink stones and averaged 
more than 500,000 carats annually in the 1960s, with declining pro- 
duction in recent years. DeBeers later discovered hundreds of other 
kimberlites in this region; none have been productive (Janse 1996). 

Zimbabwe. Formerly known as Rhodesia, Zimbabwe has pro- 
duced minor amounts of diamonds from alluvium. The first kimber- 
lite found in southern Zimbabwe—named the Co lossus pipe—was 
discovered near Lochard in 1907. The pipe was reported to be 1 km 
in diameter (W agner 1971). Janse (19 95), ho wever, indicated the 
kimberlite to be considerably smaller (900 by 150 m) and not viable. 
Other kimberlites were found but all proved to be unprofitable with 
the exception of the River Ranch kimberlite, discovered in 1975. A 
mine was officially opened there in 1995, but production was mini- 
mal and operations ceased in 1998 (Janse 1995). 


Australia 


New South Wales. Alluvial diamonds were initially reported 
in New South Wales (NSW) in 1861, and were later found in Queen- 
sland (1887 ), in South Au stralia (1894), andin Tasmania (1899). 
From 1 884 to 192 2, 167,548 diamonds (with stones weighin g as 
much as 8 carats) were recovered from alluvium in the Copeton 
field, NSW. 

The diamonds were found in gravel buried by Tertiary basalt 
in an active tectonic environment similar to that of the Urals in 
Russia, the we st coast of the United St ates, and some Arche an 
greenstone terrains in Canada (Erlich and Hausel 2002; A yer and 
Wyman 2003; Kaminsky, Sabluk ov, and Sabluk ova 2003). It is 
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Figure 4. The Kimberley block, Western Australia, showing 


locations of kimberlites, lamproites, diamonds, the Ellendale 
field (E), Calwynyardah field (C), and Noonkanbah field (N) 


thought that the diamonds were derived from phreatomagmatic vol- 
caniclastics and tuffs associated with lamprophyre pipes (Atkinson 
and Smith 1995). Diamonds in such geological terrains provide sig- 
natures, suggesting de rivation froma relatively sha llow mantle 
(<80 km) (Ayer and Wyman 2003). 

Northern Territories. Decades after the diamond discoveries 
in NSW, Ashton Exploration discovered diamonds in 1976 near Mt. 
Percy, West Kimberley, by following a trail of kimberlitic indicator 
minerals. The mineral trail led to diamondiferous lamproite in the 
Ellendale field (Tertiary). In August 1979, diamonds were found in 
Smoke Creek, more than 350 km to the northeast. In October 1979, 
the 1.2-billion-year -old (Ga) Argyle lam proite w as discovered 
(Atkinson and Smith 1995) (Figure 3). Both lamproite fields are 
located within Proterozoic mobi le belts cratonized about 1.8 Ga 
and were tectonically active until the Devonian or later (Jaq ues 
et al. 1982, 1983; Atkinson, Smith, and Boxer 1984) (Figure 4). 
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Currently, about 450 lamproites, kimberlites, an d lampr ophyres 
have been identified in Australia, of which more than 180 are dia- 
mondiferous. Some of the recently discovered kimberlites yielded 
minor to significant diamond grades (Berryman et al. 1999). 

Production be gan in the mid-1980s at the Argyle mine, and 
Australia became a leadin g diamond producer. At full production, 
the mine yielded more than 30% of the world’s annual production. 
Further development of the open pit continued into 2001, and the 
current operator (Rio T into) re ported plans toe xpand operations 
underground. 

Diamonds wer e reco vered from the Normandy Bow Ri ver 
placer mine in the lower reaches of Limestone Creek, 20 km north- 
east of the Argyle. This deposit was discovered in the early 1980s 
and mined by Poseidon/Freepor t and Normandy fro m 1988 until 
late 1995 (Biggs and Garlick 1987). The plant was inactive at the 
end of late 1995, after nearly 7 million carats were produced from 
24 Mt of gravel. 

Kimberley Diamond Company acquired the Ellendale leases 
previously held by Ar gyle Diamond Mines. Initial bulk sampling 
results from Ellendale 4 and 9 re vealed higher ore grades near th e 
surface. The company re ported the Ellendale 4 resource at more 
than 2 million carats to a depth of 140 m (23 Mt at 0.088 carats/t), 
which included a higher-grade zone (444,000 t at 0.261 carats/t) to 
a depth of 3 m. The near-surface enrichment zone was part of th e 
mining target for 2002. Primary diamond resources of Ellendale 4 
and 9 were estimated at more than 2.6 million carats. 

For the first 3 years of operation, 2.2 Mt of ore was expected 
to be mined from the top 3 m of enriched material on b oth Ellen- 
dale 4 and 9. The ore w_ as estimated to a verage 0.15 carat/t. Th e 
company also reported the d_ iscovery of 11 pr eviously unkno wn 
lamproite pipes in the area (Shigley, Chapman, and Ellison 2001). 

The Merlin mine, which was developed on a group of 12 dia- 
mondiferous kimberlites in northern Australia, yielded the country’s 
largest diamond, the 104.73-carat Jungiila Bunajina (“‘star meteorite 
dreaming stone”) white diamond. Merlin is located 80 km south of 
Borroloola. After 6 years of production, the mine closed in 2002 
because of marginal ore. 

Australia’s total diamond production in 2001 was 26.2 mil- 
lion carats, a decrease of 0.4 million carats from the previous year. 
The Argyle mine (26.1 million carats) accounted for nearly all of 
the Australian production. At one point, Argyle mined nearly 40% 
of the world’s annual diamonds: by the end of 2000, the mine had 
produced an extraordinary 558 million carats (Shigle y, Chapman, 
and Ellison 2001). The Merlin mine in the Northern Territory pro- 
duced 55,000 carats, making it the second largest Australian pro- 
ducer in 2001. 


Brazil 


A diamond rush occurred in Brazil in 1725, and by the end of 1729, 
several diamond placers had been found in eastern B razil in th e 
region of Diamantina (“diamond city”). Plac ers were also found 
along the Sao Francisco, Parana, Goyas, and other streams in south- 
eastern Brazil. 

In 1844, rich diamond placers were found in another region of 
Brazil—the state of Bahia to the north. During the first 120 years of 
mining, about 10 million carats were reco vered, including some 
stones weighing more than 100 carats. 

The primary source of the diamonds has not been found, and it 
was initially assumed that a rock referred to as itacolumite (mica- 
ceous sandstone) was the source. This assumption was based on the 
presence of middle Proterozoic diamondiferous conglomerates that 
have supported some small mining operations in the Diamantin a 
Area. 


The large number of diamonds found in placers suggests that 
major primary diamond deposits will be found in Brazil some day . 
Since 1967, a systematic exploration program identified more than 
300 kimberlite, lamp roite, kamafugite, and me _lilitite intrusi ves, 
none of which contain economic amounts of diamond (Bizzi et al. 
1994; Meyer et al. 1994). A total of about 55 million carats have 
been reco vered from Brazil, with annual productio n averaging 
about 1.2 million carats. 


China 


Diamond deposits in Liaoning Pro vince in China are asso ciated 
with kimberlite. More than 100 kimberlites are found in this region, 
including the Jingangshi Kimber lite, whic h cont ains com mercial 
amounts of diamond (Sunag awa 1990 ). At another locality, the 
Changma mine in Shandong Province near Mengyin, about 500 km 
southeast of Beijing, is Chin a’s lar gest diamond pr oducer. This 
deposit w as initially mined as an open pit o ver the past se veral 
decades and con verted to under ground mining in 2 002, with an 
expected life of another 30 years. The Changma deposit consists of 
two kimberlite diatremes and a dik e that all merge at 40 m below 
the surface. The kimber lite has been drilled to depths 0 £600 m. 
Production from the mine during the past 30 years included 1.6 mil- 
lion carats recovered from ore that averaged 1.27 carats/t; the larg- 
est diamond was a 119-carat stone. The property has an ind icated 
resource of 1.4 Mt of ore at a grade of 0.92 carats/t with an inferred 
resource of 1.5 Mt of 0.63 carats/t. The Changma property includes 
nine diamondiferous ki mberlites with a tota 1 measured and indi- 
cated resource of 9.7 Mt atan average grade of 0.055 carats/t 
(Beales 2004). 


India 


Diamonds were reported in the Golcon da re gion of India from 

medieval time to the nineteenth century. Golconda was actually the 
marketplace, and the source of the diamonds were placers in the 
Penner, Karnool, Godvari, and Makhnadi rivers in the Krishna Val- 
ley, and possibly in the P anna diamond field to the north in south- 
central India (Mathur 1982). Many of the better diamonds ended up 
in the royal treasuries of sultans and shahs of India and Persia. Total 
production is estimated at about 12 million carats (Milashev 1989). 

The majority of the diamonds was found in placer deposits 
(Sakuntala and Br ahman 19 84), although d iamonds wer e also 
found in the Majhagawan lamproite as early as 1827. After kimber- 
lite was described in South Africa in 1877, intensive exploration in 
the ancient diamond-pro ducing areas of Ind ia resulted in the dis- 
covery of what was thought to be kimberlite in areas adjacent to 
many placers (e.g., Majhagawan and Hinota near the Panna placer 
district, and the Wajakurnur and other intrusives in the Anantpur 
District). Years later, petrographic studies of some Indian kimber- 
lites c onfirmed tha t m any were ac tually oli vine lamproite (e.g., 
Majhagawan and Chelima) (Sco tt-Smith 1 989; Mid dlemost and 
Paul 1984; Rock et al. 1992). Diamonds recovered from the pipes 
are m ostly transparent and flawless, with dominantly octahedral 
and dodecahedral habits. About 40% are gem quality (ore grade 
~0.01 carats/t). 

Mitchell and Bergman (1991) indicated that there are several 
other lamproites, kimberlites, and pe ridotites in this re gion, and 
Rock and others (1992) also repo rted several olivine lamprophyres 
and minettes of potential economic interest in eastern India. Known 
kimberlites in India are primarily Proterozoic in age and include dia- 
mondiferous kimberlites in the W ajrakarur field in the Andhra 
Pradesh of the southern kimberlite province and kimberlit es in the 
Raipur field in southeastern Madhya Pradesh in the central province 
(Middlemost and Paul 1984). 
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Many of the Indian deposits were depleted by the nineteenth 
century and new de posits were discovered in the mid-twenti eth 
century, including placers inthe Junkel re gion and Koel Valley, 
and in the Simla region near the Himalayas (which were originally 
described in Sanskr it texts). Total historical product ion is esti- 
mated to be between 14 and 21 million carats. Currently, about 
20,000 carats are produced each year. 


North America 


There is little doubt that Canada, which has become a major dia- 
mond producer, will remain in the forefront of diamond production 
and exploration for decades to come. Recent exploration in Can- 
ada has result ed int he discovery of more than 5 00 kimberlites 
(including some unconventional host rocks), of which nearly half 
are diamondiferous (Kjarsgaard and Levinson 2002). Some of the 
unconventional host rocksi  ncludelamp rophyre (i ncluding 
minette) and actinolite schist at Wawa, Canada, that is interpre ted 
to represent metamorphosed komatiite. 

The North American craton is the largest in the world. The cra- 
tonic basement rocks of Canada continue south into the United States 
and underlie large parts of Montana—Wyoming and the Great Lakes 
region. Exploration in the United States, however, has been relatively 
minimal. Even so, more than 100 kimberlites, lamproites, and lam- 
prophyres have been identified in the southern extension of the North 
American craton in Colorado, Wyoming, and Montana. Ap proxi- 
mately half of the kimberlit es found in C olorado and Wyoming are 
diamondiferous; only one in Montana has yielded diamonds to date. 
One mine was developed along the edge of the W yoming craton in 
1995-1996. The Kelsey Lake mine in the Col orado—Wyoming State 
Line District south of Laramie, Wyoming, contained low-grade ore 
(about 0.05 carats/t) and yielded some high-quality diamonds weigh- 
ing as much as 28.3 carats (Co — opersmith, Mitchell, and Hausel 
2003). Mine operations ended because of legal problems. 

The presence of several hundred kimberlitic indicator mineral 
anomalies, se veral diamonds, and some geoph ysical and remote 
sensing anomalies support the concept that the Wyoming craton has 
been intruded by a major sw arm of kimberlitic and related intru- 
sives, most of which remain un discovered. Because a large part of 
the Wyoming craton remains unexplored for diamonds, additional 
discoveries are expected. In the Great Lakes region, a group of 
about 30 kimberlites are repor ted in the Michig an—IIlinois Area 
(eight of which contain trace amounts of diamond) (Hausel 1998). 

One of the gre at exploration success stories of the twentieth 
century was the discovery of diamonds in the Northwest Territories 
of Canada, which spark ed the largest claim-staking rush in history 
(Krajick 2001). A gr oup of diamondiferous kimberlites were found 
nearly 300 km n ortheast of Yellowknife under a group of shallow 
lakes in the Lac de Gras region. Within a few years following the 
discovery, BHP co mmissioned Canada’s first diamond mine in late 
1998 (Figure 5). This mine, known as Ekati, is a world-class mine. 
The mine property includes a group of 121 kimberlite intrusi ves, 
and to da te, comm ercial minera lization has been identif ied and 
reserves established for the Fox, Leslie, Misery, Koala, Koala North, 
Panda, Beartooth, Sable, and Pigeon kimberlites on the Ekati prop- 
erty; the other kimberlites are being evaluated for re serves. The 
mine is anticipated to have a minimum life of at least 25 years. 

In 2001, Ekati produced 3.7 million carats, totaling about 6% 
of the world’s diamond value. In 2003, pro duction increased to 
6.96 million car ats (Anon. 2004). The open-pit operation on the 
Panda kimberlite reached its maximum economic depth in 2003, 
5 years after mining was initiated. The declining production from 
the Panda open pit, however, was replaced by production from the 
nearby Miser y and K oala open pits. Evaluation sho wed that the 
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Figure 5. Important diamond localities in Canada 


Panda kimberlite mine life could be extended using un derground 
mining techniques; thus, the re maining kimberlite is being de vel- 
oped using sublevel retreat mining. Underground mining was pre- 
viously initiated at the adjacent K oala North p ipe in 20 02. The 
Panda underground mine is expected to produce 4.7 million carats 
over an operating period of 6 years, with production scheduled to 
begin in 2005, followed by full production in 2006. The Ekati pro- 
duction for the first quarter of 2004 totaled 1.27 million carats of 
diamonds, which was a 40% decline from the previous quarter. For 
the first 9 mont hs of f iscal year 2004, the Ekati mine produced 

more than 5.3 million carats. 

Ore reserves at the Ekati mine are substantial. On June 30, 
2003, the Ekati mine reported 47.7 Mt of ore reserv es graded at 
0.8 carats/t (36.6 million carats of recoverable diamonds) based on 
a 2-mm cut off size. Measured, indicated, and inferred kimberlite 
resources stood at 127.9 Mt of ore containing an esti mated 
171.2 million carats (Robertson 2004). As exploration continues on 
the property, these reserves will increase. 

A few other commercial properties have been identified in the 
Northwest T erritories, and se veral other proper ties are being 
explored or evaluated for reserves. These include Snap Lake, Dia- 
vik, and Jericho. 

Production at the Dia vik mine be gan in 2003. The Dia vik 
pipes located in the Lac de Gras re gion east of Ekati are being 
mined by Diavik Diamond Mines based at Yellowknife (Figure 5). 
Diavik Diamond Mines is a subsidiary of London-based Rio Tinto, 
and the mine is a joint v enture between Rio Tinto (60%) and Tor- 
onto-based Aber Diamond Mines (40%). Rio Tinto assumed oper- 
ating responsibility from theirsu  bsidiary, K ennecott Canada 
Exploration. The deposit is estimated to contain 138 million carats 
of diamond and includes four kimberlites (A154S, Al 54N, A418, 
and A21). The A154S kimberlite is one of the richest kimberlites in 
the world and contains a reserve of 11.7 million c arats at an aver- 
age grade of 5.2 carats/t. The prop erty is anticipated to yield 6 to 
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8 million carats/year when in full production and has reserves that 
will sustain the operation for 16 to 22 years. The property lies on a 
20-km? island known as East Isla nd, 300 km northeast of Yel- 
lowknife. The Dia vik kimberlites (55 million years old [Ma]) 
intruded the Precambrian basement complex (2.5 to 2.7 Ga). 

The Snap Lak e mine is located in a kimberlite dik e about 
100 km south-southeast of Ekati and 220 km northeast of Yel- 
lowknife. Snap Lake will be DeBeers’ first mine developed outside 
of southern Africa and is anticipated to begin production in 2006, 
or possibly as late as 2008. The ki mberlite will be mined entirely 
underground. The kimber lite is es timated to cont ain 38.8 million 
carats with an average ore grade of 1.46 carats/t. 

Toronto-based Tahera Diamond Corporation is the operator of 
the Jericho project, located about 170 km north of Ekati near Echo 
Bay’s Lupin gold mine. This property includes six diamondiferous 
kimberlites within the Nunavut Territory. When placed into produc- 
tion, the property will produce about 6 million carats over a mine 
life of 8 years. Reserves of 2.6 Mt of ore averaging 1.2 carats/t have 
been established. The min e is e xpected to be gin de velopment in 
2004 and production is scheduled for 2005 (Anon. 2004). 

Another project of DeBeers Canada—the Victor Project—lies 
in the James Bay Lowlands. Victor is one of 18 kimberlite pipes 
discovered on the p roperty, 16 of which are diamondiferous. The 
Victor kimberlite has a surf ace area of 15 ha and consists of tw o 
pipes, known as the Victror Main pipe and Victor Southwest pipe, 
that coalesce at the surface. The Victor kimberlite is a complex pipe 
consisting of pyroclastic crater and h ypabyssal facies ki mberlite 
and has highly variable diamond grades. If a decision is made to put 
the property in production, the open-pit mine will have a life of 
12 years and total project life of 17 years. The proposed mine would 
be supported by a processing plant designed to process 2.5 Mtpy. 

DeBeers is also involved in the Kennady (Gahcho Kue) Lake 
project, about 100 kmeast of Snap Lake near Ft. Def iance and 
southeast of Ekati. K ennady Lake is under e xploration by a joint 
venture between Mountain Lake Resources and DeBeers. The prop- 
erty includes the 5034, Hearne, and Tuzo kimberlites. Initial sam- 
pling of the 5034 and Hearne pipes yielded an average ore grade of 
1.67 carats/t. If this project receives a go-ahead, it is expected that 
permitting will require 2 to 3 years followed by another 3 years of 
mine development (Anon. 2004). 

Since the 1990s, many other deposits have been found in 
Canada in the Northwest Territories, Nunavut, Alberta, Ontari 0, 
Quebec, and Saskatchewan (Olson 2001). 

According to Engineering and Mining Journal (Anon. 2004), 
Canada is currently supplying about 15% of the w orld’s diamonds 
and is expected to show dramatic increases in the fu ture. In 2002, 
the Canadian diamond industry produced nearly 5 million carats. In 
2003, production increased to 11.2 million carats, and it is esti- 
mated that essentially 50% of the world diamond exploration fund- 
ing is focused on Canada. 


Russia 


The official discovery of kimber lite in Russia occurred in 1954 at 
what later became known as the Mir pipe (Erlich and Hausel 2002). 
In 1957, de velopment be gan on placers associated with the Mir 
pipe and was followed by open-pi t operations in the kimberlite. 
Years later, operations ceased at a depth of 340 m. The average ore 
grade was high in the upper mine levels (4.0 carats/t) but decreased 
near the bottom of the pit (1.50 to 2.0 carats/t). The Mir had high 
gem to industrial diamond content and was the source of se veral 
large gems, including the Star of Yakutia (232 carats) and the Dia- 
mond of 26th P arty Congress (342.57 carats). Annual output fro m 
the mine was 6.0 million carats (Miller 1995). 


The Udachnaya pipe was found in 1955, and mining began on 
the associated placers in 1957, followed by open- pit operations in 
the pipe. Udachnaya has been the most productive diamond mine in 
Russia with more than 14.4 million carats mined, of which 8 0% 
were gems. By 1956, over 500 kimberlites had been discovered in 
the former U.S.S.R. During th e next 30 years, Russia became the 
third largest producer in the w orld: nearly all its production came 
from mines within the northern Siberian platform. 

In 1960, the Aikhal pip e was disco vered in Y akutia, where 
mining began in 1962 and ceased sometime between 1981 and 
1988, presumably because of 0 verproduction from other sour ces. 
Production resumed after 1988, and by 1995 the pit reached a final 
depth of 2 40 m. Annual productio nat the p eak of mining w as 
600,000 carats at an average grade of 1.0 carat/t (Erlich and Hausel 
2002). 

Another commercial pipe, known as the Sytykanskaya, was dis- 
covered in 1955. Open-pit mining began in 1979, and 600,000 carats/ 
year were produced (average grade of 0.60 carat/t). Another commer- 
cial diamond mine, the Internatsional’naya pipe, was found in 1969. 
Mining began in 1971 and the open pit was developed to a depth of 
280 m by 1980. Open-pit operations ceased, but plans were made to 
resume mining underground. 

The 23 rd Party Congress pipe w as discovered in 1959, and 
mining on this very rich pipe began in 1966. The ore averaged 
6.0 carats/t and the open pit reached a depth of 124 m after 15 years 
of operation. The Jubilee (Yubileinaya) pipe was d iscovered in 
1975. Following the removal of 70 to 100 m of basalt overburden, 
open-pit mining began. The Jubilee was anticipated to replace pro- 
duction from the declining Udachnaya pipe. 

During the 1970s, other diamondiferous kimberlites were dis- 
covered within the Russian platform. At about the same time, se v- 
eral kimberlitic p ipes we re discovered n ortheast of the c ity of 
Arkhangel’sk, which included the Lomonoso v diamond deposit. 
Currently, Russia is the fourth largest producer of diamonds in the 
world (by weight). The American Museum of Natu ral History 
Nature of Diamonds e xhibit in Ne w York City reported that the 
country has produced a total of 332 million carats and currently has 
an annual production of 10 to 12.5 million carats. 


Venezuela 


In 1890 and 19 01, secondary placer deposits were discovered in 
Venezuela and Guyana, and near_ the end of the 1960s, a placer 

deposit was found on Caroni Ri ver in southeastern Venezuela. To 
mid-1969, 1.3 million ca rats had been mined; the lar gest stone 

weighed 12 carats. In September 1971, near the town of Salvacion 
in the state of B olivar, another significant placer was discovered. 
Within a short period, monthly diamond production from the Salva- 
cion region reached 50,000 carats, but the source of the diamonds 
remains unknown. 


Other Cratons 


Several diamondiferous pipes ha ve been reported in other cratons 
such as in the Greenland region, and also in Kazakhstan. Kazakh- 
stan also has the added attraction of having some very unusual and 
very rich unconventional me tamorphic diamond deposits—b_ ut 
most of the diamonds ar esmall, low-value industrial micro- 
diamonds (Erlich and Hausel 2002). 


EXPLORATION 


Cost figures for annual diamond exploration amounts to tens of 

millions of dollars. Capitalization costs for the development of the 
Ekati diamond mine in the Northw est Territories alone were more 
than US$ 800 million. Re gional circumstances will dictate which 
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exploration method will need to be used; however, when an explo- 
ration program begins, priority is given to areas of favorability for 
finding “traditional” diamondiferous host rocks. For example, com- 
mercial diamondiferous kimberlites are considered to be restricted 
to cratonic regions that have been relatively stable for about 1.5 Ga. 
Janse (1984, 1994) suggested that cratons be separated into areas of 
favorability known as Archons, Protons, and Tectons. This method 
for outlining re gions of f avorability pro vides an excellent f irst 
option priority list. 

Archons (Archean basement stabilized more than 2.5 Ga ago) 
are considered to ha ve high pote ntial for disco very of commercial 
diamond deposits hosted by kimberlite and possibly by lamproite and 
lamprophyre. Protons (Early to Middle Proterozoic [2.5 to 1.6 Ga] 
basement terrains) ha ve mod erate pote ntial for commercial dia - 
mond deposits in kimberlite and high potential for similar deposits 
in lamproite and possibly lamprophyre. Tectons (Late Proterozoic 
[1.6 Ga to 6 00 Ma] basement terrains) are considered to have low 
potential f or commercial diamondiferous host rock. Unconven- 
tional diamond deposits (such as high-pressure metamo rphic com- 
plexes, astro blemes, subduction-related comp lexes, an d v olcani- 
clastics) may occur in tectonicall y active terrains, but the methods 
for exploration for these are not well defined. 

Following selection of af avorable terrain, topog raphic and 
geological maps, aerial and satellite imagery, and aerial geophysi- 
cal data are examined. Unusual circular depressions, circular drain- 
age p atterns, note worthy struct uraltr ends,and vegetation 
anomalies ar e noted. Geoph ysics is use d to se arch for dis tinct 
(“bull’s e ye”) con ductors and magnetic anomalie s. Geochemical 
data a re e xamined for chrom ium (Cr ), nick el (Ni), magnesiu m 
(Mg), and niobium (Nb) anomalies. 


Stream-Sediment Sampling 


One of th e primary method susedin diamond e xploration is a 
stream-sediment sampling program designed to search for “kimber- 
litic indicator minerals” (p yrope garnet, chromian diop side, chro- 
mian enstatite, picroilmenite, chrom ian spinel, andofc ourse 
diamond). Diamond targets are small and can range from diatremes 
of several hectares to narrow dikes and sills. Diamond-bearing kim- 
berlites and lampr oites typically contain ab undant soft serpentin e 
with resistant mantle-derived xenocrysts and xenoliths. The serpen- 
tine matrix tends to deco mpose, releasing distinct, mantle-derived, 
kimberlitic i ndicator minerals into the surrou nding environment. 
The indicator minerals may be carried downstream for hundreds of 
meters or s everal kilometers, de pending on the climatic and geo- 
morphic history of the re gion. Diamonds, however, are thought to 
be carried considerable distances—in some cases, hundreds of kilo- 
meters. The indicator minerals can provide a trail leading back to 
the source. 

In the planning stages of stream-sediment sampling, proposed 
sample sites are initially marked in prominent drainages on a topo- 
graphic map using a sample spacing designed to take advantage of 
the region. In arid regions, sample spacing should take advantage of 
relatively short transport distances of the indicator minerals. In sub- 
arctic to arctic areas (i.e., Canada, S weden, Russia, etc.), sample 
density may be considerably lo wer, owing to the greater transport 
distance and the logistical difficulties of collecting samples. Anom- 
alous areas are then resampled at a greater sample density. 

The usual kimberlitic indicator minerals are rare to nonexistent 
in lamproite; th us other min erals (zircon, phlogopite, K-richterite, 
armalcolite, priderite) may be considered that unfortunately have 
low specific gravity and poor resistance to abrasion, and are poten- 
tially difficult to identify. The better indicators for diamondiferous 
lamproite are diamond and magnesiochromite. 


To take advantage of the dispersion of kimberlitic indicator 
minerals, the size of samples are determined based on the environ- 
ment. For example, much larger samples are taken where there is a 
general lack of acti ve streams compa red to re gions wit h active 
drainages. In areas with juvenile streams, samples are often panned 
on site to recover a few pounds of sample concentrate. Recovered 
indicator minerals are tested for chemistry using an electron micro- 
probe to identify those that ha ve higher pro bability of or iginating 
from the diamond stability field. The data are plotted on maps to 
facilitate evaluation. 


Geomorphology 


Kimberlite and oli vine lamproite are often pervasively serpe nti- 
nized, making outcrops the exception rather than the rule. In many 
cases, geomorphic expressions of pipes are subtle to un recogniz- 
able. The Kimberley pipe in South Africa was expressed as a slight 
mound, but nearby pipes (i.e., Wesselton pipe) were expressed as 
subtle depressions. Others produced subtle modifications of drain- 
age patterns (Mannard 1968). In the subarctic, where glaciation has 
scoured the landscape,so me kimberlites p roduce noticeable 
depressions filled by lakes. In the semiarid region of Wyoming and 
Colorado, a few kimberlites are expressed as slight depressions, but 
most blend into the surrounding topography and may or may not 
have a subtle vegetation anomaly. 

In the Ellendale field, in Western Australia, serpentinized dia- 
mondiferous olivine lamproites lie hidden under a thin layer of soil 
in a field of well-exposed leucite lamproite volcanoes. The Argyle 
lamproite and diamondiferous lamproites in the Murfreesburo Area 
of Arkansas were also hidden by a thin soil cover. 


Lineaments 


Many kimberlites and lamproites are structurally controlled (Hau- 
sel, McCallum, and Woodzick 1979; Hausel, Glahn, and Woodzick 
1981; Macnae 1979, 1995; Nixon 1981; Atkinson 1989; Erlich and 
Hausel 2002). Controlling lineaments and fractures may be indi- 
cated by alignment of a cluster of intrusives or by the elongation of 
a pipe. In Lesotho , South Afri ca, Dempster and Richard (19 73) 
reported a close association of kimberlite with lineaments: 96% of 
kimberlites were f ound along west-northwest trends, and man y 
pipes were located where the we st—northwest trends intersected 
west-southwest fractures. 

Lamproites in the L eucite Hills, Wyoming, are found on the 
flank of the Rock Springs uplift, where distinct east-west fractures 
lie perpendicular to the axis of the uplift (Hausel, Gre gory, and 
Sutherland 199 5). In th e West Kimberley Province of Western 
Australia, some lamproites are spatially associated with the Sandy 
Creek shear zone, a Proterozoic fault. In the Ellendale field, several 
lamproites lie near cross faults perpendicular to the Oscar Range 
trend, e ven though the intrusions do not appear to be directly 
related to any known fault. The Argyle lamproite to the east has an 
elongated morphology suggesti ve of fault control and intrudes a 
splay on the Glenhill fault Jaques, Lewis, and Smith 1986). 


Remote Sensing 


Kingston (1984) reported that remote-sensing techniques are widely 
used to search for kimberlite ; these include conventional and f alse 
color aeria | phot ography, Landsa t multispe ctral scanner satelli te 
data, and airborne mu ltispectral scanning. Multispectral scanning 
data are used to identify spectral anomalies related to magnesium- 
rich clays (i.e., montmorillonite), carbonate, and other material with 
low si lica content. Image enhancement techniques (contrast 
enhancements, r atios, principal components, and clustering) pro- 
duce images that are optimum for discrimination of kimberlite and 
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olivine lamproite soils. These and other photo images can be used to 
search for vegetation and structural anomalies. Airborne multispec- 
tral scanning provides higher resolution than Landsat and can also 
be used to measure reflectance qualities of clay in soil. 

Many pipes and dikes possess di stinct structural qualities or 
vegetation anomalies that may allow detection on aerial photo- 
graphs. Mannard (1968) reported that kimberlites in southern and 
central Africa were identified on aerial photographs on the basis of 
vegetation an omalies, circular depressions or mounds, and tonal 
differences. Low-level aerial photographs (both conventional and 
false col or infra red) have been used to loc ate kim berlite in th e 
former U.S.S.R. (Barygin 1962) and in th e United States (Hausel, 
McCallum, and Woodzick 1979; Hausel et al. 2000, 2003). 


Geophysical Surveys 


Geophysical exploration has been successful in the search fo r hid- 
den kimberlite and lamproite (Litinskii 1963a, 1963b; Gerryts 1967; 
Burley and Greenw ood 1972 ; Haus el, McCallum, an d Woodzick 
1979; Hausel, Glahn, and Woodzick 1981; Paterson and MacFadyen 
1984; Woodzick 1980), particu larly in district s where kimberlites 

have previously been discovered. Contrasting geophysical properties 
are often f avorable for disti nguishing kimberlite, lamproite, and 

minette from country rock. 

INPUT airborne surveys are effective in identifying both ser- 
pentinized and weathered kimberlite, owing to the combination of 
electromagnetics and magnetics used in the survey. Rock exposures 
of kimberlite may yield magnetic signatures but are poorly conduc- 
tive, wher eas de eply wea thered ki mberlites ar e con ductive but 
poorly magnetic. 

Because of the relatively small size of the diamond host rock, 
close flight-line spacing is necessary. In an airborne INPUT survey 
over the State Line District, Wyoming, a f light-line spacing of 
200 m effectively de tected several kimberlites and identified dis- 
tinct ma gnetic anomalies interpreted as blind diatremes (P aterson 
and MacFadyen 1984). An aeromagnetic (200- to 400-m line spac- 
ing) survey flown over parts of northeastern Kansas identified sev- 
eral anomalies, some of which were dril led, re sulting inth e 
discovery of previously unknown kimberlites (i.e., Baldwin Creek, 
Tuttle, and Antioch kimberlites) (Berendsen and W eis 2001). 
Flight-line spacings of 50 to 100m were used for INPUT , mag- 
netic, and radiometric surveys in th e Ellendale field in Austra lia 
(Atkinson 1989; Janke 1983; Jaques, Lewis, and Smith 1986). The 
olivine lamproites yielded distinct dipolar magnetic anomalies. 

In Yakutia Pro vince, Russia, ground magnetic surv eys were 
used where differences between the magnetic susceptibility of kim- 
berlite and the carbonate sedimentary country rock were high. Air- 
borne surv eys als 0 succes sfully detected anomal ies a s gr eat as 
5,000 gammas (Litinskii 196 3b). In Mali, W est Africa, the mag- 
netic contrast between kimberlite and schist and sandstone country 
rock resulted in 2,400-gamma anomalies over kimberlite (Gerryts 
1967). In Lesotho, anomalies 0 ver ki mberlite wer e com parable 
with those in Yakutia Province (Burley and Greenwood 1972). 

Fipke and colleagues (1995) indicated that barren peridotite 
phases in Arkansas yielded magnetic highs, but the diamond ifer- 
ous phases were not detected. In northeastern Kansas, B rookins 
(1970) reported large positive (550 to 5,000 gamma) and negative 
(0 to —2,800 gamma) anomalies over some kimberlites emplaced 
in regional sed imentary rocks. The sedimentary rocks had r ela- 
tively low ma gnetic suscepti bility, making ma gnetic surv eys an 
effective method for exploration. 

Most kimberlites in t he Colorado—Wyoming State Line Dis- 
trict yielded small complex dipolar anomalies in the range of 25 to 
150 gammas, with some isolated anomalies of 250 and 1,000 gam- 


mas (Hausel, McCallum, an d Woodzick 1979) .Blue ground 
(weathered) kimberlite tends to m ask ma gnetic anomalies. In the 
Tron Mountain District, where mu ch of the kimber lite is relatively 
homogeneous, massive hypabyssal-facies kimberlite, only weak to 
indistinct magnetic anomalies were detected (Hausel et al. 2000). 

Magnetite is replaced by hematite during weathering, masking 
near-surface magnetic af finity. Clay produ ced dur ing weathering 
promotes water retention, thus weathered blue ground over kimber- 
lite may produce vegetation anomalies that are susceptible to detec- 
tion by electrical methods. For example, resistivity surveys in the 
Colorado—Wyoming State Line Distr ict detected apparent resistiv- 
ity of 25 to 75 ohm-m o ver weathered kimberlite, compared with 
150 to 2,250 ohm-m in th e country rock granite (Hausel, McCal- 
lum, and Woodzick 1979). 

Resistivity of weathered lamproite may be lower than that of 
country rock, owing to the conductive nature of smectitic clay rela- 
tive to illite, kaolinite, and other clay minerals (Gerryts 1967; Janke 
1983). The Argyle olivine lamproite, however, yielded moderate to 
strong resistivity anomalies (40 to 100 ohm-m) compared to the 
surrounding country rock (200 ohm-m) (Drew 1986). 


Biogeochemical and Geochemical Surveys 


Kimberlite and la mproite are pot assic alkalic ultrabasic igneous 
rocks with ele vated barium (Ba) , cobalt (Co), Cr, cesium (Cs), 
phosphorus (P), lead (Pb), rubidium (Rb), strontium (Sr), tantalum 
(Ta), thorium (Th), uranium (U), vanadium (V), and light rare earth 
elements (LREE). The elevated Cr, Nb, Ni, and Ta may show up in 
nearby soils (Jaques 1998), but dispersion of these metals in soils is 
not extensive. Stream-sediment geochemistry generally is not use- 
ful because of efficient dispersion of most metals in streams. In the 
Colorado—Wyoming State Line District, Cominco American out- 
lined several known kimberlite intrusives on the basis of Cr , Nb, 
and Niso il geochemical anomalies. Disp ersion patterns were 
restricted, however, and of little use in exploration in this terrain. 

Gregory and Tooms (1969) found that Mg, Ni, and Nb anoma- 
lies did not extend farther than 0.6 km from the Prairie Creek lam- 
proite, Arkan sas. Haebid an d Jackson (1986) noted that soil 
geochemical anomalies (Co, Cr, Nb, Ni) were detected in sand and 
soil immediately above lamproite vents in West Kimberley, Austra- 
lia. Such anomalies could prove useful in the search for hidden oli- 
vine lamproites. Gregory (1984) used lithochemistry to distinguish 
olivine lamproite from leucite lamproite on the basis of Mg, Ni, Cr, 
and Co ratios. 

Bergman (1987) suggested that olivine lamproites are g ener- 
ally enriched in compatible elements relative to le ucite lamproites 
as aresult of the abundance of xenocrystal olivine in th e former. 
Barren lampro ites contain elevated alkali and lit hophile contents 
(K, sodium [Na], Th, U, yttrium [Y], and zirconium [Zr]) relative to 
diamondiferous (oli vine) lampro ites. Diamondiferou s lamproites 
possess twice the Co, Cr, Mg, Nb, and Ni and half the aluminum 
(Al), K, and Na as barren lamproites (Mitchell and Bergman 1991), 
and lamproites have anomalous t itanium (Ti), K, Ba, Zr, and Nb 
compared to most other r ocks. These componen ts may f avor the 
growth of specific flora or may stress local v egetation (Jaques 
1998). The Big Spring vent, West Kimberley, Australia, is charac- 
terized by anomalous faint pink tones that reflect the growth pattern 
of grass on the vent (Jaques, Lewis, and Smith 1986). 

Many kimberlites in the Colo rado-Wyoming State Line Dis- 
trict will not support growth of woody vegetation, resulting in open 
parks over kimberlite in ot herwise forested areas. These same kim- 
berlites may support a lush stand of grass delineating the limit of the 
intrusive. Distinct gra ssy vegetation anomal ies over ki mberlites in 
the Iron Mountain District, Wyoming, were used successfully to map 
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many intrusives (Hausel et al. 20 00). The a nomalies are e specially 
distinct after a few days of rain in the late spring. 

Some Siberian kimberlites support denser stands of larch 
(Larix dahurica) and abundant undergrowth of shrub willow (Salix) 
and alder ( Alnus) compared to surrounding Cambrian carbonates. 
In central India, trees over the Hinota pipe are healthier, taller, and 
denser than those in the surrou nding quartz arenite. This may be 
attributed to greater availability of K, P, micronutrients, and water. 

Vegetationo vert he Stur geonLak eki mberlite in 
Saskatchewan was tested for 48 elements; the kimberlite showed a 
consistent spatial rela tionship with Ni , Sr, Rb, Cr, m anganese 
(Mn), and Nb, and to a lesser extent with Mg, P, and Ba; relatively 
high Nic oncentrations o ccurred in dog wood twigs. In hazelnut 
twigs, Cr levels were greater than 15 ppm near the kimberlite but 
only 5 to 8 ppm elsewhere, and Nb was higher in hazelnut twigs. 
Sr and particularly Rb were relatively enriched in some plant spe- 
cies on kimberlite. The Sr was probably derived from the carbon- 
ates associated with the kimber lite, whereas the Rb was deri ved 
from phlogopite. Ni, R b, and Sr distribution and Cr enrichment 
associated with Mn depletion in the twigs could be used to identify 
nearby kimberlite. 


MINING AND MILLING 


Economic diamond deposits depend on the average price of stones, 
the amount of w aste material removed, mining methods, company 
politics, socioeconomics of the area, and many other f actors. For 
example, a diamond dep osit may be mined at acomparati vely 
lower cost in a developing country because of the availability of an 
inexpensive labor force, although constructing an infrastructure in 
such an areacould offset some of these benefits. In the United 
States, high labor and mining cost s require higher -value ore for 
commercial operation; however, an infrastructure may already be 
available. 

More than half of the world’s natural diamond s are mined 
from kimberlite and lamproite and the rest are mined from placers. 
Economic cutoff grades are typi cally >0.10 car at/t (Jaques 1998), 
but the grade is highly dependent on mining costs and the value of 
the recovered diamonds. Thus the economic cutoff grade will v ary 
depending on these f actors. Average ore grades range from a high 
of 6.8 carats/t for Argyle to a lo w of about 0.15 carat/t for Prairie 
Creek, Arkansas. Some of the rich crater facies lamproite mined at 
Argyle yielded grades as high as 20 carats/t. Most economic depos- 
its yield >30% gem-quality diamonds. 

Commercial deposits include narrow dikes to pipes of 30 to 
1,500 m across. Pipes range in surface area from 1 to 150 ha, 
averaging about 12 ha (Jaque s 1998). Diamo nd mines p ossess 
resources in the neighborhood of more than 10 Mt to 350 Mt of ore, 
and the richest deposits contain reserves measured in the hundreds 
of millions of carats that are valued in the billions of dollars. 

Open-pit diamond mines are typically designed to reco ver as 
little as 100,000 t to more than 10 Mt of ore per year. Annual dia- 
mond production may range from se veral thousand carats to a few 
million carats. For example, the Finsch mine, So uth Africa, pro- 
duced about 5 millio n carats annually between 1981 and 1991, 
whereas annual diamond production for the extremely rich Argyle 
lamproite reached a record 39 million carats during the height of 
operation. 

Diamond quality and size must also be considered in commer- 
cial operations. Lamproites appear to produce small diamonds with 
large percentages of colored stones. Many kimberlites yield a large 
range in diamonds, including some very large stones. For example, 
the average diamond from the Ar gyle lamproite is small (onl y 
<0.1 carat), and t hose from Ellendale lamproites are only 0.1 to 


0.2 carat (Mitchell and Bergman 1991). The lar gest reported dia- 
mond from th e Pr airie Cre ek 1 amproite is 40.42 carats (Hause | 
1998). Diamonds from some kimberl ites, however, are extraordi- 
nary. The largest diamond ever recovered was the size of a human 
fist; it was mined from the Premier kimberlite, South Africa, and 
weighed 3,106 carats. 

Bulk sampling is the initial ste p in evaluation of a commercial 
diamond deposit. If favorable, additional bulk samples are used to 
assist in establishing ore grade maps to aid in mine planning. Sam- 
ples are taken on the surface and from drilling in order to achieve a 
three-dimensional view of ore grades. If the pipe is considered to be 
economic, planning is completed for an initial open-pit design and a 
mill placed near the pipe. Open-pit mining typically proceeds from a 
spiral road developed from the rim of the pit toward the center of the 
pipe. As mining proceeds, the country rock is cut back in steps to aid 
in supporting the highw alls of the open pit. Mining in the pit may 
occur in an oval pattern or in a polygonal pattern (Bruton 1979). 

As mining continues and the pipe narrows at depth, the open 
pit will shrink to smaller and smaller diameters. Mining operations 
may ultimately continue underground using bulk recovery by block 
caving. Fewer than 30% of diamond mines, however, are continued 
underground. And to do so, the diamond ore must be of relati vely 
high value, because the cost of underground mining is considerably 
higher and th e amount of ore re covered is con siderably lo wer. 
Some kimberlites in Siberia and South Africa have been mined to 
depths of 1,080 m. Open pits may have mine lives of 2 to 50 years 
(Jaques 1998). 

Following recovery of rock mined from open-pit operations, 
the ore is crushed and screened. Screening separates midsize from 
larger material rejects and from material too small to contain com- 
mercial diamonds. Decisions on the maximum screen size must 
weigh the cost o f processing additional material with the loss of 
potentially priceless large diamonds. 

The typical diamond mill has a_ basic flo wsheet that be gins 
with primary milling and continue s to primary gr avity concentra- 
tion, secondary concentration, magnetic separation, and attrition 
milling. The final diamond extraction stage uses grease tables, elec- 
trostatic separation, or x-ray fluorescence extraction (Bruton 1979). 

Placer mines are different. The size of a placer mine will vary 
from a small, one-person operation to a full-scale mine using bull- 
dozers, scrapers, and dr edges. Paystreaks are identified in streams 
or beaches; minin g is then completed using small-scale o r lar ge- 
scale earth-moving equipment (Bruton 1979). 


GEMOLOGY 


The primary monetar y value for diamond is as ge mstones. Dia- 
mond prices vary considerably. There are approximately 5,000 dia- 
mond categories with prices that vary from $0.5/carat up to several 
tens of thousands of dollars per carat (for la rge uncut or colored 
fancy diamonds) (Miller 19 95). Many faceted diamonds are w orth 
many times an equivalent weight in gold or platinum. Rough gem- 
stone diamonds ha ve values as hi gh as 100 or more times _ that of 
industrial diamonds. After the diam onds are faceted, the v alue of 
the gem can increase another 10- to 100-fold, and the final place- 
ment of a stone in jewelry will again add another increase in the 
value of the stone. Thus, any mining operation should consider not 
only recovery of the gems but also the fashioning of the gems and 
marketing. 

Diamonds are one of the more valuable commodities on earth, 
and ar guably are the most v aluable of all commodities based on 
weight. For example, some Argyle pink diamonds have sold for 
as muchas $1 million per carat (one carat weighs o nly 0.2 g 
[0.007 0z]). Thus, an equi valent weight in gold w ould be worth 
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only $2.80 (at $400/oz). The extreme value of diamond is due to its 
mystique, rarity, extreme hardness, high refra ctive index, and dis- 
persion that can result in brilliant gems with distinctive “fire” when 
faceted and polished. 

Four general types of natural commercial diamonds are recog- 
nized. These are gem, bort (poorly crystallized, gray, brown trans- 
lucent to opaq ue), ballas (spherical aggr egates formed of man y 
small diamonds), and carbonado (opaque, black to gray, tough, and 
compact). Gem diamonds are furth er subdivided into gem and 
near-gem (low-quality gemstones). 

The fashioning of diamond “rough” into a finished gem may 
require up to six steps th at include marking, grooving, cleaving, 
sawing, girdling, and faceting (Hurlbut and Switzer 1979). Whether 
or not all of these steps are used depends on the size, shape, and 
quality of the rough stone. 

The value of finished gem diamonds is judged by the “four 
Cs”: cut, clarity, carat weight, and color. The cut of a diamond can 
increase its value tremendously, and the better proportioned, pol- 
ished, and faceted, the greater its value. When the girdle (base) and 
table of the diamond are proportioned corr ectly, the diamond will 
exhibit greater fire and brilliance. 

Diamonds can be graded using the Gemolo gical Institute of 
America’s color-grading system. This ranges from D (colorless) to 
X (light yellow). Each letter of the alphabet from D to X shows a 
slight increase in yellow tinge that is generally not apparen t to the 
untrained eye (Hurlbut and Switzer 1979). Fancy diamonds are sep- 
arated from colorless diamonds _ into groups based on color and 
intensity (Bruton 1978). Clarity is determined by the presence or 
absence of blemishes, fla ws, and inclusions. One typ ical grading 
system ranges from FI (flawless) to Iz (mperfect) with intermediate 
grades of VVS, (very, very slightly imperfect) , VVS2, VS1, VSo, 
Sh, Sh, h, and lb. 


USE 


The diamond industry is a multi-b illion-dollar me ga-industry. The 
unique ph ysical and optical prope rties of diamond also mak e it 
indispensable and irreplaceable for many industrial uses in addition 
to personal adornment in jewelry. 

Harlow (1998 ) and Olson (2001, 2003) describe man y uses 
for industrial diamonds. Because of the mineral’s extreme hardness, 
industrial and synthetic diamonds are used extensively as abrasives 
in grinding, d rilling, cutting, and polishing. Diamond also has 
chemical, electrical, optical, and the rmal characteristics that make 
it the best material available for wear- and corrosion-resistant coat- 
ings, special lenses, heat sinks in electrical circuits, wire dra wing, 
drilling, and man y ot her advanced technolog ies. One signif icant 
future application will be inco mputer chips because of the dia- 
mond’s unmatched thermal conducti vity and resistance to heat. A 
tremendous amount of heat can _ pass thr ough diamond witho ut 
causing damage. 

Today’s speedy micro processors run hot—up to 200°F—and 
microprocessors cannot run much faster without failing. Diamond 
microchips would be able to handle much higher temperatures that 
would liqu efy ordinary silicon, allowing them torun at higher 
speeds. But manufacturers have not considered using the precious 
stone because it has never been possible to produce large diamond 
wafers af fordably. Th e Florid a-based Gemesis andthe Boston- 
based Apollo Diamond Company plan to use the diamond jewelry 
business tof inance attempts to intr oduce diamond s into th e 
semiconducting world. 

At room temperature, diamond is the hardest kno wn material 
with the highest thermal co _ nductivity o fan y substance. Even 
though diamond is more expensive than competing abrasive materi- 


als such as garnet, corundum, and car borundum, diamo nd has 
proven to be cost-effective in several industrial processes because it 
cuts faster and lasts longer than rival material. S ynthetic industrial 
diamond is superior to natural industrial diamond in that it can be 
produced in unlimited quantities and tailored to meet specific appli- 
cations. Conseq uently, manufactured diamond accounts for more 
than 90% of the industrial diamonds used in the United States. 

According to the USGS, much of the synthetic industrial dia- 
mond produced domestically has been used as grit and powder 
(Olson 2002, 2003). The major u ses were inmachinery (27%), 
mineral services (18%), stone and ceramic products (17% ), abra- 
sives (16%), contract construction (13%), transportation equipment 
(6%), and miscellaneous uses (3%) (Olson 2002, 2003). Industrial 
diamonds are used in the pro duction of compu ter chip s; in con- 
struction; in the manufacture of machinery; for mineral and energy 
exploration and mining, stone cutting and polishing; and in trans- 
portation (infrastructure and vehicles). Stone cu tting, along with 
highway construction and repair , are some of the largest users of 
industrial diamond. 

Diamond has one signif icant lim itation in industrial u_ se: it 
reacts with iron at hi gh temperature, causing the diamond to re vert 
to graphite, which results in high rates of wear. In an iron-rich envi- 
ronment, diamond may be uneconomical to use in comparison to 
other conventional abrasives (i.e., aluminum oxide, silicon carbide, 
and boron nitride). Even though these are considerably softer than 
diamond, they are suitable as high-performance abrasives on fer- 
rous work-pieces. 

Diamond use has increased in both jewelry and industrial appli- 
cations. One reason for the increase is the development of diamond 
synthesis technology, making it possible to produce diamond abra- 
sives for specific applications. In the past, the only option was to use 
natural diamond, which had to be sorted by size and crushed, or by 
surface treat ment such as rounding. Synthetic di amond abrasi ves, 
however, can now be produced under a controlled environment such 
that the shape of the crystal can be made irregular and sharp. 

Diamond has many potential exotic applications. For exam- 
ple, the Venus probe was fitted with a transparent diamond window 
because diamond was the only material transparent to infrared light 
that could withstand the extreme cold and vacuum of space and the 
extreme high temperatures and atmospheric pressures of Venus’s 
atmosphere (up to 920°F , and pressures a hundred times that of 
Earth) (Ward 1979). Another exotic use gives new meaning to the 
family jewels. LifeGem in Illinois started manufacturing diamonds 
from cremated human ashes for jewelry for surviving relatives. The 
cost for a “f amily jewel” is reported to be more than $2,000 for a 
0.25-carat stone. 

Diamond has applications in high-energy physics. Diamond 
windows are used in high-power lasers because of the high thermal 
conductivity, low absorption coefficient, and low value of tempera- 
ture coef ficient o f refr active ind ex. Diamond _ anvils are used in 
high-pressure r esearch, wh ere pr essures gr eater than 4 m egabars 
are needed. Such ultra- high-pressure research can simulate condi- 
tions in the core of the earth and on other planets. 

Diamonds are also used in dental drills and sur gical blades, 
and provide cutting edges that are many times sharper than the best 
steel blades. Since diamond has the greatest thermal conductivity of 
any material, pinhead-size gold-coated diamonds are used in high- 
capacity miniature transmitters that carry tele vision and telephone 
signals. 


Synthetics 


Synthetic gem diamonds and simulants are becoming more common 
in the mark etplace. These include cubic zirconia and moissanite . 
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Moissanite has twice the fire of natural diamond, is dou bly refract- 
ing (unlike diamond and cubic zirconia, which are singly refractive), 
and has a hardness of 9.25—thus, both moissanite and cubic zirco- 
nia can easily be scratched by diamond. Double refraction is detect- 
able in moissanite when vie wing the front of the stone . The back 
facets will appear to be dup _licated bec ause of the double refrac- 
tion—except when viewing down the optic axis where light is singly 
refractive. The optic axis is usually perpendicular to the table of 
moissanite; thus, one must observe the back facets through another 
facet to see evidence of double refraction. 

Synthetic gem-quality diamonds can be produced in about 
24 hours. Some stones weighing up to 3 carats have been produced 
for a few hundred dollars (uncut). Most are yellow, but some Rus- 
sian stones are clear. In 1971, General Electric grew facet-quality 
synthetic diamonds that were nearly colorless (0.3 and 0.26 carats). 

The colorless gemstones caused concern in the jewelry trade. 
Diamond simulants can be detected by a simple thermal conductiv- 
ity test, b ut most je welers were unprepared to distinguish f aceted 
synthetic diamond from natural faceted diamond. Thus, DeBeers 
developed a diamond v erification instrument known as Diamond- 
View, which uses UV fluorescence to distinguish colorless natural 
diamond from synthetic diamond. In addition, many synthetic dia- 
monds examined by the Gemological Institute of America contain 
metallic inclusions in high enough abundance that they are able to 
attract a magnet. Nonf aceted synthetic diamonds e xhibit a uniqu e 
crystal habit of a cuboctohed ron witha flat base. Synthetic dia- 
monds also exhibit unusual dendritic and striated surface patterns. 
According to Shigley and others (1997), because of the technologi- 
cal challenges and high cost of production, it is unlikely that fash- 
ioned gem-quality diamonds larger than 25 points will affect the 
gemstone industry in commercial quantities. 


FUTURE OF THE DIAMOND INDUSTRY 


Diamonds have intrinsic value because of uniq ue hardness, tr ans- 
parency, and thermal cond uctivity. Diamonds will be need ed as 
long as th ere are industrialized nations. Without any foreseeable 
major econ omic disasters, the f uture of the diamond industry 
should remain strong. 

As science and industry advance, additional applications for 
diamond are likely to be found in the electronics industry. Demand 
for diamonds for drilling in exploration for oil, gas, and minerals, 
and in the construction industries, is anticipated to increase. Some 
technological advances will demand both natural and synthetic dia- 
mond in the future. 

For many years, the gem diam ond industry was controlled by 
DeBeers—a monopoly so po werful that the diamond industry and 
DeBeers were thought by many to be the same. But the discovery 
of significant diamond resources outside of Africa has diminished 
DeBeers’s control over the diamond market. 

The first real threat to the monopoly occurred with the discov- 
ery of significant gem-quality diamond deposits in the former 
U.S.S.R. in the 1950s, but communistic bureaucracy could not com- 
pete with South Africa, and the Soviet diamonds did not greatly 
affect the market (Erlich and Hausel 2002). A major diamo nd dis- 
covery (Argyle) in Western Australia in the 1980s started the real 
first erosion of the monopoly. The Argyle deposit, however, though 
rich in diamonds, was dominated by industrial stones, and the gem- 
stones recovered from the mine were small. Even so, the Australian 
company, Ashton Mining, decided to market their own production. 

Some gemstones produced by Argyle included rare pink dia- 
monds. Mark eting strate gies b y th e Austr alians were brilliant, 
resulting in the Argyle pinks becoming some of the more valuable 
gemstones on Earth. A lar ge population of the Argyle diamonds 


was also light-brown to brown and had been considered by the jew- 
elry trade as industrial or near-gem. These were marketed as cham- 
pagne and cognac diamonds, and the marketing strategy effectively 
resulted in these stones becomi ng highly sought gemstones. Even 
so, many of the Argyle diamonds were small and required the spe- 
cial cutting skills of gem cutters in India and Sri Lanka. 

The next major diamond discoveries were made on the North 
American craton. This is the largest craton, with the largest Archon 
core, in the world. Based on the sh eer size of the craton, and the 
many finds of detrital diamonds in glacial moraines, this craton 
should have been a high-priority target for diamonde xploration 
groups. But for man _y years, the North American craton w as 
ignored. 

The disco very of economic di amond deposits in this craton 
was the result of unrelenting prospecting by a small group of geolo- 
gists (Krajick 2001). The discovery set off the greatest rush in mod- 
ern history and resulted in the development of a diamo nd industry 
in Canada. 

Diamond production began in Canada following the capitali- 
zation of BHP’s Ekati mine at more than $800 million. A few other 
mines have now been de veloped, and in April 2004, the value of 
diamond production from Canada su rpassed that of Sou th Africa. 
This occurred in 6 years. Inthe future, many more disco veries of 
diamondiferous kimberlite can be expected in the North American 
craton. To date, as many as 500 kimber lites and some uncon ven- 
tional host rocks have been identified in Canada—early reports are 
that 50 % contain diamon ds—which could easily mak e the North 
American craton the primary source of diamonds in the near future. 

The North American craton extends across the Canadian bor- 
der into the United States, where several diamond dep osits have 
been found. Even so, much of the terrain in the United States has 
not been prospected, or was only partially explored for diamonds. 
Many exploration targets remain inexplicably unexplored. To date, 
only two deposits h ave been mi ned for diamond s in the Un ited 
States—one in the Colorad o—Wyoming State Line Distr ict, and 
another near Murfreesburo, Arkansas. 

Diamond exploration in the near future will continue to focus 
on Canada, where the geology and pol itical climate are favorable. 
In addition to discoveries of diamonds in kimberlite and some lam- 
proites, one might anticipate additional diamond disco veries in 
some uncon ventional host rocks such as minettes, alnoites, other 
lamprophyres, k omatiites, and in particular , subduction- zone- 
related breccias. 

One concern that has arisen is the potent ial production of 
relatively inexpensive synthetic gem-quality diamonds. Natural 
gem-quality diamonds, ho wever, are al so relatively ine xpensive 
until they are f aceted and mounted in jewelry. And it is human 
nature to want a natural gem rather than a synthetic stone or imi- 
tation. Gem-quality synthetic diamonds will probably not greatly 
affect the jewelry market. 


CONCLUSION 


With the current trend of in vestment, exploration, and progressive 
pro-mining atmosphere, it is anticipated that Canada will be a lead- 
ing diamond producer for decades to co me. The sheer size of the 
North American craton allows one to predict Canada to become the 
world’s primary source for diamonds in the future. Unless there is a 
major change in attitude of th e U.S. government and the p opula- 
tion, little is e xpected to be pr oduced in the United States, e ven 
though parts of the country are underlain by this craton. The impor- 
tance of the North American craton in the future of the diamond 
industry has resulted in investments of hundreds of millions of dol- 
lars in exploration in North America. 
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Richard O.Y. Breese and Frederick M. Bodycomb 


INTRODUCTION 
Terminology and Definitions 


The term diatomite is applied both geologically and commercially to 
the nearly pure sedimentary accumulation of diatom frustules—the 
microscopic skeletons of unicellular aquatic alg ae belonging to the 
class of golden brown algae, Bacillariophyceae. The sediments are 
fine-grained, highly siliceous, and consist primarily of amorphous 
opaline silica with only minor am ounts of or ganic residue, second- 
ary minerals, and codeposit ed nondiatomaceous or crystalline clas- 
tic debris. In th e geological se nse, the nam e diatomit e implie s 
sedimentary accumulations that have reached appreciable thickness, 
and consequently, when thick enough, such accumulations may have 
possible commercial potential. Although the term diatomite is popu- 
larly and inappro priately applied to any sediment in which there is 
an abundance of diatom frustules, alternati ve terminology is more 
correctly emplo yed to describe less pure diatomaceous sediments 
(for example, clay-bearing diatomite or diatom-bea ring clay). Syn- 
onyms in current usage include diatomaceous earth and kieselghur. 
More antiquated and obsolete terminology in cludes tripoli po wder, 
tripolite, and infusorial earth. 


Unusual Considerations Specific to Diatomite 


Worldwide, diatomites oc cur within Tertiary to Recent lacustrine 
and marine sedimentary f acies. Although diatomite is widespread 
throughout the world, deposits that contain high -purity, commer- 
cially versatile ore are uncommon. Physical properties of the dia- 
tom and of processed diato mite that provide unique com mercial 
value in a bro ad spectrum of market end u ses include ornate fine 
structure, low bulk density, hi gh porosity, and high surf ace area. 
Properties of equal importance are mild abrasiveness, high absorp- 
tive capacity, insulating ability, relative inertness, high silica con- 
tent, and high b rightness. End us e markets are diverse and range 
from insulating brick and absorbents through quality-sensitive filter 
aids and premium quality functional fillers. 

Notwithstanding both the economic attractiveness of the spe- 
cialty markets and the commercial versatility of the high-purity 
deposits, deposits of lesser purity are mined in many parts of th e 
world fo rless demanding _ uses. Mining costs are minimized 
through open-pit quarrying, but in Europe, Asia, Africa, and South 
America, underground mining methods are also employed. Blasting 
is not required because diatomite is soft and easily broken with 
mechanized equipment. 
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Following gentle crushing, the ore is dried, milled, and p ro- 
cessed into one of thr ee bro ad cate gories of products: natural 
(milled, not calcined), straight calcined, and flux calcined grades. 
Each of these prin cipal categories is further subdivided into addi- 
tional grades_ through particle-size adjustment of the powders. 
Agglomeration of partic les, alteration of f ine structure, and color 
change are achie ved through ca Icination. The ad dition of flux 
before calcination further accentuates these changes. 

The first industrial use of diatomite can be traced back some 
2,000 years to the Greeks and to the use of diatomaceous earth in 
lightweight building brick and in ceramic pottery. It was not until the 
mid-1800s, ho wever, that t he uniq ue properties of diatomite were 
first recognized and the market end uses investigated and developed. 
One of the most important of the early uses foll owed the develop- 
ment of dynamite by Alfred Nobel in the mid-1860s. Diatomite came 
to be used as a component of the explosive to improve stability and 
safety. Other early uses included —_ low-temperature insulating and 
refractory bricks and as a component in fireproofing and insulating 
construction panels. During the 1920s, processing technology under- 
went a very rapid evolution with the development of calcination, flux 
calcination, and air classif ication technologies. Through these tech- 
nologies, many different size and grade classifications could be made 
for the rapidly diversifying market applications and end uses. 

Today, the applicat ion of pro cessed diatomite for f ilter aid is 
the largest of the quality-sensitive end uses. Specific filtration uses 
include, among others, t he cl arification of beer, wine, and other 
liquors; vegetable oil; syrup and sugar; pharmaceuticals; motor oil; 
and swimming pool water. As a fu nctional filler and extender, pro- 
cessed diatomite is ideally suited for use in paint, rubber, and plastic 
formulations. Other filler applications include uses as an antiblock- 
ing agent in plastic film, as an anticaking agent for fertilizer, as a 
thermal insulating material, as a catalyst carri er, in polishes and 
abrasives, as pesticides and fer tilizer carriers, and for chromato- 
graphic supports. Throug hout much of the world, diatomite is st ill 
used as acomponent of insulating brick and as an absorbent. 
Emerging applications include usin g diatomite asa natural grade 
insecticide and in the separation of fluid chemicals. 


PRODUCTION, TRADE, AND RESOURCES 
Production and Consumption Statistics 


Estimates of world production vary by source, but including all qual- 
ity grades, production in 1992 totaled in excess of 1.5 Mt. With the 
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Table 1. World production of diatomite, kt't 








Country 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003¢ 
Algeria oe 3" 4 4 2 2 3 a 3 3 3 
Argentina 3 6 5 get 7 25 34° 18° 28° 23" 20 
Australia® 11 11 11 11 11 20 20 20 20 20 20 
Brazil® 16 17 14# 14# 14 14 135 13° 3? 13° 13 
Canada®8 10 10 NR NR NR NR NR NR NR NR NR 
Chile 6 10 11 12 12 15 14 13 23 30° 30 
China NR 230e"** 2502** 300° 330° 335° 340° 350° 350° 370° 380 
Colombia® 4 4 4 4 4 4 4 4 4 4 4 
Commonwealth of 80 
Independent States® 
Costa Rica 7" Ze 72 art 2 16° 18 35 26 26 25 
Czech Republic 39 40 29 35 42° 35 37 34 83" 28° 30 
Denmark®tt.+ 96 285° 186° 185 185 185 185 234° 231° 231! 232 
France® 85 90 80 85 80 80 80 75 75 75 75 
Germany® 52% 52 50 0 0 0 0 0 0 0 0 
Iceland® 19 25 28 26+ 26° 26 28 28 30° 31° 30 
Irane+t <t <p <p <p <p ] At 5 5 5 5 
ltaly® 25 25 25 25 25 25 25 25 25 25 25 
Japan® NR 184 175 194% 194 190 190 190 180° 80° 180 
Kenya ] ] <h <a <b <a Le <A <A 1" ] 
Korea 67 83 81 70 54 37 30 34 28 215 21 
Macedonia® 5 5 5 5 5 5 5f 5 5 5 5 
Mexico 46 52 50 52 59 67 65 96 69 62° 60 
Peru® 35 35 35 30: 35 35 35 35 35 35 35 
Poland 2 3 ] 2 ] ] ] ] ] 
Portugal® 2 2° 2 2 2 2 2 2 2 
Romania® 10 35 50 57 24 35° 12 10° 20° 20 
South Africa NR NR NR NR NR NR NR NR NR NR NR 
Soviet Union, former®88 150 120 110 100 90 80 80 80 80 80 NR 
Spain®*** 38 36 45° 34t 36 36 36 35 35) 35 35 
Thailand 8 6 6 2 <h 0 2 <p It if ] 
United Kingdom® <t <h NR NR NR NR NR NR NR NR NR 
United Statesttt 649" 646 722° 729° 773 725 747 677 644 624 620 
Yugoslavia NR NR NR NR NR NR NR NR NR NR NR 
Total 1,390° 2,020° 1,990" 1,990" 2,010° 2,000° 2,010° 2,020° 2,010° 1,950° 1,950 





Courtesy of U.S. Geological Survey and U.S. Bureau of Mines. 
Abbreviations: e = estimated, r = revised, NR = not reported. 


* World totals, U.S. data, and estimated data are rounded to no more than three significant digits; may not equal totals shown. 


t Table includes data through April 4, 2004. 
t Reported figure. 
§ Includes unknown quantity of fuller’s earth. 


** May not include building and insulation brick estimated at 150,000 t (in 1995) to 200,000 t (in 1999). 
tt Data represent “extracted moler,” calculated as reported cubic meters times 1.5. Contains about 30% clay. 


tt Data are for Iranian years beginning March 21 of that stated. 


§§ The Soviet Union was dissolved in December 1991, but information is inadequate for formulation of reliable estimates for individual countries. 


***Includes tripoli. 


tttSold or used by producers. 


addition of Chinese figures, world production in _ the fol lowing 
decade ranged from 2.02 Mt in 1994 and 1999 to 1.95 Mt in 2003 
(Taylor 199 4; Ant onoides 1 997; Dolle y 1999-2003). Pr oduction 
trends are shown in Table 1. The average price per ton (Table 2), on a 
weighted basis by end use volume, rose from US$ 219 in 1990 toa 
high of $2 71 in 2001, followed by a dro p to $2 58 in 20 03 (Taylor 


1994; Antonoides 19 97; Do lley 19 99-2003). The Un ited States 
remains the dom inant world producer , foll owed by Chi na, Japan, 
Denmark, the former So viet Union, France, and Mexico. According 
to the USGS, f ilter aids compri sed 62% to 73% of the diatomite 
products sold or co nsumed in th e Un ited States d uring th e past 
decade. S ales or consumpti on of fillers represented 11% to 17%; 
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Table 2. Price per metric ton of diatomite (weighted average) 




















Year Average Value, USS Year Average Value, USS Year Average Value, USS 

1990 219 1995 238 2000 256 

1991 229 1996 242 2001 271 

1992 237 1997 244 2002 255 

1993 251 1998 248 2003 258 

1994 248 1999 238 
Courtesy of U.S. Geological Survey. 
Table 3. Chemical composition of natural diatomites (oven-dried basis) 

EaglePicher, — EaglePicher, 
Lovelock, Vale, Lompoc, Denmark Albacete, Jalisco, Jilin, 
Constituent, % Nevada’ Oregon* Californiat (Moler) Spaint Mexicot Chile China 
Silica (SiO2) 89.75 87.92 89.70 67.80 88.60 91.20 89.68 90.07 
Alumina (AlzO3) 3.08 3.66 372 10.30 0.62 3.20 2.18 1.98 
Iron oxide (Fe2O3) 1.33 137 1.09 6.85 0.20 0.70 0.38 0.67 
Titanium oxide (TiO) 0.14 0.29 0.10 1.21 0.05 0.16 0.05 0.09 
Phosphate (P2Os) 0.04 0.05 0.10 0.21 na 0.05 0.04 0.06 
lime CaO) ( 0.41 0.52 0.30 1.35 3.00 0.19 0.41 0.39 
Magnesium MgO) ( 0.11 0.15 0.55 1.64 0.81 0.42 0.31 0.28 
Sodium (Na2O) 0.19 0.56 0.31 0.46 0.50 0.13 0.97 0.22 
Potassium (K2O) 0.22 0.13 0.41 1.47 0.39 0.24 0.45 0.35 
Ignition loss 4.70 5.15 370 7.91 5.20 3.60 5.90 6.30 
Total 99.97 99.80 99.98 99.20 99.37 99.89 100.37 100.41 





na = not available. 
* Courtesy d EaglePicher Filtration & Minerals, Inc. 
t Source: Kadey 1983. 


insulation 2% to 4%; and other uses, including absorbents, additives, 
abrasives, and admixtures, 9% to 25%. The total v alue of diatomite 
products sold or used in the Un ited States reached $159 million for 
2002 (Dolley 2002). 


World Reserves 


The world resource base of diatomite (inclusive of all qualities, and 
irrespective of end use suitability and proximity to infrastructure/ 
markets) is vast, and there should be no worldwide shortage in the 
foreseeable future. 


GEOLOGY 
Mineralogy, Composition, and Chemical Properties 


Diatomite is a fine-grained siliceous sedimentary rock or unlithified 
sediment of biogenic origin. It is chiefly composed o f amorphous 
silica, present in the form of opaline diatom skeletons or frustules. 
Kamatani (1971) noted that the silica of recent fru stules resembles 
amorphous silica gel, whereas th e composition of fossil frustules 
resembles an opaline silica that has a lower solubility than the silica 
of its recent counterparts. Combined water held within the opaline 
structure of frustules varies among species and is reported to range 
as high as 9.6 wt % in some lacustrine forms to as low as 1.9 wt % 
in specific marine species (T appan 1980; Lisitsyn 1967). In addi- 
tion to silica, which is the major component, alumina, iron, alkali 
metals, alk aline earths, an d ot her min or components are present 
(Table 3). 

The silica content (as SiOz) of diatomite samples, as deter- 
mined on an organic-free basis, typically ranges from 80% to 90%, 
but silica cont ents as hi gh as 97% ha ve been encountered. As 


determined through o xide an alysis, iron, calciu m, aluminum, tita- 
nium, sodium, potassium, and other elements are typically present in 
minor amounts of se veral percent or less (Table 3). Many elements 
are present in trace amo unts (Table 4). Codeposited and secondary 

minerals of ten found in diatomites include clays, quartz, gypsum, 
mica, cal cite, and feldspars. Less commonly, sal t, p yrite, sulfur , 
manganese nodules, and vivianite and other phosphates are present. 
Chert and volcanic ash are often a bundant constituents of the sedi- 

ment. Common biogenic constituents include the tests of ostracod s 
and bi valves, the sil iceous remains of sponges, silicoflagell ates, 
radiolaria, carbonized fossil leaves, and fossilized fish bones. 

When chemical and mi neral im purities are present in gr eat 
abundance, alternative terminology is used to describe the sediment 
(e.g., sandy diatomite, clay-bearing diatomite, diat omaceous marl, 
and diatomaceous peat). These extraneous materials can affect the 
properties of the final product, including pH, the solubles present, 
density, and abrasiveness. In such cases, the ore’s commercial suit- 
ability for some uses will be adversely affected, unless the contami- 
nants can be removed or rendered insoluble through processing. 

Thermal processing, or calcination, prod uces fundamen tal 
changes in the composition and nature of the opaline silica frustule. 
Within the tra de, the term calcination has been loosely and incor- 
rectly applied to the thermal processing of diatomite with or without 
the addition of a fluxing agent. Technically, the thermal treatment of 
diatomite is a sintering or agglomeration process achieved through 
incipient fusion. Calcination not only dehydrates the amorphous sil- 
ica but initiates conversion of the opal to cristobalite. As much as 
40% to 60% of the amorphous diatomaceous opal may be converted 
to cristobalite thr ough flux calcina tion. As is discussed later , the 
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Table 4. Typical trace element analysis of EaglePicher Filtration & Minerals, Inc., Celatom FW-14 Product 





Element ppm Element ppm Element ppm Element ppm 
Aluminum >1,000 Fluorine 320 Neodymium 15 Sodium >1,000 
Antimony 3 Gadolinium NR Nickel 7 Strontium 84 
Arsenic 5 Gallium 8 Niobium <10 Sulfur 70 
Barium 188 Germanium <10 Osmium NR Tantalum <l 
Beryllium 2 Gold <l Palladium <l Tellurium NR 
Bismuth <5 Hafnium 1 Phosphorus 320 Terbium <l 
Boron 40 Holmium NR Platinum <l Thallium <2 
Bromine 2 Indium NR Potassium >1,000 Thorium 2 
Cadmium <l lodine <l Praseodymium NR Thulium NR 
Calcium >1,000 Iridium <l Rhenium NR Tin <l 
Cerium 18 lron >1,000 Rhodium <l Titanium >1,000 
Cesium 8 Lanthanum 11 Rubidium 10 Tungsten 6 
Chlorine NR Lead <2 Ruthenium <l Uranium 3 
Chromium 7 Lithium 6 Samarium ] Vanadium 140 
Cobalt 2 Lutetium <l Scandium 3 Ytterbium <l 
Copper 11 Magnesium >1,000 Selenium <3 Yttrium 10 
Dysprosium NR Manganese 44 Silicon >1,000 Zinc 32 
Erbium NR Molybdenum 10 Silver <l Zirconium 58 
Europium 0.5 














NR = not recorded. 





Courtesy of EaglePicher Filtration & Minerals, Inc. 

Figure 1. Scanning electron micrograph of an Aulacosira (previously 
Melosira) occurring in an EaglePicher Filtration & Minerals, Inc., 
deposit in Nevada 





health issues related to the crystalline silica species present in diato- 
mite products came under worldwide examination during the latter 
half of the 1980s, and health- and environment-related le gislation 
was promulgated as a result. Other changes in physical properties 
that are induced through thermal processing are discussed in the 
sections that follow. 


Morphology 


The diatom is a member of a diverse group of single-celled, often 
colonial algae. The class is subdi vided into two major groups: the 
Pennales forms have axial symmetry and the Centrales forms have 
radial symmetry. To date, more than 12,000 distinct species h ave 
been recognized (Tappan 1980). 

Each cell possesses an internal, ornate siliceous skeleton con- 
sisting of two valves that fit together much like a pill box. The mor- 
phology of the frustules varies widely among species and serves as 
the basis for taxonomic classification. The surface of each valve is 
punctated by a series of openings that co mprise the complex fine 
structure of the fr ustule and impart a design that is distinctive to 
individual species (Figure 1). The size of the frustules ranges from 
0.75 to 1,000 pm, lar ge enough, as in the case of Ellerbeckia teres 
(previously Melosira teres) and so me Coscinodiscus forms, to be 
visible with a hand lens. Most are in the range from 10 to 150 um 
and require a microscope to be seen. The frustule of the living cell 
is covered by a jelly secreted by the algae and contains organelles 
typical of photosynthesizing plants. 


Physical Properties 


Low block density, typically ranging from 320 to 640 g/L, distin- 
guishes diatomite from all other f ine-grained sediments. High 
brightness, or whiteness, is an additional and distinctive attribute of 
nearly pure diatomites. 

The fundamental chemical composition and intricate structure 
of the diatom frustule give diatomite unique commercial value and 
versatility in filtration and filler applications, unmatched by that of 
other natural forms of silica. Inherently, the fine particulate structure 
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of the diatom skeleton imparts low density and high surface area to 
milled powders. Ulti mately, the f ine structure also pro vides high 
porosity and permeability, along with the clarifying ability required 
in filtration applications. These same physical attributes impart high 
absorptive capability as well as low thermal conductivity. Although 
the skeletal structure i s rigid and serves as an ef fective abrasi ve 
agent, the delicat e particles tend to brea k and gently polish rather 
than scour. In filler and f iltration applications that are sensitive to 
purity, diatomaceous silica remains relatively inert and lends only its 
physical properties. The melting point of diatomaceous silica ranges 
between 1,400° and 1,750°C. 

Broad adjustment of physical properties is achieved through the 
thermal sintering process. Ca Icination reduces surf ace area by 
destroying the fine structure. Calcination and flux calcination pro- 
gressively increase the specif ic gravity from 2.0 to 2.3; decrease the 
surface area of milled powders from ~10-30 m 7/g to 0.5—5.0 m?/g; 
and increase the hardness of the silica from 4.5—5 to 5.5—6 (measured 
on the Mohs scale). The refract ive index of nat ural powders ran ges 
from 1.40 to 1.46 and increases to 1.49 through flux calcination. 
Origin 
Diatoms thrive in diverse habitats including marine, brackish, and 
lacustrine/stream environments. In add ition, diatoms live in m oist 
soils and on the surfaces of rocks and vegetation (Bradbury 1988). 
Species are also reported in exotic and specialized environments 
such as caves, snow and ice, hot springs, and in relatively dry areas 
(Patrick an d Reimer 1966 ; Br adbury 1988). Basic biological 
requirements include sufficient moisture; sufficient e xposure to 
light; an adequate physiochemical environment; and the availability 
of nutrients, trace elements, and an abundant silica supply. 

Within aquatic environments that provide the basic require- 
ments, diverse communities of pl anktonic, attached, and benthic 
diatoms can flourish and con tribute to th e geologic sedimentary 
record. The sp ecies com position of a li ving diatom community 
and—eventually—the sedimentary fossil community, as well as the 
dominance of individual species within a population, can depend on 
environmental variables such as water chemistry, pH, nutrient abun- 
dance, turbidity , temperature, and w ater depth, among others. 
Although some species are quite tolerant of en vironmental v ari- 
ance, the presence or morphotype of others requires or depends on 
specific ecological conditions. Both long- and short-term changes 
in population composition, in resp onse to en vironmental change 
through time, can be observ ed w ithin indi vidual deposits. Such 
changes can produce several distinct types of diatomite ore with in 
individual deposits, and these distinctions are important to investi- 
gate because varying types of diatomite ore may exhibit different 
physical properties, and thus varying suitability for specific end use 
applications. 

Ecological conditions vary widely among lakes, and conse- 
quently, corresponding diatom populations can exhibit wide varia- 
tion. F ar from b eing so lely of a cademic int erest, characteristic 
assemblages can, in some cases, be used to fingerprint or recognize 
individual deposits and sources of commercial products. Figures 2 
through 5 show several distinctive assemblages. Moreover, recogni- 
tion of assemblages and changes in diatom population can assist in 
identifying individual beds within a single deposit , yield a usef ul 
mapping/stratigraphic location tool in extensively covered or struc- 
turally complex deposits, and aid in delineating commercial-quality 
ore bodies. 

Deposits of diatomite reflect stable environmental and deposi- 
tional conditions, as well as an optimum preservation environment. 
Although depositional rates v ary, typical v arve thicknesses 
observed in deposits suggest yearly accumulations of no more than 








Courtesy of EaglePicher Filtration & Minerals, Inc. 
Figure 2. Micrograph of lacustrine diatom assemblage from an 
EaglePicher Filtration & Minerals, Inc., deposit in Nevada 








Courtesy of EaglePicher Filtration & Minerals, Inc. 

Figure 3. Micrograph of lacustrine absorbent-grade diatom 
assemblage from an EaglePicher Filtration & Minerals, Inc., deposit 
in Nevada 
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Figure 4. Micrograph of a marine diatom assemblage from Lompoc, 
California 
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Figure 5. Micrograph of a bog diatom assemblage from 
Pernambuco, Brazil 


several millimeters of compacted sediment. Strata of significant 
thickness and high purity, therefore, indicate prolo nged en viron- 
mental conditions that f avored high diatom producti vity and wer e 
free of continuous and significant clastic contrib ution or mineral 
precipitation. Geologic preservation of the soft sediments requires 

protection from erosion, such as that offered by overlying volcanic 
rocks. Pres ervation al so de mands that the diatomite not be sub- 
jected to geological conditions th at promote silica dissolution or 

diagenetic conversion of opaline _ silica to ch ert, porc ellanite, or 


quartz, such as throu gh deep burial and exposure to high tempera- 
ture and alkaline groundwater. Figures 6 and 7 show the distribu- 
tion of many of the well-known diatomite deposits. 

Marine environments favorable for deposition of nearly pure 
diatomite exist in submer ged coastal basin areas and shelv es that 
are isolated from significant sources of clastic contribution and in 
areas adjacent to upwellings wher e waters are nutrient and silica 
rich and biologically productive. Such areas occur today along the 
coastlines of California, Peru , and southwest Africa (S outar, 
Johnson, and Baumgartner 198 1). Seawater rich in both nutrients 
and silica has been found to contain as many as | million diatom 
cells per milliliter (Tappan 1980), and diatomites such as tho se in 
the Monterey Formation of California have been seen to contain as 
many as 1.28 x 10° frustules per cubic centimeter (Barron 1987). 

Tertiary marine deposits are commonly found along uplifted 
Pacific Rim coastlines and are associated with interbeds of volcanic 
ash, clay, and clastic sediments. Thick marine deposits occur in the 
Monterey Shales and Sisquoc Formation in Santa Barbara and Kern 
counties in California; in the Miocene Tortugas Formation of Baja, 
Mexico; in the Miocene Pisco and Zapayal F ormations along the 
Peruvian coast; and in the Miocene Funakawa Formation of north- 
ern Japan. Other marine diatomites and diatomac eous sediments 
occur in the Paleocene-Eocene Fur (Moler) Formation of Denmark; 
in Oligocene-Miocene sediments in Poland; in the Miocene Tellian 
Group (Beida Stage) of Algeria; in the Miocene Calvert Formation 
of Maryland and Virginia in the United States; and within Tertiary 
sediments in Spain, South Korea, Chile, New Zealand, and Java. 

Lacustrine e nvironments typical ly exhibit greate r v ariability 
than marine environments in terms of pH, salinity, temperature, and 
nutrient content, but the y can produce diatomite sections that are 
often tens of meters or more in thickness. Deposits commonly occur 
in Miocene to Recent volcanic environments and are associat ed or 
interbedded with volcanic rocks and sediments. This association is 
clearly demonstra ted by deposits within the la _ke sedime nts of 
caldera moats, such as in the T rout Creek Mountains of Ore gon; in 
lava-dammed rivers (e.g., Terrebonne, Oregon, and in the subsiding 
valleys of the Ne vada basin and range); an d within the lak e sedi- 
ments of volcanic maars in France. In many countries, including the 
United States, Brazil, Australia, and the Philippines, bog or shallow- 
pond deposits are found in Holocene to Recent nonvolcanic, marshy 
lowland terrains. 

The thick diatom accumulations that are common in Tertiary 
sediments reflect the exceptional availability of silica from external 
sources such asr unoff, groundwater seepage, andho tor cold 
springs, as well as from the internal regeneration of silica released 
from bottom sediments (Hurley et al. 1985). Groundw ater that has 
percolated through _ silica-rich_ volcanicr ocks and sediments 
undoubtedly supplies much of the required silica. 


Distribution of Deposits 


Diatomite deposits of both marine and lacustrine origin are com- 
mercially mined throughout the w orld. Alth ough depo sits occur 
commonly in Tertiary to Recent sediment facies, high-purity depos- 
its suitable for versatile quality-sensitive products are uncommon. 
It should be noted that classification as high or low grade is depen- 
dent on the performance requir ed by the ultimate application , not 
solely on p urity. Fore xample, although lo w-purity diato mite is 
unsuitable as a filter aid, it can make a high-quality absorbent. 
Although marine deposits account for much of the worldwide 
production, minin g activities at lacustrine deposits are f ar more 
numerous. In the United States, diatomite is mined in California, 
Nevada, Oregon, and Washington. In Canada, impure diatomite is 
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Figure 6. Diatomite deposits and processing plants in North and 
South America 


mined in British Columbia. Information about fo reign producers 
and production is often lacking or available only as estimates. Nota- 
ble mining operations in Europe arein France, Denm ark, and 

Spain, as well as in Iceland. Substantial production is rep orted for 
the former Soviet republics and the Czech Republic, but little spe- 
cific information is available about mines and production facilities. 
African production is reported for Algeria and Kenya. Historically, 
the U.S. Bureau of Mines reported mining in Morocc o. In Asia, 
mining operations are kn own in Japan, South K orea, and Ch ina. 
Farther south, production is reported in Australia and New Zealand. 
In Latin America, Me xico leads pro duction, follo wed by Peru, 

Argentina, Costa Rica, Chile, Brazil, and Colombia. 


North America 


North American production is dominated by the Un ited States 
where at least five companies operate at 10 locations in four western 
states. Since 1990, the industry has experienced notable changes in 
ownership, closure of two operations, the startup of a new operation, 
and the reopening of an operation that had ceased production. These 
include the di vestiture of Manville Corporation’s diatomite opera- 
tions to Celite Corporation, a subsidiary of World Minerals; Celite’s 
acquisition of CR Miner als’ operation in Ne vada; the closure of 
Grefco’s Lompoc operations; the closure of the Oil-Dri Corporation 
facility in Oregon and its 2003 acquisition of operations at Taft, Cal- 
ifornia; the development of high-brightness natural grade diatomites 
by DiaSource in Oregon for insecticides, f illers, coatings, and the 
control of pitch in paper manufacturing; and the 2002 attempt by the 
Atlas Minerals subsidiary Whitecliffs to reopen an operation in Ari- 
zona for f iller specialty markets such as calcium silicates, asphalt, 
extenders, and insec ticides. At the time of publication, Alleghany 
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Figure 7. Diatomite deposits and processing plants in Africa, Asia, 
and Oceania 
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Courtesy of EaglePicher Filtration & Minerals, Inc. 
Figure 8. View showing portion of one of EaglePicher Filtration 
& Minerals, Inc.’s diatomite quarries at Lovelock, Nevada 


Corporation announced it had sign ed a def initive agreement to sell 
World Minerals Inc. to Imerys USA, Inc. 

In 2002, Ne vada became the major producing state in North 
America. Mines in Nevada include those operated b y EaglePicher 
Filtration & Minerals, In c., at Clark Station, Lovelock (Figure 8), 
and near Fernley and Br ady; the Grefco operation at Basalt; the 
Celite Fernley quarries and mill (previously owned by CR Miner- 
als); and the Moltan Compan y facility constructed dur ing 1 987 
north of Fernley. Until 2002 , California was the major pr oducing 
state with the majority of production sited near Lompoc in Santa 
Barbara County. The operations at Lompoc consist of the mines 
and mills owned by Celite Corporation. The marine diatomite at 
Lompoc is approximately 300 m th ick and is the lar gest center of 
production in the w orld. Other operations in California include 
Grefco’s facility in Shasta Count y, constructed near Lake Britton 
during 1985 and 198 6, and th e Oil- Dri Cor poration facility that 
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Courtesy of EaglePicher Filtration & Minerals, Inc. 
Figure 9. View of EaglePicher Filtration & Minerals, Inc., quarry at 
Vale, Oregon 








Courtesy of EaglePicher Filtration & Minerals, Inc. 
Figure 10. View of EaglePicher Filtration & Minerals, Inc., processing 
plant at Vale, Oregon 


mines lithified diatomaceous earth near Taft for the manufacture of 
cat litter, pesticide carriers, and oil absorbents. 

During 1986, EaglePicher Filt ration & Minerals completed 
construction of the Vale, Oregon, facility (Figures 9 and 10) in Mal- 
heur County. Oil-Dri Corporation has reported e nding its produc- 
tion of absorbents and agricultural grades of diatomite in Lake 
County, Oregon. The Celite Corporation operates several mines and 
plants that produce flu x calcined filter aids at Quincy in Grant 
County in Washington State. 

Well-known deposits occur throughout the wester n states in 
many of t he Tertiary format ions that cont ain lac ustrine facies. 
Deposits have been known for many years in the T ruckee, Desert 
Peak, Carlin, Esmeralda, and Panaca formations of Nevada; within 
the Juntura, Drewsey, and Trout Creek formations of Oregon; and 
in the Quincy and Squaw Creek portions of the Yakima Ba salt 
Subgroup in Washington. Diatomites and diatomaceous sediments 
are also present in the Banb ury Basalt and Idaho F ormation in 
Idaho, near Dorris and Lake Britton in northern California, and 


within the Quaternary age basi n sediments in Utah . Along the 
U.S. East Coast, bo g-type deposits have been identif ied in New 
Hampshire, New York, and Florida. 

Production in Canada has h istorically centered on bo g-type 
deposits in Nova Scotia, and more recently on the lacustrine diato- 
mites at Kamlo ops in British Columbia. The production in No va 
Scotia has ceased. Because of the elevated clay and contaminant 
content of the British Colu mbia deposit, prod uction has been 
directed t oward ma nufacture of absorbent s, fillers, carriers, and 
refractory/insulation bricks. 

Celite Mexico is the largest of the Latin American producers, 
with mines and processing facilities ne ar G uadalajara in J alisco 
State in Mexico and in Chile. In Mexico, numerous other lacustrine 
deposits occur in the states o f Mexico, Michoacan, and Tlaxcala. 
Extensive, although impure, marine diatomite deposits crop out for 
many kilometers along the Baja coast. 


South and Central America 


Diatomite deposi ts in Brazil occur along the East C oast in the 

states of Ceara, Rio Grande de Nort e, Bahia, Pernambuco, Santa 
Catarina, and Sao Paulo. Without exception, the deposits are accu- 
mulations in bogs or shallow ponds that contain abundant organic 
matter that must be burned out through an ignition process. In the 
past, organic matter was removed in stationary, wood-fired kilns 
located at or near the deposit. Size classification and/or flux calci- 
nation was then used to further process the organic-free diatomite 
into fillers and filter aids. 

Commercial production continues to be re ported in Ar gen- 
tina. Historically, lacustrine deposits have been mined in Neuquen, 
La Rioja, and R io Negro provinces. De posits are al so known in 
Catamarca, Chubut, Salta, and Jujuy provinces. 

Production in Chile centers on the numerous lacustrine depos- 
its, typically contaminated by salt, near Arica in the northernmost 
part of the co untry. Celite acqui red these operations in the past 
decade. Other lacustrine deposits occur throughout Chile from the 
northern province of T arapaca south to the pro vince of Chiloe. 
Marine ores were previously mined near La Serena, 400 km north 
of Santiago. 

Elsewhere in Latin America, production is reported for Peru 
and has been repor ted at the Laguna de la Herrera deposit in 
Colombia. In Peru, numerous lacustrine and marine occurrences are 
found along the West Coast and in the western Andes. The most 
notable of these are the marine deposits near Pisco and the marine 
phosphate-bearing sediments at Ba yovar. Unde veloped lacustrine 
deposits occur to the south of Quito, Ecuador, and at Lake Brava in 
Venezuela. 


Europe 


Deposits in France, the former So viet republics, and the Cz ech 
Republic are the most significant of the European diatomite sources. 
Although production rates are significant, fundamentally different 
products may be made from the material mined at the various loca- 
tions. Production in France focuses on premium quality filter aid 
and filler. Historically, production from the former Soviet republics 
has been reported to focus on the construction and refractory prod- 
uct industries. Spain and Iceland are also major producers of f ilter 
aid and filler. Denmark is the la rgest producer of moler earth, a 
diatomite-clay mixture used in the manufacture of insulating brick, 
absorbents, carriers, and a variety of powders and granules. 

Tertiary lacustrine deposits occur throughout the Massif Cen- 
tral of Fran ce. Car bonisation et Char bons Actifs SA (CECA), a 
subsidiary of Atofina, has operations at Murat and to the south near 
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Privas at St. Bauzile. Celite Corporation mines this same deposit at 
Murat as a source for filter aids and fillers. The largest of the Span- 
ish mines is operated by the Celit e Corporation near Elche dela 
Sierra. Although carbonate-bearing, the lacustrine ores are bright 
and produce a broad sp ectrum of quality f iller products. Marine 
diatomites crop out near the coast in the south of Spain. 

Germany was the first country to commercially produce diat- 
omite, althou gh p roduction reportedly ceased du ring the past 
decade inthe Lune burg Heath Area of Lo wer Saxony. Other 
deposits also oc cur in the Klieken Area a nd in the V ogelsberg 
Mountain area of Bavaria. In Italy, lacustrine diatomites have been 
mined in the Viterbo District. 

In northern Iceland, a joint venture between the Icelandic gov- 
ernment and the Celite Corporation employs dredging methods to 
extract the diatomaceous muds that lie beneath Lake Myvatn. From 
the dredging barge, the muds are p umped as a slu rry to landsid e 
hydrocyclones wh ere unw anted v olcanic ash and other contami- 
nants are removed, and then on to settling ponds. Geothermal steam 
is used to dewater and dry the resulting crude ore before calcination 
or flux calcination. 

Marine moler earth is mined on the isles of Mors and Fur in 
Denmark. The crude ore contains up to 30% plastic clay, precluding 
its use for th e production of f ilter aids. Some lacustrine diatomite 
has been mined in Portugal at Couto Mineiro de Jardim, but pro- 
duction is minor. Another deposit is located near Rio Maior. 

Although prod uction is reporte d for Romania, the Czech 
Republic, and th e fo rmer So viet republics, little inf ormation is 
available about deposits and _ processing f acilities. Reserv es of 
marine and lacustrine diatomite in the former So viet republics are 
believed to be lar ge and to occu rin the central Volga region, in 
Georgia, the Ukraine, Armenia, and in the St. Petersburg area. Min- 
ing in Rom ania has hi storically be en a t Adam clisi, P atirlapele- 
Buzau, and at Minis Arad. InH  ungary, lacu strine diatomite has 
been mined at Erdobenye. Diatomite mining in Yugoslavia has cen- 
tered on the Prilep and Kri va Palanka depo sits. Impure marin e 
deposits occur in southeast Poland. Diatomite has also been mined 
in Bulgaria near Gurmen in the Blagoevgrad District. 


Africa 


Deposits of marine diatomite occur in Algeria at Sig and at Mosta- 
ganem. The Sig diatomit e, which is characterized by elevated car- 
bonate content, has been mi ned by Societe des Diatomites 
d’ Algerie using underground methods. Numerous lacustrine depos- 
its are fou ndin the K enyan Rift V alley. Although most of the 
deposits are poorly known or not commercially significant, African 
Diatomite Indu stries Ltd. has mi ned the diatomit es at So ysambu 
and Kariandusi. Small lacustrine deposits occur at several locations 
in South Africa. During the 1980s, annual production was reported 
from the Witdraai deposit in the northern part of Cape Province. 
Lacustrine diatomite has been mined in Morocco at Awinat. Else- 
where in Africa, impure lacustrine deposits are known in Angola; 
Djibouti; central Ethiopia; Nigeria; Zimbabwe; and within a coastal 
belt in Mozambique. 


Asia and Oceania 


Until the past decade, the annual production rates for China and 
Japan were a vailable only as_ rough estimates. Both countries, 
however, now report significant production and are respecti vely 
ranked second and third largest in world production. 

China is reported to have more than 50 diatomite occurrences 
located in 14 provinces (Crossley 2000) and to have 34 mines, with 
major mines lo cated in Inn er Mongolia and in Hebei, Jilin, Zhe- 
jiang, Sichuan, and Yunnan provinces (Fu Taizhi, personal commu- 


nication). The lar gest and most co mmercially signif icant of the 
high-purity-deposit areas in China oc cur in Jilin Pro vince near the 
border with North K orea. Deposits in this area have been jointly 
commercialized wit h Cel ite Corpor ation. The se la custrine di ato- 
mites are extensive and must generally be mined by under ground 
methods. Many other, lesser known lacustrine deposits occur in 
Jilin as well as i n He ilongjiang Province. Vast res erves of cl ay- 
bearing lacustrine diatomite are present in Z hejiang Province and 
scattered throughout southwestern Yunnan Province. 

In Japan, more than 70 lacustrine and mar ine deposits occur 
on the islands of Honshu, Hokkai do, and Kyushu. Hakusan Indus- 
try, Isora ito Mini ng, Nittetsu Mining, Sakamoto Mining, and 
Showakagaku are major producers in Japan (Crossley 2000). All 
production in the country is controlled by Japanese companies. 

Both mar ine and lacustrine deposits occur in southeastern 
South Korea. Filter aids , fillers, and other grades h ave historically 
been produced at f acilities located near Pohang. Although no pr o- 
duction is reported for the Philippines, bog-type lacustrine deposits 
are present. Impure, clay-bearing lacustrine diatomite occurs in Viet- 
nam and in Thailand. The deposits in Vietnam are reportedly being 
examined for development. Deposits are also known in Indonesia. 

In Turkey, numerous deposits of lacustrine diatomite occur in 
the central portion of the country. Elsewhere, Kamal Abad report- 
edly produces diatomite in Iran. 

Mining of lacustrine deposits in Australia has been un dertaken 
in New South Wales, Victoria, Queensland, and Western Australia. 
Marine and lacustrine diatomite occur on the North and South islands 
of New Zealand, but only small-scale production has been reported at 
several of the deposits. 


TECHNOLOGY 
Exploration and Evaluation 


Exploring an d e valuating deposits requires that geology, mining 
feasibility, and proc essing feasibility be int egrated with the deter- 
mination of the ore’ s suitability for the products desired to meet 
market needs. During the course of these studies, the fundamental 
elements of an e valuation program must include identification of 
ore strata and determination of strata mineability (i.e., num ber, 
thickness, areal continuity , tonnage potential, and th e de gree of 
mining selecti vity required).I naddition, processing require- 
ments—such as the equipment required and the pro cess flow, the 
determination of economic marketability, and an assessme nt of 
logistics, including proximity to utilities, transportation, and w ork 
force—must be determined. A basic understanding of these ele- 
ments will benef it the geo logist in designing, guid ing, and inter- 
preting the sampling program. There are many diatomite deposits 
in the world but very few that are of hi gh purity with commercial 
value. As a high priority, the suitability of the diatomite for product/ 
market end uses must be determined. 

Deposits of diatomite occur in Tertiary marine and lacustrine 
sedimentary facies throughout the world, and many such facies are 
well described in geologic literature. Aer ial photographs can be 
reviewed to augment study of the literature when selecting target 
areas. After a promising target is identified, a sequence of sampling 
programs is initiated. A ty pical exploration pr ogram co nsists of 
several sampling phases that may lead to the eventual determination 
of measured resources or proven reserves. The samp ling phases, 
which are punctuated by go-no go decisions to proceed, w ould be 
followed by development and quality assurance sampling immedi- 
ately before and after the commercialization of the deposit. 

Initially, very widely spaced surface samples are collected and 
used to determine the general quality of the exposed diatomites, the 
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quality variations across the dep osit and between individual beds, 
and the tonnage potential. This also permits areas that warrant pri- 
ority investigation to be identified. During this phase, representative 
samples are collected from well -exposed outcrops or shallow 
trenches that have been excavated to adequately expose the near- 
surface beds. In conjunction with surface mapping, sample testing 
results and data from microscopic examination of the stratigraphic 
sequence can be used to direct continued effort. 

If the initial sampling, sample test results, and mapping results 
are encouraging, phases of progressively closer spaced sampling can 
be considered. Unless the sediments are naturally well exposed, sub- 
surface potential must be determi ned by drilling or by excavating 
shaft-like pits. Geoph ysical prospecting techniques such as v_ ery- 
low-frequency electromagnetic (VLF-EM) and seismic methods are 
unable to directly distinguish diatomite from other sediments, b ut 
they may permit the rapid, if 1 ndirect, interpretation of subsurface 
geology. C onsequently, geophysical methods can be used in con- 
junction with surf ace data to guide the selection of priority targets 
and the location of drilling sites. 

Final sample spacing is depende nt on the continuity of th e 
beds and the quality variations t hat are o bserved. To permit pit 
design and mine planning, a final spacing pattern of less than 50 m 
to as much as | 00 m is generally used. During core drilling, care 
must be taken to avoid contaminating the core with drilling fluids, 
and the core diameter must be lar ge enough to ensure high recov- 
ery. BQ (36.5 mm) or NQ (47.6 mm) diameter coring using triple 
tube wireline usually minimizes drilling problems and yields suffi- 
cient sample for testing. 

If the results of sample te sts indicate commercial-grade ore , 
and mining is determined to be feasible, bulk samples are collected 
to determine plant-scale performance. Other special samples may 
be required before mining begins. Ev en though th is is the f inal 
phase of exploration sampling, pit-face quality assurance sampling 
must be undertaken during active mining. 

Specialized sampling techniques can be employed when drill- 
ing is unnecessary . Where crude ores are soft an d less than 5 m 
thick, hand aug ering with extension rods is effective, although the 
auger bucket must be emptied frequently and the cuttings laid out 
carefully for samplin g. Mechan ized aug ering w orks well in soft, 
wet diatomite. For sampling muds and oozes, augering can be done 
with a peat bog sampler. 

The goal of optimu m sampling is to delineate potential or e 
strata of uniform or nearly uniform quality. This includes determin- 
ing the suitability of the ores for product applic ation as well as the 
delineation of waste strata. Program design thus requires that criti- 
cal spec ifications and pro duct/market requirements be identified. 
Integrating these factors within sampling programs permits the pro- 
gram to be guided through the rec ognition of critical variations in 
ore quality. Appropriate qualitative yardsticks must be selected to 
judge results relative to industrial and health standards as well as to 
competitive commerci al p roducts. B ecause ore quality can v ary 
between strata in a deposit, or across a deposit within a single stra- 
tum, sampling intervals and methods must be selected to maximize 
recognition of quality variation and to avoid sample bias. 

Specialized testing of ore samples and of prepared test product 
samples is undertaken to examine the suitability and performance of 
an ore for specific product applications. Testing of physical proper- 
ties and milling performance can include the determination of lab- 
scale milling recovery, density of dry milled po wder, wet density, 
particle-size distribution, brightness, flow rate, clarity of filtrate, sur- 
face area, abrasiveness, Hegman value, and other properties related 
to specific market applications. Other testing examines chem istry 
and composition, including major and minor oxides, trace elements, 


heavy metals and toxic compounds, pH, soluble substances, and the 
determination of crystalline silica content. In addition, man y coun- 
tries require products that contact food and beverages to pass strin- 
gent Food Chemicals Codex specifications. 


Mining, Milling, and Thermal Processing 
Mining Methods 


Throughout most of the world, the lower cost of and higher recov- 
ery from op en-pit qu arrying r elative to underground min ing 
encourages operators to use surface mining methods. Where the 
diatomite sequence is thick, benches from 1.5 to 15 m in height are 
developed. B enching not only f acilitates the r emoval of ore and 
waste but also permits immediate access to many ore la yers and 
provides the opportunity to blend layers with differing characteris- 
tics. Notable exceptions are underground mines in Europe, South 
America, and Asia, and the dredging operation at Lak e Myvatn, 
Iceland. 

Prior to mining, the ore strata are carefully identified in the 
quarry faces through sampling and evaluation programs that deter- 
mine and confirm the suit ability of each individual stratum. The 
ore-grade strata can then be ra ted by quality and carefully se gre- 
gated from the lower quality waste units using mechanized equip- 
ment. Because diatomite is a soft, easily broken sediment, ores are 
typically dozer ripped or broken from the face by power shovel. 
Blasting of the ores is ne ither needed nor p ossible because of the 
inherent softness of commercial quality diatomite, its porosity, and 
its absorptive nature. The broken material is loaded by front-end 
loader or be It | oader int o haul truc ks for tr ansport to ei ther the 
crude storage area or the waste piles. 

Typically, the moisture content of unp rocessed 0 re ranges 
from 30% to 60%. Where the climate is favorable for solar drying, 
significant cost savings can be achie ved by reducing moisture 
before milling. Crude grades ma _y be blended or used separately 
depending on the final application. 


Milling Methods 


The objectives of milling are twofold: to disaggregate the crude ore 
into individual diatoms while preserving the delicate diatom struc- 
ture, and to re move as much nondiatomaceous con tamination as 
possible. Ore is gently crushed in spike rolls and hammer mills to 
reduce feed size to app roximately —1.27 cm. The crushed feed is 
then conveyed by hea ted air into milling fans and simultaneously 
milled and par tially dried. Secondary milling and drying f urther 
reduces the moisture content. The dried material is sized by a series 
of air separators and cyclones, the oversize recycled, and the coarse 
waste remo ved. Without further processing, the se natural milled 
products consist of coarse fractions that may be used for filter aids 
and finer fractions that are sold as filler grades. 


Thermal Processing Methods 


Diatomite is thermally processed, or calcined, to achieve fundamen- 
tal adjustment of particl e structure and particle-size distrib ution. 
Calcination in a rotary kiln, with or without the addition of a fluxing 
agent, removes organic matter and reduces the percentage of f ine 
structure thro ugh incipien t fusion, thereby reducing surf ace ar ea 
through the loss of fine structure (Figures 11 and 12). Average parti- 
cle size is increased through sintering or agglomerating the individ- 
ual diatoms and fragments. After additional air classification, the 
coarser fractions or cyclone products are collected for use as f ilter 
aids. The f iner baghouse pr oducts are used as f illers. Permeability 
and flo wthrough rate of the po wders used forf iltering are thus 
increased and a more diverse spectrum of products is made possible 
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through additional milling and classification. Calcination produces a 
color ch ange as well as the modification of other —_ properties 
described previously. 

Diatomite is calcined without adding a flu xing agent at tem- 
peratures that range from 870° to 1 ,100°C to produce pink or off- 
white straight calcined product grades. The straight calcined grades 
of filter aid exhibit flow rates faster than the natural grades but 
achieve lower filtrate clarity. 

Calcination at temperatures up to 1,200°C with a fluxing agent 
added produces white-colored product and further increases the flow 
rate of the c oarse fraction filter aid grades. The fine fraction recov- 
ered from the baghouse is sold as white fillers. In the United States, 
soda ash (sodium carbonate) is u sed as the fluxing agent. Histori- 
cally, sodium chloride has been used as a fluxing agent elsewhere in 
the world. Temperature, amount of flux used, and retention time in 
the kiln are used to control the partic le-size distribution. In general, 
fluxing agent is added at 3 wt % to 7 wt % of the feed. 

In the manufacture of calcined absorbents, diatomite ores are 
crushed to —1.27 cm, the fines removed, and the coarse fraction cal- 
cined at temperatures lower than those employed for calcinations of 
filter aids. The product is then crushed and screened. 


Testing and Specifications 


The factors that affect the ult imate properties of processed diato- 
mite products are complex and interrelated; they include the funda- 
mental composition and nature of the diatomite crude ore as well as 
each of the handling and processing steps that follow mining. Thus, 
the quality of mill and kiln production can vary, and the implemen- 
tation of quality and process c ontrol procedures is required to 
ensure that uniform products of acceptable quality are produced. 

Control of the manuf acturing process can be achieved by the 
periodic testing of in-stream and finished-product samples and con- 
sequently adjusting processing variables such as kiln te mperature, 
flux addition, fines removal, and crude blends. Labor atory testing 
of samples also per mits product performance to be quantif ied and 
commercial acceptability to be confirmed. By usin g standardized 
testing methods, the commercial quality of a product sample can be 
judged relative to commercially accepted application-specific spec- 
ifications and to the performance of stand ard samples. Str ingent 
product specifications must be established, tested for, and met for 
each end-product grade. 

In filtration applications where filter aids must achieve satis- 
factory clarity at a reasonable flow rate, the flow rate and clarity 
performance of a filter aid sample can be tested under controlled 
laboratory conditions and measured directly. Because diatomite is 
purchased on a weight basis and used by volume, wet cake density 
must also be determined. The particle- and pore-size distributions, 
which re flect the abil ity tot rap suspend ed pa rticles, a re a Iso 
directly measured, as well as are the pH and resistivity of the pow- 
der. These latter tests indicate the presence of soluble su bstances 
that can affect the quality of the filtrate. Trace element analysis 
using Food Chemicals Codex methods and limits must also be con- 
ducted on food-, beverage-, or cosmetic-related products. With the 
advent of health-related labe ling requirements, the ab undance of 
free crystalline silica is routinely determined to ensure compliance 
with all re gulations. Brightness is tested using the methods of th e 
Technical Association of the Pu Ip and P aper Industry (T APPI) or 
the Ge neral E lectric C ompany t 0 det ermine the whit eness of a 
product relative to a magnesium oxide or barium sulf ate standard. 
Although brightness is only of aesthetic value for filter aids, the 
whiteness has great importance for many filler applications. 

Samples of functional f iller products are typically tested for 
density, TAPPI brightness, and particle-size distribution. Additional 





Courtesy of EaglePicher Filtration & Minerals, Inc. 
Figure 11. Fine structure in EaglePicher Filtration & Minerals, Inc., 
processed natural grade filter aid 





Courtesy of EaglePicher Filtration & Minerals, Inc. 

Figure 12. EaglePicher Filtration & Minerals, Inc., flux calcined filter 
aid showing the reduction of fine-structure resulting from thermal 
processing 


testing for paint application can include the determination of He g- 
man value or fineness, and the liquid vehicle demand expressed as 
oil or water absorption. The abrasi veness of the product for paper 
applications can also be measured using the Valley Iron method. 
Nearly all applications have their o wn unique requ irements, 
formalized specifications, or both. As a result, testing methods have 
been developed for predicting the suitability of products. Evaluation 
can often be achie ved using simple, improvised testing p rocedures 
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through which small samples of product are made and pertinent 
characteristics of the final product can be compared to ac_ cepted 
industrial nor ms. Similarly, comparison can be made b etween the 
performance of traditional materials used in a product formulation 
and the performance of potential substitutes. 

The following test pr ocedures and specifications are a vailable 
through the American Society for Testing and Materials (ASTM), the 
U.S. military, and the agencies or governments of other countries: 


¢ ASTM D686-93. Standard Test Methods of Qualitative Exam- 
ination of Mineral Filler and Mineral Coating of Paper 

¢ A-A-59239 NOT 1.U.S. Military Specif ication, Diatoma- 
ceous Earth 

¢ BS EN 12913. British Standard. Products Used for Treatment 
of Water Intended for Human Consumption: Powdered Diato- 
maceous Earth 


MARKETING 


Worldwide, the production of diatomite is reported for at 
least 29 countries. Seven countries and a few producers dominate 
world production. The major producers achieve distinct marketing 
advantage in the domestic and export marketplaces by offering the 
customer integrated technical and sales assistance. The ability to 
provide such services relies largely on technical knowledge of the 
customer’s process and pro duct needs as we ll as on the abil ity to 
deliver a broad spectrum of application-specific products. Related 
services in clude su pplying reliably a vailable p roducts thr ough 
well-developed di stribution systems an d worldwide ma rketing 
presence, and furnishing product development and technical sup- 
port from research and development organizations. Throughout the 
world, the lar ge producers have established trade or brand names 
that are synonymous with reliable quality. Many smaller producers 
compete successfully with the larger manufacturers by suppl ying 
local niche markets at lower prices. Commonly, these smaller pro- 
ducers supply local mark et requirements fo r wh ich d emanding 
quality specifications and technical sales service are not required. 


Uses, Grades, and Specifications 


The unique physical properties of the diatom mak e diato mite and 
processed di atomite po wders suita ble for wi de-ranging i ndustrial 
applications. Early uses of diatomite blocks and powders focused on 
absorption, abrasion, and insulation applications, but the use of diat- 
omite as a filter aid in the mechanical separation of suspended solids 
from fluids now surpasses all other specialty applications in terms of 
tonnage. Notwithstanding the importance of filter aid uses, specialty 
functional fillers and diatomite-based synthetic silicates supply sig- 
nificant markets. Insulation, granulated or po wdered absorbent, and 
agricultural and construction grades continue to serv e high-volume 
markets that can utilize more highly contaminated diatomite that is 
unsuitable for filtration purposes. Use of diatomite in fluid chemical 
separation, in natural insecticides, and in granular soil amendments 
are applications where growth is anticipated. 

Worldwide statistics on usage are generally unavailable. Some 
1993 estimates suggest filter aids represented 45 % of worldwide 
consumption, including moler, and that more than 25% was used as 
filler, 17% for insulation, and roughly 11% for absorption and other 
applications (Roskill Information Services Ltd. 1994). 


Filtration 


According to the USGS, 68% of the diatomite produced, sold, or 
used in the United States in 2003 was for filter aid (Dolley 2003). 


The physical and ch emical pr operties required of f ilter aid- 
quality diatomite are demanding and must ensure the clearest possi- 
ble filtrate, a high flo w rate of fluid through the filter cake, and a 
long cycle duration before the filter cake must be replaced. Opti- 
mum permeability and flow rate—clarity characteristics of the filter 
cake are achieved by careful control of the particle -size distribution 
and porosity of the f ilter aid cake. These prope rties are controlled 
and adjusted throug h thermal sintering and particle-size classif ica- 
tion to produce a broad spectrum of filter aid products and filtering 
characteristics. Table 5 lists the properties of a range of products. As 
a rule of thumb, the abilit y to rem ove small particles from a fluid 
decreases as the permeability of the filter cake increases. In general, 
natural products exhibit slower flow rates but achieve the greatest 
clarity. Straight calcined and fl ux calcined prod ucts, respectively, 
exhibit faster flow rate and lower clarity than th e natural products. 
For special applications, diatomite is mixed with cellulose fiber and 
can be surface treated and acid washed. 

The proper grade of filter aid is selected based on the mini- 
mum size of the suspend ed particle that must be re moved and on 
the clarity of the final filtrate that must be achieved. The optimum 
grade will provide the fastest flow rate while achieving acceptable 
filtrate c larity. Se veral filtration st eps, each utilizing a specific 
grade of filter aid, may be required. Nearly neutral pH and low sol- 
ubles content of the filter aid powder are necessary to ensure that 
the filter cake is chemically inert and the final filtrate is high in 
purity. 

Diatomite filter aids are used in a wide variety of food and 
nonfood filtration app lications. Br ewing, sug ars, f ats and _ oils, 
wines, pharmaceuticals, and fruit juices re present se veral of t he 
largest food-contact applications. Major industrialend users 
include th e petroleum industr y, ino rganic and or ganic chemical 
manufacturers, the n onferrous me tals industry , an d industrial 
wastewater treatment operations. Swimming-pool water filtration is 
a major consumer market end use. 


Fillers 


As a class of products, fillers can be divided into the two general cat- 
egories of nonfunctional and functional, depending on the role that 
the additive plays in the ultimat e performance of th e final product. 
Nonfunctional fillers are used as bulking agents and as cost-reducing 
agents and extenders. Functional fillers are w orking additives that 
alter and enhance the properties of the f inal product; the y may also 
improve the manufacturing process itself by conditioning the ingredi- 
ents. The physical properties of functional fillers are tailored to meet 
the needs of i ndividual applications, and thus must be tightly con- 
trolled to meet the rigorous requi rements of each end use. Many of 
the functional fillers command a high sales price. 

Most diatomite manufacturers produce filler application grades 
from baghouse f ines. Hist orically, filler products were de veloped 
from the fines derived from filter aid production. Today, the filler 
applications are highly demanding and filler products must meet rig- 
orous specifications and physical property requirements, and a broad 
spectrum of natural, cal cined, and flux calcined grades are made to 
meet the needs of diverse end uses. Ideally, filler grades are insoluble 
and inert in most chemical processes, exhibit low bulk density while 
maintaining small particle size, and provide suitable particle shape 
and size distribution. The particle size of functional fillers generally 
ranges from | to 50 um. Many other properties may be relevant for 
specific applications, such as color, surface area, liquid absorption 
capability, abrasi veness, particle rigidity, high melting point, and 
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Table 5. Typical physical properties’ of some EaglePicher Filtration & Minerals, Inc., commercial filter aids 








Bulk Density, pef Screen Analysis 
% Retained, Median Particle Permeability, 
Gradet Color Dry Wet 150 mesh pH Size, pm d’Arcy Typical Filtration Applications 
Natural 
Celatom FN-1 Buff 2 24 0.2 7.0 13.0 0.035 Polishing beer, wine, gelatin, 
Celatom FN-2 Buff A 21 11 7.0 16 0.060 manufacture of filter pads 
Celatom FN-6 Buff 2 26 0.1 7.0 12 0.020 
Calcined 
Celatom FP-1SL Buff/pink 2 25 0.5 6.8 12.5 0.07 Polishing beer, fats, oils, citric 
Celatom FP-2 Buff/pink 2 25 1.2 6.8 12.8 0.12 acid, vinegar, primary 
filtration of beer 
Celatom FP-4 Buff/pink 2 23 4.3 6.8 15.0 0.35 
Celatom FP-6 Buff/pink 2 23 5.8 6.8 19.0 0.45 
Celatom FP-12 Buff/pink 12 23 11.4 6.8 24.0 1.00 
Flux calcined 
Celatom FW-14 White 4 20 7.7 9.5 28.0 1.3 Primary filtration of acids, fruit 
Celatom FW:20. White 4 20 11.0 10.0 33.0 2.1 ivice, solvents, wine, plating 
solutions, potable water, corn 
Celatom FW-40 White 5 20 21.0 10.0 40.0 3.2 products 
Celatom FW-60 White 15 19 24.7 10.0 48.0 4.8 
Celatom FW-80 White 16 19 46.5 10.0 77.0 10.0 
Courtesy of EaglePicher Filtration & Minerals, Inc. 





* English units used where appropriate. 


t Brands listed are from EaglePicher Filtration & Minerals, Inc. Celatom is a registered trademark. 


Table 6. Typical physical properties’ of some EaglePicher Filtration & Minerals, Inc., commercial functional additives 





Bulk Density, pcf Screen Analysis Oil Median 
Surface Area, ——————___ % Retained, Absorption, Particle Size, 
Gradet Color m?/g Dry Wet 325 mesh % pH pm Typical Applications 
Natural 
Celatom MN-2 Beige 28 12 21 7.0 170 7.0 15.0 Catalyst support/carrier, 
Celatom MN-4 Beige 30 10 27 0.3 160 7.0 8.0 Polishing agent, abrasive, 
specialty paper 
Celatom MN-23 Beige 36 11 33 0.3 130 7.0 5.0 components, natural 
Celatom MN-47_Beige 35 M1 33 1.0 130 7.0 9.0 __ insecticide, reactive silica 
; source, drilling fluids, paint 
Celatom MN-51 Beige 78 1] 27 6.5 150 7.5 15.0 flatting agents 
Celatom MN-53 Beige 35 11 31 5.0 140 7.0 14.0 
Celatom LCS-3 Off-white 30 10 22 0.5 160 7.0 11.0 
Flux Calcined 
Celatom MW-25 White 2 10 29 0.1 10.0 9.0 Paint flatting agent, 
Celatom MW-27 White 2 12 24 1.0 10.0 jig.0°. ~“acheswed onload caents 
catalyst carriers, friction 
Celatom MW-31 White 2 Le 24 5.0 10.0 16.0 Papers, stucco products, 
Celatom Celabrite White 2 10 30 0.0 9.5 8.5 asphalt sealers 
Celatom Celablock White 2 10 32 0.0 9.5 6.0 





Courtesy of EaglePicher Filtration & Minerals, Inc. 
* English units used where appropriate. 


t Brands listed are from EaglePicher Filtration & Minerals, Inc. Celatom is a registered trademark. 


porosity. Although many minerals are crushed and sized as fillers, the 
inherent properties of diatomite are well suited for, or can be readily 
modified for, specific filler applications. Table 6 gives typical proper- 
ties of some commercial fillers. 

Because the uses for d iatomite fillers are numerous, only a 
few of the notable applications are discussed here. 

Paints and coatings are among th e most important of the filler 
end uses of diatomite. Functionally, the diatomite filler acts to extend 
more costly pigments and serves as a flatting agent that reduces both 
the sheen and gloss of the dri_ ed paint surface. The small size and 


irregular shape of the particles serve well to roughen the paint film, 
imparting a matte f inish as well as tooth for better adhesion of top 
coats. Toughness and durability of the film are also increased. Rigor- 
ous req uirements fo r b rightness, pH, absorption, refracti ve inde x, 
particle size, and chemical stability must also be met. 

In polyethylene film, the particulate structure and the optical 
properties of diato mite fillers ma ke t hem ef fective a ntiblocking 
agents. When added to the film during manufacture, the small and 
irregularly shaped particles mechanically se parate adjacent sheets 
and prevent adhesion. 
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In other plastics, diatomite is used to reduce cost and improve 
heat re sistance and surface finish. Dia tomite also reduces mold 
release resistance and improves abrasion resistance. 


Absorbents 


For more than 50 years, diatomite of lo wer purity has been used to 
absorb liquid spills. Both granul es and powders of various grades 
are manu factured and may be ca __Icined toi _ncrease hardn ess, 
improve durability after absorbing a fluid, and reduce the tendency 
to produce dust. Since its early use as “f loor sweep” absorb ent, 
numerous industrial, en vironmental, and household spill-contr_ ol 
applications have emerged that utilize the low bulk density of diato- 
mite as well as its inherent high surface area and porosity and the 
resulting ability to absorb and retain up to 2—3 times its own weight 
in liquids. Diatomite can be used to absorb a wide variety of liquids 
including water, oil and grease, a nd chemicals, with the exception 
of hydrofluoric acid. Floor sweeps and pe t litters, particularly for 
cats, are two of the large volume and widely kno wn applications. 
Diatomite has been used in areas such as stables to absorb liquids 
and, reportedly, to control flies. 


Soil Amendments 


Granules of calcin ed diatomite are increasingly being used as a 
high-end soil amen dment. Important proper ties include gr anule 
durability and water retention and release. Research has indicated 
that 10% incorporation by volume in soils c an reduce irri gation 
requirements by up to 50%. As a soil amendment, diatomite is used 
for pre venting soil compaction in sports tu. rf, improving ro ot 
growth, lessening transplant shock for landscape plantings, and 
reducing water and chemical consumption for all turf and ornamen- 
tal a pplications. New de velopments include ad ding diatomite to 
create specialty soil blends for hanging basket soil and rooftop gar- 
den soil (P. Lenz, personal communication). 


Natural Grade Insecticides 


The use of diatomite dusts in commercial products designed to con- 
trol insects and mites within stored agricultural products is wide- 

spread throughout the world. Public and governmental pressure to 
reduce reliance on chemical insecticides that are harmful to mam- 
mals would appear to offer growth potential for this application and 
others such as__ soil and str uctural fumig ation. Although se veral 
mechanisms have been proposed to explain diatomite’s ef fective- 
ness as an insecticide, the adherence of the particles to the waxy 
surfaces of insect pests and th e absorption of body fluids ar e 
believed to cause death by dehydration (Crossley 2000). Product 
effectiveness may be en hanced by adding silica gel and treating 

with heat. 


Cement, Concrete, and Asphalt 


Diatomite has be en used on ly toa limited extent in the United 
States as a supplemental silica sou rce in cement kiln feed where it 
has been used in conjunction with traditional raw materials. Pro- 
vided that the diato mite source is within economic transport dis- 
tance of a cement plant, the chemical composition, fine grain size, 
and re latively low fusion temperature of diatomite are attributes 
that may potentially yield advantages in the manufacturing process. 
Potential benefits that sh ould be considered include reduction in 
feed and clink er gri nding, ease and homogeneity of reaction , 
energy savings in calcination, mi tigation of process bottlenecks, 
and improvement of th e properties of f inished product and finish 
characteristics of the cement. 

In concrete, mortar, plaster, stucco, and grout, diatomite filler 
can improve plastic andh ardening properties; enhance cohesi ve- 


ness, homogeneity, and workability; and reduce bleeding and efflo- 
rescence. In sprayed-on stucco, the addition of diatomite reportedly 
reduces rebound. Throughout the world, diatomite and clay-bearing 
diatomite are used as pozzolans. In asphalt products, diatomite can 
decrease cra cking ten dencies associ ated wi th rapi d temperature 
change, improve cohesive strength, control viscosity, and improve 
the application characteristics of mastics. 


Other Uses 


Diatomite filler is used as a pr ocessing aid in rubber man ufacture, 
and as a mild abrasi ve in polishes and cleansers. Fineness, absorp- 
tive capability, and low abrasiveness make diatomite powders and 
granules effective carriers and diluents for use in agrochemicals. 

Diatomite provides the source of low density, heat resistance, 
and porous silica in catalyst carriers such as those used in hydroge- 
nation processes and sulfuric acid manufacture. Simi larly, di ato- 
mite is used in porous, inert chromatographic supports. Diatomite 
powders are also used as a silica source for the production of syn- 
thetic calcium and magnesium si _ licates. These u nique products 
exhibit extremely high surface area (105 to 190 m?/g) and are able 
to absorb up to 5% times their weight in water. Some commercial 
synthetic silicates are able to absorb 3 to 4 times their weight in 
water and remain dry , free-flowing powders. In some parts of the 
world, diatomite is formed directly into insulating brick. 

Other miscellaneous ap plications include use in match head 
and welding rod composition, as an anticaking agent on ammonium- 
nitrate prills, as a stabilizer in explosives, and as a silica source for 
calcium silicate filler for acetylene cylinders. 


Product Pricing 


Based on statistics compiled by the USGS and the U.S. Bureau of 
Mines, the weighted average price of diatomite per metric ton sold 
or used by U.S. producers rose from $219 in 1990 to $258 in 2003, 
reaching a peak of $271 in 2001 (Table 2). The USGS reported that 
the average price perto n formostenduses in 2002 an d 2003 
decreased from that of 2001. 


Competitive Substitutes 


Many minerals and materials are used in filtration applications in 
which a porous filter bed is used to mechanically rem ove sus- 
pended solids from a liquid. In addition to diato mite, other com- 
monly used materials include e xpanded and milled perlite, sand, 
garnet, asbestos, cell ulose, and carbon. Although diatomite is 
acknowledged as a superior perfo rmer for a br oad range o f com- 
mercial and municipal filtration problems, each of the other materi- 
als can be suitable for specific or niche applications and can exhibit 
advantages in terms of effectiveness, cost, durability, and availabil- 
ity. In the last decade, the use of ultrafiltration and synthetic mem- 
branes has become more wide spread. The performance and 
suitability of alternative filtration systems, however, must be con- 
sidered in terms of the sp ecific application. The filtration system 
installation and oper ational costs of common membrane filtration 
units must be taken into account, because they are more expensive 
than typical diatomite systems (Crossley 2000). 

Talc, silica sand, ground mica, clay, expanded and milled per- 
lite, and ground calcite are a few of the many mineral fillers sold 
into the large and diverse filler markets in addition to diatomite. 

Chemically modified or sy nthetic fillers repres ent a se cond 
important group of fillers. Selection of appropriate fillers is based 
on cost, availability, and performance. The physical properties of 
diatomite make it useful as a functional filler in a broad spectrum of 
industrial applications . Although substitute fillers may be used, 
replacement may require that the final product be reformulated. 
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Minerals tha tc an compete wit h di atomite a s absorbe nts 
include sepiolite, attapulg ite, and bentonite, among others. 
Although these minerals share some market applications, each has 
its various niches. 


Packaging 


Powdered diatomite products are sold in both 22.68-kg (50-Ib) bags 
and in bulk form. In the United States, powdered diatomite is pri- 
marily sold in 50-lb bags, although it is also available in 800- and 
1,000-Ib sacks and in b ulk form vi a pressure dif ferential railcars 
and trucks. Bagged pro ducts are pa Iletized and can be stretch- or 
shrink-wrapped for shipment. In Europe, powdered diatomite has 
been sold in 20-kg bags and in 1,000- to 2,000-L sacks. 

Bags are labeled with the product and trade name and can be 
labeled with acustomer’ _s_ specific in-house identif ication if 
requested. Labels may also be placed on the shrink wrap that covers 
palletized loads at the customer’s request. Caution labels are placed 
prominently on each bag or on the palletized load advising the 
product handlers of the health issues associated with the crystalline 
silica present within diatomite products. Caution advisories may be 
printed in several languages on each of the labels, and in addition, 
special labeling may be required for different locations. Great care 
must be taken to comply with labeling requirements. 


Transportation 


Freight costs have a significant impact on the overall cost of prod- 
ucts to the customer. Diatomite products are bulky because of their 
low density; as a result, transport cost per ton is high. After palletiz- 
ing and wrapping, bagged products are transported to distr ibution 
centers or directly to customers by truck or by rail and ocean freight 
in containerized loads. Alternatively, pneumatic railcars and truck 
tankers are used to transport diatomite powders in bulk directly to 
the cus tomer’s st orage bin. In t he United States, the majority of 
products are bagged and shipped by truck in palletized form. 

In the United States, products destined for export are typically 
palletized and transported to port in containers as lar ge as 12.2 x 
2.7x 2.7m _ that are easily transferable to ship, truck, or rail sys- 
tems. The major elements of export contracts that must be routinely 
negotiated include inland freight obligations at both ends of the 
transport, marine car go in surance, and currency and fuel adj ust- 
ment factors. Tariffs and tax es associated with export are consid- 
ered separately in the next section. 


ECONOMIC OR COMPETITIVE FACTORS 
Import Tariffs, Taxes, and Depletion Allowance 


Most of the major trading countri es now use the international Har- 
monized Commodity Description and Coding System (HS) to clas- 
sify products for tax purposes. Under this system, imported natural 
diatomite products and products calcined without sintering agents 
are classified under designation 2512 as siliceous fo ssil meals and 
similar siliceous earths. This he ading includes tripolite, d iatomite, 
and moler earths. Diatomite products that are calcined with th e 
addition of sintering agents such as sodium chloride or sodium car- 
bonate are classif ied under a separa te heading, 3802, as activated 
products. Bricks, blocks, tiles, or other ceramic goods of siliceous 
fossil meals are classif ied under heading 6901. Im port duties and 
other taxes vary throughout the world and are set by the f iscal and 
customs authorities of each country. 

No tariffs are applied to 2512 diatomites and straight calcined 
diatomites imported into the United States. Ad uty of 2.5% is 
imposed on flux calcined diatomit e imported in the United States. 
Products are exported from the United States under general license 
with no restrictions. Depletion allowance is set at 14%. 


Costs and Timing 


In the United States, the cost of production can be approximately 
divided as follows: 10% mining, 60% processing, and 30% packag- 
ing and shipping (Benton 1983). Energy is the largest single ele- 
ment of direct cost, representi ng roughly 30% of the total cost 
(P. Lenz, p ersonal communication). Freight costs, which are  dis- 
cussed generally here ( see the section on T ransportation), have a 
great impact on the cost to the customer. 

The cost of and time required for exploration, mine de velop- 
ment, and plant development vary widely and depend on the unique 
requirements of any given project. For example, the cost of build- 
ing a new plant will be dictated by such factors as the products that 
are to be made, the need for a kiln, and the production capacity that 
is required. In general, a greenfield facility capable of manu factur- 
ing calcined filter aids and fillers might cost $20-$25 million or 
more. In the United States, bonding is required and such plans must 
be approved by the U.S. Bureau of Land Management. Indi vidual 
states manage the plans. In determining the bond amount, health 
issues, land use and zoning, en vironmental concerns, and reclama- 
tion, closure, and decommission issues are considered. Additional 
costs may include ro yalties paid to mineral o wners for extraction. 
The contractual agreements employed for determining royalty pay- 
ments can vary from mine to mi ne, but royalty payment is quite 
commonly calculated as a percentage of the value of the annual sale 
of finished goods. Minimum annual royalty may also be a feature 
of individual royalty agreements. 


REGULATORY AND ENVIRONMENTAL CONSIDERATIONS 
Health and Safety 


In the United States, exposure to diatomite is primarily an occupa- 
tional issue. Prolonged and excessive exposure to respirable crys- 
talline silica dust is a known cause of silicosis (pneumoconiosis). 
As discussed pre viously, diatomite can contain cry stalline sil ica 
species in varying abundance. In 1996 the International Agency for 
Research on Canc er (IARC) rec lassified c rystalline s ilica as a 
Group | known human carcinogen. Crystalline silica is also listed 
as a human carcinogen by the U.S. National Toxicology Program, 
and under California Proposition 65, airborne crystalline silica of 
respirable size is listed as a substance known to the State of Califor- 
nia to cause cancer (Anon. 1998; W. Miles and M. Mirliss, personal 
communication). IARC has classified amorphous silica as a Group 
3 substance, not classifiable as to carcinogenicity. 

The diatomite industry has addre ssed the health issues associ- 
ated with mining, processing, and hand ling of crystalline si lica 
dusts for many years. In the United States, worker exposure to such 
dusts is regulated under the Occupational Safety and Health Admin- 
istration (OSHA) and by the Mine Safety and Healt h Administra- 
tion. Classification as Group | trig gers the re gulation of respirable 
crystalline silica under the Hazard Communicat ion Standard as 
administered by OSHA, and pr oducers must appropriately label 
their diatomite products that contain more than 0.1% of this sub- 
stance. In addition, heal th and sa fety information is provided on 
material safety data sheets (MSDSs), which include information on 
the carcinogenicity of respirable crystalline silica. 

Manufacturers are responding directly by conducting worker 
and consumer protection, education, and training programs, and by 
implementing and maintaining industrial h ygiene programs in 
plants. MSDSs have been and will continue to be re vised to meet 
OSHA requirements. 

Because crystalline silica occurs as a principal or minor acces- 
sory mineral in most mineral products, the designation of crystalline 
silica as a carci nogen af fects nearly all mineral-related industries. 
The diatomite industry formed the International Diatomite Producers 
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Association (IDPA) in 1988 to study and report on the health, safety, 
and environmental issues related to the industry. In addition to spon- 
soring health-related research, the IDPA has published educational 
literature on crystal line silica fo r w orkers and users of diatomite 
products. Information is available through the IDP A (Long Beach, 
California), and also from the American Chemistry Council (Arling- 
ton, Virginia). 

The health regulation issues associated with respirable crystal- 
line silica continue to evolve in both the United States and Europe. 
The European Union does not currently have an occupational expo- 
sure level li mit for respirable crystalline sili ca, although one is 
under consideration by the Scie ntific Committee on Occupat ional 
Exposure Limits, a subcommittee of the European Com mission 
(M. Mirliss, personal communication). 


Other Regulatory Issues 


In the United States, land use and zoning issues associated with 
mining, plant construction, and production can be of _ significant 
concern depending on the location of the operation and its proxim- 
ity to sensitive environmental areas and/or to residential and urban 
development. In general, r eclamation requirements are becoming 
more restrictive and more stringently enforced. Reclamation that is 
concurrent with mining is commonly employed. Control of fugitive 
dust emissions has become a key issue as regulations have become 
increasingly stringent and subject to enforcement. 

There are no U.S. federal disposal restrictions, although some 
states may impose rest rictions. Landfill disposal costs for used or 
spent filter cake have long be en of concern to the end user. To 
avoid such cost, some end users may seek to recycle their waste 
through secondary usage such as lan d farming or use in animal 
feed. Alternatively, some end users have examined the viability of 
other filtration technologies. 


OUTLOOK AND FUTURE TRENDS 
United States 


From 1980 to 1990, production capacity in the United States for fill- 
ers, absorbents, and filter aids increased through the development of 
five new operations. Following the construction of the new filler and 
filter aid plants, U.S. overcapacity was estimated to be in e xcess of 
25% (Anon. 1987a, 1989). Since 1990, the industry has experienced 
a net reduction of domestic production capacity by the closure of the 
large Grefco mining and manufacturing operations at Lompoc, Cali- 
fornia, and by the closure of the Oil-Dri facility in Oregon. These 
capacity decreases have been somewhat offset by the startup of Dia- 
Source operations in Ore gon and by Atlas Minerals Inc.’s intermit- 
tent operations dur ing 2002 at Mammoth, Arizona. Ev en tho ugh 
emerging applications such as natural grade insecticide, biotechnol- 
ogy, and pharmaceuticals continue to develop, no major new market 
applications that will gr eatly increase usage ha ve been announ ced. 
In general, consumption in the f ilter aid and absorbent mark et seg- 
ments is not expected to gro w during the first half of th e current 
decade, whereas mode st growth is expected for f iller and natural 
grade insecticide market segments. 

The free crystalline silica associated with diatomite persists as 
an industry concern. 

Exploration of deposits has continued throughout the western 
United States and in the state of Virginia. 


The Rest of World 


Since 1992, world output was estimated by the USGS to range from 
1.93 to 2.02 Mt, and for 2002, it was estimated at 1.95 Mt (Dolley 
2002). 


During the past decade, attention has focused on the develop- 
ment of Chinese resources at Changbai, Jilin, and on investigation 
of deposits in Australia, Ne w Zealand, Vietnam, and the former 
Soviet Union. 
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Feldspars 


Michael J. Potter 


INTRODUCTION 

Feldspars make up the most abundant mineral group in the earth’s 
crust. They account for an estimated 60% of the exposed rocks, as 
well as soils, clays, and other unconsolidated sediments, and are 
principal components in rock classification schemes. 

Feldspars are aluminum silicate minerals that contain varying 
proportions of calcium, potassium, and /or sodium. The principal 
feldspar species are albite (sodium fe Idspar), an orthite (c alcium 
feldspar), and mi crocline and _orthoclase (p otassium feldspars ). 
These species are almost n ever found in pure form in nature b_ ut 
occur as mixtures of varying proportions. 

Pegmatites, which are one sour ce of fel dspar, are exception- 
ally coarse-grained igneous rocks and have a composition similar to 
that of gran ite. The composition may be simple or co mplex and 
may include minerals rich in such elements as lithium, rare earths, 
tantalum, and others (Jackson 1997). Perthite is a variety of alkali 
(sodium-potassium) feldspar in which the potassiu m-rich phase 
(typically mic rocline) appe ars to be the — host from wh ich the 
sodium-rich phase (typica lly al bite) exsolves (1.e., unmixes). The 
exsolved areas are visible to the naked eye and typically form irreg- 
ular v einlets, strings , and so for th (Jackson 1997 ). Antiperthites 
have sodium-rich plagioclase as the host feldspar and intergrowths 
of potassium-rich feldspar. What is commonly kno wn as Spruce 
Pine alaskite is an important feldspar ore-bearing rock that occurs 
in the Spruce Pine District of North Carolina. This alaskite has been 
described as a coarse-grained pegmatitic granite (Kauffman and 
Van Dyk 1994). According to A. Glover (personal communication), 
a true alaskite has a higher potassium than sodium content, whereas 
the Spruce Pine alaskite has a higher sodium than potassium con- 
tent. Alaskite generally contains microcline, orthoclase, and quartz; 
plagioclase may or may not be present (Rogers, Neal, and Teague 
1983). Aplite that was mined in 2003 (in only one U.S. location, in 
Virginia) is a metanorthosite (metamorphosed anorthosite) with a 
high proportion of plagioclase feldspar. 

Feldspars are widely used in the glass and ceramic industry. 
Nepheline sye nite, which is co vered in a se parate chapter in this 
book, is a1 ight-colored, silica-deficient feldspathic rock made up 
mostly of sodium and potassium feldspars and nepheline. Although 
not mined in the United States for glass and ceramic use, nepheline 
syenite has been imported from Can ada for a numb er of years for 
that use. Asin gle operationin Arkansas has beenp  roducing 
nepheline syenite for its internal use in manufacturing roofing gran- 
ules and related products. 
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The first commercial production of feldspar in the Un ited 
States occurred in about 1825 and was mined from pegmatite bod- 
ies located in Connecticu t.The feldspar was hand sorted and 
shipped to England. During the nineteenth and twentieth centuries, 
feldspar production grew with new production locations, integrated 
mine and processing facilities, and the de velopment in 1939 of the 
flotation process for feldspar by the U.S. Bureau of Mines (USBM) 
and the feldspar industry. The first commercial feldspar flotation 
plant began operations in K ona, North Carolina, in 194 6 (Feitler 
1967; Rogers, Neal, and Teague 1983). 

In 2003, U.S. production of feldspar, based on repor ted and 
estimated data, was about 800,000 t. World production of feldspar, 
excluding China, was an estimated 10.8 Mt (Potter 2005). 

Since 1980, the U.S. feldspar industry has seen some expansion 
of plant capacity, a few plant closures, and changes in ownership of 
existing operations. In its glass end-use market, the industry has been 
affected by glass rec ycling and by competition from met al, paper, 
and plastic containers. In ceramics, the other major mark et for feld- 
spar, much of the manufacturing of plumbing fixtures and tile i s in 
Brazil, China and other Asian coun tries, and Western Europe (Ros- 
kill Information Services Ltd. 2002). Brazil, China, Colombia, Italy, 
Mexico, and Spain are significant exporters of plumbing fixtures and 
tile to the United States (Ceramic Industry 2004; Grahl 2004). 


PRODUCTION AND TRADE 


North America 


U.S. production of feldspar comprises hand-cobbed, flotation con- 
centrates, feldspar -quartz mix tures (feldspathic sand), and aplite. 
Beginning in 1992, aplite has been included with feldspar produc- 
tion data. T able 1 sho ws U.S. feldspar pr oduction from 1980 to 

2003. Flotation concentrates comp rised about 70% to 80% of out- 

put through 1991 and about 40% to 45% thereafter. Feldspar-silica 
mixtures and hand-cobbed material made up about 20% to 3 0% 
through 1991, and thereafter, with aplite being included, about 55% 
to 60% of the output. 

Feldspar was mined in se ven states in 2003, which were, in 
descending order of output, North Carolina, Virginia, California, 
Georgia, Oklahoma, Idah 0, an d South Dak ota. North Carolina 
accounted for about 45% of the total. Ten companies mined feld- 
spar, nine of which operated 12 beneficiation f acilities—four in 
North Carolina, three in California, and one ineach of _ the five 
remaining states mentioned (Table 2). U.S. production data for feld- 
spar are collected by the U.S. Geological Survey (USGS) by means 
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Table 1. Feldspar production in the United States, kt 





Flotation 
Year Concentrate Percentage Other’ _ Percentage Total 
1980 513 80 131 20 644 
1985 4A2 70 193 30 635 
1990T 440 70 190 30 630 
1995t 400 45 480 55 880 
2000t 330 42 460 58 790 
2003t 330 Al 470 59 800 





Source: USBM 1981-1996; USGS 1997-2005. 
* Includes hand-cobbed feldspar, feldspar-quartz mixtures (feldspar content), 
and (beginning in 1992) aplite. 
t Data rounded to no more than two significant figures because of partially 
estimated data. 


of a v oluntary survey. Of the 12 known beneficiation facilities in 
2003, 6 responded with productio n data by the su rvey deadline. 
These 6 facilities represented about 64% of the production shown 
in Table 1. In 1985, the response rate, by tonnage, was 81%; in 
1990, 75%; and in 2000, 60%. As a result, U.S. production data in 
Table 1 for 1990 and after have been rounded to no more than two 
significant figures because of partially estimated data. 

Canada has had no feldspar production for a number of years, 
although some projects are being developed. Avalon Ventures Ltd. 
of T oronto, Ontario, continues w ork onits Warren T ownship, 
Ontario, anorthosite (c alcium pla gioclase fe Idspar) pro ject. Also 
under development is the company’s Separation Rapids project near 
Kenora, Ontario, which has a deposit containing high-lithium feld- 
spar, for potential use in gl ass and ceramic manuf acture (Avalon 
Ventures Ltd. 2004). Another company, i-minerals inc. of V ancou- 
ver, British Columbia, continues to test and develop two feldspar 
deposits at its Helmer-Bovill property in Latah Co unty, Idaho. Its 
Kelly’s B asin deposit contains sodium feldspar, and the “WBL” 
tailings (pre viously o wned by Washington Br ick and Lime Co.) 
contain potassium feldspar and quartz (i-minerals inc. 2004). 

U.S. imports of feldspar increased from 864tin 1985 to a 
high of 17,900 t in 199 1. Between 1999 and 2003, imports fluctu- 
ated between about 5,500 tpy and 8,000 tpy. Most of the imported 
material from 1986 to 2002 came from Mexico. Beginning in 2003, 
Turkey became a sig nificant e xporter of feldspar to the United 
States (Table 3). U.S. feldspar trade and apparent consumption sta- 
tistics are shown in Table 4. 

Production of feldspar in Mexico increased from 163,000 t in 
1990 to an estimated 330,000 t in 2003. Mexican exports between 
1997 and 2003 fluctuated between about 5,900 tpy and 11,400 tpy, 
with 98% to 99% going to the United States. Mexican imports of 
feldspar between 1997 and 2003 were between | ,200 tpy and 
5,150 tpy. The United States supplied between 86% and 98% of 
the total (U.N. Statistics Division 2004). 


Rest of World 
Feldspar is produced in more than 50 countries. According to prelim- 
inary data and estimates by the US GS for 2003, the follo wing coun- 
tries produced these estimated amounts of feldspathic materials: 

¢ Italy—2.5 Mt 

¢ Turkey—1.8 Mt 

¢ France—650,000 t 

¢ Germany—450,000 t 

¢ Spain—450,000 t 

* Czech Republic—350,000 t 

¢ Egypt—350,000 t 


Significant production also has come from China and countries in 
Southeast Asia. Table 5 shows exports from selected countries. 

In Italy , ou tput in 20 02 included a plite, feldspathi c sand, 
sodium feldspar, sodium—magnesium feldspar, and sodium—potas- 
sium feldspar. Gruppo Minerali SpA and Maffei SpA are among the 
largest producers. Aplite mined by Maffei contains sodium feldspar 
(20%), potassium feldspar (40%), quartz (30%), and other minerals 
(10%). End uses for feldspathic products include floor and wall tile, 
glass, sanitary ware, and tableware. A major development in recent 
years has been gres porcellanato (i.e., glazed and unglazed porcelain 
tiles), which contain a high percentage of feldspar . Most Itali an 
feldspar production is consumed domestically, and large quantities 
of the mineral are imp _ orted fort he ceramics industry . Itali an 
imports of feldspar increased from 246,000 t in 1992 to 1,865,000 t 
in 2001 and about 2,2 90,000 t in 20 03 (U.N. Stati stics Division 
2004; 2003 data given in Table 6). Most of the imported material 
came from Turkey (Roskill Information Services Ltd. 2002; Cross- 
ley 2003; U.N. Statistics Division 2004). 

In Turkey, the majority of feldspar produ ced in 2003 was 
albite, although potassium feldspar had a small output. There were 
six main and six smaller producer s. Two of the lar ge companies, 
Cine Akmaden Made ncilik T ic. A.S.and  Esan Ec zacibasi 
Endiistriyel Hammadeler San. ve Tic. A.S., produced flotation feld- 
spar. A th ird company, Ka ltun Ma dencilik San ve Tic. A.S. had 
plans for a new flotation plant in the works in 2003. Flotation feld- 
spar, with its increased whiteness, was being consumed by porce- 
lain tile producers in Italy and other countries (Crossley 2003). 

Turkish exports of feldspar g rew from 163,000 t in 1991 to 
2.1 Mtin 2000. The main reason for the ra pid increase in ship- 
ments was asharp rise in demand from ceramics companies in 
Italy and Spain (Roskill Information Services Ltd. 2002). Turkish 
exports were reported to be around 2.2 Mt in both 2001 and 2002 
and about 3 Mt in 2003. About 90% of the exports in 2003 went to 
Italy and Spain (Crossley 2003; U.N. Statistics Division 2004). 

In Asia, sodium feldspar is probably the most widely used 
feldspar because of its relative abundance, especially in China and 
Thailand, both of which ar e major e xporters (Lines 2003). 
Although official data are not available, Chinese production of feld- 
spar may exceed 2 Mtpy (Roskill Information Services 2002). Esti- 
mated production in 2003 for Thailand was 780,000 t and for the 
Republic of Korea, 400,000 t. Japan produced an estimated 50,000 t 
of feldspar in 2003 and an esti mated 300,000 t or more of aplite 
(Potter 2005). Table 7 shows feldspar production for a number of 
selected countries. 

Chinese exports of feldsp ar in 2001 were 557,000 t, with at 
least 400,000 t prob ably being exported to Taiwan, some of which 
was shipped via Hong Kong. In 2003, Chinese exports were about 
600,000 t, with major destinations of Indonesia, Japan, Malaysia, 
the Republic of Korea, Taiwan, and Vietnam. In 2001, exports of 
feldspar from Thailand were reported to be about 330 ,000 t, with 
about 200,000 t going to Malays ia. In 2003, Thai exports were 
again about 330,000 t, with major destinations of Malaysia, United 
Arab Em irates, and Vietnam (Ros kill Inf ormation Services Ltd. 
2002; U.N. Statistics Division 2004). 

Potentially economic de posits of feldspar occur in at least 
70 countries, and the potential supply throughout the world is pre- 
sumed to be la rge. Feldspar reserve and resource data have only 
been assessed for a few countries: Reserves in Brazil have been 
estimated at 23 Mt; in Italy, 14 Mt; and in the Republic of Korea, 36 
Mt. Detailed es timates of world reserves and resources for most 
countries ar e not a vailable or ha ve no t been compiled (Roskill 
Information Services Ltd. 2002). 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


453 


‘yonpod 49\|4 pup depusexe indspyey pub UOIDIWGNS xR 


-sodspje4 § 





“uoypoyioads bp juasaided you op ‘senjDA uDew Ft 


*a|qO|IDAD you = bu | 
‘ezIs doy |DUIWON , 
































S8c SZOl 180 c80°0 S8l GL 0029 (seyunoo sedspp pup eusei9) ni61085) 
puns |Olysnpul = S8°~ col 80 9Z0°0 o8l StV oro HeRDIOld 41d usdo SURI ‘oyjeouuow “diod iodspje4 ey, 
oe Oz £0 SLO Osl Sv Jodspjay auryjoysA15) 
o'e ool €0 Slo. —OLL BE —_IDdspjay YsEjod JeysnD 
; . . . : ssojopiyuos Aq 
oe O0L £0 SlO. 060 O'LL Gy —_ Aodspjay ysnjod Jeysn5 Bujuiw eatoejes (Ajuno- 1948) 
DIW OF OOol €0 SLO OZ Cy Jodspjay ysoyod Jaysn> Bupu6 Aug ‘1d uado ayyouBag DJOYDG YNOS ‘JaysND ‘“dioD Jao 
apdspjaj winisspjog 
pu pu pu pu pu m OG 4pdsiuy 
pu pu pu pu pu i Ov s0ds1uq 
8V 69 ZI yoo 96l GL v4 
L9 Sv oma 80°0 eél 06 vd (Ajunos Jaya) OUljouDD 
zyonb Ayund-yBiy ‘oot . : : i : - UO!}DJO jid ued also WON ‘OuUIg Bonudgs ‘dos ulwiuU 
YPIy DIIW LO Sv Sl 80°0 fél 009 ld ld oO SOV YHON d s 2 n 
Oc ZL ose S8il Z0°0 98l is x9|94 
987 987 SO'l Z50°0 GEL 06 plods-o-0!5 
c8'9 Oly orl 590°0 88 009 Odd (Ajuno> |Jeyouyy) PUIJOID>D YON 
pubs |Dlysnpul ‘oaIW = 7gB"9 Oly or'l Z0°0 esl GZ VON UOHDJO} 4 jid ued aL soy ‘aulg aonidg ‘dio> Jodspja4 ey 
pu pu pu pu pu a giodsuiw 
¢ 6vV 8c Ll 900 Ovi 06 glodsyisuiyy 
2 G9 Lv Gl 90°0 S8l GL 00z 40dsuw (Ajuno> |JayaW)} PUljouD> YON 
3 pubs |plysnpul ‘DoIW = g"9 Uv S" soo S8l 009 | sodsuiw UOHDJO}4 uid uedo ay soy ‘auld aonidg ‘*diod Jodspje4 |-y 
ue apdspjay winisspjog-winipos 
(Ajuno> wad) 
Pubs |Dlysnpul 90'Z 6672 ZZ0 elo Les Str ¢Puds ssoj6 |IssD/D Bulysoaa jid ued syisodap ay0] oyppy ‘yawwy “dios ulmiun 
pubs uoljonysuoo (Ajuno> byso> D1JUoD) 
‘pups |plysnpuy = 7¢e'O S8z 90°0 ZL0 Oly Sty ¢Puns sspj6 |IssD[> uoyoyoy ‘Burysor, id uado auojspuns DIWIOJIIOD ‘UoAIg “duo> ulwiuA) 
ol cl o€0 yoo OF 009 — epos6 yBiy-epni6 yu/4 
pups |Dlysnpul Se'l o¢ 0s'0 slo os 009 spinBey UOHDJO] YI aUOjs{|IS ‘QUojspuDs (Ajuno> Dinyuap) DIUIOY]D> 
‘puDS UOHONISUOD Q'S Or Ol Seo 06 009 apoB iequy jupjd Burysor,, yd uadQ —‘sayouawojBuo2 s1D}}9q ‘KA|JOA WIS “OD PUDIGNIID AA‘ 
“uoyonposd Adj> uljooy (Ajuno> punjede|>) 
pub polw jo jonpod-Aq DUIJOIDD YON ‘UlojuNow sBuly 
D $I pups d1yjodspje4 pu pu pu pu pu you pubs sspjd UoHDJO|4 id uedo ayyowBeq ‘sjosouly Ayjoiseds uojsony Aoga|6O 
(Ajuno> zn5 
syonpoid DUDS) DIWJOY|D>D ‘Uoyey ‘AOND 
Pups Jayjo ‘ADIN. GQ" LO'V 08'0 €70 096 Sty pups ssp|o Buisseo014 yid ued spups auuDW MOJJOH |!OND ‘0D YoY aluBIS) 
(Ajuno> aeBoysnyy) DWOYD)}O 
pups uolonsysuoo Buiyopa] ‘uoyoundas ‘gaBoysny ‘ul ‘sosuDy ‘DWV 
‘pups |Ol4ysnpu| 8Z0 VO'E 800 OL'O ov's 009 pups SsD|S) oyeuBow ‘Bulysora BuBpeiq spups JOALY fo UOISIAID "[PADIS) pup pups Bou 
SainyxIW ZjAONH-sodspje4 
(Ajuno> Jaaocud}) 
auoN os 67 9¢ 8L'O LZ 009 ayy Bulsseo01g id uado ayyow Beg DUBAI, ‘Jaljedyuoyy “OD DdIIS “S° 
andy 
sppnpoido> O°PN oy 0») £Qvza4 fotjy wid ‘azig spnpold ssaooig Buypiw Buu Apog 210 Aupdwo> 
pup syonpoid-Ag 


% ‘siskjpuyy p21dA, 


suoypiedo spdspja} *S'f) *Z 8|qDL 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 


All rights reserved. Electronic edition published 2009. 


454 Industrial Minerals and Rocks 











Table 3. U.S. imports’ of feldspar, by country, t Table 5. Exports of feldspar, by selected countries,’ kt 
Country 1997 2000 2003 Country 1997 2000 2003 
Mexico 8,200 7,100 6,100 China 591 607 599 
Turkey 0 0 1,800T France 122 296 286 
Other 400 100 100 Germany 83 61 102 
Total 8,600 7,200 8,000 Italy 43 122 165 
Source: International Trade Administration 2004; U.N. Statistics Division 2004. Malaysia 21 24 53 
* Data rounded to two significant figures. Norway 68 7\ 68 
T U.N. statistics show exports to the United States as 16,600 t. Spain 25 57 66 
Thailand 241 294 330 
Turke 950 2,114 3,000 
Table 4. U.S. feldspar statistics, kt Sh a a 
Adapted from U.N. Statistics Division 2004. 
Apparent — * Includes countries with feldspar exports of 50,000 tpy or higher in 2003. 
Year Production Imports Exports Consumption 
1980 644 0.4 11.8 633 Table 6. Imports of feldspar, by selected countries,” kt 
1985 635 0.9 8.4 628 
Country 1997 2000 2003 
1990 630t 11.3 24.8 620t 
1995+ gsot 9.0 14.7 8701 ele, ia 72 2 
2000 7901 7.2 11.4 7901 indonesia ee a i 
2003 80ot 8.0 9.0 goot Hay zN8 hone nave 
Ss USBM 1981-1996; USGS 1997-2005 Merge mea a — 
ots Re eh eee Poland 36 82 155 
* Calculated as production plus imports minus exports. 
t Data rounded to no more than two significant figures because of estimated Portugal 36 av eH 
Beis Spain 229 552 777 
$ Beginning in 1992, aplite data are included. Adapted from U.N. Statistics Division 2004. 


* Includes countries with feldspar imports of 50,000 tpy or higher in 2003. 


Table 7. Feldspar world production, by selected countries,” kt 


Country 1980 1985 1990 1995 2000 2003 
Brazil 123 110 105 199 118 75 
Chinat na8 na na na na na 
Colombia 27 34 35 58 55 100 
Czech Republic na na na na 337 350 
Egypt 4 19 10 75 3307 350 
France 210 172 A201 632 642t 650 
Germany 381 322 Alst 330 4501 450 
India 59 46 54 100 l1ot 150 
Iran 3 32 32 sot 156 190 
Italy 345 1,116 1,610 2,199 2,500 2,500 
Korea, Republic of 72 145 237 368 330 400 
Mexico 117 100 163 122 334 330 
Poland Aot 60 32 46 165 240 
Portugal Al 29 4A 107 120 120 
Spain 103 136 214 379 46ot 450 
Thailand 24 104 311 670 626 780 
Turkey 73t 20t 182 760 1,148 1,800 
United States 644 635 630 880 790 800 
Venezuela 6 43 91 227 130 150 
Other 928 977 1,412 668 699 915 
Total (rounded) “3,200 “4,100 “6,000 “7,900 9,500 “10,800 


Source: USBM 1981-1996; USGS 1997-2005. 
* Includes countries with estimated feldspar production in 2003 of 100,000 t or higher. 
t Estimated. 
t Official data are not available. In 2000, estimated production may be 2 Mt or more (Roskill Information Services Ltd. 2002). 
§ na = not available. 
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GEOLOGY 


The c ommon fe Idspar minerals c an be re presented in at ernary 
phase system that shows feldspar mineralogy; the end members are 
KAISi3Og (orthoclase), NaA1Si3Og (albite), and CaAl2Si2Og (anor- 
thite). The end-member compositions also are referred to as potas- 
sium, sodium, and calcium feldspar (Table 8). The feldspars whose 
chemistry ranges between the potassium and sodium end members 
are known as alkali feldspars, whereas those between the alkali and 
calcium end members are plagioclase feldspars. The pl agioclase 
series is arbitrarily subdi vided and named accor ding to increasing 
mole fraction of the anorthite component: albite , oligoclase, 
andesine, labradorite, bytownite, and anorthite (Jackson 1997). The 
feldspar groups can be further subdivided based on structural and 
compositional fea tures within the alkali or pl agioclase feldspar 
series (Kauffman and Van Dyk 1994). The feldspars have become 
the primary tool in the classification of igneous rocks (Deer, Howie, 
and Zussman 2001). Table 8 gives theoretical end-member compo- 
sitions of the principal feldspars. 

Minerals of the feldspar seri es have some si milar physical 
properties: a Mohs hardness of 6, a specif ic gravity range of 2.54 
to 2.76, and a vitreous luster. Color can range from co lorless, 
white to gray, green, yellow, and red; feldspars may be translucent 
to transparent. 


Geologic Occurrence and Major Deposits 


The major U.S. commercial feld spar deposits in 2003 were Spruce 
Pine alaskite; the ap lite in Hanover County, Virginia; pe gmatites; 
and various sand deposits, inclu ding certain beach, dune, and river 
sands, derived from granitic source rocks. 


Alaskite 


Spruce Pine alaskite is a granitic rock that is composed principally 
of plagioclase, quartz, orthocla se, and musco vite, in decreasing 
order of abundance (Feitler 1967). Mined only in North Carolina, it 
is a major source of feldspar production in the United States. Alas- 
kite occurs in three principal ar eas, referred to as the Spruce Pine, 
Penland, and Crabtree alaskite bodies, which are located, respec - 
tively, in Mitchell, A very, and Yancey counties, Nor th Carolina 
(Olson 1944). The largest mass of alaskite is between Spruce Pine 
and Chalk Mountain in Mitchell County. A 198 1 mineral analysis 
of Spruce Pine alaskite sh owed 42.9% sodium (sodic plagioclase) 
feldspar, 28% quartz, 14.7% potassium feldspar (microcline, gener- 
ally perthitic), 7.5% muscovite, 6.4% calcium feldspar, and small 
amounts of iron minerals and garnet. A correspon ding average 
chemical composition of alaskite was SiO2, 74.4%; Al2O3, 15.4%; 
Fe 703, 0.4%; CaO, 0.9% ; K20, 3.4%; Na20, 5.1%; and LOI (loss 
on ignition), 0.4% (Redeker 198 1). A 2004 anal ysis of Spruce 
Pine alaskite generally had the following mineral composition: 
35% sodium feldspar (sodic plagioclase), 25% quartz, 30% potas- 
sium feldspar, 6% muscovite, and 4% calcium feldspar (A. Glover, 
personal communication). 

For comparison, an average chemical composition for granite 
was given as SiO», 70.2%; AlyO3, 14.5%; Fe203, 1.6%; FeO, 1.8%; 
CaO, 2.0%; K 90, 4.1%; Na2O, 3.5%; and small amounts of other 
components (Reed 2004). 

Historically, in this region of North Carolina, pegmatites con- 
taining large amounts of microcline are thick (about 8 to 46 m) and 
occur near the abundant alaskite extending along the southeast side 
of the district from near Ingalls through Spruce Pine to the Crabtree 
Creek area. Prior to 1940, all the feldspar w as mined from pegma- 
tites by hand, but since 1940, the commercial production of feld- 
spar has been _ revolutionized by feldspar flotation. Alaskite 


Table 8. Theoretical end-member compositions of the principal 
feldspars, % 


Type K20 Na20 CaO Al2O3 SiOz 
Microcline 16.9 0 0 18.4 64.7 
Orthoclase 16.9 0 0 18.4 64.7 
Albite 0 11.8 0 19.4 68.8 


Anorthite 0 0 20.1 36.6 43.3 


replaced pegmatites as a source of raw material because bo dies of 
alaskite are larger than t he pe gmatites. Al so, c ompositional and 
mineralogical uniformity are gre ater, making the alaskite a more 
desirable flotation feed (Brobst 1962). 


Aplite 


Aplite is defined as a light-colored igneous rock consisting essen- 
tially of quartz, potassium feldspar, and sodic plagioclase (Jackson 
1997). Commercial aplite mined near the Piney River area in Vir- 
ginia until 1980 was identified previously as a pegmatite, a syenite, 
and Roseland anorthosite (Brown 1962). A description of rock from 
the same locality (Castle and Gi Ilson 1960) suggests that the rock 
originally contained very coarse feldspar, which was subsequently 
granulated to give it a mark ed variability in texture. Aplite mined 
from Hanover County, Virginia, is the one current (2003) source of 
commercial production. The deposit is part of the Montpelier met- 
anorthosite where rock is mined by U.S. Silica Co. (formerly by 
The Feldspar Corp.) at a quarry near Montpelier, Virginia (Bice and 
Clement 1982; Clement an d Bice 1982 ). The metanorthosite 

intruded the Sabot gneiss and co nsists of two phases: a coar se- 
grained, gray, nonfoliated phase and a granulated, medium-grained 
foliated phase. The coarse-grained phase contains plagioclase crys- 
tals up to 25 to 35 cm that constitute 85% to 90% of the total rock. 


Feldspar-Quartz Mixtures (Sands) 


Feldspar is an abundant constituent in modern sands of diverse ori- 
gins (Pettijohn, Potter, and Siever 1973). These sands mo st com- 
monly occur as beach sands, sand_ dunes, and river sands. Ri ver 
sands tend to ward more feldspathic compositions than either dune 
or beach sands. Although relatively few petrographic analyses give 
a breakdown of feldspar varieties, a survey of those that do suggests 
that potassium feldspar (0 rthoclase, microcline) is most ab undant, 
followed by sodium plagioclases and the calcium plagioclases. 

Feldspar-quartz mixtures currently make up part of the current 
feldspar market and have been a significant portion of the industry. 
A major part of this produc tion comes from the feldspar-rich quartz 
sand deposit s located in California, Idaho, and Oklahoma. So me 
feldspar-quartz mixtures are acopr oduct f rom feld spar flotation 
operations. 

The primary active California deposits are sandstone and del- 
taic deposits that cont ain quartz, and arange of 10% to 35% con- 
tained feldspar (Silv a 1985). Th e Idaho deposit is a lacustrine 
(derived from a lake bed) sand with an estimated feldspar content 
of 30%. The Oklahoma operation processes an Arkansas River sand 
deposit containing 25% feldspar, of which about 72% is potassium 
feldspar (Bowdish 1978). In most cases, these silica deposits ha ve 
been identified as extensive. 

Although they have not been developed thus far, the Kankakee 
dune sands in Kankak ee County, Illinois, contain ana verage of 
about 21% feldspar. The sands are composed of quartz, plagioclase 
feldspars, potassium feldspar, mica, pyrite, and some other acces- 
sory minerals (Bhagwat et al. 2001). 
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Granite 


Granite is a plutonic (i gneous) rock that contains lar gely feldspar 
and quartz and in which the alkali feldspar/total feldspar ratio gener- 
ally is restricted to the range of 65% to 90% (Jackson 1997). Granite 
is mined from only one state: Ge orgia has tw 0 granitic sources, 
which have been mined fo r feldspar for anu mber of years. The 
Shadydale granite, mined in Jasper County, has a chemical composi- 
tion of 13.9% Al 103, 0.9% CaO, 3.6% K 20, and 4.7% Na 20. The 
Siloam granite, mined in Greene County since 1980, is a porphyritic 
granite containing perthitic microcline—47% microcline, 25% pla- 
gioclase, 20% quartz, 3% perthite, and 5% biotite. Ore from the two 
mines is blended and processed in a plant to produce a potassium- 
grade feldspar. 


Pegmatifes 


Exceptionally coarse-grained igneous rocks, pegmatites ha ve a 
composition similar to that of granite (Jackson 1997). Granitic peg- 
matites, widely distributed throughout the crystalline rock areas of 
the United States, occur in rocks of many geologic ages and are 
most abundant near the margins of granitic intrusions. Most of the 
important pegmatite districts are included in three broad geographic 
belts: 


¢ Appalachian Belt, which extends from Alabama to Maine 


¢ Rocky Mountain Belt, which encompasses Colorado, Idaho, 
Montana, Ne w Me xico, South Dakota, Texas, Ut ah, a nd 
Wyoming 

¢ Western Belt, which covers Arizona, California, Nevada, Ore- 
gon, and Washington 


From ab out 1 865 to 1991, p egmatites in the Middleto wn, 
Connecticut, area were mined almost continuously for feldspar and 
other minerals. Pegmatite occurrences in the Middletown Area have 
been reco rded in the hundreds. These pe gmatites are composed 
essentially of perthite, quartz, plagioclase, and muscovite. Approxi- 
mately 42% of the pegmatites contain more than 40% plagioclase. 
The Middletown pegmatites are largely granitic in composition and 
form a vast resource of feldspar, quartz, and scrap mica. The rela- 
tive abundance of potassium and sodium feldspar-rich pegmatites is 
not related to the formation in — which the pe gmatite occurs, b ut 
rather shows a regional pattern in which potassium feldspar -rich 
pegmatites are more numerous to the south (Stugard 1958). 

North Carolina pegmatites are 1 ocated in the Kings Mountai n 
Belt within the Shel by District covering Cle veland, southwestern 
Lincoln, and western Gaston counties. The area currently has one 
producing operation (Bundy and Carpenter 1969); the feldspar that is 
obtained is a by-product of mica production (in 2003 as a feldspar- 
quartz mixture). At the south end of the district, a coarse-grained 
phase of the Cherryville quartz monzonit e is mined for mica, feld- 
spar, quart z, and kaolin . The coarse-grai ned granite is gradational 
into pe gmatite and also is cut by pe gmatite dik es. Depending on 
weathering, the total feldspar content ranges from 13% to 40%, and 
the potassium feldspar content ranges from 6% to 7% (Horton 1981). 
Lithium pegmatites are located northwest of Kings Mountain and the 
Bessemer City area and were mined until 1998. The average compo- 
sition of the lithium pe gmatites going to mill feed was 20% spo- 
dumene, 32% quartz, 27% albite, 14% microcline, 6% musco vite, 
and 1% trace minerals. The pegmatites are generally not zoned, and 
the fairly uniform grade of the crude ore allows recovery of feldspar 
and mica by-products (Kesler 1976). Feldspathic sand was recovered 
as a by-product from lithium production until 1998, when the last 
spodumene mine was closed. 

The pegmatites of the Black Hills, South Dakota, occur in two 
main areas. The Harney Peak area encompasses the Keystone Dis- 


trict in Pennington and Custer counties, the Hill City District in 
Pennington County, and the Custer District in Custer County. The 
second area is the Tinton District in La wrence County. Although 
the greater part of the pegmatite-bearing area is in Custer County , 
the Keystone District has a record of significant mineral production 
from pegmatites. The most abundant minerals of the South Dakota 
pegmatites are plagioclase feldspars (oligoclase and albite), potas- 
sium feldspars (perthite and microcline), and quartz. The minerals 
are unifor mly distrib uted in man y pe gmatites, but in others the y 
tend to be concentrated in spec ific structural units. South Dak ota 
pegmatites have been classified on the basis of mineral distribution, 
texture, and their structural re lationships to the wall rocks (Page 
1953; Norton 1964). 

The follo wing gives detailed de scriptions of o ther feldspar 
occurences: 


¢ Barium feldspars have mineral structures very similar to those 
of potassium feldsp ars but are rather rare and are not being 
mined commercially. Barium feldspar with more than 90% of 
the Ba AlzSi2Og mol ecule is desc ribed as ce Isian (Deer, 
Howie, and Zu ssman 2001). Occurrences of barium feldspar 
have been reported in Australi a, Italy, Japan, Namibia, Swe- 
den, Wales, the United States, and a few other countries (Min- 
eralogy Database 2005). 


Amazonite is a gem variety of microcline feldspar and often is 
polished as a cabo chon (i.e., cut so the to p of the gemstone 

forms a convex surface). It displays a Schiller of light, which 
is a lustrous reflection, also known as iridescence. Amazonite 
is usually light green to blue green and is found in Australia, 
Brazil, Nam ibia, Russi a, t he Uni ted St ates, and Z imbabwe 
(Bernardine Fine Art Jewelry 2004). 


Labradorite is plagioclase feldspar. Although much of the 
stone is dark gray , a Schiller effect can produce blue, green, 
gold, and yellow iridescent colors. Slabs of labrador ite rocks 
are available in very large sizes, suitable for facings of office 
buildings. The material also is cut into cabochons. Labradorite 
isfoundin Australia, Finla nd, Labrador , Madag ascar, the 
United States, and other countries (Arem 1987). 


Moonstone refers to a feldspar of widely varying composition 
and from a wide variety of localities. For example, moonstone 
from Burma and Sri Lanka displays a white to blue sheen. 


Sunstone is oligoclase or labradorite that contains hematite 
(Fe203) or goethite (Fe203*H20) and inclusions of silicate or 
clay minerals, which reflect light and create a sparkling sheen 
in gold to brown color shades. Sunstone is found in Australia, 
Canada, India, Norway, Russia, and the United States (Arem 
1987). 


TECHNOLOGY 


Commercial feldspar mining in the United States includes mining of 
feldspathic sand deposits and of hard-rock material such as alaskite. 
Dredging of river sand occurs at one operation in Oklahoma. In gen- 
eral, after mining of sand deposits or dredging of sand _, processing 
steps can in clude was hing, sc reening, classif ying, leaching to 
remove surface stains, flotation, and drying. The Spruce P ine alas- 
kite has been a major ore source since the mid-1940s, and a descrip- 
tion of a typical alaskite feldspar operation that employs differential 
froth flotation for the recovery of a pure feldspar product follows. 


Mining 
Hard-rock mining is done by open-pit methods, either by the mine 
owner or by contractors. Stripping ratios are nominal, less than 1:1. 
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Courtesy of Minerals Research Laboratory, North Carolina State University. 
Figure 1. Typical flowsheet for feldspar production with alaskite ore 


After the feldspar ore is drilled and blasted, secondary breakage is 
with a conventional drop ball. Ore is then loaded with a hydraulic 
shovel onto trucks and hauled to the crushing plant, which is adja- 
cent to the flotation plant. 


Processing 


Figure | is a simplified flowsheet of atypical feldspar flotation 
plant and is intende dto acquaint the reader wi ththe concepts 
involved in feldspar product ion. Primary crushing is done with a 
jaw crusher in open circuit. Secondary crushing is with a standard 
or shorthead gyratory crusher in two or three stages, sometimes in 
closed circuit with a screen. The final crushed product is —-25 mm 
(-1 in.). 

Grinding is norm ally done with rod mills in order to mini- 
mize slime generation, although one company uses ball mills with- 
out any apparent ill effects. The gr inding mills are no rmally 
operated in closed ci rcuit with a classifier in order to ma ximize 
grinding capacity. Although the fe ldspar mineral gr ains are li ber- 
ated at 850 pm (20 mesh) or larger, grinding is usually carried out 
to —600 um (—30 mesh) in order to optimize the efficiency of sub- 
sequent flotation steps. To reduce reagent cons umption and pro- 
duce a higher grade product, the feed to flotation must be sized to 
eliminate the slimes or —-38 um (—400 mesh) material. The fact that 
container glass customers prefer a +75 um (+200 mesh) product is 
also a factor. Desliming is normally done with hydrocyclones. 

Once the feldspar feed is properly sized, the differential flota- 
tion process can begin. All the unit o perations after crushing are 
operated in a continuous circuit, 24 hours ad ay, 5 days per week. 
The first flotation step is to remove mica, which later can be sold as 
a coproduct. Mica flotation is achieved by conditioning with a cat- 
ionic collector (an amine) at pH 3 using sulfuric acid. The mica is 
removed in a froth product andis usually cleaned once prior to 
being dewatered and sold. Iron-bearing minerals such as garnet and 
ilmenite are re moved ne xt, this time using an an ionic col lector, 
petroleum sulfonate, again at pH 3. The iron-bearing minerals are 
collected in the froth product and pumped to tailings. 











y 
Pottery Feldspar 


The previous unit operations of grinding, sizing, mica flota- 
tion, and iron flotation have produced an essentially pure mixture of 
feldspar and quartz. Some of the traditional feldspar producers are 
marketing or have marketed this mixture for ceramic use under var- 
ious trade names such as Min silspar and Silospar . The product is 
filtered, dried, and cleaned with high-intensity magnetic separation 
or dry ground and sold, usually in b ulk. Other compan y products 
are shown in Table 2. 

The production of a high-grade feldspar product requires a 
third flotation step, again at pH 3. The collector is the same cationic 
amine as used in mica flotation, but this time the pH is controlled 
with hydrofluoric acid to depress the quartz. The fluorine ion is a 
powerful depressant in the quart z-feldspar separation. A feldspar 
product is produced with good recovery in a single rough er flota- 
tion step. The feldspar -containing froth product is filtered, dried, 
and, if necessary, cleaned with high-intensity magnetic separation 
and stored in bulk prior to sales. 

A particular plant gen erally will produce several dif ferent 
products, all with the same chemistry (because of the same source 
rock), but with dif ferent physical specifications. For ground feld- 
spar for ceramic and filler use, the dried flotation product is ground 
in a ceramic-lined ball mill in closed circuit with air classifiers to 
produce a —74-ym (—200-mesh) or a —-44-1ym (—325-mesh) product. 
As can be seen in Figure 2, this step is one of the more e xpensive 
unit operations in the wh ole processing scheme, and the gro und 
feldspar commands a higher price. 

While feldspar producers strive to sell as high a percentage of 
the ore as possible, tailings (i.e ., waste residue left from the p ro- 
cessing of feldspar ore) ine vitably account for 30% to 40% of the 
head feed. Tailings are dewatered in settling ponds, by filtration, or 
in t ailings pl ants. So lid m aterial ge nerally is se nt to ala ndfill, 
although some could be used as fill material in, for example, mine 
excavations (A. Glover, personal communication). Figure 2 shows 
the relative costs of the various unit operations as compared to the 
total cost of producing feldspar . The data ha ve been derived by 
using cost experience for the various unit operations and costs that 
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Figure 2. Distribution of feldspar production costs 


Table 9. Feldspar sold by U.S. producers, by use 
Glass" Ceramic and Other Totalt 


Quantity, Value, Quantity, Value, 


Year kt — thousand $ kt — thousand $ kt — thousand $ 
1980 367 12,700 278 13,600 644 26,300 
1985 353 15,600 285 16,400 638 32,000 
1990 340+ 17,900 260+ 16,200 600 34,100 
19958 570+ 27,000 260+ 18,900 830+ 45,900 
2000 520+ 26,700 270+ 19,200 790 46,000 
2003 560+ 29,000 240+ 16,000 soot 46,000 


Source: USBM 1981-1996; USGS 1997-2005. 
* Includes container glass, fiberglass, and other glass. 
t Data may not add to totals shown because of independent rounding. 
¢ Data rounded to no more than two significant figures because of partially 
estimated data. 
§ Beginning in 1992, aplite data are included. 


have been published in cost-e stimating manuals (Kauf fman and 
Van Dyk 1994; A. Glover, personal communication). 


MARKETING 
Uses 


In the United S tates, feldspar for glass manuf acturing is usually 
ground to 850 pm (20 mesh) to 425 pm (40 mesh) and contains 4% 
to 6% K20;5% to7% Na2O; appr oximately 19% Al 203; and 
0.08% Fe 203. Potter y-grade f eldspar f or white ware and similar 
ceramic products usually ranges from 5% to 14. % in K 20 and is 
ground to 75 um (200 mesh) with Fe2O3 content in the 0.07% range 
(Potter 1993). 

Table 9 shows the consumption of feldspar by major en d-use 
markets from 1980 to 2003. Until 1991, glass (including containers, 
fiberglass, and other gl ass) accounted for mo re than half of con- 
sumption. Beginning in 1992, aplite was included in U.S. feldspar 
statistics, and , be cause a plite islar gely used fo r glass, glass 
increased to about 65% to 70% of consumption. Ceramic and other 
uses were about 40% to 45% of feldspar consumption until 1991 
and then decreased to about 30% to 35% thereafter. 


Glass 


Glass manuf acturing is comple x and encompasses an eno rmous 
range of compositions and pr oduct types. Materials for g lassmak- 


Quantity, Value, 


ing can be classified in three groups: glass formers, fluxes, and sta- 
bilizers. Glass formers are basic ingredients that can be melted and 
cooled into a glass, such as silica (quartz sand) (Elert 2005). Fluxes 
are oxides, includin g potassium oxide (K 20) and sodium oxide 
(Na2O), which are added to lo wer the melting temperature of a 
glass b atch. Stabilizers, wh ich can be oxides such as alumina 
(Al203) and calcium oxide, impart to the glass a high de gree of 
resistance to ph ysical and c hemical attacks. In conjunction, the 
fluxes and stabilizers control th e working cha racteristics of t he 
glass-forming (Tooley 1984). 

Although alumina does not represent a large part of the com- 
position of most glass, it is important because it increases the resis- 
tance of glass to chemical corrosion, improves the hardness and 
durability, and enhances the w orking characteristics of t he glass 
(Pincus and Davies 1983). 

Feldspar provides both alkaline oxides (K 20 and N a0) for 
fluxing and alumina and calcium oxide as stabilizers. An important 
source of alu mina for glassmakin g, feldspar has alo w iron and 
refractory mineral content, a low cost per unit of alumina, no vola- 
tile constituents, and no waste. The products usually melt between 
1,100° and 1,200°C and dissolve readily in the glassmaking batch. 
A typical batch for container glass contains about 8% feldspar, and 
a batch for glass fiber insulation contains about 18% (Roskill Infor- 
mation Services Ltd. 2002). 

The con sumption and selectio n of glass ra w materials are 
influenced significantly by the economics of the glass-manu factur- 
ing process and the glass product market. Therefore, specifications 
for raw materials vary based on particular circumstances and eco- 
nomics. However, raw materials for the glass industry require rigid 
physical and chemical specifications. 


Ceramics 


Ceramic and pottery p roducts are the second lar gest consumer of 
feldspar products in the United States. The ceramic products gener- 
ally consist of ceramic glazes, ceramic tile, dinnerware, electrical 
porcelain, and sanitary ware. 

Feldspars are used in the fine ceramic industry as a flux to 
form a glassy phase in bodies, t hus promoting vitrif ication and 
translucency. They also are used as a source of alkalies and alumina 
in glazes. Feldspars also provide one of the few sources of water- 
insoluble alkali compounds (Norton 1970). 

Consumption of feldspar varies depend ing on the finished 
product. Dinnerware and various china products may contain 17% 
to 20% feldspar; floor tile, 55% to 60%; high-tension electrical por- 
celains, 25% to 35%; kitchen and ovenware, 10%; vitrified plumb- 
ing fixtures, 25%; wall tile, 0% to 11%; and other special ceramic 
products, including dental porcelain, may require 60% to 80% feld- 
spar (Singer and Singer 1963). 

The selection of a potassium versus a sodium feldspar for 
ceramic applications has been the subject of many investigations 
(Norton 1970). Feldspar fluxing differences also have been studied 
(Weinstein 1985) for deformation and the effect of the alkali type in 
feldspars on the glassy phase formed. 


Fillers 


Feldspar use as a functional filler and extender in the paint, plastic, 
rubber, and seala nts industries has e volved in recent t imes as an 
application that impr oves product performance. In these uses, feld- 
spar competes with other minerals and nepheline syenite and 
requires increased levels of research and technical marketing efforts. 
Feldspar products developed for these markets must comply with 
the following specifications: dry brightness, oil absorption, Hegman 
grind, particle-size distribution, surface area, and bulk density. 
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Feldspar gives paints and coat ings favorable properties such 
as lo w v ehicle de mand, w hich means that t he fel dsparis not 
demanding or taking up polymer (binder) out of the paint mixture. 
Other opportune characteristics of feldspar are low viscosity at high 
pigment loading; high dry bright ness and low tint strength; good 
film integrity; resistance to abrasion, chemical attack, and chalking 
(the formation of an easily crumbled powder on the surface of a 
paint film); excellent tint retention; and e ase of disper sal. Com- 
pared to nepheline syenite, feldspar has exceptional resistance to 
frosting (whitening of a painted surface) but may e xhibit slightly 
greater health hazards owing to the presence of free crystalline sil- 
ica (Mommsen 1988; S. Robinson, personal communication). 


Product Pricing 


Published prices for feldspar can vary according to the application, 
particle size, quality, quantity purchased, source, and type of mate- 
rial. Therefore, price quotations serve only as a general guide. From 
2000 to 2003, U.S. sodium feldspar prices have shown little or no 
increase. During the same time period, prices for potassium feld- 
spar increased by about 10% to 30%. 

Published prices for U.S. cera mic-grade feldspar at year-end 
2003, e x-works (1.e., cost, not including — insurance or transpo rt 
cost), bulk (not in bags), per metric ton, were about $66 to $83 for 
sodium feldspar and $138 for potassium feldspar. For glass-grade 
feldspar, prices were about $44 to $57 for sodium feldspar and $94 
to $99 for po tassium feldspar. Prices for T urkish sodium feldspar, 
f.o.b. Gulluk (i.e., free on b oard at Gulluk port), per metric ton , 
were $13 to $14 for crude, -10 mm, bulk; $75 to $80 for ground, 
—63 pm, bagged; and $54 to $56 for glass grade, -500 pm, bagged 
(Industrial Minerals 2003). 


Transportation 


Feldspar is shipped either in bulk or in 50-lb (23-kg) or larger bags. 
In the feldspathic min erals industr y, the cost of transportation is 
often equal to the v alue of the ma terial transported. In 2002, rail 
transport was still the dominant form of shipping. Rates generally 
were increasing 2.5% to 3% per year, and fuel surcharges were an 
additional 2% to 3%. W ith faster delivery and reason able costs, 
truck transport was gaining market share (Rogers 2002). 


REGULATORY AND ENVIRONMENTAL CONSIDERATIONS 


In the United States, because of it s crystalline silica (quartz) con- 
tent, feldspar f alls under th e Occupational Safe ty and Health 
Administration’s Hazard Communi cation Standards, 29 CFR Sec- 
tion 1900.1200. The standard requires labeling and other forms of 
warning, ma terial safety data sheets, and em ployee training for 
products containing identif ied carcinogens with concentrations 
greater than 0.1%. 


OUTLOOK 


The container glass industry, a major end user of feldspar, contin- 
ues to face strong competition from other forms of packaging, such 
as metal, paper, and plastic containers. Use of recycled glass con- 
tainers (as cullet) in glassmaking decreases consumption of mineral 
raw materials, including feldspar. Government legislation and regu- 
lation are also providing momentum for increased use of rec ycled 
glass (Roskill Inf ormation Servic es Ltd. 200 2). W ith escalating 
production costs and resistance to price increases by consumers, 
feldspar producers will continue to f ace achallengin g b usiness 
environment for the foreseeable future (Rogers 2002). 

Beer and wine packaging is probably the single largest market 
for container glass in the world. Countries with lar ge beer indus- 
tries—including Brazil, the Czech Republic, Germany, Japan, Mex- 


ico, the Netherlands, Poland, Russia, Spain, the United Kingdom, 
and the United States—have substantial glass production capacity. 
In the immediate future, the fastest-growing markets for container 
glass are projected to be in Asia and Latin America, where coun- 
tries have fast-growing populations. At present, glass packaging is 
said to have a cost advantage over aluminum and plastic containers 
in most of these countries. F or example, the Chinese and Indian 
container-glass markets are potentially very large (Roskill Informa- 
tion Services Ltd. 2002). 

The strong U.S. market in 2003 for new home construction and 
remodeling consumed about 267 million m ? of tile. Imports sup- 
plied about 78% of this demand with Italy providing 34% and Spain 
17%. Consumption of porcelain tile continued to gro w, pa rtly 
because of its durability. Also, demand is increasing for larger-sized 
tiles, in sizes ranging from about 30 cm x 30 cm (12 in. x 12 in.) to 
51cm x 51 cm (20 in. x 20 in.) (Ceramic Industry 2004). 

Although U.S. vitreous china sanitary-ware consumption data 
are n ot a vailable, U. S. de mand is increasingly being filled by 
imports. In 2004, Mexico and China were the largest U.S. suppliers, 
providing about 58% of imports . According to The Freedonia 
Group, Inc., U.S.d emand for vitr eous plu mbing f ixtures may 
remain flat for the next several years. Instead, regions outside the 
United States, such as Asia, Eastern Europe, and the Middle East, 
may pr ovide gro wth opportunities (Grahl 2004; The Freedonia 
Group 2004). 

Demand for ceramic grades of feldspar is projected to remain 
relatively stronger than demand for glass grades. The main centers 
of ceramics production are China, Italy, Spain, Latin America, and 
Southeast Asi a. These areas, and Chinese, It alian, and Spanish 
companies in particular, have been the major consumers of feldspar 
during the past 20 years and are projected to remain so in the imme- 
diate future (Roskill Information Services Ltd. 2002). 
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Fluorspar 
Robert B. Fulton Ill and M. Michael Miller 


Fluorspar is the commercial name for fluorite, a mineral that is cal - 
cium fluoride (CaF2). The name, derived from the Latin word fluere 
(to flow), refers to its low melting point and it s early use in metal - 
lurgy as afl ux. It is the principal i ndustrial source of the element 
fluorine. 

Two other minerals, cryolite and fluorapatite, have significant 
fluorine content. Cryolite (sodium aluminum fluoride, Na3AIF¢), is 
arare mineral that has been found in commercial quantities in 
Greenland. It has also been produced as a by-product of tin mining 
in Brazil. The natural material has been supplanted by synthetic 
cryolite for its principal industrial use in the manufacture of alumi- 
num. Fluorapatite [Ca5(PO4)3F] is a source of phosphate for fertil- 
izer manuf acture and contains a small percentage of fluorine. 
Commercially mined deposits o f apatite have varying amounts of 
fluorine, chlorine, hydroxyl, and carbonate. 


HISTORY 


Fluorspar was used by the early Greeks and Romans for ornamental 
purposes such as vases, drinking cups, and tabletops. Various cul- 
tures, including the Chinese and the Nati ve Ame ricans, ca rved 
ornaments and figurines from large crystals. Its usefulness as a flux 
was known to Agricola in sixteenth-century Europe. 

Fluorspar mining began in England about 1775 and started at 
various places in the United States between 1820 and 1840. Produc- 
tion grew substantially follo wing the de velopment of basic open- 
hearth steelmaking, where it was used as a flux. Use was stimulated 
by growth of the steel, aluminum, chemical, and ceramic industries, 
particularly during World Wars I and II. Fluorocarbons entered the 
picture in 1931, although signif icant production of these com- 
pounds did not occur until after World War II. The use of anhydrous 
hydrogen fluoride (HF) as a catalyst in the manufacture of alkylate 
for high-octane fuel began in 1942. 

Differential fl otation for sepa rating fluorspar from g alena, 
sphalerite, and comm on g angue minerals in the 19 30s and th e 
application of heavy media-concentrating methods to the treatment 
of lo w-grade ores in the 1940s ___ were outstand ing tech nological 
advances that facilitated increased production. 

Pelletizing and briquetting of flotation concentrates for use in 
steel furnaces and the development of flotation schemes for benefi- 
ciating ores containing abundant dolomite and barite ha ve been 
major improvements in the industry. 


461 


PRODUCTION, RESERVES, AND TRADE 


Major producing countries have been China, England, France, Italy, 
Mexico, Mongolia, South Af rica, Spain, Thailand, the Un ited 
States,and the former USSR. Other smaller produ cers h ave 
included Argentina, Br azil, Ca nada, Czechoslo vakia, Germany, 
India, Iran, Kenya, Korea, Morocco, Namibia, Tunisia, and Roma- 
nia. In 2002, the major producing countries (in descending order of 
production) were China, Me xico, South Africa, Mongolia, Russia, 
and Spain. The largest exporters were (in descending order) China, 
Mexico, South Africa, Mon golia, Kenya, Morocco, and Namibia. 
World production in 2002 w as about 4.55 Mt, and w orld reserves 
(measured as 100% CaF?) are estimated at 230 Mt (see Table 1). 
Natural phosphate rock contains approximately 3.5% fluorine 
as a component of the mineral fluor apatite. Silica, in the form of 
sand or gravel, occurs with the phosphate rock ore. In ph osphate 
rock processing, the fluorine reacts with the silica and volatizes as 
silicon tetrafluoride, which hydrolizes to fluorosilicic acid when the 
gas is passed through water scrubbers. Currently, most of this acid 


Table 1. World production and reserves, kf’ 





Country Production in 2002 Reserves 
Gina 2,450 21,000 
France 105 10,000 
Kenya 98 2,000 
Mexico 650 32,000 
Mongolia 200 12,000 
Morocco 96 nat 
Namibia 73 3,000 
Russia 200 Moderate 
South Africa 227 41,000 
Spain 130 6,000 
Other countries 310 110,000 

World total (may be rounded) “4,550 "230,000 





* Production data rounded to three significant digits. Reserves rounded to two 
significant digits, measured as 100% CaF2. 
t na = not available. 
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Table 2. U.S. imports for consumption’ 














2001 2002 
Quantity, Value, Quantity, Value, 
Country kt thousand $ kt thousand $ 
Acid grade 
China 353 48,500 344 44,400 
Mexico 28 3,690 35 4,340 
South Africa 114 14,400 83 10,300 
Others <l 160 3 A435 
Total A495 66,800 466 59,500 
Metallurgical grade 
Mexico 26 2,040 23 1,970 
South Africa nat na 5 492 
Others <l 115 <0.5 68 
Total 27 2,150 28 2,530 
Grand total, 522 69,000 A94 62,000 
all grades 





* Data are rounded to three significant digits; values are cost, insurance, and 
freight (c.i.f.), U.S. ports. 
tna = not available. 


is neutralized with lime. In some countries, however, fluorosilicic 
acid is converted to aluminum fluoride and also silica fluorides of 
sodium, potassium, and ammoni um. Although numerous attempts 
have been made to develop processes to produce hydrofluoric acid 
from phosphate rock in fertilizer manufacturing, no one has, to 
date, developed a viable and economic method to separate the silica 
from the fluorine. 

The quantity of fluorine present in phosphate rock deposits is 
enormous. Current U.S. reserves of phosphate rock alone are esti- 
mated to be 1.0 Gt, which at 3.5% fluorine would contain 35 Mt of 
fluorine, equivalent to about 72 Mt of fluorspar. World reserves of 
phosphate rock are estimated at 18 Gt (Jasinski 2004), which con- 
verts to 630 Mt of fluorine and 1.29 Gt of fluorspar equivalent. 

With the e xception of fluorspar purch ased fromthe U.S. 
National Defense Stockpile and some synthetic fluorspar recovered 
as a by-product of uranium proce ssing, petroleum alk ylation, and 
stainless-steel pickling, the bulk of U.S. fluorspar requirements are 
imported. In 2001, the United States imported 522 kt of fluorspar , 
and in 2002, imports totaled 494 kt (466 kt of acid grade and 28 kt 
of metallurgical grade). Table 2 shows the quantity and v alue of 
U.S. fluorspar imports by country and grade. 


GEOLOGY 
Composition and Properties 


Theoretically, pure fluorite contains 51.3% calcium and 48.7% flu- 
orine. Substitution of small percen tages of cerium and yttrium for 
calcium has been noted. In clusions of gases and flu ids, such as 
petroleum and water, and of solid minerals such as pyrite, marca- 
site, and other sulfides, are common. Rarely, free fluorine is present 
in some c rystals.Com mercial fluor spar may contain _ various 
amounts of attached and admixed mineral impurities, such as cal- 
cite, quartz, barite, celestite, various sulfides, or phosphates. 
Fluorite tends to occur in we ll-formed isomet ric cryst als, 
forming cubes and octahedrons. It also occurs in both massive and 
earthy form s, and ascrust sor globular aggr egates with radial 
fibrous texture. Crystalline fluorsp ar exhibits a great r ange of col- 
ors, from colorless to yellow, blue, purple, green, rose, red, bluish 


and purplish black, and brown. The colors may occur in alternating 
bands parallel to crystal f aces. Coloration may be altered by expo- 
sure to x-rays, heat, ultraviolet light, and pressure. Colors are 
caused by a variety of factors, including the presence of trace impu- 
rities and displaced ions in the lattice. Long exposure to sunlight, 
such as in mine dumps, frequently results in the fading of the origi- 
nal coloration. 

Some varieties fluoresce blue or violet under ultraviolet light 
or cathode rays. Some specim ens phosphoresce when heated or 
after e xposure to sunlight or ul traviolet light, and some forms 
exhibit triboluminescence. 

Fluorite has a hardness of 4, and is the mineral type of that 
hardness on the Mohs scale. Its normal s pecific gravity is 3.18 
when crystalline but ranges from 3.01 to 3.6 in various forms. The 
luster is vitreous. The mineral has perfect octahedral cleavage, and 
octahedrons, made by clea ving off the c orners of cubi c cr ystals, 
often are seen in collections. 

Crystalline fluorite has a very low index of re fraction (n = 
1.4339) and low dispersion, is isotropic, and has an unusual ability 
to transmit ultraviolet light. These are the propert ies that m ake it 
useful as prisms in optical sy stems and as compon ents of high- 
quality, special-purpose lenses. Synthetic fluorite has replaced the 
natural mineral for optical uses. 


Modes of Occurrence 


Fluorite occurs in a wide v ariety of geological en vironments, evi- 
dencing deposition under an extended range of physical and chemi- 
cal conditions. At one extreme, it is present as an accessory mineral 
in granites and related igneous ro cks; at the other e xtreme, itis 
sometimes found as cry stals in geodes and as botr yoidal linings in 
limestone caves. From an economic standpoint, the most important 
modes of occurrence of the mineral are 


Fissure veins in igneous, metamorphic, and sedimentary rocks 


Stratiform replacement deposits in carbonate rocks 


Replacements in carbonate rock s along co ntacts with acid- 
igneous intrusives 


Stockworks and fillings in shattered zones 


Deposits in association with carbonatite and alkalic rock 
complexes 


Residual concentrations resulting from the weathering of pri- 
mary deposits 


Occurrences as recoverable gangue in base metal deposits 


Less co mmon modes, alth ough commercially important in 
some places, include fillings in breccia pipes, fillings in open spaces, 
and pegmatites. Least common are deposits in lake sediments. 


Fissure Veins 


Fissure v eins, usually alo ng faults or sh ear z ones, are the most 
readily rec ognized form in which fluorspar deposits occur. Silica, 
calcite or other carbonates, iron, 1 ead and zinc sulf ides, and barite 
are the typical associated minerals. In some v ein deposits, such as 
those in the Rosiclare District of southern Illinois, fluorite appears to 
have replaced a prior vein filling of calcite. Along some veins in car- 
bonate rocks, fluor spar has replaced the w all rock at inte rsections 
with favorable beds, pro viding large minable tonnages. Alth ough 
vein structures are remarkably persistent, the fluorspar commonly 
occurs as lenses or ore shoots separated by barren or poorly mineral- 
ized portions of the v_ eins. Ore- shoot widths of 0.5 to 10 m and 
lengths of 60 to 300 m are common, b ut there is great variation 
from deposit to deposit. Vein systems may be up to several kilome- 
ters in length, and ore may be present to depths of 300 m or more 
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below the surface. The CaF? content of minable portions of veins 
normally ran ges from 25% to 80%, although grades above 90% 
occur in limited areas. 

Important vein deposits have been developed in China, add- 
ing to the world’s great vein deposits that include the Osor deposit 
in northeastern Spain, the Torgola deposit in northern I taly, the 
Muscadroxiu-Genna Tres Montis vein system in Sardinia, the Huck- 
low Edge and Longstone Edge-Sallet Hole vein systems in England, 
the Rosiclare-Goodhope vein system in Illinois, and the El Hammam 
vein system in Morocco. 


Stratiform Deposits 


Stratiform, manto, or bedded de posits occur in carbonate rocks. 
Certain beds are replaced along or adjacent to structural breaks 
such as joints or faults. This relationship to structural features is 
very clear in some deposits but obscure in others. Frequently, there 
is a sandstone, shale, or clay capping. Typically, there is evidence of 
loss of volume in the replaced zones with attendant development of 
gentle synclinal stru ctures in o verlying strata or of co lapse struc - 
tures, the latter sometimes pipelike in s hape. In some districts, no 
connection is recognized between the mineralization and any igne- 
ous activity. In southern Illinois, mafic dikes, offset by the younger 
mineralized structures, intrude host rocks superjacent to a rift com- 
plex (Baxter and Brad bury 1989) . Post-dik e igneous acti vity, 
related to rift reactivation, is invoked as a deep-seated source of flu- 
orine. In other districts, such as the Encantada District in northern 
Coahuila, Me xico, the presence of rhyolite plu gs and sills in th e 
general vicinity of the spar deposits, an d the associatio n of spar 
with rh yolite injections along bedding planes, suggests a mor e 
direct association. 

Stratiform deposits are known in many parts of the world and 
are particu larly well de veloped in the Ca ve-In-Rock District of 
southern Illinois, in the northern part of the state of Coahuila in 
Mexico, and in the Ottoshoop (Zeerust) District in the Republic of 
South Africa. In Illinois, the deposits range from a few centimeters 
to 6 m thick, are 15 to 150 m wide, and are up to 7km long. In 
Coahuila, the individual ore bodies are smaller but relatively more 
numerous and_ widespread. In the Ottoshoo p District, bedded 
deposits occur in an area that is 16 km in length and 10 km wide, in 
a dolomite facies that underlies a prominent chert bed. 

In stratiform depo sits, textural fe atures, such as sed imentary 
banding of the parent r ock, are commonly preserv ed. A massive, 
crystalline ore typ e, frequently associated with the ban ded ore, 
appears to have filled open spaces left from the dissolution of lime- 
stone by the ore- bearing solutions or their precursors. Minerals 
accompanying fluorspar in stratiform deposits include calcite, dolo- 
mite, quartz, galena, sphalerite, pyrite, marcasite, barite, and celes- 
tite. Calcium fluoride content in minable deposits ranges from 11% 
upward. A few ore bodies in Illinois yielded direct-shipping, metal- 
lurgical-grade fluorspar containing 85% or more calcium fluoride. 


Replacement Deposits 


Replacement deposits in carb onate rocks are well de veloped along 
contacts with intrusive rhyolite bodies in the Rio Verde, San Luis 
Potosi, and Aguachile districts in Mexico. They include some of the 
largest and highest grade _fluorspar deposits. The fluorspar, not 
thought to be contact metamorphic in origin, was apparently intro- 
duced later by ore solutions that followed conduits along the con- 
tact zone and , either massi vely or selectively al ong certain beds, 
replaced the limestone outward from the contact. At Agua chile, 
cross sections show ore shoots resembling one side of a Christmas 
tree. 


Stockworks 


Fluorspar often occurs as stockworks and fillings in shear and brec- 
cia zones. Many occurrences in the American West are of the stock- 
work type and, though wide, us ually ha ve 1 ow overall calcium 
fluoride content and are consequently uneconomic; deposits in the 
Zuni Mountains of New Mexico and near Jamestown, Colorado, are 
examples. The Zw artkloof deposit ,in the Transvaal Pro vince of 
South Africa, consists of three vertical breccia zones containing 
stockworks of fluorite-carbonate veins. The mineralized br eccia 
zones are in an east-west line and developed in felsite. The largest 
zone is 60 m by 180 m in plan and persists to 900 m below the sur- 
face. The fluorspar grade is about 14%. The Bu ffalo deposit, near 
Naboomspruit in the Transvaal, consists of a network of fluorspar 
veinlets that occur in sill-like bodies of fine-grained, pink granite in 
the coarse, red granite of the Bushveld Complex. 


Carbonatite and Alkalic Rock Complexes 


Fluorspar is a common mineral in carbonatite and alkalic rock com- 
plexes, although rarely in sufficient abundance to be economically 
recoverable. The Ok orusu depos it in Na mibiais ane conomic 
deposit of this type and consists of a number of bodies of fluorspar 
in limestones, quartzites, and related rocks that have been intruded 
and metamorph osed by an alkaline ign eous rock comple x that 
includes a nepheline syenite stoc k. The fluorspar replaces bedded 
and brecciated limestone, marble, and quartzite, forming large len- 
ticular masses. Apatite , magnetite, and quartz are abundant acces- 
sory minerals. At Amba Dongar, India, v eins and re placement 
bodies of fluorspar occur in carbonate rocks that border ank eritic 
carbonatite in trusives. Fluorite is also present in the —_ carbonatite 
itself at both Okorusu and Amba Dongar. 


Residual Deposits 


Concentrations of fluorspar in clayey and sand y residuum, from 
surficial weather ing of fluorspar veins and rep lacement deposits, 
are, principally, sources of metallurgical spar . Th is category 
includes detrital deposits blank eting the apex of veins, as we Il as 
deeply weath ered u pper portions of the v eins themselves. Such 
deposits, e xtending to depths o f 30 mor more, were of major 
importance in Illinois and Kentucky. Similar deeply weathered ore 
has been mined in England, Thailand, and the Ast urias District of 
northwestern Spain. Weathered residuum, called kokoman, is 
mined in the Marico District in South Africa, where it is the result 
of the weathering of gently dipping replacement bodies. 


Gangue Mineral 


Fluorspar occurs as a major gangue mineral in lead-zinc veins in 
many parts of the w orld, and in some, a veraging 10% to 20%, is 

economically recoverable. Acid-grade fluorspar has been produced 
on a large scale from lead-zinc mill tailings in the Parral District in 
Mexico. 


Breccia Pipes 


Fluorite occurs in breccia pipes in the Thomas Range in Utah, and 
near Beatty, Nevada. Pipes in the Thomas Range are circular to 
oval in plan, up to 45 m in diameter and more than 60 m in depth. 
They formed in dolomi te by rep] acement al ong shatt ered zones 
associated with faults and intrusive breccias. The fluorspar occurs 
as soft, friable masses and in boxworks of fine-grained, more resis- 
tant veinlets, and i s nearly unre cognizable. At the former Daisy 
mine near Beatty, fluorspar replaces brecciated dolomite in pipe- 
like bodies bounded by gouge zones along two sets of intersecting 
faults. 
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Fillings in Open Spaces 


Fluorspar occasionally partially fills open spaces, both in veins and 
stratiform deposits. Spectacular examples of this type occur in the 
San Vicente District of northern Coahuila, Mexico, where fluorspar 
occurs in veins and mantos as pure massive incrustations of mam- 
millary, stalactitic, and stalagmitic forms. The Fluorspar-Gero-Pen- 
ber v ein system of the Northg ate mine in Col orado is a sim _ ilar 
occurrence where fluorspar occurs in botryoidal layers on the walls 
of open f issures and as concreti onary coatings surrounding loose 
fragments of country rock. The lo wer parts of open areas of these 
fissures are pa rtly filled with concretionary pebblelike masses, in 
places cemented into porous, rubbly aggregates. 


Pegmatites 


Many pe gmatites contain minor amounts of fluorspar . Grade in 
three ore bodies was high enough to once support a mining opera- 
tion at the Crystal Moun tain occurrence in Montana. These large, 
tabular bodies of massive fluorspar, which occur in coarse-grained 
biotite granite, also contained minor amounts of biotite, quartz, 
feldspar, and other igneous-type accessory minerals. This deposit is 
of particular interest because of the presence of scandium. 


Lake Sediments 


Fluorspar occurs in u nconsolidated claye y and sandy p yroclastic 
sediments in the beds of former lakes near Castel Giuliano, abo ut 
40 km north of Ro me, Italy. Fluorine of volcanic origin permeated 
the lake sediments, resulting in deposition of minute disseminated 
crystals of fluorspar, which make up as much as 50% to 60% of the 
clayey parts and 15% of the sandy parts of the deposits. It is accom- 
panied by barite, apatite, calcite, dolomite, and opal. 


DISTRIBUTION OF DEPOSITS AND CURRENT ACTIVITIES 


Fluorspar deposits occur worldwide. The average ore grade of major 
fluorspar deposits t hat have been mined has ranged froma __ low of 
about 11% CaF2 (South Africa) to 85% CaF 2 (Mexico). The follow- 
ing discussion addresses the major countries that cu rrently produce 
fluorspar. The section on the Unite d States is primarily a re view of 
historical production and the geology of the Illinois—Kentucky Fluor- 
spar District. Production is known to occur in other countries, such as 
Hungary, Iran, Romania, South Korea, and Turkey, but production is 
limited and information is scarce. 


North America 
Canada 


The only lar ge fluorspar pro duction in Canada w as from the St. 
Lawrence Area of the Burin Peninsula in southern Newfoundland. 
More than 4.2 Mt of ore was produced by under ground mining 
between 1933 and 1978, when ope rations ceased. Production 
resumed in 1987 under new ownership, but ended in 1990 when the 
mining company went into recei vership. In 2004, plans to r estart 
mining as an open-pit operation were under consideration. 

On the Burin Peninsula, fluorspar occurs in veins in granite 
and rh yolite porphyry along steeply dipping faults. The average 
thickness of higher grade veins is 1 to 2 m and that of lower grade 
veins is 4 to 6 m. Some v eins have been traced on the sur face for 
more than 2 km. 

Other deposits occur in British Columbia, Ontario, and Nova 
Scotia. In Bri tish Col umbia, the re a re de posits at Birc h Isl and, 
Eaglet, a group of significant occurrences north of the Laird River, 
and the Rock Candy fluorspar mine. The Rock Cand y fluor spar 
mine, located 25 km north of Gr and Forks, operated between 1918 


and 192 9, and briefly dur ing World War II. The Birch Island 
deposit, 130 km north of Kamloops, contains reserves estimated at 
1.8 Mt grading 29% CaF2, and the Eaglet de posit, located near 
Quesnel Lak e, contains 24. Mtof ore grading 11.5% C aF2. In 

Ontario, deposits are located at Madoc and also near W ilberforce 
and Cob den (Andrews and Collings 199 3). Between 190 5 and 

1961, nearly 122 kt of mostly metallur gical grade wer e shipped 
from mines in southe astern Ontario. The dominant fluorspar- 
producing area w as near Madoc, where f ive properties—the Rog- 
ers, Ba iley, No yes, Kilp atrick, and Perry mines—accoun ted for 
93% of Ontario’s recorded fluorspar shipments. At Madoc, fluor- 

spar occurs as sma Il veins t hat ha ve be en worked principally in 
wartime (Kilborn Ltd. and Mineral Development Section, Ministry 
of Northern Development and Mines 1991). In Nova Scotia, there is 
the Lake Ainslie deposit on Cape Breton Island (Zurowski 1972). 


Mexico 


Mexico has been a major producer of fluorspar since the mid-1950s 
when major deposits were first developed in the state of San Luis 
Potosi. Production peak ed in the period from 1971 to 1975, when 
annual production regularly reached 1.0 to 1.2 Mt. Production has 
varied tremendously in the period since 1975, hitting a high of 1.1 
Mt in 1981 an d a low of 235 kt in 1994. In 1995, production 
jumped to abo ve 500 kt, and from 2000 to2 002, it a veraged 
between 600 kt and 635 kt, according to official government statis- 
tics. In 2002, production was reported at 622 kt, including 279 kt of 
metallurgical grade and 343 kt of acid grade (U.S. Bureau of Mines 
1955-1994; U.S. Geological Surv ey 1995-2004 ). Indu stry esti- 
mates put production even higher. The producing mines and mills, 
in descending order of production, are Cia. Minera Las Cuevas (in 
San Luis Potosi), Fluorita de Me xico (in Coahuila), Minera Mus- 
quiz ( in Co ahuila), Minerales y Productos Metallurgicos (in 
Durango), and Minera Ramos (in Coahuila). There are also a num- 
ber of small mines that produce metallurgical grade and/or feed 
material to some of the larger producers. 

Many types of deposits are mined. In the Musquiz District of 
northern Coahuila, mantos in Cretaceous li mestones are most 
important. Northwestern Coahuila has v ein deposits and replace- 
ment deposits in limestone associated with rhyolite sills and plugs. 
Deposits in the Paila District of central Coahuila are veins. In San 
Luis Poto sia nda djoining Guanajuato, there are se veral large 
replacement deposits in Cretaceous limestone unconformably over- 
lain and intruded by Tertiary volcanic rhyolites. Generally, the ore 
bodies occur along the contacts between intrusive rhyolites and the 
limestone. The largest is at Las Cuevas where the fluorite is mostly 
cryptocrystalline in te xture and v aries incolor from near white 
through various shades of red and purple to near black. Las Cuevas 
has one of the largest ore bodies in the world with the highest ore 
grade (on average 85% CaF?) of any major producer and is a major 
producer of both metspar (metallu rgical-grade fluorspar) and acid- 
spar (acid-grade fluorspar). Numerous small-vein deposits occur in 
Chihuahua. Occurrences of fluorspar gangue in metal sulfide mines 
have provided significant production from differential flotation of 
the sulfide mill tailings near Parral. 


United States 


There are no ac tive fluorspar mines inthe United States. Hastie 
Mining (at Cave-In-Rock, Illinois), Seaforth Mineral & Ore Com- 
pany (at East Liverpool, Ohio), and Oxbow Carbon and Minerals 
LLC (at Auro ra, In diana) all wash, screen, and dry fluorspar 
imported or purchased from the U.S. National Defense Stockpile. 
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Fluorspar deposits, allno w idle, are kno wn in 15 states: 
Alaska, Arizona, Califo rnia, Id aho, Illinois, K entucky, Montana, 
Nevada, New Mexico, Oregon, Tennesseee, Texas, Utah, Washing- 
ton, and Wyoming. They are numerous and are described in previ- 
ous editions of Industrial Minerals and Roc ks or in Geology and 
Resources of Fluorine in the United States (Shawe and Van Alstine 
1976). 

The bulk of al 1 fluorspar mined in the Unit ed St ates came 
from the I/linois—Kentucky Fluor spar District, which w as th e 
source of the last major fluorsp ar mining oper ation in the United 
States (Ozark-Mahoning Company, closed in late 1995). F ora 
number of y ears, the I llinois—Kentucky District w as the w orld’s 
largest producer (Baxter, Bradbury, and Hester 1973). Shipments of 
fluorspar concentrates of all grades during the period 1880 through 
1995 are estimated to have to taled 1 1.5 Mt, whichis probably 
equivalent to mine production of approximately 35 Mt of crude ore. 
Activity in the district is now confined to Hastie Mining. 

The following is a general description of the geology and ore 
deposits of the district. Althou gh vein deposits are numerous, after 
1950, bedded deposits near Ca ve-In-Rock became the source of 
most of the district’s output and outrank the vein deposits in terms 
of total district production. 

Vein deposits of the Ilinois—Kentucky District occur along an 
extensive and intricate system of faults in sedimentary rocks of 
Mississippian age. Most of these faults are the steeply dipping nor- 
mal type, trending northeast, with displacement ranging from a few 
meters to more than 300 m . The most impor tant dep osits are on 
faults of 15 to 150 m displacement. Veins generally range in width 
up to 4m and to as much as 18 mine xceptional cases. They have 
been mined for as much as 270 m vertically and for as much as 
3 km along faults. Veins pinch and swell horizontally and vertically 
with the proportion of fluorspar to total vein material ranging from 
0% to 100% within short distances. Near the surface, and to depths 
as great as 75 m, the veins contain much clay because of the disso- 
lution of vein calcite and limestone wall rock by circulating ground- 
water, which leaves behind t he ar gillaceous material ori ginally in 
the limestone. Strong w alls are fou nd at depth in most places. A 
large inflow of w ater at high pr essure was c haracteristic of the 
deeper mines, particularly those at Rosic lare (Baxter, Pott er, and 
Doyle 1 963; Baxter and Desb orough 1 965; Baxter , Desborough, 
and Shaw 1967). 

Major rep! acement de posits oc cur in II linois ad jacent to a 
major structure, the Rock Creek Graben (Baxter, Potter, and Doyle 
1963). These include deposits of the Cave-In-Rock District, located 
on the southeast side of the graben, northwest and north of the vil- 
lage of Cave-In-Rock, and the Harris Creek District, approximately 
6 km northwest of the Cave-In-Rock ore trend and on the northwest 
side of the graben (Baxter and Bradbury 1989). Other replacement 
deposits are in Kentucky, south of Carrsville, and near Hampton, in 
Livingston County. 

Fluorite, accompanied by sphaleri te and galena in man y ore 
bodies, is the principal mineral in replacement de posits. Quartz, 
barite, and calcite are common, along with pyrite, marcasite, with- 
erite, and strontianite. Banded ore, known locally as coontail ore, is 
characteristic of some deposits and may be a relic from the replaced 
limestone or may resu It from rh ythmic m etasomatic deposition. 
Crude ores have 15% to 90% calcium fluoride; some contain up to 
3.5% zinc and 5% lead. 

Residual deposits have been less important producers but have 
yielded high-quality fluorspar. These gra vel spar deposits are as 
much as 20 m wide and extend to depths of 30 m or more. The fluor- 
spar occurs as weathered fragments, which range from boulder-size 
down to that of sand grains, dispersed in a clayey matrix. 


Hicks Dome, an intrusi ve structure in southern Illinois, has 
been explored for fluorspar with inconclusive results. 


South America 
Argentina 


Vein de posits ha ve bee nmin ed int ermittently inthe Si erra 
Comechigones, 50 km northwest of Cordoba, and some have been 
developed for production in the southern part of Rio Negro Prov- 
ince and th e adjoining northern part of Chub ut. In recent year s, 
metspar has been produced froma group of veins inthe Sierra 
Grande District of Rio Negro, including the Delta v ein, reportedly 
with 4.0 Mt of drill-indicated ore of 51% CaF) grade. A small flota- 
tion mill at Valcheta formerly produced concentrates for domestic 
use. In Chubut, a number of veins were discovered west of Puerto 
Madryn. The ore was used to supply a small 10 -ktpy flotation mill 
that was operated in Chubut from 1984 th rough 1990. Production 
was 9.1 kt in 2001 and 7.7 kt in 2002. 


Brazil 


Brazilian fluorspar reserves, estimated at 1.7 Mt, are located in the 
states of Santa Catarina (55%), Parana (33%), and Rio de Janeiro 
(12%). Production in 2002 was 48 kt from three operations in Santa 
Catarina and one in Rio de Janeiro, divided into acid grade (68%) 
and metallurgical grade (32%) from a run-of-mine output of 132 kt 
(Pecanha 2003). In 1989, at Cerro Azul, a 55 -ktpy flotation mill 
started operation based on output from an al kalic re placement 
deposit. It proved to be uneconomic and was closed in 1999. The 

open-pit workings were backfilled and seeded according to Brazil- 
ian environmental standards. Small-scale, intermittent production 
has been reported from deposits in the provinces of Rio Grande do 
Norte, Paraiba, and Bahia. Brazilian production was 43.7 kt in 2001 
and 47.9 kt in 2002. 


Europe 
France 


Deposits occur in the departments of Haute-Loire, Pyrenees-Orien- 
tales, V ar, Tarn, Saone-et-Loir e, and Puyde-Dome. Details have 
been described ina series of articles by Chermette (1_ 972-1973, 
1979). 

Epithermal vein de posits oc cur in the Morv an, Auv ergne, 
Limousin, and Albi districts of the Massif Central, the Maures and 
Esterel districts of the Mediterranean coastal area northeast of Tou- 
lon, in the eastern Pyrenees west of Perpignan, and in the V osges. 
The vein deposits contain about 50% CaF2, 20% silica, 5% to 10% 
barite, and 3% to 5% sulfides. 

Stratiform deposits with about 35% CaF) and 15% barite occur 
inthe Morvan District. Deposits ha ving stratiform characteristics 
have been important producers in the Escaro District in the Pyrenees 
southwest of Perpignan. Deposits at Le Beix, Cha illac, Chavaniac, 
and Le Maine in the Massif Central are exhausted. Fonte Sante, La 
Charbonniere, and Langeac have also closed. Le Burg and Montroc 
(near Albi) are the only mine s currently active. Fonte Sante was 
noteworthy for the economic occ urrence of se llite (MgF 2), which 
was blended with fluorspar when fed to an HF plant. 

Société Ge nerale de Rec herches et d’Exploitation Miniere 
(Sogerem), a subsidiary of Groupe Pechiney (now part of Alcan), is 
the sole remaining producer and operates mines and a beneficiation 
plant about 20 to 30 km southeast of Albi in the Tarn region. The 
ore is in silicified breccia in Cambro-Ordivician sericite schists and 
averages about 50% CaF 2 with negligible ar senic, bismuth, and 
lead. Mill capacity is about 110 ktpy, although the flotation plant 
was recently upgraded and the capacity may be higher. 
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Germany 


The former East Germany normally produ ced about 100 ktp y of 
acid-grade flu orspar, in a m arket insulated from outside com peti- 
tion. Its tw o principal flotation mills we re | ocated a t Il menau- 
Gehren in Thuringia and at Lengenfeld in Saxony, each deriving its 
feed from nearby mines exploiting vein deposits. Following reunifi- 
cation in 198 9 and the freeing of markets, these operations were 
noncompetitive and production ceased in late 1990 and early 1991. 

Production in the former West Germany is limited to one sur- 
viving mill, operated by Sachtleben Bergbau GmbH, at Wolfach in 
the Schwarzwald, using ore from vein deposits in the nearby Clara 
mine. Acid-grade fluor spar rated capacity is about 50 ktpy, pro- 
duced in conjunction with barite from two parallel veins. The barite 
vein averages about 48% barium sulfate (BaSO4) with 15% CaF; 
the fluorspar vein has about 39% CaF and 11% BaSOx. Fluorspar 
production in 2002 was estimated at about 32 kt. 


Italy 


Italy produced 30 to 35 kt in 2003, down markedly from about 
80 kt in 1990. Mines in the Gerrei Di strict of Sardinia are the on ly 
significant producers, producing ore from one of the world’s long- 
est and most persistent vein systems on which four under ground 
mines have been link ed along the strike into a single producing 
unit. The Genna Tres Montis-M uscadroxiu-S’ Acqua Frida v ein 
system in southern Sardinia, near the village of Silius, is credited 
with 8 Mt o f ore reserve averaging 40% to 45% CaF 2, making it 
one of the world’s largest deposits. Vein widths are 5 to 8 m. Barite 
and galena are recoverable accessory minerals. Underground work- 
ings have demonstrated a strik e length of about 3 km. Numerous 
other vein deposits and a skarn deposit occur in southern Sardinia. 

Nuovo Mineraria Silius SpA is now the only producer, operat- 
ing af lotation plant at Assemini, near Cag] iari. The plant has a 
capacity of about 100 ktpy of acid-grade concentrate and metspar 
briquettes, in addition to barite and galena concentrates. An older 
mill with acid-grade capacity of 40 ktpy is idle. 

In northern Italy , important deposits have included Prestavel 
and V allarsa near B olzano, T orgola near Brescia, and Camerata 
Cornello near Bergamo, all of which are now closed. 

The Pianciano deposits in th e Castel Giuliano Area, 40k m 
northwest of Rome, consist of fluorspar that impregnates lake beds 
of volcanic ash (Spada 1969). The fluorspar content, ranging from 
20% to 55%, was derived from volcanic emanations along with bar- 
ium, strontium, and phosphorous. The fluorspar is too fine-grained 
to be recovered economically. 


Spain 


Spain is estimated to ha ve produced about 140 kt of metgrade and 
acid-grade fluorspar in 1990—20 kt metallurgical grade and 120 kt 
acid grade, all from the Asturias re gion. Output remained essen- 
tially level at 130 kt in 2002. 

Principal deposits are in the Asturias region of northern Spain, 
near the ports of Ribadella and Aviles; in southeast Spain, near the 
port of Almeria; and in south-central Spain, near Seville and Cor- 
doba. Deposits are both vein and replacement bodies. Acid-grade 
material was formerly derived by the retreatment of old lead mine 
wastes in the Almeria-Berja Area. In 1980, seven companies pro- 
duced acid-grade fluorspar—four in Asturias, tw o in the Se ville- 
Cordoba region, and one near Berja. Grades of ore range from 40% 
to 45% for some of the vein mines, down to 15% to 20% in the case 
of the old le ad mine waste. The large Osor vein in Gerona is 
exhausted. W eakening mark et conditions and competition fro _m 
China have led to closure of all except one mill, located at Ribade- 
sella and belonging to Minerales y Productos Derivados (Minersa). 


United Kingdom 


Among numerous fluorite occurrences in the United Kingdom, the 
most recent ope rations are loca ted in the Southern Pennine Ore- 
field of north Derbyshire and in the Northern Pennine Orefield of 
west Du rham. Pr oduction is from fissure v eins an d bedd ed 
replacement deposits, together with associated old lead mine waste 
and tailings dumps. The deposits occur in rocks of the Carbonifer- 
ous Limestone Series (Mississippian). Ore is currently mined both 
underground and byo penp it. The deposits contain __v ariable 
amounts of galena, sphalerite, calcite, barite, quartz, and iron sul- 
fides. Some were originally mined for 1 ead, even before writ ten 
record, 

Fluorspar and barite-bearing ores have been processed in Der- 
byshire since 1938, initially by Glebe Mines and then by Laporte 
Minerals. LRM Ltd. acquired the business assets of the Laporte 
operation in November 1999. The operation continues as a wholly 
owned subsidiary of LRM, renamed Glebe Mines. The under- 
ground mining operations are on Glebe Mines’ property and exter- 
nal contributors provide ore from nearby privately owned open-pit 
operations for processing at Glebe’s Cavendish Mill. Glebe Mines 
is the only remaining producer of fluorspar in the United Kingdom 
and supplies acid grade to both of the hydrofluoric acid producers; 
production in 2002 was about 45 to 50 kt and rose in 2004 to its 
previous output of 60 ktp y. The operation at Br oadwood on the 
Northern Pennine Orefield ceased producing fluorspar in 1999 and 
now functions as a limestone quarry. 


Africa 
Kenya 


All production is from a single acid -grade plant, formerly jointly 
owned by the K enyan go vernment, Internat ional Minerals and 

Chemical Corporation, and the Bamburi Portland Cement Company, 
then solely by the Kenyan government from 1979 to January 1997, 
when it was fully privatized under entirely new management. Acid- 
grade production was 103 kt in 2002. In 2003, it was approximately 
the same, and will expand to about 135 kt in 2006. It produces con- 
centrates relati vely high in p hosphorous pentox ide (P20s; about 
0.43%) from epithermal vein and replacement deposits in the Kerio 
Valley, about 130 km northwest of Nairobi. Ore ranging from 30% 
to 45% CaF? is open-pit mined. Concentrates are trucked 45 km to 
rail at Kaptagat, near Eldoret, and then 884 km to port at Mombasa. 


Morocco 


The El Hammam deposit near Meknes consists of two nearly verti- 
cal veins, mineralized in a fish-bone pattern at interv als along an 
east-west fault in sericite schist and sh ales. Overall length is more 
than 2.5 km with ore widths of 2.5 to 5 m, grading about 45% CaF. 
The mine and th e flotation plant, with a capacity of 110 ktpy of 
acid-grade concentrate, are operated by Societe Anonyme d’Entre- 
prises Minieres (Samine) and are owned by Omnium Nord African 
(58%) and by the Moroccan go vernment throug h the Bureau de 
Recherches et de Participations Minieres (42%). Three other depos- 
its are recognized in this region. Other veins occur in the Djebel 
Tirremi area, 10 km northeast of Taourirt, in eastern Morocco (Van 
Alstine and Schruben 1980). 


Namibia 

The principal fluorspar dep osits are on the Marb_ urg f arm, with 
lesser deposits on the adjacent Okorusu, Belvedere, and Branden- 
burg farms, located about 20 km northwest of Ojiwarango, which is 


425 km northeast of the port of Walvis Bay. These fluorspar deposits 
are part of an alkalic comp lex that forms an erosionally brok en ring 
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structure about 5 km in diameter. The fluorspar bodies lie mainly in 
the southern part of the complex where they occur, with accompany- 
ing thin magnetite cappings, as late metasomatic replacements of 
syenite, fenitic rocks, and carbonatite (Schneider and Seeger 1990). 
Reserves exceed 6 Mt, grading about 60% CaF and about 5% P20s. 
A flotation mill, rated at 50 ktp y, be gan operation in 198 8 under 
Okorusu Holdings Lt d. The m ine and mi Il were sold to Solvay 
Group of Brussels, Belgium, in 1997. It is managed through Solvay 
Fluor und Derivate in Ha nover, Germany, which instituted signifi- 
cant expansion of the mine and mill to provide an output of about 
100 ktpy, all of which is consu med by Solvay for production of HF 
at Bad Wimpfen in Germany and at Porto Maghera in Italy (African 
Mining 2003). 


South Africa 


Fluorspar, mainly acid grade, is produced at two mine/mill opera- 
tions: Vergenoeg Mining near Pienaar srivier, 80 km nor theast of 
Pretoria, and the Witkop fluorspar mine near Zeerust, about 250 km 
west of Johannesburg. 

Vergenoeg Mining, which is 70% owned by South Africa’s 
Metorex Group and 30% by Spanish fluorspar producer Minersa, 
has an open-pit mine in a nearly 2-billion-year-old volcanic pipe that 
constitutes the fluorite ore body. The ore body is hosted by the Roo- 
iberg Group rhyolites, cen trally located between the four lobes of 
the Bushveld Comple x. The ore body has av ertical funnel-like 
shape about 900 m in diameter at the sur face, tapering sharply at 
depth to where it is still open-ended below 650 m. The pipe is hori- 
zontally zoned, with a hematite-fluorite or gossan cap at the surface, 
below which is a deeper zone of magnetite-fluorite, then a magne- 
tite-fayalite transition zone, and finally a fayalite zone at the deepest 
levels. Hematite-fluorite, ma gnetite-fluorite, and magnetite-fayalite 
assemblages make up more than 90% of the mineralogical compo- 
sition. Fluorite occurs in both massive and disseminated form and is 
present in variable quantities throughout the pipe. The fluorite-rich 
part of the ore body extends to a depth of approximately 360 
m. The ore grade is between 35% and 40% CaF, and present min- 
ing depth is 55 m. The mine produces about 120 ktpy of acid grade 
and 10to20ktp  y of metallurgical gr ade (Metore x Limited, 
undated). 

In the Zeerust District, fluo rspar occurs as replacements in 
dolomite and in associated residual deposits. Much of the ore is dis- 
seminated in dolomite along intersecting fractures. For many years, 
metspar was produced by screening coarse fragments from residual 
surface de posits. The curr ent ope ration is the W_ itkop fluor spar 
mine, a subsidiary of South African Land & Exploration Company 
(Sallies). The previous mine owners were selectively mining th e 
high-grade ore, but after a thoro ugh investigation of the ore bo dy, 
new management has found it possible to maintain a __ target ore 
grade of 11%, which will prolong the life of the mine. Current 
reserves from the Wintershoek deposit (currently being mined) plus 
the company’s Buffleshoek reserve total 27.5 Mt, reportedly at a 
final grade of 14.5% CaF 2. The company recently p urchased new 
mining equipment and performed extensive dril ling to e stablish 
best mining practice. Additional milling and flotation capacity was 
added and intensive metallurgical research performed to determine 
the best combination — of flotati on collectors and depressants to 
improve flotation reco very. Capa city increased to 180 ktp y with 
improvements completed in 2004 (Lanham 2004). 

The form er Buf falo open-pit min e of T ransvaal Mining and 
Finance, a subsidiary of General Mining and Finance near Nabooms- 
pruit, exploited 14% to 16% grade deposits consisting of a net work 
of fluorspar veinlets in sill-like bodies of fine-grained, pink granite in 
coarse, red Bushveld granite. In 2000, International Metals Process- 


ing acquired the mine and attem pted to produce acid-grade product 
by processing feed from preexisting high-grade stockpiles and tai1- 
ings dumps. Operations ceased in 2002, apparently as a result of legal 
problems. 

Acid-grade fluorspar is exported to Australia, Eur ope, Japan, 
and North America through the port at Durban. Domestically , acid 
grade is consumed by African Expl osives and Chemical Industries 
Ltd. to make hydrofluoric acid, and the steel industry consumes 
essentially all of the metallurgical-grade fluorspar. 

Tunisia 

A former flotation mill, located at the Hammam Zriba deposit near 
Zaghouan, 54 km south of Tunis, produced about 30 ktpy of acid- 
grade concentrate from a bedded _ deposit in Jurassic limestone, 
averaging 35% CaF? with considerable barite. In the same general 
area, replacement v ein deposits oc cur at Dj ebel Staa, Hammam 
Djedida, Djebel Oust , and Djebel el Kohol. Other deposits are at 
Bourchiba, Cap Bon, and Bou Ja ber. Production in Tunisia ceased 
in 1992, and the country no w imports about 75 ktpy of acid- grade 


fluorspar to supply the aluminum fluoride plant of Industrie 
Chemique de Fluor (ICF) in Gabes. 


Asia 
China 


This country is the world’s largest fluorspar producer with a produc- 
tion of about 2.45 Mt in 2002, of which about 1.25 Mt was acid grade 
and 1.2 Mt metallurgical or submetallurgical grade. Principal depos- 
its are in the central and northern parts of Zhejiang, in eastern Fujian, 
northeastern Hebei, eastern and southern Hunan, northern Guang - 
dong, northeastern Anhui, eastern Shandong, Inner Mongolia, and 
Liaoning. In all, fluorspar occurrences are reported in 17 provinces. 

In 2002, according to the United Nations Statistics Division, 
Commodity Trade Statistics Database (Comtrade), exports of acid- 
grade fluorspar were about 807 kt (902 kt in 2001) and exports of 
metallurgical grade were 200 kt (208 kt in 2001). Of the acid-grade 
exports, 359 kt went to the United States (344 kt according to U.S. 
import statistics) and 202 kt went to Japan. These figures compare 
to exports of 170 kt of acid grade to Japan and about 125 kt to the 
United States in 1990. 

Acid-grade production has mushroomed with production from 
as many as 40 flotation mills (down from more than 80 in the mid- 
1990s). Some originated from con version of pree xisting mills and 
others from ne w construction. Most of the f luorspar deposits now 
being mined in China are veins in acidic terranes. One in De An in 
Jiangxi Province is a series of large replacement ore bodies. 


India 


At Amba Dongar, 560 km north of Bombay in Gujarat State, v eins 
and replacement bodies occur in the carbonate wall rock aro und 
ankeritic carbonatite intrusives, similar to the occurrences at Oko- 
rusu in Namibia (Deans et al. 1972). A heavy media and flotation 
concentration plant has been constructed nearby at Kadipani, witha 
nominal capacity of 37.5 ktp y of product, of which 30% is acid 
grade witha high P2Os content and 70% is metallurgical grade. 
Reserves are repo rted to be 11.6 Mt of 3 0% flu orite content, of 
which proven reserves are said to be 4.7 Mt (Moorthy 1997). 

Other mineralized areas are re ported at Chan dri-Dungri in 
the Drug District of Madhya-Pradesh and at Mando-ki-Pal in the 
Dungarpu District of Rajasthan. 


Mongolia 


The major fluorspar product ion site in Mongolia is the mill at Bor 
Undur, which is fed b y fo ur mines at Bo r Undur, Khaju u Ulaan, 
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Ayrag, and Ur gun. Fluorspar depo sits occur in brecci a and v eins 
composed of fluorite, calcite, and quartz associated wi th Late Per- 
mian faults. Fluorspar production at B or Undur started in 1982 as a 
joint venture (Mongolrostsvetmet) of the Mongolian Peoples Repub- 
lic and the former US SR. Mining was followed by the construction 
of the flotation mill in 1985. Improvements were made to the mill 
beginning in 19 98 that increased its capacity from 130 ktpy to 160 
ktpy. Production in 2002 was reported to be about 1 30 kt of acid 
grade (95.5% to 97.2% CaF2) and 80 kt of metgrade (75% CaF2). 

In 2003, a new joint venture was formed (Mongolia Minerals 
Corporation) to mine, pro cess, and export fluorspar . The y ar e 
apparently reselling acid grade purchased from Mongolrostsvetmet 
and producing metallurgical grade from a mill in the Ayrag region. 
The company is studying plans to build a flotation plant to produce 
acid grade and an aluminum fluor ide plant to add value to its 
exports (Crossley 2004). 


Russia 


There are reportedly four major active companies in the Russian 
fluorspar industry: JSC Yaroslavsky, JSC Zabaikalsk y, JSC Kalan- 
guisky, and Suran Cooperati ve Qu artz, with produ ction concen- 
trated in southeast Russia and Siberia. By far, the largest producer 
is Y aroslavsky GOK (als 0 knownas Yaroslavsky M ining and 
Dressing Complex), which mines the Vosnesensky and Pogran- 
ichny deposits inthe Primorsky region of the Russian F ar East. 
Russia produced 169 kt of fluorspar concentrate in 2002, of which 
Yaroslavsky accounted f or 70% to 80%. The South-Ural and 
Polevskoy cryolite plants consume more than 90% of Yaroslavky’s 
output, b ut domestic prod uction sa tisfies only half of R ussia’s 
needs. The balance is imported from Mongolia (Crossley 2004). 


Thailand 


Fluorspar deposits occur in are gion extending from the northern 
border with Burma southward for more than 1,280 km to a point 
about 640 km southwest of Bangkok. Mining was concentrated in 
three areas: Chiangmai, Lamphun, and Mai Hong Sun provinces in 
the north; Kan chanaburi, Petchab uri, and Ratchab uri pro vinces 
southwest of Bangkok; and Krabi Province in the south (Gardner 
and Smith 1965; Hodge, personal communication), but production 
has fallen to less than 5 ktpy, all from Mai Hong Sun. 


Vietnam 


Tiberon Minerals Ltd., a Canadian corporation, is studying develop- 
ment of acid-grade flu orspar production in connection with a new 
polymetallic mine and mill planned for start-up in 2007 in northern 
Vietnam at Nui Phao. The Nui Phao deposit is primarily a polymetal- 
lic intrusive skarn (tactite) and greisen ore body. The mineralization 
is characterized by an assemblage of tungsten-gold-copper-bismuth- 
fluorine—bearing minerals that occur within and proximal to a biotite- 
muscovite granite. Project interest is held 77.5% by Tiberon, 15% by 
Thai Nguyen Mineral Company, and 7.5% by Export-Import Invest- 
ment Company Thai Nguyen. An e xploration license o n 91 km? is 
held by Tiberon. Drilling of 180 holes has indicated a resource of 88 
Mt grading 0.22 % WOs3 (tungsten trioxide), 8.0% CaF 2, 0.22% Cu 
(copper), 0.24 g/t Au (gold), and 0.11% Bi (bismuth). Preliminary 
plans are to produce about 200 ktpy of low-arsenic, acid-grade fluor- 
spar from ore mined at the rate of 3.5 Mtp y. Ane xisting railroad 
crosses the property and links it to t he port at Hai Phong, 160 km 
away (Tiberon Minerals Ltd. 2004). 


Australia 


Deposits of fluorspar have been found in all the Australian states 
except the No rthern Territory (Liddy 1971) but are un developed 


because they are small and remote. There have been investigations in 
the Chillagoe-Mung ana-Almaden an d F orsayth areas of northern 
Queensland, and in western Australia in the Pilbara District, 217 km 
southeast of Port Hedland; the Yinnietharra Area, 320 km from Car- 
narvon; and the Spee wah V alley area 180 km southwest of 
Wyndham. 

As reported at the 2003 Fluorspar Conference in Rome, recent 
activity at Speewah involves feasibility work started in August 2003, 
anticipating an 18- month con struction pro gram aimed at 1 80k tpy 
production of low-arsenic acid grade. 


EXPLORATION AND MINING METHODS 


Because fluorspar resist s chemical weathering, it can be traced in 
the soils o verlying weathered v eins. Cleavage fragments, w ashed 
clean by rainwater or exposed in anthills or spoil piles from animal 
burrows, are useful clues. S ilicified veins, resisting erosion, may 
stand up like a reef. Bedded deposits are less discernable, but, in 
areas of suf ficient top ographic relief, the ou tcropping edges of 
deposits or slumped fragments of ore may be found. Because of its 
softness and clea vability, fluorspar does not survi ve in the beds of 
streams and ordinarily cannot be traced by panning. 

The search for bed ded deposits usually in volves locating a 
mineralized horizon and following it do wndip with v ertical drill 
holes, drilled to intersect the favorable beds. Geophysical prospect- 
ing methods are not applicable. Photogeology can be of assistance 
in locating and tracing structures and outcrops, and as an aid in geo- 
logic mapping to determine the area | distribution of stratigraphic 
units known to be favorable for veins or replacement deposits. 

Geochemical methods ha ve be en employed with v arying 
degrees of success. Fluorine anomalies have been found in ground- 
water and surface streams, in soil samples, and in stream sediments, 
but using such anomalies as a prospecting tool for the discovery of 
ore deposits has not been very successful. Various nonfluorine ele- 
ments that can be detected geochemically can be guides to fluorspar 
deposits, and insoluble residues of potential host -rock lim estones 
can serve as a sample medium (Erickson et al. 1987). Once miner- 
alization has b een detected, co re or churn drill holes, prospect 
shafts, and drifts may be used to probe the structures. 


Mining Methods 


In some areas, veins may be weathered to depths of as much as 75 m. 
Such weathered ore, a mixture of clay and fragments of fluorspar and 
detached wall rock, may be mined open pit with draglines, scrapers, 
or power shovels to depths of as much as 50 m. Below that, under- 
ground mining methods, involving modified top slicing or 0 verhead 
shrinkage stoping, are used. 

Vein mining is commonly done by shrinkage stoping, cut-and- 
fill, and open sto ping where strong walls occur. Closely spaced 
shrinkage stope bins may gi ve way to widely spaced bins, with 
electric and air slushers being used in the tops of stopes to transport 
the overbreak to the ore pass. Air-operated, rubber-tired, muckhaul 
units can be ad apted to in- stope work. Where shrinkage stoping is 
used, broken ore is commonly moved to the shaft by tr ack haulage 
using battery-powered locomotives and 1- or 2-t side-dump cars. 

With the introduction of diesel haul units of less than 1.5 m in 
width, mining can be changed from shrinkage stoping to ramp sub- 
leveling in veins. Loaders can be served by small diesel trucks car- 
rying 3to4t. Ventilation for the diesel equipmen t is usu ally 
handled by lines of woven plastic tubing. In shafts, bucket hoisting 
is supplanted by lifting in larger skips. In larger mines, crushers are 
installed o ver skip-loading pock ets at the shaft bott om, whic h 
improves skip loading. 
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In bedded deposits, room-and-pillar patterns are used, with the 
widths of rooms governed by roof conditions. Newer equipment has 
rubber tires and is diesel operat ed, including the muck haul units— 
which have buckets ranging in size fr om 0.9- to 4.6-m?3 capacity— 
and rubber -tired diesel trucks with 3- to 18-t capacity. Dri lling is 
done by diesel-propelled jumbos in the bedded ore mines, but the 
jackleg drills are still used in narrower working places and drifts. In 
multileveled ore bodies, haulage ramps on 12% to 15% grades con- 
nect the le vels. Vertical raises are used to f acilitate v entilation 
requirements. Most drilling uses tungsten carbide bits, or the throw- 
away-type hardened steel bits. In blasting, the trend is increasingly 
toward the use of ammonium nitrat e—fuel oil mixtures. Mine crews, 
supervisors, and mechanics are usually provided with diesel person- 
nel vehicles to facilitate mobility. 

Wherever widths of ore bod ies, depths of 0 verburden, eco- 
nomic stripping ratios, and the strength of the sidewalls permit, it is 
common practice to mine by open -pit methods, as is the case in 
Kenya and South Africa. This opt imizes the obvious advantages to 
be gained by using lower cost explosives, large-scale earth-moving 
equipment, and economical quarry bench mining methods. 


Methods of Beneficiation 


Most fluorspar must be upgraded for marketing. The beneficiation 
techniques used are tail ored to meet the character of t he ores and 
the specifications for particular uses. 

In countries with ab undant low-cost labor, metallurgical spar 
with a calcium fluoride content in the range of 75% to 85% is often 
produced by the hand sorting of hig h-grade lump crude ore, fol- 
lowed by crushing and screening to remove most of the —-10-mesh 
fraction. In the case of ores of lo wer grade, and/or ores with rela- 
tively coarse interlocking of minerals, gravity processes of concen- 
tration are used for producing metspar based on the specific gravity 
of 3.2 for spar and less than 2.80 for most gangue minerals. 

Heavy media cone and drum separators are particularly effec- 
tive in the size range of 0.5 to 3.8 cm, either for producing metallur- 
gical gravel or for preconcentrating the crude ore for flotation feed. 
For the finer sizes, the hea vy media cyclone process is freq uently 
used. The high tonn age capacity and low operating costs of hea vy 
media methods give very satisfactory results. The sink can be so Id 
as metspar and the sands __ for flotation feed, and th e float is fre- 
quently marketed for road gra vel and concrete aggregate. Ores as 
low as 14% CaF? are being preconcentrated to yield a flotation feed 
of 40% CaF» or more. Lead and zinc sulfides and barite, because of 
their high specific gravity, concentrate with the fluorspar to enrich 
the flotation feed in these valuable minerals. Many ores that would 
otherwise be too low grade to warrant mining and processing can 
be preconcentrated to acceptable flotation feed grade with a tailings 
loss of less than 12% of the CaF? in the crude ore. Washing plants 
are also used ahead of flotation to remove clay or wad (manganese 
oxides) in some areas. Barite, a fairly common accessory mineral in 
fluorspar deposits, can be effectively separated from th e fluorspar 
by flotation and, in most instances, made into a salable product. 

Acid-grade concentrates are produced by the froth flotation 
process, which takes advantage of the varying surface properties of 
different minerals allowing separation in flotation cells. The run-of- 
mine ore is crushed and ground to a size that liberates the individual 
minerals, enabling their separation. Care is tak en in grinding to 
avoid producing extremely fine sizes, known as slimes, which are 
not amenable to subsequent separation in the flotation process. 

The flotation feed first goes to conditioners for reagent addi- 
tion. The resulting pulp is agitated in the presence of injected air, 
which creates minute air bubbles that attach to the desir ed mineral 
by means of a collector reagent that is then floated off in a froth. If 


sulfides are present, they are floated first by use of a xanthate collec- 
tor in a circuit ahead of the fluorspar; first lead sulfide, then zinc sul- 
fide. Next, easily floated fluorspar is collected in a rougher flotation 
circuit and is routed direc tly to the c_ leaner c ircuits. Less-easily- 
floated fluorspar is recovered in a scavenger circuit, and the scaven- 
ger tailing is discarded. Where necessary , middlings from up to six 
stages of cleanin g are re ground to liberate interlocking grains of 
fluorspar and gangue minerals. The reground product is then recy- 
cled to maximize the recovery of the desired acid-grade concentrate. 
Commonly used reagents include fatty acids to collect the fluorspar; 
quebracho or tannin to depress calcite and dolomite; sodium silicate, 
starch, or dextrin to depress iron oxides and silicates; and dichro- 
mates (where environmental regulations allow) to reject barite. Cya- 
nide m ay be used to depress su_ Ifides. Soda ash and occasionally 
caustic soda can be used for pH control. In the past, the temperature 
of the slurry was raised from ambient to as high as 80°C to optimize 
flotation performance, but the rising cost of ener gy in recent years 
has almost eliminate d this procedure. Most fluorspar ores can be 
successfully treated at ambient temperature, even if the source of the 
water is from bel ow ice, provided that a modern flotation collector 
containing emulsifying additives is in use. 

From the final cleaner circuit, the resulting fluorspar-concen- 
trate slurry with a pulp density of about 25% solids goes to a thick- 
ener tank where the density is raised to about 55 5% solids and the 
overflow water is recycled to t he milling circuit. More water is 
removed when the thick ened slurry passes th rough vacuum filters 
where a fluorspar filter cake, usually with less than 10% moisture, 
is obtained ready for shipment. In some operations, the filter cake is 
dried prior to shipment in bulk tankers or bags. 

The International Or ganization for Standardization (ISO) has 
approved 24 standards for testing fluor spar. Some of the more 
important ones include the following: 


¢ ISO 543 9 Acid-grade fluorspar: Det ermination of a vailable 
fluorine content—potentiometri c method after distillation 
(ISO 9503 for metallurgical grade) 


¢ ISO 6676 Acid-grade and ceramic-grade fluorspar: Determina- 
tion of total phosphorus content—reduced-molybdophosphate 
spectrometric method (ISO 9438 for metallurgical grade) 


¢ ISO 9505 All g rades of fluorspar: Determination of arsenic 
content—silver diethyldithiocarbamate spectrometric method 


Other ISO standards include tests for an timony, barium sul- 
fate, calcium carbonate, iron, lead, manganese, moisture, silica, sul- 
fides, and sulfur. There are additional ISO standard s testing other 
chemical and physical characteristics (ISO 2004). 

Internationally traded fluorspar is usually analyzed according 
to the American Society for Testing and Materials (ASTM) E1506- 
97 (2003) stand ard, Standard Test M ethods for Analysis of Acid- 
Grade Calcium Fluoride (Fluorspar). This analytical standard cov- 
ers the precise procedures to assay the fluorspar filtercake for silica 
(SiO2), calcium fluoride (CaF2), soluble chloride as NaCl, calcium 
carbonate (CaCO 3), phosphorus (P) as P 20s, arsenic (As), mixed 
oxides (R203), sulfide sulfur (S), and volatiles as moisture (H20). 


LOCATION OF BENEFICIATION FACILITIES WORLDWIDE 


It is difficult to maintai n a comprehensi ve and up-to-date list of 
fluorspar flotation mills. Some are major and prominent producers 
that are well known in the export market; many others are small and 
little known outside their country of operation. In China, for exam- 
ple, there are so many that it is impractical to list them all, but Wei 
(1999) and Will and Ishikawa (2002) provided comprehensive lists 
in their reports. 
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Some of the major active flotation mills are located as follows: 








Capacity, 
Location Company tpy 
Africa 
Kenya Kenya Fluorspar Company 103 
Morocco Samine 110 
Namibia Okorusu 100 
South Africa Vergenoeg 120 
Witkop 100 
Asia 
China Various Various 
India Gujarat 20 
Mongolia Mongolrostsvetmet 160 
Russia Yaroslavsky 200 
Europe 
France Sogerem 110 
Germany Wolfach 50 
Italy Nuovo Mineraria Silius 100 
Spain Minersa 130 
United Kingdom Glebe Mines 60 
North America 
Mexico Las Cuevas 500 
Fluorita de Mexico 115 
Minerales y Productos 20 
Metallurgicos 
Minera Ramos 15 
MARKETING 


Product Specifications 


Traditionally there ha ve been three p rincipal market grades of 
fluorspar—acid, ceramic, and metallurgical. Specifications for acid 
grade and metallur gical grade are fairly well defined although the 
requirements set by individual consumers may vary in detail. 

Acid-grade fluorspar is defined as containing more than 97% 
CaF, but some manufacturers of hydrofluoric acid, both in the 
United States and in Europe, can use 96%, or slightly lower, if the 
remaining impurities are acceptable. The Russian specification for 
acidspar from the Mongolian flotation mill at Bor Undur is not less 
than 92% CaF2. Users specify limits f or silica, calcium carbonate, 
arsenic, lead , sulphide sulfur , phosphor us, and other deleterious 
constituents. Moisture content of dried concentrates for acid and 
ceramic grades is usually specified to be not more than 0.10% H20, 
but in some ceramic uses, upto 1% or2 % may be required to 
relieve dust problems in handling bulk materials. 

In the United States, the use of cer amic-grade fluo rspar has 
declined, but it is still offered by some suppliers. There are basically 
two grades—ceramic no. 1 (90% to 95% C aF2) and ceramic no. 2 
(85% to 90% CaF2)—although some former consumers of ceramic 
grade now use a cid grade. Some foreign fluor spar su ppliers still 
offer ceramic grade, but because practically every ceramic-grade 
user has its o wn specifications, suppliers ( foreign or domestic) 
may tailor their pr oducts acco rdingly or o ffer se veral pr oduct 
grades that fall between metallurgical grade and aci d grade. Cus- 
tomers may specify limits on silica, calcite, ferric oxide, and lead 
and zinc sulfides. 

In the Unit ed States, metallurgical-grade fluorspar generally 
contains a minimum of 80% CaF 2 and can range as high as 


93% CaF. Impurities of concern for steel customers are silica (4% 
to 10% maximum) and calcium carbonate (4% to 9% maximum). 
Standard size sp ecifications fo r met allurgical-grade fl uorspar 
gravel are 100% passing a 63-mm (2.5-in.) screen and a maximum 
of 15% passing a 9.5-mm (3/8-in.) screen. In mark ets outside the 
United States, CaF2 content may be lower (depending on the coun- 
try) and acc eptable si lica content may be higher than the U.S. 
specification. 

Primarily in the steel industry, there was once significant usage 
of fluorspar as briquettes (containing varying amounts of fluorspar), 
but with the steel industry’s decrease in consumption in the United 
States, this prac tice is no longe r widespread. There may sti Il be 
some fluorspar combined with other fluxing materials, such as lime 
into briquettes; the quantities are, however, thought to be small. 


Uses of Fluorspar 


Fluorspar is used to make HF (also called hydrogen fluoride or 
hydrofluoric acid), which is an intermediate for fluorocarbons, alu- 
minum fluoride, and synthetic cryolite. Fluorspar is also used as a 
flux in the steel and ceramic industr ies and in iron foundry and fer- 
roalloy practice, and it has many minor specialized uses. Hydrogen 
fluoride is produced by react ing acid-grade fluorspar wi th sulfuric 
acid in a heated kiln or retort to produce HF gas and calcium sulfate. 
After purification by scrubbing, condensing, and distillation, the HF 
is marketed as anhydrous HF, a colorless fuming liquid, or it may be 
absorbed in water to form the aqueous acid, usually 70% HF. Syn- 
thetic cryo lite, or ganic and in organic fluoride chemicals, and e le- 
mental fluorine are made from hydrofluoric acid. The acid itself is 
important in catalysis in the manufacture of alk ylate, an ingredient 
in high-o ctane fuel for p iston-driven aircraft and automobiles; in 
steel pickling, enamel stripping, and glass etching and po __ lishing; 
and in v arious electroplating operations (Roskill Information Ser- 
vices 1993). The manuf acture of 1 tof virgin aluminum requires 
about 12 to 29 kg of fluorine content in synthetic cryolite and alumi- 
num fluoride. Through improved technology (prebaked) and recov- 
ery pract ices, this quantity is being lo wered signif icantly in 
countries with the most advanced tech nology (e.g., in the Middle 
East); others using older technology remain at the high end (e.g., 
Russia; Cox 1989). 

Elemental fluorine is prepared by electrolysis from potassium 
fluoride and anhydrous HF. Gaseous at room temperature and pres- 
sure, fluorine is compressed to a liquid for shipment in cylinders or 
in tank trucks. Elemental fluorine is used to make uranium hexaflu- 
oride, sulfur hexafluoride, and halogen fluorides. Gaseous uranium 
hexafluoride is used in separating U2*> from U7? by the diffusion 
process. Sulfur he xafluoride is a stable high-dielectric gas used in 
coaxial c ables, transformers, ra dar w ave guides, an d magnesium 
casting. Halogen flu orides have important applications, mostly as 
substitutes for elemental fluorine, which is more difficult to handle. 

Emulsified perfluorochemicals—organic compounds in which 
all hydrogen atoms have been replaced by fluorine—are undergoing 
investigation as syn thetic blood substitutes and therapeutic oxygen 
carriers. They transport oxygen and may be useful in treating sur- 
gery and trauma patients. Such blood substitutes would carry no risk 
of disease transmission, would have a shelf life of up to 2 years, and 
could be used in patients r egardless of their b lood type (Robinson 
2003). 

Inorganic fl uorides a re use d as inse cticides, pres ervatives, 
antiseptics, ceramic a dditives, and flux es, and in electroplating 
solutions, antioxidants, and many other products. Boron trifluoride 
is an important catalyst. 

Organic fluorides are volume leaders in the fluorine chemical 
industry. Fluorinated chlorocarbons and fluorocarbons are prepared 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Fluorspar 471 





by the interaction of anhydrous HF with chloroform, perchlorethy]- 
ene, and carbon tetrachloride, and are characterized by low toxicity 
and nota ble che mical st ability. Th ey perform outstanding ly as 

refrigerants, aerosol propellants, solvents, and cleaning agents, and 
as intermediates for polymers such as fluorocarbon resins and elas- 
tomers. Fluorocarbon resins, which are inert compoun ds that have 
unusually lo w coef ficients of friction, ha ve found anu mber of 
applications as lubricants for parts that cann ot be oiled; for e xam- 
ple, in bearings for window-raising equipment located inside auto- 
mobile doors, in small electronic equipment, for the manufacture of 
chemical resistant gaskets and valve parts, as pipe and tank linings, 
in flexible tubing and containers, and on nonstick cookware. 

In the steel industry, fluorspar is used as a flux in basic open 
hearth (older technology, no longer widely used), basic oxygen, and 
electric arc furnaces where it is added to the heats in amounts rang- 
ing from 1 to 10 kg/t of steel pr oduced. The average in the United 
States is at the low end of this range, and many steel plants have 
discontinued its use entirely. Fluorspar promotes fluidity of the slag 
(by reducing its melting point) and thus facilitates removal of sulfur 
and phosphorus from the steel into the slag. It serves the same pur- 
pose in iron foundries, where it is added to the cupola charge in the 
proportion of around 7 to 9 kg/t of metal melted. 

In the ceramic industries, fluorspar is used to make flint glass, 
white or colored opal glasses, and enamels. Flint glass mixtures 
commonly contain 3% fluorspar. Opal glasses, containing 10% to 
20% fluorspar, are used in containers for foods, drugs, and toilet- 
ries, and in ornamental glassware and la vatory and restaur ant fix- 
tures. Opaque enamels are used to cover steel stoves, refrigerators, 
cabinets, bathtubs, and cookware, and for facings on brick, tile, and 
other structur al materials. Fluorspar mak es up 3%—10% of th e 
weight of the enamel. Many types of welding rod coatings incorpo- 
rate fluorspar or fluorspar mixtures. Ceramic-grade fluorspar has 
been used in the manufacture of magnesium and ca Icium metals, 
and in the preparation of some manganese chemicals. In c urrent 
industrial pr actice, users typically buy acid grade rather than 
ceramic grade and dilute it proportionately. 

Ceramic- and me tallurgical-grade fluorspar may be used in 
making fiberglass insulation, in zi nc smelting, as an inh ibitor of 
vanadium green scumming in the manufacture of buff-faced brick, 
and as an abrasive on certain types of sandpapers. Various grades of 
fluorspar are used in electric furnace manufacture of calcium car- 
bide, in making electrodes for arc lamps, and as a bonding material 
for abrasive wheels, among numerous minor uses. 

Metallurgical- or submetallurgical-grade fluorspar is used as a 
flux in cement pr oduction. It is added to the mix of cement raw 
materials before intr oduction to the rotary kiln. The addition of 
fluorspar saves fuel by allowing the kiln to operate at a lower tem- 
perature. It also helps produce a softer clinker product that is easier 
to grind, thus saving electrical energy. 


Product Pricing 


Published fluorspar prices, as reported monthly in Industrial Miner- 
als magazine, conform to the two harmonized tariff codes for fluor- 
spar (2529.21.0000 for metallur gical grade and 2529.22.0000 for 
acid grade). Prices dif fer by country of supply and are listed ona 
free-on-board (f.0.b.) basis at the country of origin or on a delivered 
basis to the first port of entry, which includes the c.i-f. 

Historically, normal competition determined product p ricing 
in world markets, but this pattern has been distorted by specific 
countries that dominated international fluorspar markets at different 
times. This was evident in the early 1990s, when China drove prices 
down to levels not seen for years. In 1994, China instigated a pro- 
gram of export quotas and export license fees, which added US$9, 


US$16, and US$20 per ton in successive rounds of bidding. These 
export license fees increased through the 1990s and by 2003 were 
more than US$50 per ton. 

China’s economy has been gr owing at such a remarkable rate 
that its domestic fluorspar requirements have grown much f aster 
than anyone could have foreseen. As a result, China has reduced its 
annual export quota from 1.2 Mt in 2000 to an e xpected 750 kt in 
2004. Initially, the decrease in exports did not have a major impact 
on world prices, but by 2003 the supply shortage resulted in a major 
runup in acid-grade fluorspar prices. 


Transportation 


The United States is dependent on imports for the majority of its flu- 
orspar supply. Most ac id-grade fluorspar is transported in b ulk to 
customers by rail, barge, and ship. Acid grade is shipped routinely in 
the form of f iltercake containing 8% t o 10% moisture to facilitate 
handling and to reduce dust. This moisture is removed by drying in 
rotary kilns, or other kinds of dryers, before treating with sulfuric 
acid to make HF. Metallurgical grade is shipped routinely as lump or 
gravel in barges, ships, or railroad cars. Some acid grade and ceramic 
grade is marketed in bags for small users and shipped by truck. 

Fluorspar is shipped by ocean freight using the “tr amp” mar- 
ket and time charters. Bulk carriers of 10,000 to 50,000 t dead- 
weight normally are used. Participants negotiate freight le vels, 
terms, and conditions within th e limits def ined by In ternational 
Maritime Organization regulations. 


Depletion Allowance and Duties 


In the United States, the depletion allowance is 22% for domesti- 
cally mined fluorspar and 14% for foreign operations of U.S. com- 
panies. There are no duties on fluorspar imported into the United 
States; tariffs on metspar (97% CaF2 or less) and acidsp ar (more 
than 97% CaF?) were eliminated in the late 1990s. 


ENVIRONMENTAL FACTORS 


In September 19 87, the United St ates and 22 other nations signed 
the Montreal Protocol on Subs tances T hat Depl ete the Oz one 
Layer. The Montreal Protocol and subsequent amendments man- 
dateda freeze on production of chlor ofluorocarbons ( CFCs), 
hydrochlorofluorocarbons (HCFCs), and halons, and the eventual 
phaseout of these compounds. All three are f luorine-containing 
compounds. Under the umbrella of the Montreal Protocol, specific 
phaseout schedules have been set for different cl asses of com- 
pounds with different deadlines depending on the country or region. 
These schedules have been re vised periodically as new scientific 
data have beco me a vailable. In the early 1990s, the allocated 
amount of CFCs allowed for production and consumption by devel- 
oped countries w as reduced to 25% of the amount produ ced in 
1986. Production of CFCs had been a major downstream market for 
fluorspar, and this reduction had a major impact on fluorspar p ro- 
duction and demand. World production prior to the phaseout was 
about 5.46 Mt in 1989 but had decreased to 3.75 Mt by 1994. The 
market has recovered to some extent, but it is still about 1 Mt below 
its peak in 1989. This recovery resulted from the development of 
replacement hydrofluorocarbon (HFC) compounds designed to per- 
form the same or similar functions as the banned CFCs. These con- 
sist of compounds su chas HFC 134a, which is widely used in 
refrigeration and air -conditioning systems. HFC 134a actu ally 
requires more fluorspar to manufacture than the main compound it 
replaces (CFC 12). 

The fluorspar, HF, and fluorocarbon producers face an uncer- 
tain future. HFCs have a relatively high global warming potential, 
and there is a push to ha ve them phased out as p art of the Kyoto 
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Protocol to the United Nations Framework Convention on Climate 
Change. This is already having an impact in the Eur opean Union, 
which is a strong supporter of the Kyoto Protocol. 


OUTLOOK 


Fluorocarbon production from HF is th e single largest market that 
drives acid-grade fluorspar demand. In 2003, the ban on production 
and importation of the widely used blowing agent HCFC 141b went 
into effect. The expected loss of market share to n onfluorocarbon 
replacements will be significant. Some sources estimate that fluoro- 
carbons will lose one half of th is market to not -in-kind replace- 
ments, such as carbon dioxide, | water, and pen tane isomers. In 
North America, gro wth potential in the refr igerant market looks 
fairly positive for the next few years, and the fluoropolymer precur- 
sors market will continue to d isplay solid growth. In Europe and 
Japan, ho wever, concerns about the global warming potential of 
HFCs are causing the gro wth of non-HFC refrigerants, and fluoro- 
carbon demand is e xpected to e xperience a ne gative growth rate 
(Will 2004). It is difficult to forecast how these mixed factors will 
affect fluorspar consumption. A f actor to consider is that many of 
the replacement HFCs use more fluorspar than the CFCs or HCFCs 
being replaced. Ov erall, the No rth Amer ican outlook for HF 
demand during the next several years is for slow growth of maybe 
1% per year. 

Worldwide aluminum consumption is expected to increase by 
1% to 3% per year during the ne xt few years, and consumption of 
aluminum fluoride (AIF3) should mirror this forecast. The strongest 
growth is e xpected in China and the Commonwealth of I ndepen- 
dent States where the largest increases in aluminum production are 
expected, and whe re there are high consumption rates because of 
the continued use of older smelters. The small increase in AIF3 con- 
sumption is expected to be met by output from fluorspar rather than 
fluorosilicic acid. 

Growth is expected in the cement market. This market has 
been growing in Mexico, Central America, and South America, and 
metspar suppliers are hoping to duplicate such g rowth in Canad a 
and the United States. 

What may truly roil w orld fluorspar and fluorochemical mar- 
kets is the emerging fluorochemicals industry in China. For the past 
decade, China has been the w orld’s lar gest fluorspar exporter but 
has consumed a relatively small amount of fluorspar (mostly metal- 
lurgical and sub metallurgical gr ades) for domestic use. This has 
now changed, and China is exporting less fluorspar and is actually 
exporting HF and lesser amounts of downstream fluorochemicals 
(aluminum fluoride, cryolite, fluorocarbons, etc.). Fluorochemical 
exports are expected to increase dramatically in the next few years. 
The only factor that may slow these exports is the growing demand 
for the same chemicals by the domestic market in China. China’s 
aluminum ind ustry has been growing at arapid pace, and this 
requires increasing amounts of aluminum fluoride and cryolite. 
Fluorocarbon demand in China has in creased to the e xtent that it 
may already be the largest air-conditioning market in the world. In 
the near term, these changes mean that other fluorspar-producing 
countries may f ind greater demand (a nd be able to charge higher 
prices) for their product as China continues to reduce its exports. In 
the longer term, HF and fluo rochemicals plants outside of China 
may be unable to compete with Ch inese exports and be for ced to 
close as Chinese exports increase (Miller 2001, 2002, 2003). 


ACKNOWLEDGMENTS 


The authors gratefully acknowledge the peer review of this chapter 
by Malcolm Crawford, general manager of Delta Minerals Limited. 
His expert contributions throughout the text are greatly appreciated. 


BIBLIOGRAPHY 


African Mining. 2003. Okorusu—a Namibian success story. African 
Mining 8(1):36-41. 

Andrews, P.R.A., and R.K. Collings. 1993. Fluorite occurrences in 
Canada and processing studies at CANMET. Canadian Mining 
and Metallurgical Bulletin 86(968):132-137. 

Baxter, J.W., and J.C. Bradbury. 1989. Ilinois—Kentucky Fluorspar 
Mining District. P ages 3-36 in Precambrian a nd P aleozoic 
Geology and Or e Deposits in the Midcontinent Re gion. 28th 
International Geolo gical Congress. Field Trip T147. American 
Geophysical Union. 

Baxter, J.W., J.C. Bradbury, and N.C. Hester. 1973. A Ge ologic 
Excursion to Fluor spar Mines in Hardin and P ope Counties, 
Illinois. Guidebook Series II. Illinois State Geological Survey. 

Baxter, J.W., and G.H. Desborough . 1965. Areal Geology of the 
Illinois Fluorspar District Pt. 2—Karbers Ridge and Rosiclare 
Quadrangles. Circular 385. Illinois State Geological Survey. 

Baxter, J.W .,G.H. Desborough, and C.W .Sh aw. 1967. Areal 
Geology of the Illinois Fluo rspar District Pt. 3 —Herod and 
Shetlerville Quadrangles. Circular 413. Illinois State Geological 
Survey. 

Baxter, J.W., P.E. Potter, and F.L. Doyle. 1963. Areal Ge ology of 
the I llinois Fluor spar District Pt. 1—Sa line M ines, Cave- In- 
Rock, Dekoven, and Repton Quadrangles. Circular 342. Hlinois 
State Geological Survey. 

Chermette, A. 1972-1973. Un demi-s iecle de spath-fluor Francais 
(1922-1972). Mineset Metallurgie (October): 179-182; 
(November/December): 201-204, 213; (January/February): 9— 
12, 14; (March): 8, 11; (April): 10-13; (May): 9-16 (In French). 

.1 979. Lespathfl uoresta untournant. Mines et 
Metallurgie, no. 145, 14-19; no. 146, 20-24 (in French). 

Cox, E.P. 1989. Use _ of fluorspar in the alu = minum industry . 
Presented at th e Me tal Bul letin Fluorspar Conference. 
Monterey, Mexico. 

Crossley, P. 2004. Fluorspar in focus—light at the end of the tunnel. 
Industrial Minerals 436: 26-37. 

Deans, T., et al. 1972. Metasomatic feldspar rocks (potash fenites) 
associated with the fluoride deposits and carbonatites of Amba 
Dongar, Gujarat, Ind ia. Transactions, S ec. B., Institution o f 
Mining and Metallurgy. Volume 81, Bulletin 783. 

Erickson, R.L., et al. 1987. Subsurface geochemical investigation in 
western and southern IIlinois—a pilot study. In [/linois Mineral 
Notes 98. Illinois State Geological Survey. 

Fulton, R.B., and G. Montgomery. 1994. Fluorspar. Pages 509-522 
in Industrial Minerals and Rocks. 6th edition, Volume 1. Edited 
by D.D. Carr. Littleton, CO: SME. 

Gardner, L.S., and R.M. Smith. 1965. Fluorspar Deposits of Thai- 
land. Report of Investigation, No. 10. Bangkok: Department of 
Minerals Resources. 

Huxtable, P .L. 2000. Fluorspar. Financial T imes Ex ecutive 
Commodity Reports. London: FT Energy. 

. 2003. Fluorspar. Mining Ann ual Re view 20 03. London: 
Mining Journal. 

International Organization for Stan dardization (ISO). 2004. 
Searched for fluorspar. http://www.iso.ch. Accessed 2004. 

Jasinski, S.M. 2004. Ph osphate rock. P ages 122-123 in Mineral 
Commodity Summaries 2004. Washington, DC: U.S. Geological 
Survey (USGS). 

Kilborn Ltd. and Mineral De velopment Section, Ministry of 
Northern Development and Mines. 1991. Barite and fluorspar in 
Ontario—tesources and options forp  roduction. Industrial 
Mineral Background P aper #16. On tario Ministry of No rthern 
Development and Mines. 








© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Fluorspar 473 





Kilgore, C.C., S.R. Kraemer, and J.A. Bekkala. 1985. Fluorspar 
Availability—Market Economy Countries and China : 
Information Circular IC9060. Washington, DC: U.S. Bureau of 
Mines. 

Lanham, A. 2004. Clear stra tegy—sustainable future. Mining 
Weekly Onlin e. htt p://www.engineeringnews.co.za/min/news/ 
today/?show=45743#. Accessed 2004. 

Liddy, J.C. 1971 . Flu orspar in Australia. 
(January): 34-38. 

Metorex Limited. Undated. Vergenoeg Mining (Pty) Limited. http:// 
www.metorexgroup.com/Vergenoeg.htm. Accessed 2004. 

Miller, M.M. 2001. Fluorspar. Pages 29.1—29.13 in 2000 Minerals 
Yearbook. Volume I, Me tals and M inerals. Washington, DC: 
U.S. Government Printing Office. 

. 2 002. Flu orspar. P ages 28.1-28.11 in 2001 Miner als 

Yearbook. Volume I, Me tals and M inerals. Washington, DC: 

U.S. Government Printing Office. 

. 2003.  Fluorspar. U.S.Geolo gical Survey Miner als 
Yearbook—2002. http://miner _als.er.usgs.gov/minerals/pubs/ 
commodity/fluorspar. Accessed 2004. 

Moorthy, V.T. 1997. Fluorspar supply and demand in India. Paper 
presented at the Industrial | Minerals International Fluor spar 
Conference. Shanghai, China. 

Pecanha, R.M. 2003. Fluorita. Pages 74-75 in Sumario M ineral 
2003. Brasilia, Brazil: Departamento Nacion al de Producao 
Mineral. (In Portuguese) 

Robinson, A. 2003. F ake blood p asses ear ly tests. Los Ang eles 
Times, Costa Mesa Daily Pilot, November 13. 

Roskill Information Services Ltd. 1993. The Economics of 
Fluorspar. London: Roskill Information Services. 

Schneider, G.I.C., and K.G. Seeger. 1990. Flu orite. Min eral 
Resource Series. Open file report MRS 09. Namibia: Ministry 
of Mines and Energy, Geological Survey. 

Shawe, D.R., and R.E. Van Alstine. 1976. Geology and Resources 
of Fluorine in the United States. Professional P aper 933. 
Washington, DC: USGS. 


Australian Mining 








Spada, A. 1969. Il giacimento de fluorite e Bartin a Esalati vo- 
sedimentario. I n ‘F acies’ lacustre, ir itercalato nei sedimenti 
piroclastici della zona di Castel Giuliano, in Province di Roma. 
Industria Minerale 20:501—518. (In Italian) 

Tiberon Minerals Ltd. 2004. Various ne ws releases and 2003 
Annual Report. http://www. .tiberon.com/index.html. Accessed 
2004. 

USBM (U.S. Bureau of Mines). 1955-1994. Fluorspar. In Minerals 
Yearbook. Volume I, Me tals and Minerals. Washington, DC : 
U.S. Government Printing Office. 

USGS (U.S. Geological Surv ey). 1995 —2004. Fluorspar . In 
Minerals Y earbook. Volume I, Metals an d Mine rals. 
Washington, DC: U.S. Government Printing Office. 

Van Alstine, R.E., and P.G. Schruben. 1980. Fluorspar Resources 
of Africa. Bulletin 1487. Reston, VA: USGS. 

Wei, L. 1999. Chinese fluorspar—an overview of production and 
market trends. Industrial Minerals 385: 30-35. 

Will, R. 2004. Shifting trends in fluorocarbons. /ndustrial Minerals 
441:22. 

Will, R., and I. Ishikawa. 2002. Fluorspar and inor ganic fluorine 
compounds. P_ ages 739.1000A—739.1004V in Chemical 
Economics Handbook. Menlo Park, CA: SRI International. 

Will, R., A. Leder, J. Riepl, and A. Kishi. 2001. Fluorocarbon s. 
Pages 543.7000A-54 3.7005C in Chemical Economics 
Handbook. Menlo Park, CA: SRI International. 

Worl, R.G., R.E. Van Alstine, and A.V. Heyl. 1974. Fluorite in the 
United Sta tes—exclusive of Ha waii. Miner als In vestigation 
Resource Map, MR-60. Reston, VA: USGS 

Worl, R.G., R.E. Van Alstine, and D.R. Sha we. 1973. Fluorine. 
Pages 223-2 35 in United States Mineral Resour ces. 
Professional Paper 820. Reston, VA: USGS. 

Zurowski, M. 1972. Barite-fluorite dep osits of Lake Ainslie—an 
appraisal from a ne conomic viewpoint. P ages 318-321 in 
Transactions of the Canad ian Institute of | Mining and 
Metallurgy. Volume 75. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


DE a, A 





aT Ae 


Garnet 


R. Randolph Rapple 


Garnet refers to a group of similar complex silicates that crystal lize 
as rather dense, tough minerals in the isometric system. Because of 
the relative har dness and ab undance in natu reo fso me garnets, 
ancient humans used them as an abrasive material. And the deep red 
color of common garnet created a demand for the mineral as a semi - 
precious gemstone, an imp ortant niche that garn et continues to f ill. 
Today, two members of the garnet group are used as industrial abra- 
sives and in specialized uses as a water filtration medium. 


GEOLOGY 
Mineralogy 


The gener al fo rmula A 3B2(SiO4)3 defines the garnet group. Th e 
most common elements filling the “A” position include calcium, 
magnesium, ferrous iron, or manganese. The “B” position is filled 
with aluminum, ferric iron or , rarely, by chromium or titan ium. 
Although the crystal structure allows for an almost infinite number 
of garnet species to form, in reality, only a half dozen or so garnet 
minerals are commonly found in nature, and only two or three have 
economic significance. 

Table 1 il lustrates the most c ommon g arnet varieties, the ir 
chemical formulas, and some physical characteristics of each. 

Between them, almandine and pyrope form a solid-state solu- 
tion series. Similar series are found—at least o na theor etical 
basis—throughout the garnet group. Evidence from field analyses, 
however, suggests that “pure” examples of any of the garnets are 
extremely rare. 

Of the minerals listed in T able 1, only the almandine—pyrope 
and the andradite—grossular ser ies are common in nature. Minerals 
of the former series c onstitute nearly all of the garnet mined for 
industrial applications. Locally, smaller quantities of an dradite are 
produced for select markets. 

Hardness and specific gravity are the key physical properties 
that create ut ility for g arnet gr ains and po wders in industrial 
applications. 


Modes of Deposition and Occurrence 


Members of the p yrope—almandine-spessarite so lid sol ution (the 
pyralspite series) are common accessory minerals in acid ig neous 
and metamorphic rocks in nearly all ancient terranes worldwide. 
Garnetiferous schi sts and g neisses are abundant int he cratonic 
cores and surrounding deformed belts. The garnet minerals occur as 
discrete grains scattered throughout the host f ormations and also 
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Table 1. Garnet types and properties 





Mohs Specific 
Mineral Formula Color Hardness Gravity 
Pyrope 3MgO2Al203°3SiO2 Deep red 6.5-7.5  3.5-3.8 
Almandine 3FeO*AloO3¢3SiO2 Dark red/brown 75+ 3.9-4.2 
Spessartine 3MnOeAl2O3°3SiO2 Brownish red 7.0-7.5 4.1-4.3 
Uvarovite 3CaOeCr203°3SiO2 Green 75 3.4-3.5 
Grossular 3CaOeAl203°3SiO2 Pale green 7.0 25-357 
Andradite 3CaO*Fe2O3°3SiO2 Brownish green 6.5-7.0 3.7-3.8 





occur as associated v eins and pod- like masses. The hardness and 
resistance to chemical attack ensure that the garnet crystals survive 
the erosional process and are concentrated with other heavy miner- 
als in stream placers, or in marine bar and strand deposits. 
Members of the grossular—andradite solid solution (the ugran- 
dite series) are enriched in calcium and often are formed as a result 
of contact or regional metamorphism of limestone-bearing terranes. 
The most important such occurrences ar e contact skarn deposits in 
which many sulfide mining districts are found. The garnet minerals 
in skarn deposits of ten crystallize as platy replacement bodies; dis- 
crete crystal forms are less common than in the pyrope—almandine 
deposits. Although concentrated in very large deposits, the lack of 
markets for an dradite and grossular limits production to a few iso- 
lated locations, usually as a by-product of other mining operations. 


Distribution of Major Deposits 


In the United States p yrope—almandine g arnet is foun din man y 
locations whe re o Ider cry stalline an d me tamorphic rocks oc cur; 
similar deposits are known in many areas of the Canadian Shield. A 
few of the more important occurrences are described in this section. 
Most of the garnet produced in North America comes fr om three 
unique deposits: 

¢ The Barton Ruby Mountain mine, a hard-rock mine in New 

York 


¢ The WGIE merald Creek mine, a st ream placer in northern 
Idaho 
¢ The NYCO wollastonite mine in New York, where andradite 
is produced as a by-product 
Each location serves a different market, and the relative value of the 
garnet production cannot be compared on a tonnage basis. In recent 
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years, domestic producti on in the United States and Can ada has 
been supplemented by imports fr om Australia, I ndia, and, to a 
lesser extent, South Africa and China. The increased use of imports 
largely reflects the econo mics of mining and transpor tation rather 
than insufficient domestic reserves. 


United States 


California. Large tailings, rich in andradite, are found in the 
tungsten mining areas on the eastern Sierra front. Skarn-type occur- 
rences are common, but none were developed successfully. 

Maine. A high-grade deposit of almandine garnet is located 
near the town of Rangely, in western Maine. The host rock is prob- 
ably a granofels (ande sine pl agioclase wi thal ittle quart z and 
biotite) that lo cally contains m ore tha n50% garnet c rystals. 
Reserves are likely to exceed several million tons, but commercial 
development has stalled because of concerns over quartz content in 
the deposit and the availability of lower-cost resources elsewhere. 

New York. The Barton Mines Company operates a well- 
established hard-rock mine on Ruby Mountain in Warren County. 
This area is famous for the size and purity of the pyrope—almandine 
crystals found in metamorphic a nd igneous rocks there. Many of 
the garnet crystals have a reaction rim of black hornblende, giving 
the rock an unusual appearance. 

Garnet from the Barton operation exhibits a strong laminar 
pattern that allows the grains to fracture along predictable planes, a 
trait that improves performance in certain abrasives’ applications. 

Similar local concen trations of almandine occur througho ut 
the region, but development is hindered because of their location in 
Adirondack Park and because of high operating costs relative to 
other garnet deposits. 

Less than 100 miles (167 km) northeast of Ruby Mountain, the 
NYCO mine produces andradite as a by-product _ of high-quality 
wollastonite, which is used in plastics and ot her app lications. 
Limited quantities of the andradite are used as ahi _ gh-density 
water filtration medium. 

Idaho. The Emerald Creek mine in Fernwood is located about 
90 miles (150 km) southeast of S pokane, Washington. Under vari- 
ous owners for nearly 40 year s, the mine currently iso wned by 
WGI Heavy Minerals Inc. 

Almandine garnet is eroded from a thick mica schist in the 
nearby highlands. Mountain streams transport, concentrate, and 
deposit the garnet in placer gravels, which average 1.0 to 1.5 min 
thickness and average 10% to 15% garnet by weight. 

Montana. Several alluvial andradite deposits have been iden- 
tified in th e Ruby Ri ver drainage system near Dillon. | Archean 
schists and gneisses in the Tobacco Root and Greenhorn mountains 
are the source rocks for the garnet. At Alder Gulch, garnet has been 
recovered from local gold-mine tailings. The garnet-bearing allu- 
vium is about 10 m thick and has a garnet content of less than 5%. 

When lower-cost im ports fro m India and Australia became 
available, the Montana de posits suffered in the marketplace, and 
none are currently active. 

Southwestern United States. Andradite g arnet associated 
with local skarn deposits is found in a number of mining districts in 
the western states. One deposit near Las Vegas, Nevada, was tested 
for possible use in Southern California markets, and a deposit near 
Carlsbad, New Mexico, currently is being evaluated. The andradite 
deposits generally are not well suited to supply garnet for abrasive 
blasting, and they must c ompete with lower-cost imports in many 
locations. 

Eastern United States. Almandine garnet occurrence s are 
found throughout the eastern United States in crystalline and meta- 


morphic regions along regional orogenic belts and mountains. Sev- 
eral of these were in production briefly in the late 19 th and early 
20th centuries, but none currently appear to have potential. Most of 
these occurrences are described in local “rock hound” literature. 


Australia 


Australia is the world’s leading garnet producer. At the GMA Gar- 
net Ltd. mine, located ab out 100 km north of the West Australia 
port city of Geraldton, the deposit is an almandine-rich, elevated 
beach bar or strand line occurrence amenable to low-cost, open-pit 
mining methods. An associated dune field also is enriched in g ar- 
net. The GMA deposit is the result of tw o cycles of erosion and 
deposition, and, as a result, the garnet grains are well rounded and 
well sor ted—traits tha t ma ke the g arnet espe cially attractive in 
many markets. 

Small amounts of almandine are produced as a by-produ ct at 
the Cable Sands heavy minerals operation in W estern Australia. 
Several other alluvial and hard-rock garnet occurrences are known 
in Australia, but none are currently in operation. 


South Africa 


Fine-grained alluvial almandine garnet is produced as a by-product 
at the Richards Bay hea vy minerals complex on the northeastern 
coast. Although somewhat limited in available size grades, the gar- 
net is suitable for some markets and is exported to Europe. 


Canada 


Canada contains well over 100 known garnet occurrences, but none 
of these are in commercial operation because of their low grade and 
anticipated high mining costs. Nonetheless, several continue to be 
reevaluated. Chief among these are the following: 
¢ Hutton Str and—ad eposit ine xtreme no rthern Labr ador, 
where almandine concentrations in beach terrace deposits are 
similar to deposits in India and Australia. 
* Crystal Peak—an andradite deposit in Brit ish Colum bia 
where a very high grade, large deposit has been isolated. 
¢ Stralick—an almandine-rich metasomatic structure located near 
Sudbury. Its low grade has restricted commercial development. 
¢ Mattawa—although several almandine deposits are located in 
the Mattawan Township, low grades and the high cost of hard- 
rock mining preclude development. 


India 


Almandine is acommon constituent of both the granitic rocks of 
the interior highlands and of the heavy mineral beach and stream 
deposits found alo ng the southern and eastern coas ts. India has 
become a major w orld supplier of garnet for intern ational markets 
because of its low production costs and its easy access to marine 
transport. Major producers include the following: 

¢ V.V. Mineral —Tamil Nadu State 

¢ Transworld Garnet—Tamil Nadu State and Andhra 

State 
¢ Beach Minerals—Tamil Nadu State 
¢ Indian Rare Earths—Tami Nadu State 


China 


China apparently has significant reserves of almandine garnet, but all 
of the dep osits disco vered to d ate have been hard rock in natu re. 
While low labor costs benefit the Chinese producers, the limited mar- 
ketability of hard-rock garnet and the high cost of inl and and distant 
ocean transport have restricted access to commercial markets. 


Pradesh 
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Europe 

Several garnet deposits have been evaluated over the years, includ- 
ing several small alluvial deposits in southwestern Europe and sev- 
eral hard-rock deposits in northern and eastern Euro pe. As of this 
writing, there are no active deposits on the European continent. 


EXPLORATION AND DEVELOPMENT 


Almandine-—pyrope garnet is among the most co mmon accessory 
mineral found in acidic igneous terranes and in common metamor- 
phic and me tasomatic rock assemblages. Its high specific gravity, 
hardness, andr esistance to b othc hemical and phys ical a ttack 
ensure that garnet grains survive even the most ener getic geologic 
environments to f orm recognizable alluv ial conc entrations. Th e 
durability of the grain makes it a useful indicator mineral for other 
minerals (e.g., diamonds). 

Exploration f or ne w almandin e—pyrope g arnet follo ws th e 
usual pattern of terrane recogni tion based on gene ral geological 
characteristics associ ated with acidic igneous and metamorphic 
rocks—and the presence of the minerals themselves. Standard tech- 
niques of stream sedi ment sampling for h eavy mineral concentra- 
tions and g eologic mapping are important. In addition, areas 
containing garnet and ha ving good access are well doc umented 
because of their long history of garnet production both as a natural 
abrasive and as an attractive gemstone. 

Exploration for andradite and grossular garnet has taken a dif- 
ferent route. Prospectors unfamiliar with the demands of the mark et- 
place for the almandine—pyrope varieties have explored for andradite 
bodies in kno wn areas of skarn- type mineralizati on, and so most 
“new” andradite deposits are actually tailings piles from older mining 
operations. The only significant andradite production in North Amer- 
ica is a by-product at the NYCO w__ ollastonite mine in Ne w York, 
where a portion of the output is sold to a niche filtration market. 

Development programs typically involve delineation of su ffi- 
cient resourc es to justi fy ac quisition of min eral title and mining 
rights and anticipated capita 1 spending. Sampling programs 
designed to ensure grade quality and to determine the dimensions 
of the deposit are critical; they are usually site specific and are a 
response to the mark et. The de velopment activities of a small pro- 
ducer operating on a beach in southern India, therefore, will differ 
radically from those of a large integrated heavy minerals producer 
operating in Western Australia. 

It is acommon requirement for operators to produce bulk sam- 
ples for commercial testing ande valuation prior to finalizing mine 
planning and processing design. In so me cases, b ulk samp les may 
exceed several thousand tons. De velopment plans also include t he 
creation of channels for sales and distribution. 


MINING AND PROCESSING 


Mining methods for the extraction of garnet vary depending on the 
geologic environments responsible for the host rock. At hard-rock 
locations, such as the Barton mine in northern Ne w York, open-pit 
methods have been employed for decades. In China, hard-rock min- 
ing may consist of more primitive methods including hand mining. 

Garnets are extracted and processed more easily from alluvial 
deposits. For example, at the Emerald Creek mine in Idaho, garnet 
is recovered from stream gravels from slots cut by backhoes or 
small draglines. The se gra vels a re pa ssed throu gh a tra mmel to 
reject the oversize, and garnet is concentrated on large wet-jigging 
tables. The garnet is then shipped to the mill for f inal processing 
and packaging. 

Beach deposits, such as those mined in Western Australia and 
in southern India, lend themselves to low-cost earth-moving tech- 
niques using scrapers and bulldozers to cut and e xcavate benches 


parallel to the trend of the beach and/or bar deposit. Because man- 
ual labor remains central to the operator’s community responsibility 
in India, mechanized mining pro vides only a portion of the mine 
activity there. 

In general, processing involves separation of the heavier garnet 
from lighter gangue minerals and the further separation of garnet into 
discrete size classes de signed to meet the needs of specific markets. 
Following crushing (which is determined by the nature of the specific 
deposit or the market served), ores typically are washed to segregate 
material by specific gravity. Most operators employ traditional spiral 
classifiers for t his step, some in conjunction with hydrosizers. At 
least one company uses flotation methods for the separation of garnet 
from heavy nonmagnetic fractions. Concentrates are dried and then 
sorted by both high-intensity magnetic and elect rostatic separators. 
One producer that markets very fine grades for precision grinding 
and polishing markets also relies on wet-separation tec hniques for 
quality control. Final separation yields a product exceeding 95% gar- 
net min erals, which usually contains less th an 0 5% q uartz by 
weight. The final production step is dr y screening and classifying 
into marketable sizes, then packaging for sales and distribution. 


GARNET MARKETS AND TECHNICAL CONSIDERATIONS 


The market for almandine—pyrope-type garnet for use in abrasives 
is probab ly thousands of years old. In ancient times, garnet is 
thought to have been substituted for emery (cor undum), and its 
unique physical properties established it as the abrasive of cho ice 
for certain precision applications. These factors led to the develop- 
ment of a “high end” spec ialized abrasi ves business, w hich was 
served by a fe w well-established suppliers that shipped product to 
markets throughout the world. 

Some of these market characteristics are still in place today, 
but the deman ds of garnet markets have evolved in several direc- 
tions. The mark ets of the 21st ce ntury bear little resemblance to 
those of the 20th, and the 1990s saw profound changes that con- 
tinue to shape the productio n and sales of g arnet. Because few 
deposits contain either the grain sizes or other characteristics neces- 
sary to serve all mark ets efficiently, production has become seg- 
mented. Overdevelopment in the 1990s created oversupply in many 
markets; it most likely will take many years for market demand to 
catch up to worldwide production capabilities. 

For the purpose of this re view, garnet markets can be divided 
into two broad cate gories: traditional high-end, technical applica- 
tions that formed the early basis of the industry; and less technical, 
higher-volume markets for loose-grain material that forms the basis 
of the current market. Each is described in the next two sections. 


Technical Uses 


Coated and bonded abrasives (e.g., sandpaper and grinding wheels) 
using angular crushed grains of almandine have been in the market 
for generations. With the advent of harder, more aggressive media 
(e.g., aluminum oxide), these products have evolved into narrower, 
more specialized applications, but they retain an important niche in 
the manufacturing and woodworking sectors. In the late 1800s, the 
New York almand ine products opened up th is mark et and today 
continue to do minate the supply. The unique ability of New York 
garnet to fracture and break along parallel parting planes gives it an 
advantage over competing materials. 

Finely crushed and pulverized almandine is processed and pre- 
cisely sized to make optical glass polishing and lapping compounds. 
Historically, this market sector also was dominated by material from 
the New York deposits, but as television picture-tube manufacturing 
has grown in the F ar East, almandine po wder plants were estab- 
lished in Australia, India, and China. The advent of flat-screen TVs 
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has al tered this ma rket significantly. In recent years, ma ny tradi- 
tional TV plants ha ve closed, and, as aresult, the garnet suppliers 
have closed or restricted operations accordingly. 

Demand from the coated and bonded ab __rasives market is 
expected to re main flat orto decrease slightly inc oming years. 
And, ast he use of flat screens forTVs becomes the staple, the 
demand for garnet powders is expected to continue its decline. 


Loose-Grain Applications 


Almandine-—pyrope garnet currently fills three loose-grain applica- 
tions: (1) abrasive blast media, (2) abrasive grains for water-jet cut- 
ting, and (3) a high-density medium in water filtration. 


Abrasive Blast Media 


In abrasive blast cleaning (i.e., sandblasting), grains of abrasives 
are accelerated under pressure to impact and clean a surface prior to 
application of a protective coating system. Abrasive blasting is gen- 
erally thought to be the most efficient and cost-effective means of 
preparing surfaces prior to painting. The process yields a clean, 
roughened surface to which coatings will bond. 

The physical traits of garnet are t he basis fori ts use as a 
blasting abrasi ve in certa in mark ets. The chara cteristics of the 
selected abra sive—grain size, shape, hardness, mass, chemical 
content, and even color—all have a bearing on efficiency and per- 
formance. Specific jobs may call for relatively large angular grains 
that can cut through t hick coatings and layers of rust. Other jobs, 
such as the removal of mill scale on ne wly manufactured steel, 
require the use of hard, durable grains that are more rounded and 
smaller in particle size. 

Abrasive blasting isa means of transferring kinetic en ergy 
from the abrasive to the surface being cleaned. As such, the specific 
gravity—the mass, in this case—is the most important characteris- 
tic of ga ret. Heavier blast media carry more energy than lighter 
media and therefore should create a superior blasting agent. Th e 
specific gravity, however, must be balanced with the air stream’s 
ability to ac celerate the ab rasive. Lo w-pressure air stre ams or 
media that are too heavy will not produce the d esired effect. Gar- 
net’s relati vely high specif ic gra vity (4.0) has signif icant kinetic 
energy but makes it too heavy for low-pressure blasting. 

Lastly, abrasive blasting can be a disruptive and dusty process. 
Some minerals used as alternative blast media have known associ- 
ated health risks for the operator and create potential environmental 
problems on disposal. Because most garnet abrasives probably con- 
tain no heavy metals and less than 0.5% free silica, this is beneficial 
in the abrasives blasting market and has aided in the increased use 
of garnet blasting media over the past decade. 

When properly prepared, the use of almandine—pyrope grains 
can overcome most of the apparent problems associated with other 
blasting media. This min eral series is hard enough to meet most 
needs and durable enough to mini mize problems with dust at the 
blasting site. In North America, where low-cost silica sand is stil] 
the most widely used blasting medium, garnet has earned a small 
share of the market. Higher costs—three to four ti mes more than 
competing materials—has prevented greater market penetration, so 
a sophisticated cost/p erformance analysis must be completed in 
most cases. Although many blasting contractors do not reco gnize 
the value of garnet, in countries where silica sand is banned or 
restricted, garnet has earned a more significant market share. 

Use of andradite and grossular garnet as blasting media is 
rare. The less durable nature of andradite, becaus e of its crystal 
structure, causes rapid breakdo wn and_ dusty conditio ns during 
blasting. It offers little technical advantage over the use of 1 ower- 
cost media. 


Abrasive Grains for Water-Jet Cutting 

Water-jet cutting is the process of combining water under ultrahigh 
pressure with entrained garnet grains to cut a wide range of materi- 
als ranging from soft leather and fabric to hard steel, titantum, and 
other metals. It is possible to carve extremely complex shapes with 
computer-assisted cutter control. Water is first focused into a tight, 
restricted stream (usually about 0.010 in. [0.25 mm] in diameter) by 
passing it through a ruby or diam ond orifice. The stream then 
passes through a mixing chamber and focusing tube. Although gar- 
net is introduced in the mixing chamber where it begins to mix with 
the water stream, most mixing occurs in the focusing tube. The gar- 
net-laden water stream exits the tube at v ery high v elocity and is 

directed at the item to be cut. Almandine—pyrope garnet is excellent 
for this application as it strikes the necessary balance between cut- 

ting productivity and equipment wear. 

Development of the w ater-jet ma rket be gan slo wly in the 
1980s and early 1990s, but it has grown at a faster rate in the past 
15 years. Future growth is expected to remain steady as use of this 
technology expands in e xisting areas and enters new applications 
that require an entrained flo w of ab rasives (garnet) in the w ater 
stream to cut metal, plastics, and glass. Abrasive water-jet cutting 
provides a tool for manufacturers faced with the task of cutting new 
materials such as com posites and sandwiched materials that pre - 
sented spec ial machining problems in the past. Water-jet cu tting 
also allows for flexibility and eliminates the need for flame cutting. 
For example, when cutting fragile materials or intricate patterns in a 
work piece, abras ive w ater-jet cutting significantly decreases the 
amount of distortion or breakage. 


High-Density Medium in Water Filtration 


Water filtration is the third market segment for loose-grain garnet. In 
this applic ation, garnet—either almandine— pyrope or andradite— 
grossular—replaces common sand or gravel in the filter system. Sand 
filters trap and collect particulate matter in natural, municipal, or pro- 
cess waters. The use of garnet in the system provides a high-density 
layer that can be maintained after routine system backwashing. The 
relative high density of garnet allows for more rapid filtration rates 
and for more efficient backwashing. In addition, the durability of the 
garnet permits an extended life-span for the filter bed. 

Besides its high density, the value of the garnet in water filtra- 
tion lies in its availability in specially graded gravels, its resistance 
to chemical attack, and its tenacious nature. The disadvantage of 
garnet as af iltration medium is its higher installation cost when 
compared with lower-cost silica sand. Highly cyclical, this market 
application for garnet is presently considered to be flat. In addition, 
there is concern that new filtration techniques will erode the future 
demand for garnet in this market. 


Standards for Garnet Applications 


Minimum quality and te chnical standards are established for each 
garnet application. Althou gh there are no national standards for 
loose-grain abrasives used in bl ast cleaning and w ater-jet cutting, 
the ma rketplace ef ficiently eliminates ma terials that perform 
poorly. Efforts to impose narrow screening limits on garnet produc- 
ers have f ailed because—unlik e manuf actured prod ucts—mine 
operators are limited by the nature of the deposits. F or example, 
beach sand deposits cannot provide coarse, angular garnet if none is 
present in the natural sand deposit. 

Nonetheless, the industry has established some specif ica- 
tions and guidelines that affect the producers. Some of these are 
the following: 

* California Air Resources Board—certifies blasting abrasives 

(CARB, undated) 
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MIL-A-22262B—U:S. military ab rasive specification (DOD 

1996) 

¢ SSPC ABM-1—in dustry trade group specif ication (SSPC 
1989) 

¢ ANSI B74—U.S. Coated Abrasive Standard (ANSI 1992) 


¢ ISO 9001—International Or ganization for Standardization 
quality control protocol (ISO 2000) 


¢ B100-01—American Water Works Association filter standard 
(AWWA 2001) 


Most of these do not prevent a mining company from entering and 
serving targeted markets. Because of the inherent nature (or geolog- 
ical character) of the deposit, however, some mines are better suited 
to meet certain specifications. For example, the military specifica- 
tion for blasting abrasives imposes a limit of 1.0% crystalline silica 
(quartz), but this generally is not a problem for garnet producers. 
Table 2 sho ws the size ranges of the most impo _rtant garnet 
grades. Because there are no i ndustry-wide standards, the ranges 
are subject to the capabilities and interests of individual producers. 


PRICING AND FUTURE TRENDS 


Over the last decade, garnet prices have declined in all markets. Infla- 
tion and increased logistics costs have contributed further to reduced 
returns for producers. This is the result of at least two economic fac- 
tors. First and foremost, supply has grown at a much faster rate than 
has demand. Second, oversupply of f ine grades has stimulat ed dis- 
counting in attempts to equalize demand at individual mine sites. As 
of this writing, this strategy has failed. Pricing in each mark et varies 
widely depending on the ty pe of g arnet, the g rade r equired, the 
amount ordered and shipped, and the type of p ackaging. The esti - 
mated values of several key garnet products around the world (in U.S. 
dollars, free on board [f.0.b.] bagged) are as follows: North America, 
$125 to $600; India, $60 to $120; and Australia, $90 to $145. 

Pricing at the user location is affected further by transporta- 
tion costs, w arehousing and dist ribution e xpenses, and premiu m 
pricing for small-lot orders. Real price increases, which were fore- 
cast in the 1990s, will continue to be delayed until excess capacity 
is absorbed or a ne w use for garnet causes a si gnificant change in 
the pattern of demand. 

Demand for garnet in both blas ting and water-jet cutting was 
one such benchmark event. The next possible sur ge in demand for 
garnet could come from the tightening of environmental regulations 
and industrial hygiene requirements in the United States and Can- 
ada. Concerned groups in both countries have questioned the wide- 
spread use of metallurgical slags as abrasives. Trace metals found 
in these slags may constitute an environmental and/or health risk. 
On the other hand, slags continue to be the second lar gest provider 
of blasting abrasives in the United States—tight behind silica sand. 
Thus, it is highly unlikely that any legislation of consequence will 
be passed in the foreseeable future. In addition, some U.S. authori- 
ties have considered changing regulations governing the allowable 
exposure limits fo r crystalline silica in the workplace. For further 
discussion on the controversy and regulations pertaining to respira- 
ble silica dust, refer to th e chapter on Industrial Sand and Sand- 
stone. 

With increased defense spending, blast cleaning in shipbuild- 
ing and aircraft manufacturing is predicted to increase over the 
next few years, as is oil-drilling pipe cleaning, the result of more 
oil-field exploration drilling. 

Garnet markets likely will continue to e xhibit the basic tw o- 
tiered quality classification that has developed over the last 15 years. 
Applications demanding superior levels of product quality will con- 
tinue to f ind material a vailable at premium pr ice le vels. Those 


Table 2. Size ranges of selected grades of garnet 





Use U.S. Mesh Micrometers 
Blast Media 
X-Coarse 16 x 20 1,200/840 
Coarse 20 x 40 840/420 
Medium 30 x 60 600/250 
Fine 60 x 100 250/150 
Jet-Cutting Media 
Coarse—Demolition 40 x 60 420/250 
Standard 60 x 80 250/180 
Fine 80 x 100 180/150 
Filter Media 
Coarse 12 x 20 1,700/840 
Fine 40 x 60 420/250 
Other Uses 
Grains 36 through 280 


Powders 320 through 1,600 





applications that are less demanding will be serv ed by the lo wer- 
cost, less technical products. 


ALTERNATIVE MATERIALS AND MINERALS 


Garnet is a substitute for other minerals or manufactured products in 
key areas of application. In abrasive blasting, it is a highercost/high- 
performance substitute for silica sand and slag. Manufactured abra- 
sives such as aluminum oxide and steel grit offer the user alternative 
media at higher costs, but at levels of cutting productivity superior to 
those of silica sand and slag or at greatly reduced rates of material 
consumption throu gh recycling. The user is presented with a wide 
range—if not confusing array—of choices. In the U.S. market, the 
mineral staurolite is yet a third choice. Produced as a by-product at 
titantum mineral mines in northern Florida, f ine-grained a Iuvial 
staurolite is packaged a ndm arketed aggressively asalo w-cost 
(<US$100 f.0.b. per ton) alternati ve to silica sand and slag. The 
small grain size makes it ideal for preparation of new steel but limits 
its application in more rigorous maintenance painting programs. 

In water filtration, g arnet is a substi tute for c ommon silica 
sand and gravel. Its use as a high-density mineral can be mimicked 
by any mineral ha ving a suf ficiently high specific gravity. Other 
products such as specular hemati te, magnetite, ilmenite, plastics, 
and iron slag are used with varying success. 

Almandine—pyrope garnet has proven to be the best choice for 
use as a water-jet cutting medium. It is hard enough (Mohs hardness 
of 7.5+) to ensure the efficient cutting of most industrial metals, but 
not hard enough to cause sign ificant levels of equ ipment wear. Its 
specific gravity seems just right for this application while still pro- 
viding maximum energy transfer. Also, producers have worked hard 
to meet the specifications for the water-jetting application in provid- 
ing clean, well-graded products around the world. Nonetheless, 
research for an effective substitute for garn et is ongo ing. Although 
media such as aluminum oxide or other manufactured “super” abra- 
sives can increase cutting speed greatly, this is more than offset by 
increased component wear . Materials an d forming sciences are 
working together to seek a superior tube construction that will allow 
the use of these more aggressive abrasives. If this is accomplished, it 
will have significant consequences for garnet suppliers. 

Garnet’s othe r sp ecialized use as coa ted abr asives f or f ine 
woodworking and f inished polishing po wders and lapping com- 
pounds seems to be a stab le, if some what mature, market. Quartz 
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sand, silicon carbide, and fused aluminum oxide are alternatives to 
garnet in these applications. 
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Bryce T. Tripp and Earl R. White 


INTRODUCTION 


Gilsonite, a naturally occurring solid hydrocarbon of the asphaltite 
group, is found in commercial quantities in the Uinta Basin of 
northeastern Utah, in Uintah a nd Duchesne counties. Gilsonite 
occurs in a subparallel set of stra ight, linearly con tinuous, vertical 
veins in a northwest-southeast trending zone approximately 100 km 
long by 50 km wide (Figure 1). The veins are an integral part of the 
hydrocarbon-rich Uinta Basin, which also contains oil shale, coal, 
tar sand, and other solid hydrocarbons, including wurtzilite, tabby- 
ite, and ozokerite. 


Definitions 


Gilsonite occurs in diss eminated blebs and in dikes (veins), sills, 
and fracture fillings, often in association with oil shale or bitumi- 
nous deposits (tar sands). Gilsonite has a _ dull, black, coal-lik e 
appearance on weathered surfaces and a shiny, black, obsidian-like 
appearance (Figure 2) on a fresh, conchoidal to hackly fracture sur- 
face. A small amount of Gilsonite in deep parts of some veins is in 
a semisolid state or in the form of a liquid ooze. Gilsonite solidifies 
with increased 0 xidation of its or ganic compounds and loss of 
hydrogen (Hunt 1963). Industry at one time def ined three major 
subdivisions of Gilsonite based on appearance and fusing tempera- 
ture: selects, seconds, and jet. Selects material is very shiny, fuses 
from 149°C to 168°C, and tends to occur in centers of v eins. Sec- 
onds are somewhat duller than selects, fuse from 152°C to 183°C, 
and tend to occur along vein margins, sometimes with a columnar- 
jointed, “pe ncillated” t exture. Pe ncillated te xture forms at rig ht 
angles to vein walls and penetrates about 15 cm into the ore. Gilso- 
nite also has flak y or scaly te xture in some ocalities. A third, 
unusual variety called jet Gilsonite has a brilliantly shiny surface, is 
bluish black, and fuses from 199°C to 230°C (Abraham 1960). It 
was found only in the Cowboy vein. Gilsonite is now classified by 
fusing temperature in to five ranges, which are used i n dif ferent 
applications and sell for different prices. Gilsonite from different 
veins or different parts of veins is sometimes mixed to ac hieve a 
product with a specific fusing temperature range. 

Gilsonite was named after Samuel H. Gilson. He was not one 
of the original disco verers of Gilsonite, but became linked to the 
material throu gh his enthusiastic search for its uses and mark ets, 
and local people be gan referring to the material as Gilsonite rather 
than by its scientific name, uintahite (Kretchman 1957; Covington 
1964). The name Gilsonite was further solidified in common usage 
when a mining company adopted and trademarked the name. 


48] 


In the late 1800s, people were uncertain about the exact nature 
of Gilsonite and whether it was asphaltum, coal, or mineral w ax. 
Samples were shipped to several scientists during the 1860s to early 
1880s for examination. Henry Wurtz (1869) described a sample in 
the Columbia College Sch ool of Mines col lection and n oted the 
similarity of this material to the grahamite that occurs in dikes in 
Ritchie County, West Virginia. Blake (1890) examined this same 
sample and determined it to be ui ntahite, an asphaltite that he had 
described in an earlier scientific paper (Blake 1885). 


Properties 


Physical and c hemical characteristics of Gilsonite (T able 1) are 
important both for differentiating among asphaltites and determin- 
ing its industrial applications. 


Hydrocarbon Classification 


Gilsonite is classified asa member of t he aspha Itite group of 
hydrocarbon bitumens. A wide range of naturally occurring solid 
hydrocarbons are somewhat similar in appearance, occurrence, and 
properties. Scientists be gan describing these materials and devel- 
oping schemes to differentiate between them more than 100 years 
ago. Herbert Abraham (1960) developed a system atic cla ssifica- 
tion scheme f or h ydrocarbons ba sed on ph ysical and ch emical 
characteristics such as sol ubility, physical st ate (solid or 1 iquid), 
fusibility, and oxygen con tent. Hunt (1 963) slig htly mo dified 
Abraham’s classif ication system . Ki ng, Goodspeed, and Mont- 
gomery (1963) devised a classif ication scheme starting with the 
geologic origin of the hydrocarbon. Hunt (1979) combined aspects 
of the Abr aham classification and the King, Goo dspeed, an d 
Montgomery cla ssification, dele ted petroleum from the schem e, 
and subdivided some of the hydrocarbons based on their hydrogen- 
to-carbon ratios (Figure 3). Other pr oposed variations have been 
published in Rogers, McAlary, and Bailey (1974), Jacob (1 983), 
Curiale (1986), and Cor nelius (1 987). Curiale (1986) discounted 
the pre dominantly physica I/chemical approach and emphasized 
classification by molecular and bulk maturation data. Jacob (1983) 
emphasized the use of petrographic data in classifying solid bitu- 
mens. Hunt’s (1963) classification scheme is commonly accepted 
and is easy to apply using basic laboratory test data. 


Development History 


Crawford (1957) and Reming ton (1959) carefully su mmarized the 
fragmentary early history of Gilsonite discovery and development; 
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Figure 1. Gilsonite vein locations, industry facilities, and some geologic information for the Gilsonite field, Uinta Basin, Utah 

















Courtesy of AGC. 
Figure 2. Sample showing luster and fracture of an unweathered 
Gilsonite sample (about 12 cm in diameter) 


the following information is largely derived from their reports. Ute 
and o ther Nati ve American tr ibes kne w about the Uinta Basin 
Gilsonite and possibly used this material, but the first documented 
use of Gilsonite was in 1868 by John Kelly at the U.S. government 
Whiterocks Indian Agency. Kelly, the agency bl acksmith, a sked 
local Na tive Ame ricans to he Ip him find c oal for his for ge; the 
Native Amer icans col lected G ilsonite, probably fro m the nearby 
Carbon vein, and brought it to him. When added to the forge, the 
flaming, molten Gilsonite ran out of the forge and nearly b urned 
down the building (Remington 1959). 


Though many prospectors were in volved in the early discov- 
ery of Gilsonite veins, two individuals deserved the most credit for 
the early development of a Gilsonite industry. Samuel H. Gilson 
and Bert Seaboldt inde pendently became interested in Gilsonite in 
1885 and 1886, respectively. The y formed a p artnership in 1 886 
with other Utah business and mining entrepreneurs, and then incor- 
porated on June 11, 1886, to de velop seven mining claims on the 
Carbon vein that Seaboldt had staked on January 9, 1886. Both Gil- 
son and Seaboldt were enthusiastic promoters of this h ydrocarbon 
material, but Samuel Gilson (a fl amboyant sheriff, rancher, horse 
trader, and inventor) captured the imagination of local residents 
while promoting the material, so they jokingly called the material 
Gilsonite. The name Gilsonite became even more established when 
Gilson, as a jest, offered his new partners one dollar if they would 
name the material and company after him. They agreed and named 
the comp any the Gilsonite Manuf acturing Compan y and trade- 
marked the name Gilsonite for the material. 

An impediment to further de velopment was that the claims 
were located on Ute t ribal lands and, therefore, were technically 
invalid. Seab oldt and partners lobbied the U.S. C ongress w ho 
agreed to remo ve the Carbon vein from the reserv ation if the 
Native Ameri cans w ould agree to sel | the land. In September 
1888, the Utes rat ified an agr eement relinquishing 2, 800 ha of 
land around the Carbon vein in exchange for a payment of $49/ha. 
The Gilsonite Manufacturing Company mined and shipped about 
2,700 Mt of Gilsonite from the Carbon vein in 1888 that sold for 
$88/Mt. 

A few years of rapid property consolidation followed, which 
are well documented by Kretchman (1957) and Cra wford (1957). 
Gilson an d partners continued to stake and purchase additional 
claims. Gilson and S eaboldt also became associated with Charles 
O. Baxter, a mining engin eer from St. Louis, Missouri. Baxter 
incorporated the St. Louis Gilsonite Company on June 16, 1887, 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Gilsonite 483 





Table 1. Physical and chemical characteristics of Gilsonite 





Characteristic Value Source 
Color* Black 
Fracture" Conchoidal to hackly 
Luster” Bright 
Streak Brown Abraham 1960 
Hardness, Mohs scale 2 Abraham 1960 
Specific gravity, g/cc 1.03-1.10 Abraham 1960 
Bulk density, kg/m? 641 Ziegler! 2004 
Solubility in CS2, % 98 Abraham 1960 
Solubility in petroleum 10-60 Abraham 1960 
naptha, % 
Carbon, wt % 85-86 Abraham 1960 
Hydrogen, wt % 8.5-10 Abraham 1960 
Sulfur, wt % 0.22-0.53 Bell and Hunt 1963 
Nitrogen, wt % 2.25-3.29 Bell and Hunt 1963 
Oxygen, wt % 1.5 Wen, Chilingarian, 
and Yen 1978 
Refractive index 1.59-1.64 Bell and Hunt 1963 
H:C ratio 1.42-1.47 Bell and Hunt 1963 
Fusing (softening) point, °C 161-230 AGC 2004 
(ring-and-ball method) 
Moisture content, wt % 0.5 Ziegler 2004 
Heating value, J/kg 4.2 x 109 Ziegler 2004 
Specific heat, 168°C 0.52 Ziegler 2004 
Penetration, 28°C 0-3 Ziegler 2004 
Porphyrin content, wt % 0.004-0.03 McGee 1956 


(nickel complex) 


Molecular weight 8,130-12,300 Dickie and Yen 1967 


Saturated hydrocarbons, wt % 2.4-2.8 AGC 2004 
Asphaltenes, wt % 56.7-76.2 AGC 2004 
Resins (maltenes, wt %) 21.0-26.7 AGC 2004 
Volatile matter, wt %, dry, 75.2-86.5 AGC 2004 
ash-free basis 

Fixed carbon, wt % 13.8-18.6 Hunt 1963 

Ash, wt % 0.3-0.7 AGC 2004 
Resistivity, ohm-m 1.9 x 1010 Neel 1980 

Reflectance, % RM 0.11-0.13 Jacob 1983 





* Readily observable characteristic; no source required. 
t Ziegler = Ziegler Chemical & Mineral Corporation. 


with Samuel Gilson apparently owning an interest in the company. 
Baxter and Gilson spent part of 1887 and 1888 staking and purchas- 
ing Gilsonite properties; Baxter probably spent about $115,000 for 
Gilsonite property in the Duchesne area (Kretchman 1957). During 
this time, Baxter pick ed upa_ substantial land position along th e 
Pariette vein. In 1889 , the Anheuser-Busch Company bought out 
Samuel Gil son’s share of the St. Louis Gilsonite Co mpany and 
changed the name of the compan y to the Gilson Asphaltum Com- 
pany (Kretchman 1957) . Anheuser-Busch was interested in using 
Gilsonite for lining beer barrels . The Gilson Asphaltum Company 
also ac quired all the assets of the Gilsonite Manufacturing Com- 
pany for $100,000 after Septem __ ber 1889, making the Gilson 
Asphaltum Com pany the largest Gilsonite company in the Uinta 
Basin. Baxter retained Seaboldt and other Gilsonite Manufacturing 
Company employees as mine operators and renamed the de velop- 
ment on the Carbon vein the St. Louis mine. 

Many other Gilsonite veins had been disco vered in the basin 
and many were lo cated on Ute tribe lands. Gilso nite prospecting, 


Natural Bitumens 
and Coals 
Allochthonous 


CS2 Soluble CSz Insoluble 


H/C >1]|H/C <1 





Autochthonous 

















Difficulty 
Fusible Fusible 


Mineral : 
Asphalt Asphaltite 


Suiisbasca Gilsonite Elaterite Cannel Coals 
Trinidad Grahamite | | Ingramite Ipsonite Boghead Coals 
Tabbyite Glance Pitch] | Wurtzilite } | Anthraxolite (Torbanite) 

” (Manjak) Albertite (Coorongite) 








Peat 
Lignite 
Bituminous Coal 
Anthracite 


Ozokerite 
Scheererite 


Source: Petroleum Geochemistry and Geology by John M. Hunt. Copyright 
1979, 1995 by W.H. Freeman and Company. Used with permission. 


Figure 3. Classification scheme for naturally occurring bitumens 
and coals 


among other immigrant infringements on tribal lands, led to armed 
conflict b etween Ut e tr ibal me mbers and U. S. Ca valry troop s. 
Company negotiations with the Utes and federal legislation altering 
tribal land boundaries eventually gave Gilsonite miners clear title to 
the best Gilsonite v eins by 1903 (Kretchman 1 957; Co vington 
1964). The Gilson Asphaltum Comp any held the largest Gilsonite 
resources, a virtual monopoly (Kretchman 1957). Property consoli- 
dation and resolution of rem aining title conflicts cleared the way 
for rapid expansion of the industry. 

From 1888 to about 190 6, Gilsonite mined fr om the Carbon 
and Pariette veins was transported 80 to 113 km__ via horse-drawn 
wagon over a rough dirt road southwestward to the railroad at Well- 
ington in Carbon County (Covington 1964). The round trip took 10 
to 11 days. Freight added $11 to $13/Mt (late 1800’s dollars) to the 
total production cost of about $22/Mt (late 1800’s dollars) (Kretch- 
man 1957). The Gilson Asphaltum Company decided to expand pro- 
duction and exploit the much larger veins in the Dragon/Rainbow 
Area by constructing a narrow-gauge railroad, named the Uintah 
Railway, from the Dragon mine to the Mack, Co lorado, siding on 
the Denver and Rio Grande W estern rail line. Construction of the 
85-km-long railroad started on October 5, 1903, and was finished by 
September 1904 (Kretchman 1 957). The railroad tra versed rugged 
country and was noted for steep grades, sharp curv es, and many 
bridges (Bender 1970) . The rail line w as extended in 1911 to the 
Rainbow mine and the Watson shipping terminal. The transportation 
cost of a to n of Gilsonite from Dragon to Mack was $11/Mt (early 
1900’s dollars) (Kretchman 19 57). The Dragon /Rainbow Area was 
the major pr oduction cen ter for Gilson ite from 190 4 to 1935. In 
1935 the Gilson Asphaltum Company moved its principal opera- 
tions north to Bonanza, Utah, and ship ped ore by truck via U.S. 
Highway 40 to the railhead at Craig, Colorado; the Uintah Railway 
was no longer needed and w as abando ned in 19 37 (Kretchman 
1957). Transportation from Bonanza, Utah, to Craig, Colorado, in 
1956 cost $6/Mt. A plan t at Bonanza processed ore primarily from 
the Bonanza, Cowboy, and other large veins adjacent to the plant. In 
1938 the Gilson Asphaltum Company chan ged its name to Barber 
Asphalt Company (the predecessor of the Barber Oil Company). 

Barber Oil Compa ny sold part ownership inthe Gilsonite 
operation to Standard Oil of California (now ChevronTexaco Corp.) 
in 1948 (Lewis 1994). The new jointly owned company was named 
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the American Gilsonite Com pany (AGC). The new company put 
renewed effort into a long-term research project to mak e gasoline 
and high-purity electrode carbon from Gilsonite (Kretchman 1957). 
Refinery design problems were solved by 1954, b ut a lo wer-cost 
method to transport the Gilsonite was deemed necessary to make 
the proj ect fea sible. Aft er re search and analysis,a 116 -km-long 
slurry pipeline was constructed on the abandoned Uintah Rail way 
right-of-way to a ne wly built (in August 1957) petroleum refinery 
at Gilsonite, Colorado (Kretchman 1957). The intended market for 
gasoline from the ref inery was western Colorado, and most of th e 
electrode carbon was intended for the growing aluminum smelting 
industry of the Pacific Northwest (Henderson 1957). Use of Gilso- 
nite for refinery feedstock greatly expanded production. 

In 1957, AGC started mining Gilsonite with water-jet cutters 
to speed production and prevent Gilsonite dust explosions; K il- 
born (1 964) describes the hydraulic minin g technique in detail. 
AGC sold the refinery in 1973. Mine production declined from 
about 360,000 Mtpy to about 54,000 Mtpy because the ref inery 
ceased operation. AGC reemphasized nonfuel uses of Gilsonite, 
and within 10 years AGC’s Gilsonite production e xpanded t 0 
91,000 Mtpy (Jackson 1985). In 1981, AGC replaced its 30-year- 
old, 4,500-Mtpm mill . The ne w $6 -million processing plant w as 
designed to pro cess 9,000 tpm of ore, be more efficient, improve 
product quality , and meet environmental and safety r egulations 
(Jackson 1985). In January 1981, Chevron bought out Barber Oil’s 
share of the business (Jackson 1985; Hawes 1990). AGC has mined 
ore from several mines on different veins simultaneously to supply 
the various grades of Gilsonite specified by customers. Softening or 
fusing temperature is one of the main criteria in grading Gilsonite. 
In 1983, AGC mined ore from 11 Gilsonite mines near Bonanza 
(Shushan 1983). In 1990, AGC operated five mines that yielded ore 
fusing at 168°C; 183°C; 199°C; 205° to 211°C; and 230°C (Hawes 
1990). In 1991, Chevron sold out to Stratford Enterprises Company 
of Tulsa, Oklahoma (Lewis 1994). AGC is now an independ ent, 
publicly held company. 

Two smaller companies have recently mined Gilsonite: Zie - 
gler Chem ical & Mineral Corporation (Zie gler) and Le xco, Inc. 
Ziegler, the second-most significant Gilsonite-producing company, 
was incorporated in 1944 asaNe w Jer sey—based pro ducer of 
pitches, asphalts, and resins. The company, then known as G.S. Zie- 
gler and Compan y, purchased G ilsonite from small, independent 
Gilsonite producers. Zie gler decided to acquire its 0 wn Gilsonite 
properties, and in 1952 purchased the holdings of th e Utah Gilso- 
nite Company, which had been in oper ation since 1920. In 1953, 
Ziegler purchased some of the property of the American Asphaltum 
Association (a company formed in 1902 by former stakeholders in 
the Gilson Asphaltum Compan jy). Ziegler purchased one other 
independent company during the 1949-1953 period. Ziegler addi- 
tionally acquired the assets of the Standard Gilsonite Company in 
1962 and renamed the combined company the Ziegler Chemical & 
Mineral Corpo ration (Le wis 1994; Zie gler 2004). The of fice and 
plant of the consolidated operations were located at Little Bonanza, 
Utah. Ziegler usually had produced less ore than AGC, but in 1994 
it produced more th an 50% of the Gilson ite mined in th e Uinta 
Basin (Ziegler 2004). 

Lexco is a relatively recent entrant into the Gilsonite business. 
It began operations in 1988. Lexco has a processing plant southeast 
of Fort Duchesne, in central Uintah County, and has mined Gilsonite 
from the ITM and Cottonw ood mines. As of 20 04, Lexco operates 
the Cottonwood mine, where the vein width averages 91 to 97 cm. It 
is not currently operating the ITM mine, where the vein width aver- 
ages 46 cm and was mined in sections as narrow as 36 cm. 


RESOURCES AND PRODUCTION 


Eldridge (1901) estimated that five major veins in the Uinta Basin 
contained more than 28 Mt of Gilsonite based on field examination. 
Dennis (1930) quotedaf igure of 45 Mtof_ original, in-place 
resource; though he does not indicate a source f or this number . 
Cashion (1964) estimated abo ut 41 Mt of original resource based 
on his e xtensive geologic investigations of the Uinta Basin . Neel 
(1980) estimated that about 4.5 Mt of minable reserves remained in 
the Uinta Basin, with total remaining resources of 9 to 14 Mt. Some 
undiscovered, probably smaller veins are likely to be added to the 
resource base in the future. 

Gilsonite production from 1907 to 2002 typically ranged from 
about 9,000 to 54,000 Mtpy with a spike to 430,000 Mtpy in 1961, 
during Chevron’s Gilsonite mining for refinery feed. 


GEOLOGY 
Geology of Uinta Basin Gilsonite 


Gilsonite veins trend northwest to so utheast through fluvial and 
lacustrine sediments of the Uinta Basin. The veins (Figure 1) are 
nearly vertical, are subparallel with other veins in the area, and are 
remarkable for their strik e length, vertical extent, and uniformity 
over long distances. Vein lengths of 5 to 10 km ar ecommon. The 
longest vein, the Black Dragon—Rainbow-Pride of the West vein 
system, is 39 km long. Vein widths of 0.5 to 1.0 m are common. The 
widest vein, the Cowboy vein, is up to 5.5 m wide. Vein depths are 
controlled primarily by the depth to hydrocarbon source beds in the 
oil-shale zone of the Tertiary middle and upper Green River Forma- 
tion. The Mah ogany zone, a p articularly rich part of the oil-shale 
beds (and a probable source bed for Gilsonite), crops out at the very 
southeastern end of the Gilsonite vein system, dipping gradually 
northwestward into the center of the Uinta Basin (Figure 1). 

The veins cut across gently dip ping strata ranging from early 
Eocene, primarily fluvial Wasatch F ormation to the sequentially 
overlying fluvial and lacustrine, middle and u pper Eocene Green 
River Formation; the fluvial and lacustrine, late Eocene Uinta For- 
mation; and the fluvial, late Eocene and Oligocene Duchesne River 
Formation. Some Gilsonite occurs in the Green River Formation 
below the Mahog any zone and in the underlying Wasatch Forma- 
tion. Gilsonite extends below the Mahogany at the Cowboy, Black 
Dragon, and Colorado (also known as the Black Diamond; it is con- 
tinuous with the Weaver and Wagon Hound) veins at the southeast- 
ern end of the Gilsonite field (Pruitt 1961). The Wasatch Formation 
to Duchesne River Formation stratigraphic section was deposited 
just before, during, and just after the existence of Lake Uinta in the 
Uinta Basin. Fluctuati ons in] ake level left a com plex rec ord of 
interfingering fluvial, mar ginal lacustrine, and open-water lacus- 
trine facies. Oil shale, the petroleum source for the Gilsonite, was 
deposited in a sha llow-water, ope n-lacustrine de positional se tting 
with abundant algal growth and preservation. 

The Uinta Basin is an asymmetrically structural, stratigraphic, 
and topographic basin. It has a steeply dipping northern flank and a 
gently dipping sou thern flank. The Uinta Basin w as initiated by 
west-to-east com pressional t ectonics of the Cretaceous Se vier 
Orogeny. The S evier Oro geny cr eated extensive thrust-related 
mountains in western Utah and as ubsiding foreland basin in east- 
ern Utah. Subsequent early T ertiary Lar amide orogenic def orma- 
tion segmented the Sevier foreland basin into a series of uplifts and 
basins that included the Uinta Basin. The Uinta Basin is surrounded 
by the Uinta Mountains to the no rth, Douglas Creek Arch to the 
east, Uncompahgre Uplift to the southeast, San Rafael Swell to the 
southwest, and Wasatch Range to the west. 
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Origin of Uinta Basin Gilsonite 


Geologists have studied and discussed Gilsonite’ s origin for mor e 
than 100 years. Verbeek and Grout (1993) give an interesting sum- 
mary and critique of the numerou s theories. The y conclude that 
Gilsonite is an early deri vative from the abundant oil shale in the 
middle and upper part ofthe Green River F ormation, expelled 
under the heat and pressure of burial. Studies have demonstrated 
chemical similarities between oil-shale source beds an d Gilsonite 
(Hunt, Stewart, and Dick ey 1954; Hatcher, Meuzelaar, and Urban 
1992). Hydro carbon generatio n pr obably created o verpressured 
conditions. Water, expelled under these conditions, h ydrofractured 
the rock in an extensional tectonic setting. Later, viscous Gilsonite 
generated in the deeper part of the basin was forced upward and lat- 
erally along the preexisting fractures, pushing them open. 

The idea that the frac tures predate Gilsonite empla cement is 
supported by wall rock mineralization and alteration data. Thin lay- 
ers of iron oxide and some authigenic q —_ uartz crystals commonly 
coat wall rocks, and iron oxide and chlorite fill wall rock pore space, 
separating w all rock from the la ter-emplaced Gilsonite. In some 
areas, calcite deposits separate wall rock and Gilsonite v ein filling 
(Monson and Parnell 1992). Also, wall rock is often bleached along 
the veins. Verbeek and Gro ut (1993) attribute these coating s, pore 
fillings, and bl eaching to the migration of a la rge volume of w ater 
through these fractures before Gilsonite emplacement. 

Several types o f data support th e concept that Gilsonite w as 
forcibly inj ected. Som e Gil sonite occ urs as sill s, so pre ssure of 
emplacement exceeded the lithostatic load. Gil sonite also loc ally 
impregnated wall rock typically from a few centimeters up to 1 m 
in depth (but up to 5.5 m has been reported [Pruitt 1961]), implying 
high-pressure emplacement. Monson and P arnell (1992) and V er- 
beek and Grout (1993) studied the structural features of vein walls 
and found them consiste nt with emplacement under high pressure 
rather than passive filling under low pressure. 

The idea that Gilsonite was intruded as viscous, plastic mate- 
rial is supported by o bserved relationships between Gilsonite and 
wall rock. Most notably, slabs of spalled wall rock often did not fall 
to the bottom of the v ein but were supported in Gilsonite not far 
below their original point of attachment to the wall rock. 


Global Asphaltite Deposits 


Large concentrations of high-purity Gilsonite are rare in the earth’s 
crust; the Uin ta Basin deposits are by f ar the most economically 
significant. T able 2 lists th e few other Gilsonite occurrences 
reported in the liter ature along wi th deposits of glance pitch and 
grahamite, the other two members of the asphaltite group of hydro- 
carbons. These two other hydrocarbons are listed because they have 
similar origins; the y may occur in the same sedimentary ba sins; 
and, ina few applications, glance pitch and grahamite migh t be 
blended with Gilsonite or substituted for Gilsonite. Many of th e 
deposits listed in T able 2 are of scientific interest only and have 
no econo mic value, or were mined out years ago. Additionally , 
identification of the asphaltite pres ent at some of these deposits is 
questionable. 


EXPLORATION AND MINING 

Exploration and Deposit Evaluation Techniques 

All of the veins mined today are considered “old” known veins 
because they were discovered by prospectors examining and map- 
ping surface exposures. The veins, where exposed, have prominent 
surface expressions, appear as bl ack straight bands irrespecti ve of 
topography, and contrast strongly with host rocks of tan sandstone 
and siltstone. The veins, however, are frequently covered by allu- 


vium and colluvium and may be well exposed only on ridges and in 
drainages, disappearing under valleys, and reappearing on adjacent 
ridges. Where covered, veins can often be mapped by the presence 
of weath ered Gilsonite flak es, sparse v egetation directly o ver 
Gilsonite veins, or evidence of past mining such as the presence of 
headframes and shafts. The v eins are straight and continuous and 
the regional geology is uncomplicated, making it easy to e xtrapo- 
late between good e xposures. Beca use Gilsonite is very light- 

weight, it is easily washed do wn colluvium-co vered slopes, so 

streaks of Gilsonite float can be offset from actual vein locations by 
6 m or more. 

Where alluvium or colluvium covering is relatively thick, the 
usual exploration technique was to project the trend of a vein, and 
then trench or sink shallow shafts to verify location and determine 
the e xtent and quality of the Gilsonite. The current e xploration 
practice involves angle drilling of suspected vein extensions with a 
truck-mounted drill rig; AGC uses a Longyear 44 rig. Planned mine 
site locations are core drilled to determine if minable ore exists at 
various depths. Drilling is important because, in the past, mines had 
to be abandoned soon after mining started because the ore pinched 
out. Before a mine begins operations, the shaft location typically is 
core drilled to various depths; additional drilling generally is com- 
pleted 122 m along the strike of the vein on both sides of the shaft. 
Data collected during exploration include mining information such 
as vein width and w_ all rock char acteristics and also ore quality . 
Quality chara cteristics of Gil sonite veins, particularly the melt 
point, viscosity, and ash content, can change rapidly along strike or 
with depth. This information is important for mine planning and for 
determining potential markets for the Gilsonite. 

Because Gilsonite veins are almost vertical, it is necessary to 
position the drill rig at righ t angles to the trend of the vein and to 
angle the drill string so that se veral holes from the same drill pad 
intersect the vein at various depths. Typical drill intercepts are at 
vertical depths of 30, 91, 183, and 244 m. The driller completes 
most exploration drill holes with carbide button bits with a 37/s-in. 
diameter. When the hole is approximately 15 m from the calculated 
Gilsonite intercept, the driller switches to a 17/s-in.-diameter core 
bit to com plete the hole. The core is e xtracted in 1. 5-m segments 
and saved for te sting. Drilling several angle holes from the same 
pad saves time and _ reduces environmental im pacts; the environ- 
mental footprint of the site is generally less than 0.1 ha. Minimizing 
environmental impacts aids the exploration permitting process. 

AGC conducted ane xtensive e xploration an d de velopment 
program starting in the early 19 70s, which was managed by Chev- 
ron geologists. T he Rainbo w, Little Emma, Eureka, Inde pendent, 
Bonanza, and Wagon Hound veins were drilled. Almost all drilling 
was done to verify reserves, which AGC planned to mine five or 
more years in the future. AGC opened one mine in 2000 on reserves 
core-drilled in the early 1980s, and then redrilled by AGC in 1998. 
AGC’s current practice is to drill five or six locations per year. 

Geochemical and geophysical exploration methods for Gilso- 
nite have yielded mixed results, and so none has become standard 
procedure. Botbol (1961) collec ted soil sample s along a closely 
spaced transect across covered extensions of known veins, and then 
concentrated and measured the Gilsonite in the samples. The data 
showed that anomalously high Gils onite content in closely spaced 
samples matched the expected trend of the veins. 

Several questions must b e answered to determine whether a 
Gilsonite vein can be mined: 


1. Who has title to the land and minerals? A significant part of 
the remaining Gilsonite resource is on federal or Nati ve 
American reservation lands, and leasing can be difficult. 
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Table 2. Global occurrences of the asphaltites Gilsonite, glance pitch, and grahamite 





Country/State Province/County/ District/Region Location Data Source 
Gilsonite 
Canada Northwest Territories Pine Point mine Goodarzi and Macqueen 1990 
China Xinjiang Uygur Autonomous Region Ghost City, Junggar Basin Parnell et al. 1994 
Iran Southwest Iran Posteh Ghear Valley Goodarzi and Williams 1986 
Mexico Veracruz State, Papantla District Near Talaxa Abraham 1960 
Philippines Leyte Balite area Palacio 1957 
Russia Archangel Province, Ukhta District na” Abraham 1960 
U.S./Colorado Rio Blanco County SW of Meeker Aurand 1920; Vanderwilt 1947 
U.S./Oregon Crook County Near Prineville Abraham 1960; Hodge 1927 
Wheeler County Near Clarno Hodge 1927; Abraham 1960 
U.S./Utah Uintah County Uinta Basin Verbeek and Grout 1993 
Glance Pitch 
Argentina Neuquen Province na Allen 1932; Meyerhoff 1948; 
Abraham 1960; Parnell and Carey 1995 
Barbados Conset District Near Groves, Springfield, St. Margaret, Abraham 1960 
Quinty, and Burnt Hill 
Canada Northwest Territories Pine Point mine Goodarzi and Macqueen 1990 
Columbia Tolima Department At Chaparral Abraham 1960 
Bolivar Department At Simiti Abraham 1960 
Chile Magallanes Territory na Abraham 1960 
Cuba Camaguey Province, Morén District na Redfield 1937, 1949 
Morén District na Abraham 1960 
Santa Clara Province, Sancti Spiritus na Abraham 1960 
District 
Pinar del Rio Province, Mariel District Near Banes Redfield 1949; Abraham 1960 
El Salvador San Miguel Department Near Quebrada Granda Abraham 1960 
Estonia Gulf of Finland Near Port Kunda Abraham 1960 
Haiti na Near Azua Abraham 1960 
Iraq na Near Abu Gir Abraham 1960 
Mexico Vera Cruz State, Papantla District Near Talaxca Abraham 1960 
Vera Cruz State, Chapapote District na Abraham 1960 
Nicaragua Chontales Department Near Santo Tomas Abraham 1960 


Palestine/Israel 
Russia 

Syria 
U.S./Utah 


Grahamite 


Argentina 


Canada 
Cuba 


Mexico 


Peru 

Trinidad 
U.S./Colorado 
U.S./Oklahoma 


na 
Ufa Province 
na 


Emery County 


Neuquen Province 

Mendoza Province 

Northwest Territories 

Pinar del Rio Province, Mariel District 
Havana Province 

Santa Clara Province 

Vera Cruz State 

Papantla District 


San Luis Potosi State, Tamazunchale 
District 


Tamaulipas State 

Junin Department, Tarma Province 
na 

Grand County 


Pushmataha, Atoka, and LeFlore counties 


At Masada, and Seil-el-Modschib 
Near Sadinsk and Ufa 

Near Hasbaya 

Temple Mountain 


Flat Top Mountain 


na 
na 
Pine Point mine 
na 
na 
na 
na 
na 


na 


Near city of Victoria 
Near Huari 

Near San Fernando 
na 


na 


Abraham 1960 
Abraham 1960 
Abraham 1960 
Abraham 1960 
Abraham 1960 


Meyerhoff 1948; Abraham 1960 
Abraham 1960 

Goodarzi and Macqueen 1990 
Redfield 1937, 1949 

Abraham 1960 

Abraham 1960 

Eldridge 1901 

Abraham 1960 

Abraham 1960 


Abraham 1960 
Abraham 1960 
Abraham 1960 
Kirkpatrick 1928; Abraham 1960 


Taff 1909; Kirkpatrick 1928; Redfield 1949; 
Ham 1956 
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Table 2. Global occurrences of the asphaltites Gilsonite, glance pitch, and grahamite (continued) 


Country/State Province/County/ District/Region 


Location Data Source 





Grahamite (continued) 


U.S./Texas Fayette County 
Webb County 
U.S./West Virginia Ritchie County na 


Unclassified Asphaltites 


Germany Northwest Germany 
Turkey Southeast Turkey na 
U.S./California na 


U.S./Colorado Costilla County 


Garfield County na 


na 5 miles north of Rabbit Ears Pass in the 


Near Lagrange 


Near Laredo 


Bentheim mine 


Near Santa Maria, Santa Barbara, 
and Asphalto 


Near San Luis 


Taff 1909; Kirkpatrick 1928; Redfield 1949; 
Ham 1956 


Taff 1909; Kirkpatrick 1928; Redfield 1949; 
Ham 1956 


Eldridge 1901; Redfield 1949; 
Abraham 1960 


Abraham 1960; Parnell et al. 1996 


Lebkuchner, Orhun, and Wolf 1972; 
Heavy Oiler 1989 


Eldridge 1901, 1903 


Vanderwilt 1947 
Vanderwilt 1947 
Vanderwilt 1947 


Green River Basin 


na Middle Park area Eldridge 1901; Aurand 1920; 
Vanderwilt 1947 
na Newark Group basins Parnell and Monson 1995 
U.S./Oklahoma Latimer, LeFlore, Pittsburgh counties na Howell and Lyons 1959; USFS 2004 





Adapted from Abraham 1960. 
* na = not available. 


2. Is the deposit accessible? Some unmined portions of veins are 
located in v ery remote parts of the re gion with concomitant 
high transportatio n costs. Addi tional road construction and 
improvements may be needed (with as sociated perm itting 
costs). Trucking costs from mine to processing p lant can be 
high. 

3. Is the Gilsonite vein thick enough? The average width of veins 
mined to date is about 1.8 m, but veins from 46 to 51 cm wide 
have been mined recently (veins as narrow as 36 cm have been 
explored). 

4. Does the Gilsonite meet minimum grade requirements? Th e 
fusing temperature of Gilsonite ore is critical. 

5. Is the Gilsonite contaminated with broken wall rock? In some 
cases, excessive wall rock contamination prevents the mining 
of some of the vein. 


Mining and Transportation 


Three companies produced Gilsonite in 2004. AGC produced from 
six mines on four veins (two on the Eureka, tw o on the Wagon 
Hound, one on the Independent, and one on the Bonanza). Multiple 
mines op erate simultaneously to yield material fo r various u ses. 
Gilsonite from certain mines may meet requirements for specif ic 
uses, or different grades of Gilsonite from two or more mines may 
be blended to meet customer specifications. Mine planning is com- 
pleted for each year based on business forecasts for four major mar- 
kets: oil-field uses, foundry applic ations, asphalt, and inks. Ziegler 
produced from mines on se veral veins, and Le xco produced fro m 
the Cottonwood mine on the Cottonwood vein. 

Early mining consisted of deep trenching along veins by hand 
using sharp picks, bagging the broken ore in 90-kg cloth bags, and 
hoisting the ore to the surface using a wooden headframe and horse 
power or, later, tractor power. Explosives commonly were not used 
because of the risk of explosion from Gilsonite dust. All Gilsonite 
produced today from the Uinta Basin is co lected by underground 
mining methods (Figure 4). Mining consists of two major phases: 
shafts are sunk at regular intervals along the veins, and drifts and 


slopes are then e xtended | aterally fromthe shafts. The surface 
Gilsonite of the vein is not mined; a surface pillar with a minimum 
thickness of 9 m is left between shafts. 

Mining begins with main shaft de velopment either by hand 
sinking directly into th e ore or by drilling the shaft with aT eton 
drill rig that has a lar ge-diameter (2.1-m) bit. The method selected 
depends on the width of the vein at the surface and at depth. Hand 
sinking is preferred if the vein is at least 0.6 m wide at the surf ace 
because it yields sala ble Gilsonite. Shaft drilling contaminates the 
Gilsonite with wall rock; it is, however, sometimes nec essary on 
veins that, on outcrop, are too narrow for hand mining but widen at 
depth. The Eureka v ein outcrops usually are narro w, but the v ein 
widens with d epth; therefore, the large-diameter drill is used t 0 
develop a shaft down to the dep th where the vein is at least 1.2 m 
wide. Once this width has been encountered, shaft sinking contin- 
ues by hand. Drilled sections of shafts are usually about 67 m deep. 
Shafts developed in the ore body are typically 8 m long . All the 
shaft suppo rt equipment, inclu ding landings and guid e rails, is 
installed in conjunction with hand sinking. The shaft contains three 
compartments: two outside compartments contain pipes for the air- 
lift and compressed air, and a central compartment contains a skip 
for miners. 

Once the main shaft has been developed to a depth where the 
ore is wide enough for mining and is at least 9 m below the surface, 
a drift is started in one or bo _ th directions from t he shaft. These 
drifts extend 152 to 213 m from the shaft and serve as the escape- 
way drifts for the initial phase of mining. When the initial drifts are 
complete, a small e scapeway shaft is rai sed to the surf ace or is 
drilled if the distance from the surface to th e escape way drift is 
more than 15m. Where the ore wi dthis insufficient to conduct 
shaft raising or sinking in the vein, an escapeway shaft is drilled to 
intersect the escapeway drift. 

Recently, AGC changed its mining methods by sinking the 
main shaft to the bottom of the ore deposit, and then developed the 
initial drifts at this lower level, extracting ore from the bottom to 
the top o f the mine. The major be nefit of this method is reduced 
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Figure 4. Schematic cross section through a typical vein Gilsonite mine showing development of underground workings and typical surface 


facilities 


maintenance of the shaft and es capeway. After the ore has been 
extracted from the lower levels, those portions of the drifts and 
shaft no longer need to be maintained. If mining is conducted from 
the top of the mine to the bottom, all drifts and shafts must be main- 
tained for the life of the mine. 

In 1963, AGC began using a 1.5-m-diameter drill rig to drill 
shafts on Gi Isonite veins. This prototype re verse-circulation rig 
used water as a drilling fluid, featured reversible rotation direction, 
and had an average drilling rate of 9 m/hr in Gilsonite and 0.9 to 
1.2 m/hr in sandstone wall rock (Kilb orn 1964). AGC currently 
uses a similar rig with a 2.1-m-diameter bit and an airlift system to 
remove drill cuttings through the drill stem. 

Gilsonite slope mining usually is initiated by developing two 
drifts, 30 vertical m apart, from the m ain shaft to the escapeway 
shafts. Development can take place along strike in bo th directions 
from the shaft. Once these drifts are completed, mining begins on 
the floor of the upper drift downward, creating a 45° slope an gle. 
This slope is extended along the upper drift until the bottom of the 
slope reaches the lower drift, creating a slope in the ore body, which 
is approximately 43 m long. Mining progresses from the bottom of 
the slope, which is the lower drift, to the top of the slope, which is 
the upper drift. A miner using a chipping hammer cuts a 1.2-m-high 
bench on the bottom of the slope. The miner then cuts this bench up 
the 45° incline to th e top of the slope. As th e ore is cut with th e 
chipping hammer, it slides do wn the slope and is directed into th e 


airlift that conveys the ore to the surface. In a 1.5-m-wide vein, each 
bench mined up slope yields 79 Mt of pro duction. These benches 
are mined until the slope reaches the escapeway shaft. The remain- 
ing triangle of ore is mined from the top to the bottom of the slope 
so that a straight face of ore is left. 

The Gilsonite ore usually is mined using industrial pneumatic 
chipping hammers that weigh approximately 5. 4kg a nda re 
equipped with 30.5-cm-long, hardened steel moils. Compressed air 
for the chipping hammers comes from a 112-kW air compressor on 
the surface via a 7.6-cm-diameter steel pipe down the shaft to the 
working face (Jackson 1985). On occasion, permissible explosives 
will be used if the ore is particularly hard to mine. 

The nearly vertical attitude of Gilsonite veins requires setting 
mine timbers in the following manner. Mine timbers are placed on 
1.5-m centers to p rovide ground support in Gilsonite mines. The 
timbers used in the shaft and on working floors are “hitched” into 
holes approximately 5 cm deep and slightly larger than the diameter 
of the timb erandare lock ed into th ese hitches with w ooden 
wedges. With the support resting on the 5-cm-wide rock ledge of 
the hitch, the timber will remain in place regardless of shrinkage. 
Timbers that are set only to control the wall rock are not hitched but 
are placed on5 x25 x30cmcap bo ards on each end an d then 
wedged tightly into place. 

AGC conveys the mined ore from the shaft, drift, or slope by 
means of an airlift system (made possible because of the relatively 
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low den sity of Gilsonite). Each system usually is equipped with 
three centrifugal fans, each powered by a 75-kW el ectric motor. 
The Sprout W aldron cen trifugal fans are arrang ed in ser ies and 
together develop a vacuum of 140 in. of water gauge. The fans are 
connected to a 30-cm-d_ iameter, steel airlift pipe, whichis con- 
nected to a baghouse and bin arrangement. The airlift pipe extends 
from the baghouse into the mine. The capacity of the airlift system 
partially controls depth of workings and distance between shafts. 
The airlift system can efficiently transport Gilsonite in 335-m-deep 
shafts with 213 -m-long drifts, b ut performance decreases if these 
distances are exceeded. The airlift system performs three additional 
functions: (1) it v entilates the mine; (2) it bre aks the ore into 
smaller fragments (Gilsonite fract ures easily during min ing and 
transport); and (3) it removes the small amount of water that perco- 
lates into the mine. Occasionally, | arge inflows of water re quire 
pumping by 37-kW, staged pumps. Although the airlift system is 
expensive to operate, it is a versatile and proven technology. 

Additional mechanization of Gilsonite mining has been lim- 
ited by the following: 

¢ Lack of equipment designed to operate in narrow veins 
¢ The highly explosive nature of Gilsonite dust that complicates 
use of e xplosives and diesel -, ga s-, and el ectric-powered 
equipment 
¢ The need to p revent contamination b y wall rock fragments, 
which favors careful hand mining of the ore 
Despite these constraints, AGC experimented with several mechan- 
ical mining systems. During th e 1950s and 1960 s, AGC tried two 
methods of h ydraulic mining and theuseof a_ tunnel-boring 
machine (Kilborn 1964; De wey 1965). Pn eumatically powered 
“jet-cutting cars” mined horizont al benches underground using 
13,800-kPa water jets to fracture the ore, which w as then pumped 
from a sump to the surface. AGC later tried vertical hydraulic min- 
ing. Pilot holes were drilled vertically through the vein to intersect a 
drift at depth. A water-jet cutting bit was attached to the end of the 
drill string in the mine drift and the drill rig then reamed upward 
along the pilot hole, breaking the Gi Isonite, which then fell to the 
drift below (Kilborn 1964; Dewey 1965). Neither hydraulic method 
has been used recently, in part because AGC no longer transports 
ore via a slurry pipeline. Drying the wet ore at the processing plant 
obviously is costly. AGC also experimented briefly with a tunnel- 
boring machine that drilled a 340-m- long tunnel in the C owboy 
vein. It could mine Gilsonite at about 4.6 m/hr. 

In September 2003, AGC contracted with a machine manufac- 
turing company in Mt. Storm, West Virginia, to build a continuous 
mining machine. The unit is powered by a hydraulic power pack at 
the surface. A pressure hose and a return hose are threaded do wn 
the shaft and through the driftto the mach ine’s location. The 
machine has a cone-type cutting head fitted with carbide-tipped bits 
and generally rides over the top of the 30-cm airlift pipe. Controls 
are similar to those of a normal backhoe. The unit is trammed for- 
ward or backward by activating hydraulic motors attached to steel 
tracks. A cutting drum is attached to a boom, which has horizontal 
and vertical mo vement along wi th boom e xtension. The cutting 
drum also is fitted with an additional hydraulic ram that allows the 
drum to mo ve vertically. The machine was delivered in Februa ry 
2004 and was immediately installed in the Eureka v ein on drift 
development. This piece of equipment has doubled productivity. 


PROCESSING AND PACKAGING 


AGC hauls mined ore to a processi ng facility in Bonanza, Ut ah. 
The plant was rebuilt in 1981, effectively expanding its capacit y 
to 109,000 Mtpy (Lewis 1994); the basic design, however, has not 
changed. Ziegler processes ore ati ts plantin Little Bonanza, 


Utah, and Lexco processes Gilsonite at its plant southeast of Fort 
Duchesne, Utah. 

Gilsonite from the A GC mines is hauled to the plant by 15-t 
dump trucks and is di scharged into specific bunkers for each mine. 
Front-end loaders move the material from these b unkers into one of 
three bins. A drag conveyor moves the Gilsonite from t he bottom of 
the bins onto a !/4-in. screen where rock and mine debris is removed. 
Gilsonite is very friable, and 99% of the or e is broken to 1/4 in. by 
mining and transport. A drag conveyor moves the Gilsonite from the 
screen to a fluid-bed dryer where the coarse fraction (+65 mesh) and 
fines (-65 mesh) are separated. The plant was designed with f ive 
1,400-t concrete silos t hat hold sp ecific products such as oi 1-field 
products and foundry-grade material. The f ines and coarse fraction 
are delivered to specific silos by pneumatic conveyance and by drag 
conveyors, respectively. About 15% to 20% of the Gilsonite is pul- 
verized for use by the oil-field, ink, and foundry industries. 

Gilsonite is withdrawn from the bottoms of the silos and dis- 
charged into one of two packaging bins. These bins serve two 23-kg 
paper-sack pack ers, two bulk-bag packers, and the bulk ore bin. 
Products are packaged, palletiz ed, and shipped orw arehoused 
according to customer specifications. Currently (2004), about 15% 
of the Gilsonite is shipped in bulk and 85% is packaged. About half 
the packaged material is in 23-kg paper sacks and half is in 907-kg 
supersacks. A small amo unt is pa ckaged in smaller bags. Quality 
assurance testing is performed at the Bonanza plant, and a cer tifi- 
cate of analysis is included with all orders. AGC ships all the prod- 
ucts produced at Bonanza by common truck carriers. 

Additional processing at the Bonanza plant includes blending 
different grades of Gilsonite; a dding surfactants and dispersants to 
some specialty products (such as_ Bore-Plate); and solv ent extrac- 
tion, filtering, refining, and flaking of ar efined resin product (ER 
Resin) for the printing ink industr y. Users can also process the 
Gilsonite during product manufacture (e.g., filtering out grit during 
the manufacture of ink). 


MARKETING 
Uses 


Gilsonite has ane xtremely wide range of uses; these uses have 
changed o ver time with new technology and industr ial needs. 
Kemmerer (1934 ), Care y and Rober ts (1949), Davis (1951), 
Kretchman (1957), and Remington (1959) give good summaries of 
past Gilsonite uses, and current uses are disc ussed in the following 
subsections. 


Oil Well Drilling Mud Additive 


For many years, Gilsonite has been added to drilling fluids to stabi- 
lize boreholes through shale y stratigraphic intervals, preventing 
borehole enlar gement. Gilsonite plugs micr ofractures, bedding 
plane voids, and pore spaces and fo rms a thin film on the borehole 
wall. Gilsonite is added at about | to 3 kg per barrel of drilling mud 
(Davis and Tooman 1989). Gilsonite also reduces drill string torque 
and drag, and thus reduces the likelihood of stuck drill strings (J & J 
Specialty Products Inc. 2003). Bore-Plate,a specialty product for 
this application, is a mixture of Gilsonite grades (75% to 85% of the 
formula), surfactants, and dispersants designed fo ruse in water- 
based oil well drilling fluids (AGC 2004). 


Oil Well Cementing 


Gilsonite is added to oil well cement for use in primary cementing of 
lost-circulation zones in surface, intermediate, and production pipe. 
It also is used for secondary cementing such as squeezing, recement- 
ing above inadequate fill-up, and plugging back to reestablish drill- 
ing f luid circu lation (Slagle and Carter 1 959). Gilsonite is used 
because of its low density, low water absorption, chemical inertness, 
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mechanical strength, granular nature, and minor deformation under 
high pressure. These properties allow Gilsonite to effectively enter, 
bridge, and seal lost-circulation zones. Typically 11 to2 3kg of 
Gilsonite is used per sack of cement (AGC 2004). 


Asphalt Pavement Binder Modifier 


Powdered Gilsonite is added to asphalt pa ving mixes to impro ve 
pavement performance. Gilsonite (1) increases stiffness and viscos- 
ity of the binder; (2) improves load-bearing capacity and reduces 
highway ruttin g; (3) improves ductility and resistance to lo w- 
temperature cracking; (4) increases durability of the pavement; and 
(5) im proves workability of the mixture during pa ving. Typically 
5% to 15 % Gilsonite is added to the mixture’s binder (Asphalt 
Associates Limited 2003). 


Asphalt Driveway Coater/Sealer 


Asphalt preparations of Gilsonite, solvents, and other additives are 
used to coat weathered asphalt driveways, playgrounds, and other 
asphalt surfaces to im prove appearance, reduce water infiltration, 
and slow deterioration of the asphalt pa vement (Tamko Roof ing 
Products 2003). 


Built-up Roofing Component 


Gilsonite is added to roofing asphalts. The comp ound acts as a 
waterproofing agent and as an adhesive that binds layers of roofing 
felt together. 


Foundry Sand Additive 


Gilsonite is an additive in sand mixtures used to m ake molds for 
casting gray iron and pig iron. Adding Gilsonite makes a_ better 
mold that imparts a smoother finish to the cast piece and is easier to 
remove from the cast item (AGC 2004). 


Paint Component 


Gilsonite is added to bitume n-based paints to incr ease hardness, 
adhesion, UV stability, and water and chemical resistance. Gilsonite 
paint formulations are o ften used on automobile frames and radia- 
tors. Gilsonite is also an ingredient in wood stains (AGC 2004). 


Ink Component 


Gilsonite and Gilsonite resin, de rived by solvent extraction of raw 
Gilsonite, are used as carbon blac k wetting agents for black news 
ink and heatset and gravure ink. In addition to wetting and dispers- 
ing the carbon black pigment, Gilsonite or Gilsonite resin binds the 
pigment to the paper, yielding high-gloss print that resists rubbing 
off. Gilsonite can be mix ed with other natural and synthetic oils, 
resins, and other additives to yield ink suitable for different types of 
printing presses and printing applications. Gilsonite typically com- 
prises 2% to5% of ink formulations. Refined Gilsonite resin is 
used in of fset prin ting ink in concentrations of 15% or more to 
replace more expensive resins (AGC 2004). 


Miscellaneous Applications 


Gilsonite is used as an organic fuel in fireworks; for manufacture of 
high-purity carbon electrodes in the nuclear industry; as a binder in 
metallurgical additives and refractories; and in manufacture of con- 
tact and hot-melt adhesives, friction pro ducts, and pip e coatings 
(AGC 2004). 


Geographic Distribution of Users 


Locations of sales agents and distributors for AGC and Zie gler 
Gilsonite ill ustrate the ir glob al mark et distrib ution (A GC 2004; 
Ziegler 2004). Compan y-owned sales offices typically handle dis- 


tribution in North America. The following list tabulates distributors 
by region: 


AGC Ziegler 
Asia/Middle East/Oceania 20 9 
Europe 16 8 
Central/South America 9 3 
Africa 1 1 


Product Pricing 


The price of Gilsonite products depends on customer specifications, 
quantity ordered, type of packag ing, sizing of material, chemical 
modifications of Gilsonite, ind ustrial demand, competitor pricing, 
substitution of other materials in Gilsonite applications, and gov- 
ernment regulatory mandates. Price ranges by application for 2004 
were as follows (AGC 2004): 


Industry Sector Price Range, $/Mt 


Foundry molds 275-440 

Oil well drilling and cementing 330-2,000 (Bore-Plate) 
Asphalt and paving 500-660 

Chemical products 550-1,000 


1,700 (ER Resin) 


The most highly modified, value-added Gilsonite products are 
ER Resin and Bore-Plate. ER Resin is derived from raw Gilsonite 
by solvent extraction and refining, and sells for several times more 
than raw Gilsonite. Bore-Plate is a mixture of Gilsonite grades with 
added surfactants and dispersants designed for use in w ater-based 
oil-well drilling fluids to stabili ze shale intervals in we lls and to 
seal loss zones (AGC 2004). Bag ging and pulv erizing add abou t 
$110/Mt and $44/Mt, respectively, to each Gilsonite grade. 


OPERATING COSTS 


The costs to mine, process, package, and ship Gilsonite range from 
$88 to $770/Mt. These costs are dire ctly related to mining condi- 
tions (vein width, ground control, royalty payments, and other fac- 
tors); beneficiation requirements (adding special chemicals or other 
minerals to Gilsoni te, si zing, bl ending, pulv erization, and other 
requirements); and packaging requests (such as packaging into spe- 
cial types of bags). 


LEASING, PERMITTING, AND RECLAMATION 


Gilsonite producers rely on access to Gilsonite deposits on private, 
state, and feder al lands. Before 1920, Gilsonite w as considered a 
locatable mineral. Mining claims could be f iled on federal lands 
(including lands that were surveyed and la ter transferred to the 
state), and patents were issued if mineral disco very requirements 
were met. For Gilsonite, these claims were issued for land 150 ft on 
either side of the vein and 1,500 ft long along the strike of the vein. 
The Mineral Leasing Act of 1920 terminated the locatable 
mineral status of Gilsonite on federal land. Gilsonite on state lands 
has been by lease only since the land was surveyed and transferred 
to the state from the federal government. All leasing is done on a 
bid basis, and the successful bidder must pay annual production 
royalties of 10% of the sales price on both state and federal lands. 
Operators are allowed to deduct some beneficiation costs from the 
sales price to determine an adjusted sales price for calculation of 
the federal royalty. The federal government also charges an annual 
rental of $1.24/ha. The Utah Sc hool and Institutional T rust Lands 
Administration (SI TLA) manages th e bulk of Ut ah state | ands. 
SITLA charges a minimum annual rental of $2.47/ha, but it can be 
higher and ad vanced minimum royalties can be imposed. All 
annual rentals and annual minimum adv anced ro yalties can be 


Inks and paints 
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deducted from annual production ro yalties f or the year in which 
they accrue. The leased lands are typically described by 1/4, 1/4 sec- 
tions; in some cases, however, these 40-acre parcels are placed con- 
tiguously to describe larger lease areas. Those wishing to obtain a 
Gilsonite lease from SITLA must nominate the desired parcel for 
inclusion in SITLA’s quarterly, competitive lease sale. Lessees are 
required to submit quarterly production reports. 

The Utah Division of Oil, Gas and Minin g (UDOGM) re gu- 
lates exploration and mining on state, federal, and private lands. 
Exploration and mining plans must be approved by UDOG M and 
the federal or state agency that has jurisdiction over those lands. As 
of 2002, a UDOGM exploration permit requires a flat application 
fee and a reclamation bond based on the estimated number of acres 
disturbed dur ing exploration. An annual e xploration report is 
required at the end of the pr oject or year’s end, whiche ver comes 
first. Mine permit applications have two sets of rules based on esti- 
mated surface area to be disturbed; large mine permits govern dis- 
turbances of m ore than 5 ac res and small mine permits go vern 
disturbances of less than 5 acres. A small mine permit requires a 
flat application fee, a minimal permit application form, and a recla- 
mation bond, but does not req uire a detailed reclamation plan. It 
also requires an annual report and an annual fee that is paid ona 
fiscal-year basis. A large mine permit requires a flat application fee, 
a more extensive mine permit application that includes a mine plan, 
and a detailed reclamation plan and bond. It also requires an annual 
report and an annual fee paid by fiscal year. 

The U.S. Bure au of La nd Management (BLM) manages 
exploration, leasing, and mine permitting on federal leases. There 
are two ways to initiate a lease through BLM: 

1. In known Gilsonite resource areas, an applicant can obtain an 
exploration license. This requires (1) an exploration plan, (2) a 
fee, (3) a published invitation to others to participate in th e 
exploration (applican ts negotiate theiro wnf inancial 
arrangements), and (4) a report at the end of the exploration. 
Applicants may then reque st that the land be co mpetitively 
leased. On kno wn G ilsonite res ource areas, applicants also 
may request that the BL Mcompe titively le ase the land 
without first having an exploration license. 

2. On land with no known Gilsonite resource, an applicant can 
request a prospecting permit; if valuable minerals are found, 
the applicant can apply fora pr eference rig hts le ase that is 
good for2 years. Areport isreq uiredattheen dof 
prospecting. 

Once the applicant obtains a lease, several conditions must be 
met. The applicant must (1) file a mining and reclamation plan, (2) 
post a reclamation bond, (3) pay production royalties of 10% less 
some deductions, and (4) submit a quarterly production report list- 
ing ore mined and ore sold. Any exploration, construction, or min- 
ing requires an “impact assessment” to meet the requirements of the 
National En vironmental Pol icy Act.The Antiquities Ac t, the 
Endangered Species Act, and ot her en vironmental impacts ar e 
addressed in the impact assessment. AGC, for example, uses 1.5 to 
2 years as a rule of thumb for the time required to permit a mine. 


HEALTH AND SAFETY 


Gilsonite, as a f inely powdered dust, is flammable an d explosive 
but has n 0 other serious safety , health, or environmental issues. 
There have been several serious mine explosions, and mine and 

plant fires in the 116-year history of the industry. Most accidents 
occurred long ag o and in mo st cases probably in volved ob vious 
human errorsuch asthe useofopenflames und erground or 
improper blasting procedures. The last serious fire was in 1994 at 
Ziegler’s Little Bonanza plant wh en plant maintenance sparked a 


surface fire that injured two workers, destroyed some facilities, and 
burned 1,800 Mt of mined Gilsonite (Gomez 1994). 

Gilsonite is nontoxic, noncarcinogenic, and nonmutagenic as 
classified in the U.S. Occupational Safety and Health Administra- 
tion’s material safety data sh eets and th e U.S. F ood and Drug 
Administration Section 175.300, part 3, subpart (iv) (Ziegler 2004). 
FDA permits Gilsonite to be used in coatings that come in contact 
with food. Gilsonite dust presents no special respiratory hazards in 
mining or processing, although producers recommend wearing a 
respirator in very heavy dust environments. 
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Glauconite 


John H. Dooley 


Glauconite is a group of dioctahedral, potassium, iron-rich, compo- 
sitionally heterogeneous, ph yllosilicate (clay) min erals. In su ffi- 
cient amounts, glauconite imparts an olive green to greenish black 
color to se diment. Glauconite-rich sediment is informally referred 
to as greensand, green earth, greensand marl, clay marl, sand marl, 
lime sand marl, or simply marl, as it is kno wn in New Jersey. The 
term greensand as aro ck name for glauconite-bearing sediment is 
more appropriate than greensand marl or marl, terms that have been 
doggedly perpetuated in the literature. Marl, as currently used, is 
restricted to limey sediments, and therefore glauconite sand ina 
limey, earth y sediment may b e appropriately termed a gr eensand 
marl. Terms such as black marl , ash marl, poison marl, and acid 
marl have been used to describe greensands having strongly acidic 
properties (Tedrow 2002). 

Because of its potash and phosphate con tent, greensand was 
mined and marketed as a natural fertilizer and soil conditioner for 
more than 100 years. The advent of manufactured fertilizers with 
adjustable nutrient ratios led to a decline in the use of greensand in 
agriculture. T he ma terial has s ince been reco gnized as_ useful in 
water treatment. Unfortunately, de spite large re serves and world- 
wide distribution, glauconite has not been used to an y significant 
commercial extent because no major application has been found for 
a substance with its chemical composition and properties. Th is is 
due mostly to a pau city of research on its pot ential commercial 
uses. 

Extraction o f potash recei ved considerable attention during 
and just after World War I. Because of relatively high extraction 
costs and a generally low potash content (less than 8%), glauconite 
lost its appeal as a source of this commodity. 


GEOLOGY 


Glauconitic greensands are unconsolidated sandy, silty, or cl ayey 
sediments of marine origin found in formations ranging in age from 
Precambrian to Recent (Figure 1). Although greensands are gener- 
ally moderately sorted because of the presence of fine matrix, the 
glauconite fraction of these se diments is usually well sorted 
because glauco nite pellets are remarkably uniform in size when 
autochthonous, although reworked (allochthonous) glauconitic sed- 
iments can be poorly sorted (Amorosi 1997). 

In the geologic strata, the contacts with overlying and under- 
lying sediments are either grad ational or unconformable. Primary 
sedimentary st ructures are ge nerally lacking, b ut cross bedding, 
massive bedding, and bioturbation have been reported. 
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Source: Reprinted from Earth Science Reviews, Volume 20. F.B. Van Houten 
and M.E. Purucker. Glauconite peloids and chamositic ooids—favorable 
factors, constraints, and problems, pages 211-243. Copyright (1984) with 
permission from Elsevier. 


Figure 1. Comparative record of the relative abundance of 
glauconitic peloids and chamositic ooids in the Phanerozoic 


The clay (phyllosilicate) fraction in the greensand matrix con- 
sists of mainly il lite/smectite, illite, micas, ferric illite, kaolinite, 
and chlorite (Bell and Goodell 1967; Seed 1968; Bremner and Wil- 
lis 1993; Gibson, Bybell, and Mason 2000; Wiewiora et al. 2001). 

Most greensand deposits contain, in addition to glauconite , 
minerals such as quartz, mica, pyrite, some heavy minerals, and cal- 
cium carbonate in the form of shell or cement deri ved from marine 
organisms. Iron oxides, phosphatic nodules, fecal pellets, and fora- 
minifera are locally common, and skeletal remains of marine verte- 
brates are occasionally fo und. Color photographs of glauconitic 
cores from New Jersey are shown in Miller et al. (2004). 


MINERALOGY 


Glauconite grains range fro m 1 mm (coarse sand) to the submi- 
crometer (clay) and develop different shapes (Figures 2-5). The 
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Figure 2. Glauconite sand peloids (black) in a clay/silt carbonate 
matrix of the Navesink Formation from 1,013 ft depth in the Millville 
(New Jersey) corehole. An apatite (fecal?) pellet (P) is in the center of 
the photo. Note that in this particular core sample, the glauconite 
peloids are not in grain-to-grain contact but are supported by the 
clay/silt matrix. This is an example of a greensand marl. Scale on 
left side has 1-mm gradations. 





Figure 4. Photomicrograph of glauconite sand peloids in the Upper 
Shark River Formation (New Jersey) from 631.6 ft depth in the 
Millville corehole. Morphologically, the peloids are smoother and less 
sutured (suturing obscured slightly) than those from the Navesink 
Formation (Figure 3). The Shark River glauconite may have been 
transported. The vermiform (banded) pellet in the center is likely 
glauconitized fecal matter (~47x magnification). 





Figure 3. Photomicrograph of the typical morphology of glauconite 
sand peloids in the Navesink Formation from 1,013 ft depth in the 
Millville corehole. The peloids are highly sutured—typical of most 
evolved glauconite—with carbonate minerals filling the sutures 
(~35x magnification). 


largest percentage by weight is 0.49 to 0.125 mm (medium to fine 
sand). Grains are usually sutured or smooth and pe loidal. Glauco- 
nite clay occasionally fills the interstices of c oarse-grained sed 1- 
ments. Authigenic glauconite may form the cement or matrix. 

Glauconite is a group of hydrous, iron, potassium ph yllosili- 
cates with a compositional range between glauconitic smectite and 
glauconitic mica (glauconite sensu stricto) end members (Odin and 
Matter 1981). Because of this range in end-member composition, 
glauconite has varying concentrations of the major constituent ele- 
ments—aluminum, calcium, magnesium, and sod ium—and many 
trace elements, for example, arsenic, lead, nickel, uranium, vana- 
dium, and zinc. Its empirical chemical formula is 


Figure 5. Photomicrograph of the cross sectionof polished glauconite 
sand peloids embedded in epoxy resin. Note the peloid to the right of 
center which has a void filled with a much lighter green mineral. Most 
peloids lack zonation (i.e. visually homogeneous from core to rim). 
Fractures, often infilled with minerals, are the characteristic sutures of 
mature glauconite. 


(K,+Na,+Ca)1.2-2.0(Fe*? Fe*?,Al.Mg,+Ti)4.o 
(Si7,.0-7.6Alo.4-1.0)02,0(0H)4*nH2O0 


Table 1 sho ws the chemical composition of glauconite from Ne w 
Jersey. 

The chemical composition of glauconite was investigated by 
Foster (1969), who computed atomic ratios and layer charges for 
32 samples from 12 countries. Table 2 shows the compositional 
range of these glauconites. Table 3 lists greensand analyses from 
10 localities in the United States. 

In the structure of mica , two silica tetrahedral sheets face one 
central octahedral sheet (Grim 1968). The tips of the tetrahedra 
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Table 1. Comprehensive chemistry of New Jersey glauconite (glauconite isolates from glauconitic geologic formations) on an “as received” 





basis" 
Analyte Mer1242 Mer1228 Marshal RedBank USharkR Navesink Horners Navesink Mt. Laurel 
SiO2 46.86 49.73 48.39 50.83 49.76 50.38 50.70 44.90 34.90 
TiO2 0.24 0.05 0.11 0.11 0.14 0.07 0.074 0.061 1.001 
AlzO3 9.57 8.75 8.02 8.78 8.44 7.92 6.73 6.55 10.80 
Fe2O3 24.73 20.86 19.00 17.68 20.88 18.13 21.40 19.10 32.30 
MgO 2.67 3.09 3.78 4.02 3.73 4.42 4.45 4.11 2.72 
CaO 0.53 8.75 8.02 8.78 8.44 7.92 1.09 6.08 2.33 
Naz2O 0.07 0.05 0.05 0.05 0.04 0.05 0.11 0.12 0.10 
K20 7.16 7.7) 7.67 6.22 7.02 7.08 8.54 7.93 5.40 
P205 0.16 0.79 1.81 0.55 0.23 1.01 0.54 3.19 1.17 
LOlt 7.50 7.20 7.40 9.40 8.50 7.80 5.15 5.60 7.60 
Total 99.A9 99.78 99.41 99.15 99.44 99.43 98.78 97.64 98.32 
As 53 23 15 13 19 8 7. 17 136 
B N.A.t N.A. N.A. N.A. N.A. N.A. 569 584 487 
Ba 37 24 21 17 13 13 31 48 120 
Be 5 5 5 5 6 5 10.5 7.8 9.8 
Bi 0.2 0.1 0.1 0.1 0.1 0.1 <0.5 <0.5 <0.5 
Br N.A. N.A. N.A. N.A. N.A. N.A. <l <l <l 
Cd <l <l <l <l <l <l <0.2 <0.2 <0.2 
cl N.A. N.A. N.A. N.A. N.A. N.A. <50 <50 53 
Co 17.6 16 17.8 19.8 3.8 10.9 11 10 31 
Cr 137 58 88 116 162 90 351 121 1150 
Cs 2.5 2.4 2.3 2.9 4 2.2 <3 <3 <3 
Cu 8 11.2 6.8 12.8 3.1 7.1 2.8 3.4 3.9 
Ga 16 17 16 19 14 18 12 13 10 
Ge 0.9 ] 1.3 ] 1:5 15 <10 <10 <10 
Hf 1.3 0.6 0.7 0.9 1.3 0.5 3 <l <l 
Hg N.A. N.A. N.A. N.A. N.A. N.A. 0.007 0.027 0.013 
In N.A. N.A. N.A. N.A. N.A. N.A. <0.5 <0.5 <0.5 
Li N.A. N.A. N.A. N.A. N.A. N.A. 39 51 33 
Mo <2 <2 <2 4 <2 Z <| <l <l 
Nb 6.8 2.4 3:5 2.2 3.6 1.5 3 2 24 
Ni 25 29 24 31 19 23 33 21 7 
Pb 9 215 12 222 4 163 5 9 16 
Rb 264 293 288 210 282 220 263 212 150 
S N.A. N.A. N.A. N.A. N.A. N.A. 100 3600 800 
Sb 0.5 0.7 0.6 0.7 0.4 0.7 1.3 1.2 5:2 
Sc 16 10 8 13 1] 5 6.7 2.8 8.8 
Se N.A. N.A. N.A. N.A. N.A. N.A. <5 <5 <5 
Sn 3 4 4 3 2 2 N.A. N.A. N.A. 
Sr 78 89 167 123 54 126 63.4 213 107 
Ta 0.4 0.1 0.2 0.2 0.2 <0.1 <l <l <l 
Th 12.4 2.06 4.11 3.49 3.43 1.45 <0.5 <0.5 10.6 
Tl 0.07 0.07 0.10 0.30 0.09 0.10 <0.10 <0.10 <0.10 
U 2.45 1.72 5.31 2.54 1.78 2.98 <0.5 4.7 8 
V 433 167 131 106 157 73 115 78 685 
Ww 0.9 <0.2 <0.2 <0.2 <0.2 2.0 <4 <4 6 
Y 12.5 30.9 54.3 22.7 9 18.5 22 39 42 
Zn 105 65.9 72.6 127 118 76.5 113 96.6 221 
Zr 45 29 25 32 38 17 29 22 64 





* Oxides are in weight percent and others are in ppm (mg/kg). 
T LOI = Loss on ignition. 
$N.A. = not analyzed. 
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Table 2. Compositional range of glauconite, wt % 











SiOz 46.9-52.9 CaO Trace-1.9 

AlzO3 5.8-15.2 Na2O Trace-1.6 

Fe2O3 9.3-24.1 K2O 5.1-9.3 

FeO 1.0-6.3 TiO2 0-1.8 

MgO 2.3-4.6 H2O 4.3-7.2 
Source: Foster 1969. 
Table 3. Greensand analyses of 10 greensands, wt % 

1 2 3 4 5 6 7 8 9 10° 

SiO 51.83 46.28 63.55 77.93 77.80 73.00 35.18 52.61 30.00 36.44 
Al2O3 6.23 5.42 4.41 7.A8 7.86 9.60 5.30 9.56 14.11 29.02 
Fe2O3 20.08 23.64 15.74 3.54 5.42 7.20 17.35 23.04 25.09 13.36 
CaO 0.52 1.10 0.48 2.39 2.12 2.88 16.00 139 10.80 242 
MgO 3.66 3.57 2.35 1.01 0.82 15 trace 2.87 3.46 1.88 
K2O 6.60 7.50 6.24 2.30 3.60 3.30 1.69 3.49 0.80 nat 
Na2O 0.76 0.83 0.03 0.12 na na 1.39 0.42 4.4] na 
P2005 0.31 0.52 0.19 0.22 na na 3.30 na 0.44 na 
Carbonic acid N.A.t N.A. N.A. N.A. N.A. N.A. 8.00 N.A. N.A. N.A. 
Lol 10.34 10.75 6.91 4.83 2.26 2.40 10.10 5.96 N.A. 15.59 





Source: Markewicz and Lodding 1983. 


* Numbers 1-10 correspond to the following locations and references. 


1. Hornerstown greensand, Sewell, New Jersey (unpublished file, New Jersey Geological Survey). 


. Nanjemoy Formation, Maryland (Grim 1968). 
. Aquia Formation, Maryland (Glaser 1971). 


Lower Eocene greensand, Gas Ridge anticline, Texas (Jones 1936). 
. Glauconite, McNairy County, Tennessee. 

. Weches Formation, Houston County, Texas (Fisher 1965). 

10. Winona Formation, Montgomery County, Mississippi. 


C0 ONAnAKRWHN 


tna = not available. 
$N.A. = not analyzed. 


point toward the central unit, and the three sheets are combined into 
a single layer, with a suitable replacement of OH and O. As much as 
25% of the silicon may be replaced by aluminum, and the resulting 
charge deficiency is balanced by interlayer potassium ions. In glauc- 
onite, aluminum can substitute for 4.2% to 17.5% of the silicon in 
tetrahedral sheets. S ome of t he char ge def iciency is bal anced by 
Fe*? and Mg *? ions replacing Fe *3 and Al*? ions in the octahedral 
sheet. Most glauconite is not a pure dioctah edral phyllosilicate but 
rather a mixture of 10A and 14A e xpandable-lattice phyllosilicates 
(Burst 1958; Cimbalnikova 1971). 

Like other layer silicates, glauconite absorbs ions from solu- 
tion. Its exchangeable sites are on the outside of the silica-alumina- 
iron lattice, and the exchange reaction generally does not affect the 
glauconite structure. Both cations and anions are exchangeable, but 
not much information is a vailable on t he latter. Ion e xchange is 
important in chemical separations, water softening, and the proper- 
ties of soil for both agriculture and engineering. Itis usually 
expressed in milliequivalents (meq) per 100 g, and a typical cation- 
exchange capacity (CEC) for glauconite is 20 meq/100 g. 

The ternary plot by Yoder and Eugster (1955) shown as 
Figure 6 illustrates the compositional relationship between glauco- 
nite and other phyllosilicate minerals. Synonym (s) and varietal (v) 
terms for merly or erroneo usly us ed for gl auconite inc lude chl o- 


. Navesink greensand, Sewell, New Jersey (unpublished file, New Jersey Geological Survey). 


. Aquia Formation, Hop Yard, Rappahannock River, Virginia (Clark 1912; Gildersleeve 1942). 
. Nanjemoy Formation, Woodstock, Virginia (Clark 1912; Gildersleeve 1942). 


rophanerite, mang anglauconite (v ), marsjatskite, marsyatskite 
(manganoan g lauconite), sk olite (s),andsodag  lauconite (v) 
(Rieder et al. 1998). Pholidoide is a term used in Turkey for a group 
of aluminous glauconite. 


MODE OF OCCURRENCE AND ORIGIN 


Glauconite is found in rocks ranging in age from Precambrian to 
Recent (Figure 1); however, when the term glauconite greensand or 
greensand is used ,aT ertiary or Cretaceous age is gener ally 
implied. The term greensand denotes an unconsolidated glauconite- 
rich sand. Glauconite frequently form s the major constituent in 
many sandy, silty, or even clayey formations of Tertiary and Creta- 
ceous age. Greensand can be present as a solid massive bed, as dis- 
seminated grains, as glauconite-rich masses and aggregates, or as 
fillings in fossil w orm tubes or foraminifera. Bro wn to gr ayish, 
ovoid, phosphatic (carbonate flu orapatite—francolite) fecal pellets 
can be ac cessory grains in greensand depos its (Figure 2). Fr esh 
glauconite is typically olive green to dark gr een and has a polylo- 
bate to round or tabular shape. 

The genesis of glauconite has been debated for decades. Three 
hypotheses have been proposed to explain its formation. The layer- 
lattice hypothesis (Burst 1958; Hower 1961) invokes the transf or- 
mation under reducing conditions of degraded, detrital micaceous 
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minerals into a neo formed iro n- and p otassium-rich il lite-group 
mineral. This process supposes a substitution of iron for aluminum 
in the octahedral sites, its ba lancing of the concomitant char ge 
increase by potassium inc orporation in the int erlayer, t hereby 
resulting in the synchronous f ixation of iron and potassium within 
the lattice. Odin and Matter ( 1981) argue that th e layer -lattice 
hypothesis is incompatible with several observations attendant with 
glauconitization. 

The epigenetic substitution hypothesis (Ehlmann, Hulings, and 
Glover 1963) proposes that glauconite layers develop through solu- 
tion of pree xisting minerals with seawater furnishing the requisite 
ions. 

The precipitation-d issolution-recrystallization (pdr) h ypothe- 
sis (Odin and Matter 1981; Irela nd, Curtis and Whiteman 1983) 
proposes that glauconite minerals result from neoformation of dis- 
solved matter precipitated in por es in a progressi vely altered and 
replaced substrate. A precipitate forms as crystallites of green and 
(potassium-poor) glauconitic smec tite, or as a__ silicic ferru ginous 
gel, which transforms dia genetically to a glauc onitic smectite in a 
slightly reducing m icroenvironment. The glauconitic smectite pre- 
sumably ages to a be tter-ordered micaceous mineral (glauconite) as 
potassium is supplied from seawater at the sediment-seawater inter- 
face (known as the benthic boun dary layer). Though the epigenetic 
substitution hypothesis supposes neoformation processes similar to 
those implied by the pdr hypothesis, the latter implies independence 
between the nature of the substrate an dthe neoformed ir on-rich 
phyllosilicate. 

A detailed MGssbauer in vestigation yields insight into one of 
several possible processes of glauconite formation (McConchie 
et al. 1979) . Apparently , authigenes is starts with the defective or 
degraded phyllosilicate structure of an authigenic or detrital mineral 
decomposed in part b y marine biogenic activity. The structure i s 
highly charged but is temporarily neutralized by potassium, sodium, 
calcium, and particularly magnesium cations. Iron enters the struc- 
ture as f errous iron, replacing neutralized cations, and is pa rtially 
oxidized to octahedral ferric iron. Ferrous iron continues entering 
the structure while the system proceeds toward equilibrium. 

Based on principally strontium isotopic data for some glauco- 
nitic pellets, Stille and Clauer (1994) presented a two-stage evolu- 
tionary m odel for g lauconite. Thei nitial sta ge involves th e 
dissolution of clay precursors an d simultaneous crystallization in 
equilibrium with the precursor -dominated c hemical en vironment 
until 4.5 wt % K2O is achieved. The second stage consists of crystal 
maturation with increased potassium contents in equilibrium with 
the marine depositional environment. 

Laboratory synthesis of glauconitic minerals under essentially 
“natural” conditions (Harder 1980, p. 221) demonstrates that “glau- 
conite may form by the precipitation of iron hydroxides and adsorp- 
tion of silica and K from dilute solutions....” He concludes that iron 
and aluminum in detrital minerals dissolve in reducing microenvi- 
ronments and precipitate in more oxidizing ones in a variety of sed- 
iment substrates. 

Scientific e vidence for gla uconitization f avors disso lution- 
recrystallization processes rather than a progressive transformation 
of 2:1 ph yllosilicates (Odin and Matter 198 1; Stil le and Cl auer 
1994). Despite the e vidence, the transformation of d etrital phyllo- 
silicates could apply to specific cases of glauconitization. Research 
continues to focu s on wheth er these hy potheses can ad equately 
explain the formation of glauconite in a marine en vironment and 
the accumulation of greensand strata of considerable thickness and 
extent. 

Glauconite forms wide ly in surface sed iments deposited on 
continental shelves and topographic highs of all oceans e xcept in 


Celadonite K Mg Fe Si4 O10 (OH)2 
Al-Celadonite K Mg Al Si4 O10 (OH)2 
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Source: Reprinted from Geochimica et Cosmochimica Acta, Volume 8. H.S. 
Yoder and H.P. Eugster. Synthetic and natural muscovites, pages 225-280. 
Copyright (1955) with permission from Elsevier. 


Figure 6. The relationships of dioctahedral phyllosilicate minerals, 
with fields indicated in which natural clay mineral compositions lie 


extremely cold regions. It commonly forms in water depths of 50 to 
500 m, with the highest ab undance developing between 150 and 
300 m, that is, at the shelf-slope transition. Glauconite authigenesis 
occurs at the sediment-seawater interface in areas characterized by 
low to ne gative sedimentation rates. Most glauconite d eposits are 
associated with hiatuses and ar e used as adiagnostic feature of 
transgressive cycles in sequence stratigraphy. 

Most glauconite peloids are cr yptocrystalline in thin section, 
and their texture changes with progressive glauconitization. Textur- 
ally, authigenic glauconite peloids in their initial stage of formation 
often consist of tiny, ill-defined globules with diameters less than 
0.5 um. These coalesce, forming 2- to 3-m rod-like or “caterpillar” 
crystallites. As authigenesis proceeds, 4- to 5-m bladed aggregates 
form rosettes. Most e volved glauconite pelo ids c onsist of well - 
developed, slightly sinuous, subparallel, lamellae structures. 


DISTRIBUTION OF MAJOR DEPOSITS 
United States 


The most important greensands are developed in the Mid-Atlantic 
Coastal Plain. Glauconite is found as an accessory mineral in many 
coastal plain sediments of Ne w Jersey, Delaware, and Maryland, 
but highly glauconitic greensand is best developed in Upper Creta- 
ceous and Early Paleocene formations. 

Greensand crops out ina narrow belt that tren ds northeast- 
southwest across New Jersey, Delaware, Mary land, and beyond, 
but in general the glauconite content and thickness of the strata 
and the potash content of glauconite in them decrease southward. 
Table 1 sho ws the comprehensive chemistry of glauconite from 
New Jersey. 

The Marshalltown Formation of Late Cretaceous age is com- 
posed of dark greenish gray, f ine- to medium-grained, massi_ ve, 
highly glauconitic sand and silty fine quartz sand. Its thickness 
ranges from 3 m to more than 10 m. 

The Hornerstown Formation of Early Paleocene age is a dark 
gray to dusk y green, fine- to medium-grained glauconitic sand 
locally containing bright-green clay matrix and a little quartz sand. 
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Locally it contains a few thin, brown to reddish bro wn, clayey or 
indurated goethitic bands. Its thickness ranges from 1.5 to 7 m. 

The Na vesink F ormation of La te Cret aceous age is a dark 
greenish gray, medium- grained, massi ve, e xtensively bioturbated, 
poorly sor ted, g lauconitic san d con taining v arying a mounts of 
quartz. It contains calcareous clay (marl) toward the top and goethitic 
bands or masses locally. Its thickness ranges from 3 to 7.5 m. 

The Aquia F ormationis composed of f ine- to medium- 
grained, highly glauconi tic sand with calcite-cemented layers. Its 
maximum thickness exceeds 35 m. 


Other Countries 


Glauconitic greensands are de veloped on all continents and ha_ ve 
been geologically mapped in man y countries. At some locations, 
glauconite is the most ab undant constituent of the for mation. In 
most cases, however, it is present in relatively small amounts or as a 
minor component of the sediment. 


Australia 


North of Perth in W estern Australia, three glauconitic form ations 
have a cu mulative thickness of 90 m—the Molecap Greensand at 
the base, the Gingin Chalk, and the Poison Hill Greensand at the 
top. In some beds, the glauconite content reaches 50% of the sedi- 
ment (McLeod 1965). The entire sequence is Late Cretaceous ag e 
(Brown, Campbell, and Crook 1968). 

The Paleoproterozoic (c. 1800 Ma) Earaheedy Basin in West- 
ern Australia contains widespread glauconite in clastic units of the 
Chiall and W ongawal formations of the Minning arra Subgroup 
(Pirajno and Adamid es 2000). Glauc onite-rich strata of the Chiall 
Formation are interbedded with stratiform iron-manganese oxides, 
typical of passive continental shelf environments. 


Brazil 


The upper rhythmite of the Proterozoic Paranoa Group in the region 
of Cabeceiras in Brazil contains three glauconitic sandstones. Glau- 
conite concentration ranges from less than 10% in the white sand- 
stone to more than 50% in the green-reddish sandstone (Guimaraes 
et al. 2000). 


Egypt 
In the Western Desert of Egypt, the upper part of the Nubian Sand- 
stone is composed of a 380-m-thick sequence of gray-green, very 


glauconitic shale, alternating with sandstone. It is Early Cretaceous 
age (Said 1962). 


England 


The Upper Greensand Formation is composed of highly glauconitic 
siltstones and sandstones and is developed in the souther n and 
southeastern parts of England. The formation is well exposed at 
Ballard Cliff (Bennison and Wright 1969). 


Hungary 


The Lower Cretaceous age Nana Formation in the Transdanubian 
region is composed of highly glauconitic marls. The largest concen- 
tration of glauconite is in the lower part of the formation. 

In the southern part of the Buda Mountains, clays and sands 
rich in glauconite are well developed in the Torokbalint Formation 
of Oligocene age. 


Israel 


The C retaceous-age gl auconitic sediments in the Negev Area of 
Israel first appear in the Hatira Formation and continue for se veral 


meters into the overlying Hazera Formation. In some beds, glauco- 
nite makes up 80% of the rock (Bentor 1966). 

The Pliocene-age Abu Hareira Sandstone is a hard _ , cross- 
bedded, glauconite-rich sandstone. The formation is best developed 
between Gaza and Beersheba (Picard and Solomonica 1936), with a 
maximum thickness of 30 m. 


Lithuania 


According to Smith et al. (1996, p. 2883), in their evaluation of the 
sorption of hea vy metals by Lithuanian glauconite, “Several hun- 
dred million metric tonnes [are] re portedly accessible (i.e., at or 
near the surface) in Lithuania.” 


New Zealand 


All major glauconitic deposits in New Zealand are found on South 
Island. 

The Iron Creek Greensand is a highly glaucon itic, massive 
sand in the Iron Creek Area . The format ion reaches as much as 
250 m in thickness and is of Late Cretaceous to Eocene age (Gage 
1970). 

The Waipara Greensand, which is of P aleocene—Eocene age, 
consists of alternating soft and hard, green, richly glauconitic sand- 
stones. It is e xposed in bank s of the Waipara River and the south 
branch of the Waipara River. 

The K okoamu Gr eensand is pur e, high ly glaucon itic sand. 
The formation iso f Late Oligocene age an dis de veloped and 
exposed in the Duntroon Area. 

The Gee Green sand is exposed in the coastal Kakanui Area. 
The formation sho ws dis tinct stratification and is very glauconite 
rich. It is at least 15 m thick and is of Oligocene—Early Miocene age 
(Gage 1957). 


Pakistan 


The lo wer me mber of th e Chichali F ormation in Pakistan in the 
western Salt Rang es, Trans-Indus Ranges, and parts of Kohat is 
composed of sandy glauconitic shale that passes upward into dark 
green glauconitic and fossilif erous sandstone (Danilchik and Shah 
1967). 


South Africa 


One of the most extensive glauconite (and phosphorite) deposits in 
the world mantles the southern African west coast and the Agulhas 
Bank continental shelf sediments (Coles et al. 2002). The major 
part of the Igoda Formation, which is of Late Cretaceous age, is 
composed of highly glauconitic sandy limesto ne and glauconitic 
calcareous sand stones. The for mation is exposed in cliffs on the 
southwestern side of the Igoda River (Klinger and Lock 1978). 


Switzerland 


The Altmann Schist of Early Cretaceous age contains highly glauc- 
onitic layers, reach es amaximum thickness of 40 m, and is best 
developed in the Helvetic Alps, especially near Santis and Pilatus in 
Switzerland (Funk 1971). 


Thailand 


The green sandstones of the Phra Vihan Formation of Thailand are 
rich in glauconite. The formation is of Early Jurassic age and is 
well developed on the Khorat Plateau (Ward and Bunnag 1964). 


Former U.S.S.R. 


Glauconitic sandstone is widespre ad in the northwestern re gion of 
the European former U.S.S.R.It occurs in Ukraine, in the Volga 
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region, on the eastern slope of the Ural Mountains, in Kazakhstan 
and in Uzbekistan, and alsoin the Far East. These glauconitic 
deposits are mainly in Jura ssic, Cretaceous, and P aleocene sands 
and sandstones. Their glauconite content commonly reaches 50% 
to 80%. 


Venezuela 


The Cogollo Group in Venezuela includes a sequence of sedimen ts 
containing as much as 80% glauconite. The gr oup reaches 610 m in 
thickness, is of Early—Late Cretaceous age, and is well developed in 
the central Lake Maracaibo Area (Bartok, Reijers, and Juhasz 1981). 


West New Guinea (lrian Jaya) 


The Kembelangan F ormation, which is Jurassic to Paleocene in 
age, is well developed in the Vogelkop region of West New Guinea. 
Its Upper Cretaceous age portion is very glauconitic. Glauconite 
usually makes up more than 50% of the rock. 


PROPERTIES 
Magnetic Susceptibility 


Glauconite has a_ variable pa ramagnetic susceptibility . Magnetic 
separation is, therefore, a commonly used method f or separating it 
from impurities. With a Frantz Isodynamic magnetic separator, the 
following settings generally give a clean separatio n of glauconite 
from quartz, coprolites, pyrite, and calcite grains: 


Side slope 20° 
Forward slope 15° 
Current 0.50 A (ampere) 


Mass magnetic susceptibility (Km) = 25+5x 10° 

Three steps of medium-intensity magnetic separation, pre- 
ceded by washing and removal of +0.59- and —0.074-mm fractions, 
result in purif ied glauconite. The purified glauconite then can be 
effectively separated into differently e volved fr actions by incre- 
mentally decreasing the current. This results from increasing mag- 
netic susce ptibility (a nd spec ific gravity) as glauconite e volves 
from glauconitic smectite to glauconitic mica. 


Specific Gravity 

The specific gravity of glau conites ranges widely depending on the 
abundance of mixed-layer minerals and K 20, the degree of substitu- 
tion in the tetrahedral and octahedral sites, and the extent of weather- 
ing. Shutov et al. (1972) reported the results of careful fractionation 
of purified glauconites by means of a density column, which permit- 
ted separation in heavy liquids in steps of 0.020 + 0.001 g/cm?. The 
specific gravity of glauconite of various geologic ages and pro ve- 
nances ranged between 2.32 and 2.92. Odin and Matter (1981) report 
the specific gravity of glauconite to range between 2.2 and 2.9. 

The wide range in specif ic gravity of glauconite limits the 
effectiveness of heavy liquid separation as a purification method. It 
can be used on some greensands with good results to separate mix- 
tures of glauconite of different provenances and different stages of 
diagenesis. 


Thermal Characteristics 


Thermal curves for glaucon ites show weight losses between 80° 
and 255°C and _ between 520° and 825°C. The first temperature 
range corresponds to dehydration, the second to actual decomposi- 
tion of the mineral (Smykatz-Kloss 1974). Prolonged heating at 
1,000°C results in the formation of maghemite, which inverts into 
hematite (Spoljaric and Crawford 1980). 


TECHNOLOGY 


Exploration 


Standard e xploration procedures consist of ou tcrop e xamination, 
trenching, split-spoon and auger drilling, and sampling. Drilling is 
essential for de termining the extent of a de posit and its thickness. 
Exploration data are used to co nstruct geologic, isopach, isograde, 
and other maps; to calculate the volume of a deposit; and to deter- 
mine minable reserves. Field examination commonly involves only 
the determination of color, grain-size range, and clay matr 1x con- 
tent to make certain that the deposit meets required criteria. 


Evaluation of Deposits 


Whether a deposit of glauconitic greensand is suitable for commer- 
cial exploitation is determined largely by the physical and chemical 
properties of the glauconite itself. Both field and laboratory te sts 
are employed in this determination. Important ph ysical properties 
include color, grain size, degree of sorting, and the amount of glau- 
conite inthe unconsolidated or poorly indurated sediment. Eco- 
nomically acceptable greensands contain at least 9 0% san d-size 
glauconite. For use in filters, glauconite must be green, dark green 
to almost black, and must be present in sand-size pellets. Deposits 
should contain not more than 2% to 3% clay matrix and must show 
no evidence of weathering. 

Chemical properties are determined by analytical means and 
include analyses for maj or elements (Si, Al, Fe, Mg, Ca, Na, K, 
and P) as wellas some trace elements. Che mical composition is 
especially important for gree nsand used in agri culture. Most 
important are the K content, which should be at least 6% (as K20) 
and devoid of pyrite. Agricultural greensand deposits must be fine- 
grained, preferably clayey. Once a glauconitic greensand is deter- 
mined to be of comme rcial quality, the re serves available in the 
deposit must satisfy the producer’s production requirements. 
Mining 
Most Cretaceous and younger greensand deposits are unconsolidated 
sediments. Various methods of open-pit extraction have been used, 
ranging from pick and sho vel in the earliest days to po wer shovels, 
draglines, and hydraulic mining. Inversand Company’s operation at 
Sewell, New Jersey, which is curr ently the only commercial green- 
sand producer in the United States, uses hydraulic mining methods in 
the Hornerstown and un derlying Navesink formations. The pit has 
been opened to a depth greater than 15 m. Overburden, consisting of 
sandy units of the Kirkwood Formation, is about 7.5 m thick and is 
removed before greensand extraction. The lower part of the Homers- 
town Formation, which constitutes the upper part of the deposit, is 
5to6mthick andoverlies3 to 4.5m of nearly pure glauconite 
belonging to the Navesink Formation. After the beds are slurried by a 
jet of high-pressure water , the greensand is pu mped froma sump 
through a pipeline to a tank at the nearby processing plant. 

Agrolith A/S, a wholly owned subsidiary of Mineral Develop- 
ment International A/S (Birkerod, Denmark), is the sole commer- 
cial producer of glauconite in Europe. 


Processing and Purification 


Processing at Se well, Ne w Jersey, in volves first the scre ening of 
crude, mine-run greensand. Approximately two thirds of the crude is 
recovered as —1.0- to +0.25-mm feed for the production of manga- 
nese gr eensand. The remaining o ne third consists of —0.25- mm 
material that is too fine for use as a water filtration medium. The 
—0.25- to +0.088-mm fraction is stockpiled and sold as a soil condi- 
tioner and natural fertilizer, and the —-0.088-mm fraction is pumped 
as waste to settling ponds. Agrolith A/S supplies glauconite with a 
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Table 4. Greensand in water softening 


Porosity, % 2 to3 
Effective size, mm 0.30 to 0.33 
Uniformity coefficient 1.40 to 1.55 
Screen analysis, mm 1.0 to 0.25 
Attrition loss per annum, % 2 
Weight per cubic meter, air-dried, kg 1,360 
Recommended pH operating range 6.6 to 8.3 
Maximum permissible temperature of raw water, °C 46 
Maximum permissible turbidity in raw water, ppm 10 
Maximum permissible iron in raw water as Fe, ppm 2:5) 

Bed expansion during backwash, % 30 to 35 
Exchange capacity as CaCO3, kg/ m3 6.4 to 6.9 
Salt requirement, kg/ m3 22.4 
Time required for regeneration in water softener, min AO 
Recommended maximum softening rate, [/m per m2 204 
bed area 

Recommended wash rate, |/m per m? bed area 285 
Recommended minimum bed depth, m 0.75 
Recommended maximum bed depth, m 1.85 





Courtesy of New Jersey Geological Survey. 


grain-size distribution having 98 % less than 0.25 mm and 10% 
less than 0.10 mm (Coles et al. 2002). 

After screening, the —1.0- to +0.25-mm fraction is w ashed 
for 2 hr with clean water to remove silt and clay. This is followed by 
several chemical treatments. Treatment with each chemical solution 
is followed by a fresh water rinse be fore the ne xt chemical is used. 
The treatments each take between 0.5 and 1.75 hr_ . The f irst four 
treatments are with sol utions of sodium al uminate, sodium silicate 
(twice), and aluminum sulfate. These che micals harden the glauco- 
nite particles. The next eight treatments use manganese sulfate and 
potassium permanganate to b uild a manganese dioxide coating on 
the glauconite. This coa ting is the active agent in removal of iron, 
manganese, heavy metals, hydrogen sulfide, and radium from water. 

The total time required for all chemical treatments is approxi- 
mately 14 hr. Afterward, the material is slurry-pumped to a drying 
building, drained of most of its free water in hold ing pans, and 
dried in gas-fired ovens. The drying time for each batch is approxi- 
mately 20 hr. The material is then packed in 0.03-m ? bags or | -t 
supersacks and is palletized and stretch wrapped for shipment. 


PRODUCTION 


Historical Background 


Greensand was used as a fertilizer in New Jersey in the latter part of 
the 1700s. During the early 1800s, its use became more common; 
applications of as much as 22.5 kg/m* were sometimes ma de, 
although recommendations for agricult ural use suggested 4.5 t o 
11 kg/m? (Tedrow 1957). Man y crops, especially the forage type, 
were said to improve with greensand application; because of its slow 
release of potash, however, large quantities were required. Certain 
greensands that contain sulfur and sulfide minerals are harmful to 
plant growth, and these were classified as poison, burning, or black 
marls. The availability of higher-grade potash salts from other min- 
eral sources and the manufacture of prepared fertilizers displaced 
the agricultural use of greensand during the latter 1800s. 

During the mid-1800s, the greensand industry, centered in a 
small sec tion o ft he eastern Unit ed States, gro ssed m ore than 
$500,000 per year. Toward the end of the centur y, however, annual 


production dwindled to less than $100,000. By 1910, only six or 
eight greensand producers were grossing less than $5,000 per year 
each (Tyler 1934). The U.S. industry revived briefly during W orld 
War I because of the curtailment of foreign potash, especially from 
Germany. 

During the latter 1940s and early 1950s, greensand was again 
recommended as a food nutrient for plants and f arm crops. Ag ro- 
nomic studies discussed its potential as a soi | additive that gradu- 
ally releases potash and many trace element nutrients essential for 
plant growth (Tedrow 1957). Greensand was sold with the idea that 
it would condition soil and absorb and hold water while its base- 
exchange properties released trace elements. 

For a short time, glauconite was used in certain parts of Ne w 
Jersey as a binding additive in the brick industry. In the 1800s, it 
was used for making green glass (Cook 1868). 

In the early 1900s, the base-exchange properties of glauconite 
were recognized for water treatment and the mineral gained accep- 
tance as a water softener. Mansfield (1922) does not mention base 
exchange, even though this phenomenon was known in 1916 or ear- 
lier. From 1916 through 1922, several patents for the use of glauco- 
nite as a w ater-softening agent were granted. A method w as also 
patented for treating greensand to impro ve it for water softening 
and ready regeneration with comm on sodium chloride brine (Bor- 
rowman 1920; Spencer 1924; Kriegsheim and Vaughan 1930). 

Treated glauconite, on contact with water containing magnesia 
or lime, takes up magnesium or ca Icium ions and rele ases sodium 
ions. This exchange is limited to the outer surface of glauconite 
grains, and when all the surfaces have absorbed their capacity, the 
grains must be regenerated. Regeneration, simply stated, consists of 
treating or backwashing the glauconite with a sodium chloride solu- 
tion, which replaces the hard-water el ements with sodium, thus 
reviving the glauconite. The process has become more sophisticated 
because of competition among comp anies in the w_ater-softening 
business. 

Greensand products for water softening generally consisted of 
several dif ferent grades distingui shed by the particu lar treatment 
the glauconite was given during processing. The standard g reen- 
sand water softener was produced from natural glauconite that was 
only w ashed and classif ied. Table 4 gi ves i ts characteristics for 
water softening. 

To increase its water-softening capacity, glauconite was treated 
by a process that made it more porous. Although most of the specifi- 
cations remained the same as those for the washed greensand shown 
in Table 4, the porosity changed from 2%-3% to 11%-—13%, and the 
exchange capacity (as CaCO 3) increased from 6.4-6.9 kg/m? to 
8.6-10.2 kg/m?. Maximum permissible ra w water turbidity dropped 
from 10 ppm to 5—7 ppm, and the maximum permissible iron in raw 
water decreased from 2.5 to 1.5 ppm. By increasing the porosity of 
glauconite e ven more, t hee xchange capacit y w as al so further 
increased, with a corresponding chan ge in some of the ot her specifi- 
cations. This special porosi ty process increased the salt requirement 
for regeneration, for example, from 22.4 kg/m? to 40 kg/m?. Another 
method of processing greensand involved heating it to approximately 
200° to 400°C to drive off water. After cooling, it w as treated with 
salt brine, which made the greensand product more efficient because 
softened water did not become cloudy. 

During the latter 1940s, greensan d was displaced as a w ater- 
softening agent by phenol formaldehyde resin, which has twice the 
softening ca pacity, is not affected by water t emperatures abo ve 
45°C, and requires the same amount of salt for regeneration. After 
1950, phenol formaldehyde resin w as displaced by styr ene resins, 
which have an even higher water-softening capacity but require no 
more salt for regeneration. 
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In the late 18 60s, almost a m illion tons of green sand were 
mined each year for use as fertilizer. In 1855, greensand brought 
$0.07/bushel ($2.00/m3), and in 1877 it was selling for $0.65/t at 
the pit. Reports indicate that pr oduction was principally from New 
Jersey. By the 1870s, annual production had dropped to less than 
100 ktp y. Toward the turn o f the centur y, demand for gr eensand 
improved, but in 1908 fewer than 10,000 t wer e produced, for a 
total value of only $3,500. The number of producers dropped from 
13 in 1908 to 4 in 1912. The use of greensand for water softening in 
the early 1920s revived the industry. Table 5 shows the tonnage pro- 
duced in New Jersey from 1922 through 1971. 

In 1926, Inversand Co. starte d operations near Se well in 
Gloucester Co unty, Ne w Jerse y. In the late 1940s, Natio nal Soil 
Conservation Co. started operations at Medford in Burlington 
County, New Jersey, and produced greensand at that location until 
the early 1960s. Table 6 shows the production of New Jersey green- 
sand for water treatment and agricultural uses from 1959 to 1963. 


USES 


Present-day use of glauconite is limited to two applications—water 
treatment and soil conditioning. Production is concentrated in th e 
coastal plain of New Jersey, where greensand is extracted from Cre- 
taceous and Paleocene age sediments. A small amount of greensand 
for soil conditioning was once mined in Maryland (closed in 1970) 
and Virginia, leaving New Jersey as the sole producer in the United 
States. 

Inversand Co., a Division of Hungerford & Terry, Inc., produces 
processed greensand, also called manganese greensand, in the United 
States. In water treatment it is used as a filter medium for removing 
soluble iron or manganese salts and hydrogen sulf ide fr om well 
water. It is employed in vertical and horizontal pressure filters and 
open-gravity filter systems by almo st all water-conditioning equip- 
ment manufacturers. Purple to almost black manganese greensand is 
used in two w ater treatment processes. In _ the older , int ermittent 
regeneration (IR) process, it is regenerated intermittently with a weak 
solution of potassium permanganate (KMnOa,). 

A newer process, de veloped and patented by Hungerford & 
Terry around 1960, has replaced the older one and is called continu- 
ous regeneration (CR). Potassium permanganate is injected directly 
into t he ra w w ater upstre am of the unit containing mang anese 
greensand and may be preceded by ch lorine injection. In this pro- 
cess the greensand does not require intermittent regeneration, only 
an occasional wash. The CR process uses potassium permanganate 
more ef ficiently than does the IR process an d has g ained f avor 
because of it s ability to reduce v ery high iron le vels in w ater to 
extremely minute amounts, frequently to less than 10 ppb. When a 
well water supply contains very little iron but significant quantities 
of manganese, then the older IR process is more appropriately used. 

For home and garden use, gr eensand is recommended as a 
mulch, top dressing, and conditioning additive to soil for gardens, 
potted plants, and vegetable starting plots. It slowly releases nutri- 
ents, loosens clayey soil, is nonburning, holds moisture, and gradu- 
ally contributes potassiu m to pl ants to stimulate photosynthesis. 
The usual application is 0.05 to 0.49 kg/m 2, altho ugh lar ger 
amounts may be applied depending on the nature of the soil. 

A number of other uses have been suggested or tried locally. 
Finely ground glauconite has been used as a green paint pigment, 
but its low refractive inde x and tendency to weather to red iron 
oxide inhibit its suitability for t his application. This niche market 
has been resurrected, however, by the marketing of glauconite from 
the Baltic states as “natural earth pigments” to painters of Russian 
religious icons. For variations in color and texture of the pigment, 
greensands (not necessarily glauconite) used by icon painters wer e 


Table 5. Greensand production in New Jersey 





Years Tons Value, $ 
1922-1923 16,780 188,000 
1924-1925 24,490 330,000 
1926-1927 21,770 337,000 
1928-1929 22,680 460,000 

1930 11,520 225,000 
1947-1951 27,884 na” 

1967-1971, average 3,118 na 





Courtesy of New Jersey Geological Survey and U.S. Bureau of Mines. 


* na = not available. 


Table 6. Greensand production in New Jersey by use, t 





Year Water Treatment Agricultural Use 
1959 1,815 4,175 
1960 1,725 3,400 
1961 1,360 2,630 
1962 1,725 2,040 
1963 1,815 Not reported 





Courtesy of New Jersey Geological Survey. 


mined from such diverse sources as celadonite from Monte Baldo 
near Verona, Italy, in 1574; chlorite from Cornwall in England; and 
greenish benton ite from northern Bohemia (Hrad il et al. 2003). 
Greensands were mined also fr om the Bal tic st ates, Cypress , 
France, Poland, Saxony, and Mendip Hills of England. 

Pure glauconite has been used to a limited extent as a glass- 
polishing agent. Glauconite from the Weches Formation in T exas 
contains clayey beds that were formerly cut or sawed and dried to 
formato ugh, reasonably dur able b uilding ston e ( Jones 1936 ; 
Fisher 1965). 


FUTURE TRENDS 


Potential New Uses 


In light of declining demand for greensand, efforts have been made 
recently to develop new uses. Glauconite’s catalytic properties have 
been investigated in som e detail in the United States, the former 
U.S.S.R., Japan, Germany, and France (Hartough and Kosak 1947; 
Kvirikashvili 1962, 1964; Gornak 1963) . Ac ylating reaction s, 
dehydration of cyclohexane to benzene, condensation of aldehydes, 
and oxidation and dehydrogenation of alcohols ha ve been carried 
out with glauconite-based catalysts. The relationship between cata- 
lytic activity and CEC has encouraged efforts to enhance the former 
by increasing the latter throu gh heat treatment and chemical meth- 
ods. Because CEC increases with the amount of mixed-layer com- 
ponent present, these efforts also have focused on replacing more of 
the potassium in the glauconite structure with hydroxyl ions. Heat- 
ing of glauconite in a reducing atmosphere leads to the formation of 
metaglauconite, the sorptive properties of which are being studied. 
An entirely different approach is the destructive dissolution 
of glauconite and recovery of at least three marketable products, 
high-purity silica, potash, and iron oxides. Turrentine (1925) first 
proposed this process. Efforts are under way to prove its economic 
feasibility with the help of modern chemical engineering practice. 
Some extensive greensand deposits are situated near popula- 
tion centers, so glauconite ’s capacity to absorb hazardous waste 
fluids is be ing investigated. Recent studies in Germany and the 
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United States suggest that glauconite can be used as a filter for 
radioactive wastes (Kohler 1976) and heavy metals from landfill 
leachates and indu strial effluents (Spo ljaric and Cr awford 1978, 
1979). The ef ficacy of using man ganese gr eensand to remove 
arsenic from water and hazardous waste liquids has been studied 
(Subramanian et al. 1 997; Hansonetal. 1999). An increasi ng 
demand for this mineral in solving pressing pollution problems can 
therefore be anticipated. Food shortages in several parts of the 
world may also br ing about renewed interest in glauconite as an 
inexpensive fertilizer and soil conditioner. 


ECONOMIC FACTORS 

Pricing 

The list prices effective March 2004 for manganese greensand sold 
by Inversand Co. ranged fr om $915 to $990/m3, depending on the 
quantity purchased (R. Bie genwald, personal c ommunication). All 
prices were free on board (f.0.b.) from the point of shipment in New 
Jersey. Agrolith A/S sold glaucon ite sand, consisting of about 95% 
glauconite, 2% quartz, an d 3% “clay ,” for $450/m 3 (“3 OOUS$ per 
tonne,” according to Coles et al. 2002). Standard packaging consists 
of 0.028-m? bags stretch -wrapped on pallets holding 25 bags each, 
an octagonal box strapped to a pallet and holding 0.71 m? of prod- 
uct, or supersacks holding 1 t each. 


Marketing and Distribution 


The two avenues of distribution for manganese greensand are deal- 
ers and original equipment ma nufacturers. Deale rs are primarily 
small- to medium-size water treatment companies that resell tanks, 
chemicals, and so forth, and provide service for domestic and other 
small water systems. Original equipment manufacturers design and 
manufacture equipment for lar ge-scale municipal and _ industrial 
installations, and sma Iler commercial and domestic system s, and 
provide service for these water treatment facilities. They receive a 
small price incentive for making large single orders and promote the 
product. Many dealers are located in the midwestern United States. 
Large dealers in Europe distribute greensand from ports of entry in 
Sweden and Italy. Inversand Co. has also shipped greensand to Indo- 
nesia, South Korea, Trinidad, Chile, and Thailand in past y ears. A 
large mang anese greensand water treatment syst em, possi bly the 
largest ever, was built in Saudi Arabia in the late 1980s. 


Alternate Materials 


Low pH commonly causes unacceptably high con centrations of 
dissolved iron in water. This problem can be corrected with a neu- 
tralizing calcite filter, a water softener, raising the pH to a minimum 
of 6.7, or oxidation with chlorine bleach follo wed by f iltration. 
Manganese can be removed from water by reverse osmosis and by 
oxidation with chlorine bleach fo Ilowed by f iltration. Small c on- 
centrations of mang anese can be remo ved with a w ater so ftener. 
Hydrogen sulfide in concentrations greater than 6 ppm is tre ated 
with constan t chlorination f ollowed by f_ iltration/dechlorination 
(McGowan 1984; Anon. 1978). 


GOVERNMENTAL FACTORS 

Zoning and Land Use 

The area of southern New Jersey where glauconitic greensand is 
produced is heavily populated. It is likely, therefore, that any new 
mining permits or changes to present land use zoning to accommo- 
date expansion of th e greensand mine will be difficult to obtain. 

Inversand Co. reserves are proprietary data, although their reserves 
are sufficient to meet current or inc reased demand for many more 
years (R. Biegenwald, personal communication). 


Environmental Regulation 


Inversand Co. is required to comply with a number of environmen- 
tal regulations and to operate a wastewater treatment plant under 
the jurisdiction of the Ne w Jersey Department o f En vironmental 
Protection (New Jersey Pollutant Discharge Elimination System, or 
NJPDES). The company must have permits for both surface water 
discharge and ground water discharge. Its operations are inspected 
periodically b y the Mine Safe _ ty and Health Administration 
(MSHA), which checks w orkers for exposure to crystalline silica 
dust and enforces regulations regarding safety practices. 
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INTRODUCTION 


This chapter will be restricted mostly to elemental carbon in the form 
of natural (mined) graphite. Elemen tal carbon also takes the form of 
diamonds and fullerenes, both with d ifferent crystal structures than 
graphite. Gr aphite also can be synthesized by bring ing a_ carbon- 
aceous material to the temperature of graphitization; most commonly, 
petroleum coke is used. Either graphite shapes (i.e., electrodes) or 
powder can be made in this manner. Synthe tic (artificial) graphite 
powder and natural graphite are often substituted for each other, or 
mixtures containing both kinds are prepared for customers. 


History 


Prehistoric man used graphite to make drawings on cave walls and 
the Egyptians u sed it to decorate pottery. As early as 1400 AD, 
graphite crucibles were made in the Haffnerzell district of Bavaria. 

Through the Middle Ages, graphite was confused with other 
minerals, especially galena and molybdenite. Two common names 
that are still used for the mine ral are plumbago—meaning lead- 
silver—and black lead. The latter implies that graphite is either com- 
posed of lead or contains a lar ge percentage of it. C. von Gessner is 
credited with having recognized it as a separate mineral in 1565, but 
its composition was not determined until 1779 whe nC. Schee le 
demonstrated that graphite oxidized to carbon dioxide, thus proving 
it to be a form of carbon. In 1789 ,A. Werner named it graphite, 
from the Greek word graphein, meaning “‘to write.” 

The United States has long relied on imports for its graphite 
supply because of the lack of suitable domestic gra phite reserves. 
Sri Lankan graphites were imported as early as 1820, and Madagas- 
car graphites were imported f ollowing the opening of mines ther e 
about 100 years later. Mexico has long supplied the United States 
with most of its amorphous graphite requirements. 


Classification and Industry Structure 


Natural gr aphite can b e divided into three classes: disseminated 
flake, crystalline vein (fibrous or columnar), and amorphous. Flake 
graphite is a lamellar form found in metamorphic rocks, su ch as 
marble, gneiss, and schi st. Each flake is se parate, having crystal- 
lized as such in the rock. Crystalline vein graphite (also called lump 
or high cry stalline graphite) is fo und in well-def ined v eins or 
pocket accumulations along intrusive contacts of pe gmatites with 
limestones. The graphite in these deposits is of two types, foliated 
and columnar. The Sri Lankan graphite deposits are vein type. 
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Amorphous graphite commonly is found as min ute, micro- 
crystalline particles fairly uniformly distributed in weakly metamor- 
phosed rocks, such as slates, or in beds consisting almost entirely of 
graphite. The latter usually are metamorphosed coal seams with as 
much as 80% to 85% — graphitic carbon, whereas the form er are 
altered carbonaceous sed iments, commonly ranging from 25% to 
60% carbon. The graphite content of amorphous graphite deposits is 
dependent on the amount of carbon p resent in the original sedi- 
ments; there is no evidence of enrichment by intrusive rocks. Certain 
amorphous graphite deposits und oubtedly were for med by contact 
(thermal) meta morphism, while others are probably the result of 
dynamic (regional) metamorphism. 

Synthetic (artificial) graphite is manufactured in electric fur- 
naces from petroleum coke. 


Terms and Definitions 


Graphite has been mark eted as graphite, plumbago, or black lead. 
Industrial usage of such terms tends to be con fusing to one no t 
immersed in the industry. For example, the two main commercial 
categories of natural graphite are crystalline and amorphous; but all 
graphite is really crystalline and the commercial distinction is actu- 
ally one of crystal size. Thus the term amorphous, although widely 
used, is a misnomer. 

Amorphous can also refer to very fine particles of cr ystalline 
flake graphite that can only be sold f or low-value uses, such as 
foundry facings. This very fine flake also is called crystalline dust. 
Fine-grained varieties of lump graphite easily reduced by grinding 
to fine particle size are called amorphous lump, distinguishing them 
from tough, platy, and acicular v arieties (kno wn as cr _ystalline 
lump), which may be reduced in particle size only with difficulty. 

Crystalline flake graphite is well defined in paragraph 213 of 
the Tariff Act of 1930 as follows: 


The term “crystalline flake” means graphite or plumbago 
which occurs disseminated asarelati vely thin flake 
throughout its cont aining rock , decomposed or no t, and 
which may b e or has been separated therefrom by ordi- 
nary crushing, pulverizing, screening, or mechanical con- 
centration process, such flake being made up of a number 
of parallel laminae, which may be separated by mechani- 
cal means. 


Under this definition, finely divided particles of crystalline 
flake graphite w ould be classified as crysta lline graphite. But the 
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Table 1. Salient natural graphite statistics 





Year Unit 1998 1999 2000 2001 2002 
United States 
Production 
Apparent consumption* Tons 33,600 26,400 39,000 28,200 23,600 
Exports Tons 28,000 29,400 21,800 23,900 21,600 
Value Thousands $14,100t $15,200 $12,500 $16,900 $19,200 
Imports for consumption Tons 61,600 55,800 60,800 52,100 45,100 
Value Thousands $34,800 $34,700 $32,500 $23,300 $22,300 
World 
Production Tons 651,000 682,000 846,000 797 650+ 759,0008 





Source: U.S. Geological Survey 2004. 
* Domestic production plus imports minus exports. 
t All values in U.S. dollars. 
t Preliminary. 
§ Estimated. 


U.S. Court of Customs and Patent Appeals has repeatedly held that 
commercial designations, not scientific terms, must govern classifi- 
cation and that when a commercial meaning differs from the techni- 
cal meaning, th e co mmercial desi gnation has precedence. Thus, 
large quantities of fine-crystalline flake graphite are imported as 
amorphous graphite. 


PRODUCTION, TRADE, AND RESOURCES 
Salient Graphite Statistics 


Table 1 shows the salient statistics for natural graphite in the United 
States and for total world production. There is no graphite mined in 
the United States. The statistics for apparent consumption is under- 
stated because the export numbers include natural-synthetic graphite 
mixtures. World graphite p roduction statistics are usually pr elimi- 
nary for se veral ye ars because man y na tions report f igures v ery 
slowly; the sta tistics for some nations (e.g., India) are o verstated 
because they are reported on an as-mined basis. The U.S. Geological 
Survey (USGS 2004) updates these statistics periodically and posts 
the data on its Web site (http://minerals.usgs.gov/minerals). 


U.S. Graphite Consumption and Imports 


There are almost no published statistics on U.S. consumption of 
natural graphite, by end use, because so much of USGS survey data 
are company proprietary. In addition, the numbers for amorphous 
graphite include natural-synthetic mix tures. In 2002, USGS data 
showed that 17,5 00 t crystalline graphite worth US$ 16.8 million 
was consumed in the United States, compar ed to 15,000 t w orth 
US$15.8 million in 2001. In 2002, 21,900 t of amorphous graphite 
and mix es w orth US$18.4 million were consumed, c ompared to 
18,800 t worth US$14.7 million in 2001. 

The U.S. import statistics shown by the USGS indi cate that 
the major sources of graphite are China, which supplied 18,500 t 
worth $6.55 million in 2002; followed b y Me xico with 9,920 t 
worth US$1.15 million; Canada with 8,360 t w orth US$4.31 mil- 
lion; Brazil with 4,190 t w orth US$3.67 million; and Madagascar 
with 2,030 t worth US$0.97 million. 


World Graphite Production and Resources 


Table 2 shows that natural graphite is produced by 21 nations, led 
by China. China sets w orld prices, has a rapidly growing domestic 
market for graphite, and is a huge exporter. Brazil is a signif icant 


exporter worldwide, and Me xico and Canada export mainly to the 
United States. 

Table 3 shows graphite reserves and resources for a number of 
major graphite-producing nations. 


GEOLOGY 
Mineralogy, Crystallography, and Ore Impurities 


Graphite is found in laminated, flaky aggre gates disseminated in 
schistose rocks. It also occurs in veins and e xhibits a foliated or 
fibrous structure. Graphite is a bl ack lustrous mineral that crystal- 
lizes in the he xagonal system, wi th rhombohedral sy mmetry. The 
crystals are six-sided and tabular in form; the faces commonly are 
striated. T he fl akes ha ve perfe ct bas al cl eavage and a re opaque . 
When well-crystallized, flakes have a black metallic luster, whereas 
amorphous material is black and earthy with a mi crocrystalline 
compactness. The flakes feel greasy. 


Physical and Chemical Properties 


Graphite is an excellent conductor of he at and electricity. It melts 
at approximately 3,550°C at a triple point under 88 kg/cm7. It sub- 
limes between 3,300°C and 3,500°C at 1.033 kg/em?2. At 3,726°C, 
ase cond triple p oint occurs a t appr oximately 10 0,000 atmo - 
spheres. Thermal oxidation in the presence of oxygen begins at 
300°C, and the rate increases with temperature. Graphite is used in 
lubricants and brake linings because of its lubr icity (slipperiness) 
and in refractories because it is a good heat conductor while keep- 
ing its shape at high temperatures and does not react with molten 
metals. 

The three forms of carbon (charcoal, graphite, and diamond) 
are distinguished by chemical and physical tests. The specific grav- 
ity of charcoal is 1.3 to 1.9; of graphite 2.266 g/cc (crystal density); 
and of diamond 3.5. Graphite has a hardness of 1 to 2 (Mohs scale). 

Graphite has a m eager chemistry and resists chemical attack 
by most reagents and is infusible in mos t common fluxes. It wi Il 
form intercalation compounds with alkali metal vapors, mostly with 
potassium, rubidium, and cesium, where the metal ions fit between 
the planar carbon netw orks of the crystals, and the graphite struc- 
ture is retained. Graphite will react with concentrated sulfuric acid 
to fo rm gra phite sulf ate, but the rea ction is ea sily re versed by 
merely adding water. Graphite oxide, a yellow substance kno wn 
since 1859, is stable over a limited range around 200°C (392°F). It 
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Table 2. Graphite: World production, by country, f° 





Country 1998 1999 2000 2001t 2002* 
Austria 10,738 2,635 669 116 0 
Brazil (marketable)§ 61,369 53,503 71,208 70,091 60,922 
Canadat 25,000 25,000 25,000 20,000 15,000 
Chinat 224,000 300,000 430,000 450,000 450,000 
Czech Republic 28,000 22,000 23,000 17,000 16,000 
Germany 270 300 300+ 300 300 
India (mine)** tt 143,333 145,000 140,000 140,000 130,000 
Korea, North 35,000 33,000 30,000 25,000 25,000 
Korea, Republic of 62 62 65 65 65 
Madagascar 20,629 16,137 40,328 2,013 1,000 
Mexico 

Amorphous 42,893 27,781 30,330 21,442 14,065 

Crystalline flake 568 
Mozambique 5,889 4,007 
Norwayt 2,600 2,500 2,500 2,500 2,500 
Romania 1,95] 1,04] 1,25] 1,176 1,200 
Russiat 6,000 6,000 6,000 6,000 6,000 
Sri Lanka 5,910 4,592 5,902 6,585 3,619 
Sweden 3,01] 4,500 5,108 963 900 
Turkey (mine)* 15,000 15,000 15,000 15,000 15,000 
Ukraine 5,104 7,46] 7,431 7,500 7,500 
Uzbekistant 60 60 60 60 60 
Zimbabwe 13,806 11,405 11,838 11,836 9,912 

Total 651,193 681,984 845,990 797 647 759,043 





Source: U.S. Geological Survey 2004. 
* Table includes data available through May 13, 2003. 
t Preliminary. 
t+ Estimated. 


§ Does not include the following quantities sold directly without beneficiation, in tons: 1998—10,747; 1999—10,700; 2000-2002—not available. 


** Reported figure. 
tt Indian marketable production is 10% to 20% of mine production. 


converts into black pyrographitic acid below, or usually e xplodes 
above that temperature. Graphite fluoride is formed by e xposing 
graphite to fluorine and hydrogen fluoride, and is of some interest 
as a high-temperature lubricant. 


Origin and Mode of Geologic Occurrence 


Graphite is widely distributed throughout the w orld, occurr ing in 
many types of igneous, sedimentary, and metamorphic rocks. Many 
occurrences, however, are of lit tle economic importance. The more 
important occurrences are those found in metasomatic-hydrothermal 
deposits andin sedimentary rocks thatha ve been subjected to 
regional or contact metamorphism. 

Most, if not all, of the world’s deposits of flake and crystal- 
line graphite occur in metamorphic rocks of Precam brian age. 
Marble, gneiss, and schist are th e most common types of rock in 
which economic deposits of flake graphite occur. In many cases, 
pegmatitic veins have intruded the rocks. Vein graphite is normally 
found in rocks similar to these, b ut the enclosing wall rock is not 
necessarily graphitic. This type of deposit assumes the character of 
a true lode. 

Economic deposits o f graphite include five main geological 
types: 

1. Flake grap hite disseminated in metamorphosed, silica-rich 
sedimentary rocks 


2. Flake graphite disseminated in marble 


3. Amorphous deposits formed by metamorphism of coal or 
carbon-rich sediments 


Veins filling fractures, fissures, and cavities in country rock 


5. Contact metasomatic or hy drothermal deposits in metamor - 
phosed, calcareous, sedimentary rocks 


Natural graphite in these depos its varies widely in ph ysical 
appearance. Klar (1958) cl assified graph ite occurrences on the 
basis of crystal characteristics into microcrystalline dense graphites 
and macro crystalline silvery-bright g raphites. Microcrystalline 
graphite occurs in deposits of high carbon content as exceptionally 
small crysta ls discernable only by high-powered micr oscopes, 
whereas the macrocrystalline type generally occurs in lower con- 
centrations and in larger crystal form. 


Each type is described in more detail in the sections that follow. 


Flake Graphite Disseminated in Metamorphosed 
Silica-Rich Sedimentary Rocks 


A large part of total world production of graphite is derived from 
rocks such as quartz-mica schist, feldspathic or micaceous quartzite, 
and gneiss. The graphite flakes in these rocks are oriented parallel to 
the plane of foliation. The graphite varies widely in physical appear- 
ance and characteristics. The flakes range in size from a fraction of 
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Table 3. World graphite resources (recoverable flake or crystalline concentrates or of amorphous graphite, kt 
Country Type Reserves Reserve Base’ Inferred Reserve Base 
Austria Amorphous 50 50 1,100 
Brazil Flake 500 1,000 2,800 
Canada Flake 1,500 2,700 3,000 
China Amorphous 58,000 200,000 0 
Flake 6,000 20,000 4,000 
Commonwealth of Independent States (with Ukraine) Amorphous 1,000 21,000 540,000 
Czech Republic Flake 900 2,300 11,000 
Germany Flake 130 220 600 
India Flake 735 3,800 10,400 
Korea, North Amorphous 1,000 11,000 20,000 
Flake 700 1,000 1,100 
Korea, Republic of Amorphous 20 90 2,000 
Flake 6 20 60 
Madagascar Flake 940 980 180,000 
Mexico Amorphous 3,000 3,000 10,000 
Flake 106 106 320 
Norway Flake 200 200 AO 
Romania Amorphous 300 300 0 
Sri Lanka crystallinet 50 50 150 
Flake 1,800 3,800 5,000 
United States* Amorphous 0 850 5,000 
Flake 0 60 100 
Zimbabwe Flake 600 600 1,200 
Other Flake 280 300 900 
Total amorphous “63,400 "236,300 578,100 
Total flake 14,400 37,100 220,500 
Total crystalline 50 50 150 
Source: Adapted from U.S. Geological Survey 2004. 
* The reserve base includes reserves; the inferred reserve base does not include the reserve base. 
t Known as high crystalline or lump, comprising crystalline lump and amorphous lump. 
$ Reserve base is Alabama only; inferred base is Alaska plus New York. 
a millimeter to ana verage of 40 cm, and may vary by deposit in Table 4. Sample assay results 
mucknes® pOuESS: density, one EDs : ; Size Kilograms of Flake per Ton of Ore 
The principal deposits of flake graphite are in lenses or layers 
as much as 33 mth ick and some thousands of meter s long. The +50 mesh 3.0-7.0 
lenses have variable graphite content, both within themselves and 50 +100 mesh 3.5-19.0 
from one lens to another. The content of an average deposit is about 
10%-12% carb on, but some deposit s containing as little as 2% -100 mesh 4.0-35.0 
graphite have been mined. In Madagascar one r ich lens contains Total flake 7b ee6 50. 


60% graphite. Crystals in each deposit vary in size, usually reflect- 
ing the grain size in the parent rock. In an above-average deposit, 
crystals as large as 4 cm across are common. 

Deposits of this type of graphite are described by location in 
the sections that follow. 

Alabama. The deposits of northeastern Alabama, in Chilton, 
Coosa, and Clay counties, occur in two northeast-trendi ng belts, 
1-3 km wid e, with a combined length of about 90 km. W orked 
intermittently since the late 18 00s, the mines re ached their peak 
production during W orld War I. The deposits, called Jeads, are 
groups of parallel layers and lenses inthe Ashland quartz-mica 
schist that contain 1%—5% disseminated flake graphite. The mined 
leads range from 6 m to more than 35 m in thickness, dip gently to 





steeply, and have been traced up to 1,200 m long strike. Some are 
essentially constant in strike and dip over long distances; others are 
folded, faulted, or both. The de posits are weathered to depths as 
great as 35 m. In general, the flake ranges from less than 1.25 mm 
to 5.00 mm in diameter, but most are less than 1.25 mm in diameter. 
Assays of samples from 32 properties in the northeastern belt by the 
U.S. Bureau of Mines gave the results shown in Table 4. 

Most of the graphite produced in Alab ama during and after 
World War II was formerly stockpiled, b ut Alabama g raphite has 
been marketed for most common graphite uses. 
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Texas. The flake graphite deposits of Texas occur in the Pre- 
cambrian Packsaddle S chist in Llano and Burnet counties. The 
deposits show a wide range of graphite content and flake size. The 
most imp ortant d eposit was one in B urnet Co unty, whi ch was 
operated by the Southwestern Graphite Company. 

Canada. The Lac Knife graph ite deposit at Fermont, Que- 
bec, has unusual ly rich ore; qui te atypical of other commercially 
important Canadian d eposits. Th e g raphite de posit an d i ts su r- 
rounding host rock, a quartz-feldspar (biotite) gneiss, usually mig- 
matized, represent the southern extension of the Menihek shales 
and argillites of the Churchill Province into the Grenville Province. 
Garnet, kyanite, and pyrrhotite are associated minerals. The graph- 
ite is unifo rmly disseminated when the ore ha s less than 10% 
graphite. Graphite blebs appear in e ver-increasing size as the ore 
increases in richness a bove 10%. When the ore i s abo ve 25% 
graphite, veins and massi ve zones of gr aphite are observed. The 
graphite occur s as in dependent gra ins, speci fically me dium to 
coarse flak es or masses of f ine grains, or as inclu sions in other 
minerals, including graphite interlain with mica. 

Germany. Deposits east of Passau, Bavaria, near the Austrian 
border, were known to prehistoric man and have been worked since 
the Middle Ages. They consist of crystalline gra phite in se ams, 
lenses, and d isseminated fl akes in gneiss and schist. Indi vidual 
seams and lenses up to 10 m in thickness are mined for a few hun- 
dred meters. At Kropfmuhl, the only mine no w operating, a v ery 
heavily folded bed of graphite is mined at eight successive depths in 
some places. This bed of graphite is interbedded with marble and 
micaceous gneiss in a zone that is 130 m in stratigraphic thickness. 
Exposures 0.5—1.0 m thick are mined. Graphite forms 10%—30% of 
the lenses. Associated minerals are mainly feldspar and calcite, and 
less quartz, pyrrhotite, pyrite, biotite, hornblende, sphalerite, and 
galena. Both weathered and unweathered rocks have been mined. 
Two grades of crucible f lake (92%-97%), three of pencil flake 
(96%-97%), and five grades of fines are produced. The deposits are 
syngenetic and formed by metamor phism of or ganic carbonaceous 
sediments. 

Madagascar. Probably the largest resour ces of high- grade, 
crystalline flake graphite in the world are on the islan d of Mada- 
gascar. The deposits occur in belts of micaceous gneiss and schist 
over a distance of more t han 800 km in the easter n half of the 
island from the latitude of the city of Tamatave to the southern end 
of the island. The pr incipal producing area extends about 110 km 
along the east coast f rom Tamatave to Mar ovintsy. Individual 
deposits are gr aphite-rich la yers that range from 3.0 mt o more 
than 35.0 m in thickness; some can be followed for a few thousand 
meters. The graphite content reportedly ranges up to 60%, but ore 
averaging 4%-11% disseminated graphite h as been w orked in 
recent years. Operations are confined to the weathered upper parts 
of t he deposi ts, and reserves of we athered ore are considered 
ample for many years at current rates of production. Flake graphite 
from Madagascar is noted for its high proportion of coarse flake, 
uniform thickness, toughness, and cleanness, and for the care with 
which it is graded for export. It sets the world standard for high- 
quality flake. 

Norway. In Europe the pri ncipal productive graphite deposits 
of Norway, Germany (Bavaria), and the Czech Republ ic consist of 
flake graphite disseminated in mica schist ormica gneiss or are 
closely associated with these rocks. The productive deposits of Nor- 
way (A/S Skaland Grafitverk) are on Senja Island in northern Nor- 
way (latitude, 60°39'N; longitude, 17 °E), and are lenses of graphitic 
rock enclosed in mi ca schists. The richest ore co ntains 25 %—-30% 
graphite. The ore is hard and must be crushed to recover the graphite. 


Flake Graphite Disseminated in Marble 


Flake graphite disseminated in marble probably originated from 
carbonaceous impurities. Graphite commonly is less than 1% of the 
rock, although in some localities it is as much as 10%. Deposits of 
this type are structurally complex and exhibit much variation in 
grade and kinds of accessory minerals over short distances. Their 
contribution to w orld production is consequently much less than 
that from deposits in schists and gneisses. 

The most significant graphite deposit of this type in the world 
is the Lac-des-Iles crystalline flake graphite deposit in Canada. The 
host rock is a jumble of Grenville biotite-garnet gneiss, quartzite, 
and graphite-containing marble. Althoug h most of th e graphite is 
found in the higher-grade marble core of a gneissic body, some 
larger-flake graphite is found in the quartzite ring surrounding the 
core. The entire sequence is cut by gabbro-diorite dikes and pegma- 
tite bodies and is extensively folded and faulted. 


Amorphous Deposits Formed by Metamorphism 
of Coal or Carbon-Rich Sediments 


The graphite in deposits f ormed by the metamorphism of coal or 
carbon-rich sedimen ts is almost invariably the microcr ystalline 
variety known to the trade as amorphous graphite. A su bstantial 
part of world production of amorphous graphite is from such depos- 
its. The graphite occurs in seams, often distorted by folding and 
faulting, and is common ly intimately mix ed with nongraphitized 
material. The ratio of graphite to nongraphitized material can vary 
widely. For example, some high-grade Mexican varieties contain as 
muchas 95% graphite, whereas | ow-grade K orean graphites are 
commonly burned for fuel because of high non graphitic car bon 
content. 

Deposits of this type of graphite are described by location in 
the sections that follow. 

Austria. In southeastern Austria, large resources of graphite 
are present in a 50-km-long belt of folded metasediments extending 
from the towns of Leoben to Rottenmann in the Styrian Alps. There 
are two producing mines. At Kais erberg, the princip al mine, a 
series of graphitic beds with an aggregate thickness of 12 m are 
enclosed in grap hitic sc hists an d quartzites. Crud e ore contains 
30%-80% carbon and averages 50%-—60%. Refined graphites rang- 
ing from 66%—95% carbon are produced by grinding and flotation. 
The products are amorphous graphite and are used for foundry fac- 
ings, pencils, paint lacquer pigments, and lubricants. 

Mexico. The most important depos its of amorphous graphite 
in the western hemisphere occur in the state of Sonora, Mexico, in 
an area 30 km long by 15 km wide, approximately 60 km southeast 
of Hermosillo. The deposits were discovered in 1867. Six beds of 
graphite are reported, the thickest a veraging 3.0 m, but folding 
causes local swelling to 7.0 m. They were earlier described as beds 
of coal interlain with sandstone, folded, and then intruded by gran- 
ite; the coal thereby converted to graphite. Recent detailed exami- 
nations, however, reveal the deposits at the Moradillas mine to be 
hydrothermal veins; no evidence has been found to indicate that 
they are metamorphosed coal beds. The veins are said to occup y 
fissures that cross the bedding of the country rocks at low angles. In 
the district as a whole , the graphite deposits are reported to be 
steeply dipping and are said to range from mere stringers to seams 
that are locally 4-5 m wide. High-grade Mexican graphite averages 
80% carbon, but some contains as much as 95%. 

The mineral suite for amorphous ore includes mica, clay min- 
erals, tourmaline, and hematite with occasional pyrite and gypsum 
locally. The ore is pre pared for shipm ent by hand -sorting out the 
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admixed rock from the hanging w alls; then it is crushed, screened, 
and dried. 

South Korea. The amorph ous graphite deposits of South 
Korea, which ha ve yielded about 2 Mt, occur as irre gular lenses 
parallel to the structure of enclosing schists and as phyllites of sedi- 
mentary origin. Inthe K yeng-Sang district, three seams ha ving 
minable widths of 24, 6, and 15 m, respectively, have been reported. 
Deposits formed b y dynamic and contact metamor phism of coal 
beds occur in southern Korea, but Overstreet (1947) reports that 
these are impure. 

United States. In the United States, coals in the Narrag ansett 
Basin of Rhode Island have locally been metamorphosed to graphitic 
anthracite. 


Veins Filling Fractures and Cavities 


Veins of graphite are typically filled fractures or cavities in the coun- 
try rock. In thinner veins, graphite occurs as crust or layers of closely 
packed, coarse, elongate plates (needle lump) oriented perpendicular 
to the vein walls. Plates vary in length with vein thickness and may 
be as long as 10 cm. Central portions of thicker veins may consist of 
platy layers with the crystals parallel to the vein walls. 

The origin of graphite v ein deposits is uncertain. W inchell 
(1916) discussed various hypotheses and concluded that the most 
probable mode of origin involved reduction of oxides of carbon. 

The deposits of this type of graphite are described by location 
in the sections that follow. 

Mexico. The most important deposits of amorphous graphite in 
the western hemisphere occur i n the state of Sonora, Me xico, in an 
area south and east of Hermosil lo and south and east of Na vajoa. In 
addition to these strictly amorphous deposits, there are a few deposits 
such as the one at the Lourdes mine that have supplied vein graphite. 
Substantially more than half of the total state production formerly 
came from the Lourdes mine at Moradillas, now closed. These vein 
deposits, interlain with sandstone, consist of st eeply dipping, north- 
south striking graphite veins ran ging from small str ingers to seams 
that average 3-4 m wide at depth. Some veins more than 6 m wide 
were mined. The graphite content averaged 85%-90%. 

Sri Lanka. The gr aphite v ein dep osits of Sri Lan ka h ave 
been work ed syst ematically for more than 140 years, yiel ding 
more than 1.2 Mt of graphite since 1880. The main deposits are in 
Southern, Western, and Sab aragamuwa pr ovinces. The dep osits 
occur in a compl ex series of Archean granulites, quartzites, g ar- 
net-sillimanite gneisses, and marbles in narrow, structurally con- 
trolled belts that persist for man y miles along the strike. The 
productive deposits range from simple fissure veins to branching 
veins or stockworks. Veins commonly are a few millimeters to 
almost a meter thick. Some of the larger deposits are tabular bod- 
ies paral lel to t he foliation of enclosing rocks. Graphite-f illed 
vugs as long as 24 m and 2 m x 1 m incross section are reported. 
The highest grades of Sri Lanka graphite carry 97%—98% carbon. 
A variety of minerals, chiefl y quartz, pyrite, calcite, apatite, and 
pyroxene, and lesser rutile, allanite, magnetite, and various lime- 
magnesia silicates, ha ve been reported to be associat ed with 
graphite in the v eins, but itis not clear whether these minerals 
were deposited with the graphite or merely minerals of the wall 
rocks accidentally enclosed in the veins. Resources of graphite in 
Sri Lanka are probably very large. 

United States. Deposits of this type at Sturbridge, Massachu- 
setts, were mined in the 1640 s, the first graphite mining in the 
United States. The only sizeable domestic vein deposits, ho wever, 
are those at the Crystal Graphite mine near Dillon, Montana. There, 
graphite fills networks of fractures in gneiss and pegmatite around 
the northwesterly plunging nose of an isoclinal fold, a structure that 


involves granite gneiss, schist, marble, and quartzite of the Precam- 
brian Cherry Creek Series. The veins are a few millimeters to 60 cm 
thick and 1-15 m long. The formation of the veins has been related 
to the development of the pegmatites, but Ford (1954) later showed 
that fracturing and vein formation took place after the formation of 
these rocks. 

India. Vein deposits have also been reported from so uthern 
India (e.g., in Tamil Nadu). 


Contact Metasomatic or Hydrothermal Deposits in Marble 


Concentrations of graphite occur in various parts of the w orld in 
silicified carbonate ro cks. Some are clearly contact metasomatic; 

others sho w gradations to typical h ydrothermal deposits. As a 
group, they are characterized by variability in deposit size (g ener- 
ally small), variability in flake size and content, and irregularity of 
form. The average grade of most deposits is low, and, consequently, 
they have accounted for only a minor part of total world production. 


Distribution of Major Deposits 


Africa. Zimbabwe’s onl y produc er is t he L ynx mine near 
Karoi, although there are other de posits nearby. It is op erated by 
its part-owner, a subsidiary of Graphitwerk Kr opfmuhl A.G. of 
Germany. T he ore is mined underground froma _ lenticular ore 
body running 20%-35% crystalline flake graphite. The ore is ben- 
eficiated by flotation to make p roducts containing 80%-—83% and 
90%-94% graphite. 

Graphites de Ancuab e Ltda. operated a sizeable mine and 
plant in Mozambique from 1994 to 1999, and Tanzanian graphite 
was mined near Merelani for a few years in the 1990s. 

Australia and New Zealand. There a re some m edium-sized 
deposits in Australia. Several occurrences are also reported in New 
Zealand. 

Austria. The graphite deposits in Styria are thou ght to have 
originated by the metamorphism of carboniferous and bituminous 
substances under high pressure a nd temperature, durin g def orma- 
tion. The deposits, therefore, o ccur in c omparatively small lenses 
and, with one exception, must be mined underground. 

The major mines in Styria, some of the m two centuries old, 
are near Kaiserberg and Triben. Geologically, these Alpine deposits 
are embedded in a zone of fine-grained, scaly schists in lenses and 
individual beds as much as 10 m thick. The ore is black, soft, fine- 
grained, and dense, with a carbon content of 40%-—88%. It is low in 
sulfur (0.2%-—0.3%) and iron and pr actically free of carbonate and 
phosphate. 

The first and only flotation plant for amorphous graphite is at 
Kaiserberg. The process was developed in the laboratories of Franz 
Mayr-Melnhof & Comp any’s subs idiary Graf itbergbau Kaisers- 
berg, where f ine (2 ym average particle size) graphite with 92% 
carbon is produced, suitable for | ubrication, pencils, pigment, and 
drilling mud. 

Brazil. The three major crystalline flake graphite mines are 
in the state of Mi nas Gerais, and belong to Nacional de Grafite 
Ltda. The mi nes are at Itapec erica, ne ar Bel o Horizont e, Pe dra 
Azul, about 16 km from the Minas Gerais—Bahia boundary, and 
Salto da Divisa, 50 km from Pedra Azul. Pedra Azul is by far 
the largest producer of the three. The ores mined ar e graphite- 
containing soils, the results of _ very extensive weather ing of the 
original host rock. Therefore, no blasting is required before the ore 
is removed by f ront-end loader or shovel. The ore at Itapecerica 
averages 20% graphi te and occ urs in nu merous small po ckets 
spread over an area of 130 sq km. Usually only a small number of 
these pockets are mined at one time. The ore at Pedra Azul aver- 
ages 5%-12% graphite, is mined at a number of faces, and usually 
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blended toa mill feed running 6 %-7% graphite. B eneficiation 
plants at the three locations use flotation to make a final product. A 
chemical leaching plant that produces high-purity (99.6%) graph- 
ite is located at Itapecerica. 

A handful of very small mines located in the states of Minas 
Gerais and Bahia produce unbeneficiated product sold as is. 

China. Graphite is produced in anumber of provinces in 
China, of wh ich two are by far the most significant. Shandong 
Province is a major flake graphite producer, and its major mines are 
the Nan Shu, Bai Shu, and Dong Guan. Bai Shu also has an exfoli- 
ated graphite plant. Heilongjiang Province is the other major pro- 
ducer, with three mines east of Harbin at Jixxi: the Liumao (the 
largest flake producer), Lin, and Moshuan mines. Inn er Mongolia 
produces graphite, mostly from the Xing Ho mine. Shanxi Province 
produces graphite from the Guodian and Deisheng mines. Hunan, 
at the Lutang mine, and Guandong provinces also produce graphite. 
China has very low production costs, which has allowed it to estab- 
lish ama jor nic he in th e world market inthe 1980s; ho wever, 
domestic consumption of graphite has increased rapidly and infra- 
structure problems have appeared. 

Commonwealth of Independent States and Ukraine. Graphite 
occurs in a number of places in the Urals, Siberia, Uzbekistan, and 
particularly the Ukraine. Reliable sources indicate that 75%—90% of 
the graphite produced is crystalline flake, almost all fine flake. Until 
the early 1980s this region was a significant exporter to most world 
markets, including the United States. 

The biggest producer, probably accounting for 75% of total 
production or 60 kt, is the Zavalyevsky complex in the Ukraine, 
near Gayvorgon. The mine is an open-pit operation on steeply dip- 
ping ore bodies that range from 3 m to 35 m thick and produces ore 
grading from 3% to 7% crystalline flake graphite. The beneficiation 
plant also p roduces colloidal graphite products, lubricants, and 
high-purity graphite containing between 99% and 99.9% graphite. 

Czech Republic. Graphite is mined in two areas, one in Bohe- 
mia near the Austrian border and one in Mora via near the Polish 
border. Both mine f ine-grained crystalline flake or, more usually, 
crystalline d ust from metamorphic host ro cks, mostly gne iss or 
schist. In Bohemia, the ore contains 15% graphite; its beneficiation 
by flotation creates a product containing 80%—96% graphite, and a 
final leaching yields a 99.99% graphite product. In Moravia, the ore 
contains 30%—40% graphite. 

Germany. The P assau district (Ba varia) has long produced 
flake graphite suitable for crucibles. Historical documents frequently 
refer to this graphite, which probab ly furnished the graphite in t he 
Middle Ages for alchemists’ crucibles. The graphite-bearing country 
rock is a part of the “kristallines Grundgebirge,” the old gneissic and 
schistose ro ck of the Bohemian massif; the gneissic rocks are 
believed to ha ve b een met amorphosed du ring the Carboniferous 
period. 

Today, Graphitwerk Kropfmuhl A.G. produces flake graphite 
exceeding 96%-—97% graphitic carbon suitable for crucibles, pencil 
leads, and lubricants. This company also chemically purifies graph- 
ite to +99.9% carbon in several size grades. The company mines 
one graphite bed (1.5 m thick) that is so tightly and heavily folded 
that it can be intersected eight different times in depth at many loca- 
tions. Thicker layers occur in plac es because of folding. The ore 
runs 20%-—25% graphitic carbon. It is beneficiated and processed by 
flotation, grinding, and screening. 

India. The major graphite-producing Indian states are Orissa 
and Rajasthan, but Andhra Pradesh, Bihar, Gujarat, and Tamil Nadu 
also produce graphite. Orissa usually accounts for 65%—75% of all 
Indian pr oduction. Major companies include Agrawal Graphite 


Industries, with mines nearGa_ njaudar and T emrimal in Orissa 
State, and TP Minerals Pvt. Ltd., with mines n ear Phulbani, 
Madagudarf, and Sargipali, all in Orissa State. Both companies pro- 
duce a v ariety of crystalline flak e and po wder graphites, which 
mostly go to a wide variety of domestic end uses. The most impor- 
tant Indian end uses are in crucibles and foundries. 

Indian graphite dep osits usu ally occ ur in g arnet-sillimanite- 
muscovite gneisses of the Khondalite group. Of the total reserves of 
recoverable graphite, 35% are located in Kerala State, 31% in Bihar 
State, 13% in Orissa State, and the balance elsewhere. 

Madagascar. The African island of Madagascar is an impor- 
tant producer of graphite because of the size and quality of its flake. 
Occurrences are widespread along the eastern coast near Tamatave, 
in the central section near Tananarive, and in a southern section 
between Betroka and Bekily . Current production comes from the 
deposits along the eastern coast. The main producers are Societe 
Miniere de la Grande Ile and Es tablissments Gal lois. Each com - 
pany markets its own graphite; graphites from different deposits are 
not blended. 

The deposits are ina region where lateritic de posits of iron 
and bauxite also are found. The graphite occurs in highly metamor- 
phosed schists and gneisses that have weathered deeply to soft, fer- 
ruginous clays. The graphitic content of the original rock has been 
raised through the natural leaching process. The graphite, being 
resistant to weathering, is found among the weathered residue. 

The crude ore contains 3%-10% graphite, of which about 
two-thirds is la rge flake and one third is f ine flake. Commercial 
interest is primarily in the large flake; it is strong, flexible, and is 
the best graphite for refractories. It is also favored for crucibles. 
The pyrometric cone equivalent of the ash is cone 16 to 20 and is 
higher than the ash of other flake graphites 

The nongraphitic portion of the flake product is uniform and 
consists (after oxidizing) chiefl y of aclaye y residue with some 
quartz and a sprinkle of accessory minerals such as mica, zircon, 
rutile, and epidote. Sulfur compounds are absent and iron is low. 

Mexico. Sonora contains e xtensive deposits of amorphous 
graphite, and most Mexican graphite mines and mills are located 
here. The Sonoran dep osits are homogeneous and contain about 
80% graphitic carbon. They were discovered in 1867, and exploita- 
tion began in 1891. There are said to be as man y as seven distinct 
beds of gr aphite within alternating laye rs of metamorphosed 
andalusite-bearing Triassic rocks. 

The operating mines are located about 400 km southeast of 
the U.S. border in the re gion of Moradillas. This region is arid, 
and w ater fo r operation is scar ce. Other amorphous g raphite 
deposits are reported in the states of Baja California del Norte and 
Coahuila in northern Mexico, and Hidalgo and Guerrero in central 
Mexico. 

Several crystalline flake deposits are known in Oaxaca; one of 
these has been worked at T elixtlahuaca. The o wner, Graf ito de 
Mexico SA de CV, beneficiated the ore nearby by flotation. 

Norway. A/S Skaland Grafitverk has been the only operating 
graphite mine in Norway. Currently closed, it is expected to reopen. 
The deposit is on Senja Island in northern Norway. Flotation brings 
the carbon content up to 80%—93%. 

Republic of Korea. The Republic of K oreaisa minor pro- 
ducer of natural graphite and has produced bo th amor phous and 
flake products. The principal mining areas are in the provinces of 
Chung Nam, K yong Gi, L yung Pak, and Kang W on, near Seoul. 
Almost all the deposits are in the vicinity of anthracite coal mines, 
lending support to the idea that the amorphous graphite is derived 
from coal. 
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Sri Lanka. Sri Lanka contains the lar gest known deposits of 
vein graphite. Very large de posits are located in the western and 
southwestern sections of the island. The extent of the deposits has 
inspired significant study, and although the resulting literature is 
extensive, little is kn own about the origin of the v_ ein gr aphite. 
According to Wadia (1943) 


The vein graphite deposits are believed (by some) to have 
been formed by reduction, at high temperatures and pres- 
sures, of carbon dioxide liberated during the assi milation 
of limestones and dolomites by charnockitic and relat ed 
igneous magmas. 


The structur es of these ore bo dies c ontrast ma rkedly wi th 
those of other forms of graph ite and are typical of vein, dike, peg- 
matitic, or pneumatolytic ore deposits. 

Almost all high- quality vein graphite comes from Sri Lanka. 
Despite rising labor costs, most of the production is still done by 
hand cobbing and hand sorting to satisfy buyers who still r etain a 
preference for 1 ump grades. Be cause most grap hites are used in 
industry as a powder, the current operators anticipate a trend toward 
supplying the po wder directly from the mine to the importer, thus 
reducing hand sorting. 

Sri Lankan graphite is highly graphitized; the best grades are 
completely graphitized. It is favored for lubrication, pencils, elec- 
tromotive brushes, an d other uses requiring high-quality graphite. 
A subsidiary of Kropfmuhl A.G., Bogala Graphite, is the producer. 

Sweden. Woxna Graphite AB produced graphite briefly from 
a deposit near Edsbyn. 

United States and Canada. Graphite is no longer produced in 
the United States. The one flake producer, Southwestern Graphite 
Company in Burnet, Texas, closed its mine operation in 1980. The 
graphite plants in the United States process imported graphites that 
are beneficiated, ground, and blended as required to maintain indi- 
vidual company specifications. 

Flake graphite deposits in both Alabama and Pennsylvania 
have been worked intermittently; the last Alabama mine closed in 
1953 and the last Pennsylvania mine in 1961. Rhode Island stopped 
producing amorphous gr aphite in 1959. An amor phous graphite- 
like material was produced in Montana in the 1980s. 

Deposits of this type occur at a number of places in the Gren- 
ville Series inn orthern New York, southwe stern Quebec, and 
southeastern Ontario. Small deposits west and northwest of Ticond- 
eroga, New York, were worked between 1850 and 1900. They con- 
sist of fine-to-coarse flak e graphite irregularly concentrated in 
silicified marble adjacent to bodies of pegmatite. 

Canada is endowed with a sizeable number of flake graphite 
deposits, most in Quebec or Ontario. These deposits are associated 
with Grenville Series marbles and gneisses. The largest producer is 
the mine and plant of Timcal Ltd. (formerly Stratmin, Inc.) at Lac- 
des-Iles, Quebec . Se quoia Minerals Inc. (formerly Mazarin, Inc.) 
has a good deposit at Fermont, Quebec, currently undeveloped. 

Timcal Ltd. operates an open- pit mine on reserv es totaling 
23.7 Mt averaging 7.5% graphite. With this feed, the company pro- 
duces as much as 25 kt of concentrate with 92%-— 98% gr aphite. 
Stratmin operated the Asbury Graphite Inc. mine and mill nearby 
for several years before closure. In No vember 198 8, Stratmin 
leased t he Asb ury Graphi te ope ration and contracted to supply 
Asbury with at least 10 kt of graphite each year for 5 years. 

Sequoia (as Mazarin) extensively drilled its Fermont deposit 
and estimates that its reserves for the first 20 years of mining will 
total 3 Mt, a veraging 17% graphite. Additional reserves total 
5.8 Mt, averaging 14.2% graph ite. The deposit has good access 
and is near t he railroad running to the iron ore towns of Quebec 
from Sept Iles. 


TECHNOLOGY 
Exploration, Drilling, and Testing 


Prospecting consists primarily of outcrop examination, trenching, 
and sampling, usually fo llowed by drilling. A local nontechnical 
person usually makes the initial disco very. In Me xico, a co wboy, 
sheepherder, or local farmer may have found a sho wing of amor- 
phous graphite. Any associated coal may even have been crudely 
mined and used locally as a fuel. In Madagascar or Brazil, a local 
hunter or palm-tapper may have come across a showing of crystal- 
line flak e graphite, whichis not difficult in Madag ascar where 

almost one-third of that hu ge island is underlain by g raphitic rock 
or soil. Sri Lankan lump graphite has been known far back into his- 
tory. Because of the high electrical conductivity of graphite, geo- 

physical methods such as resist ivity and self- potential have been 
used in the search for deposits in certain countries. Occasionally, 
the initial disc overy was made by a go vernment geologist doing 

routine field work. The Lac Knife deposit was discovered by a Que- 
bec government geologist doing field work in 1959. When serious 
interest de veloped, Mazarin st arted trenching by sho vel in 1987, 

stripped by bulldozer in 1988, and systematically diamond drilled 
more than 99 holes in 1989. This exploration, drilling, and testing 
of the Lac Knife cr ystalline flake graphite deposit is a g ood exam- 
ple of what the norm will be in the future, displacing the local non- 
technical person finding a graphite showing. 


Mining Methods and Haulage 


From 1890 to 1920, underground mining of graphite was practiced 
in New York and Pennsylvania. From 1942 until the end of W orld 
War II, only the open-pit methods were used, because working 
weathered rock w as relati vely easy . Grap hite w as mined under- 
ground at Dillon, Montana, during World War II, but shortly there- 
after mining ceased because it was too costly to compete with Sri 
Lankan graphite. 

Madagascar operations are entirely open pit, but in Bavaria, 
Korea, Mexico, and Sri Lanka, because of the depth and ph ysical 
characteristics of the deposits, underground mining is practiced. 

Mexican und erground mining operations are 100-400 m 
below the surface, measured on the angle of the vein. Some of the 
older mines in Sri Lanka reache d depths in excess of 450 m ona 
vertical plane. For many years, mining operations in Sri Lanka 
were primitive and ore extraction was slow and cum bersome. The 
mines were mechanized after World War II. 

Madagascar operations also were primitive because low labor 
costs prohibited mechanization. After 1938 the mines be gan to use 
mechanical e quipment to remove the overburden, and bulldozers 
and tractors easily removed the graphite-bearing schists. 


Processing and Beneficiation 


In Sri Lanka, graphite ore is extracted in lumps and hand-cobbed on 
a sorting patio to remove quartz inclusions. The finished product is 
graded as (1) lar ge lump, 97%— 99% carb on; (2) ordinary lump, 
94%-96% carbon; (3) ordinary lump, 90% carbon; (4) chips, 85%— 
90% carbon; and (5) chippy dust, 80% carbon. The chippy dust and 
flying dust grade, however, are not produced in any quantity today. 
In Madagascar the crude ore averages 10%—12% carbon. It is 
crushed by a primary crush er and then conveyed to a ser ies of roll 
crushers and classif iers to rem ove the 0 versized and gangue mate- 
rial. The —6.35-mm product is then passed to flotation rougher cells, 
which separate the graphite flakes from the clay and sand. The prod- 
uct of the rougher cells passes to the finishing cells where each parti- 
cle of graphite is recovered by means of a pine oil frothing process. 
This yields an 80%-—84% carbon concentrate, which is dried; an y 
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residual pine oil is volatized. The run-of-mill product is upgraded by 
mechanical means, such as rod mill grinding, to 0.3 mm sieve with 
85%-90% carbon. Re grinding and f lotation obtain high er carbon 
concentrates (up to 95%). 

At the mil lof Graphitwerk Kropfmuhl S.A., in B avaria, 
crude ores carrying 15%—20% carbon are crushed, passed through 
a grinding system, and then a rod mill, which reduces the ore t 0 
40 mesh. This product is fed to a series of fl otation and grinding 
steps, and the graphite concentrate is filtered and kiln dried with 
the final product averaging 90 %—93% carbon. For further refine- 
ment, this product is milled and screened, producing grades with 
95%-97% carbon. 

These operations are f airly t ypical of those f ound in other 
countries. Some companies make high-purity graphite by leaching 
concentrate with strong acids or alkalis. 


MARKETING 


Graphite is us edc ommercially ina 
described in the sections that follow. 


number of applications, 


Batteries 


Battery makers aggressively compete for available sources of natu- 
ral graphite, synthetic graphite powder, and other forms of carbon. 
Carbon, not graphite, is almost always used in older batteries. Alka- 
line batteries will usually use some kind of graphite . The light- 
weight, rec hargeable lithium ion ba tteries, typica lly used inc ell 
phones and digital cameras, use a specialized graphite or a high-tech 
mesocarbon. Fuel cells are not included here but are in the section 
on Outlook that follows with other potential uses. 


Bearings 


Graphite is used e xtensively in bearings, and varies depending on 
the type of bearings being pro duced. This is a sm all-use market 
with limited growth potential. 


Brake Linings 


Graphite consumption as an asbestos substitute increased greatly in 
the 1980s when the dangers of asbestos were reco gnized. Graphite 
is particularly useful in brak e linings for hea vy-duty vehicles as 
opposed to passenger vehicles. As long as organic friction materials 
impregnated with graphite are used and accepted as sati sfactory, 
graphite consumption should increase gradually in accordance with 
the increased number of vehicles on the road. 


Carbon Brushes and Other Electrical Uses 


Natural graphite encounters cons iderable competition from artif i- 
cial graphite for t his use. Whe rever artificial graphite has adv an- 
tages, ithas already captured th e market. F or e xample, in th e 
production of sliding contacts, the ash content variation in natural 
graphite has proved unacceptable; now artificial graphite in which 
the abrasive materials can be controlled is being used. 


Crucibles 


Crystalline flake graphite consumption to make crucibles has been 
steadily declining in market share over the last decade. Advances 
in cruc ible m anufacturing t echnology n ow allo w much gr eater 
flexibility in type and flake size of the graphite utilized. 


Expanded Graphite 


This use has been growing rapidly until fairly recently. Expanded 
graphite is used to make high performance gasket material for use 
at high temperatures or pressures and with radioactive or corrosive 
fluids. Expanded graphite can be ma de into a foil laminate that is 


used in valve packings and asa_ gasket material. Foil can also be 
made into a heat sink for high -tech computer and commu nication 
products. Expanded graphite is being used as a hot topping com- 
pound to in sulate hot ingots and decrease heat loss. Expanded 
graphite is ma de from crystalline flake graphite by treatin g it ini- 
tially with chromic acid, followed by sulfuric acid, to weaken the 
bonds between the graphite flakes. The graphite is then heated to 
drive of f the w ater, causing e xpansion, cr eating a product with 
properties similar to vermiculite. 


Foundries 


Foundries are one of the lar gest consumers of gr aphite. Grap hite 
has a number of uses in foundries, but the largest single use is as a 
foundry facing or mold wash that allo ws the metal casting to be 

easily removed from the mold on cooling. Another significant use 
is as acarbon raiser, when a carbonaceous material is added to hot 
metal to raise its carbon content. Graphite is also used to lubricate 
extrusion dies before hot metal is reshaped to form other products. 


Lubricants 


This market is tr emendously comple x because of the variety of 
lubricating jobs that mu st be don e and the myriad | ubricant t ypes 
that are a vailable. Graphi te has been an important lubricant and 
probably will continue to be, but competition is stiff. Graphite added 
to a soapy lubricant is considered to be a good die lubricant, particu- 
larly for galvanized wire, though the discoloration it produces is not 
desirable. Natural graphite is a good antiseize agent in steel mill and 
railroad applica tions because it creat es a solid lubricant film that 
retains its properties under pressure and high temperature. In this 
particular use, the customer speci fies the graphite co ntent empiri- 
cally, so its use may not be based on some theoretical factor(s). Nat- 
ural graphite is used in applications in which the siliceous portion of 
the natural graphite is overshadowed by the back ground contamina- 
tion of dirt and sand, fore xample, g ear lub rication f or mining 
machinery. 

Graphite of colloidal sized —ispersed ink erosene, oil, or 
another carrier is used when a quick-drying film is desired in high- 
temperature lubricating jobs (i __.e., con veyors passing thro ugh 
ovens). 


Packings 


Fine flake graphite performs well with oils or greases because it 
resists temperatures up to 310°C. Closely controlled particle size is 
less important for packing use. Graphite use will tend to remain rel- 
atively steady, but may decline in more modern equ ipment that no 
longer uses older style packings. Very small quantities of molybde- 
num also offer excellent lubricating qualities. 


Pencils 


Low-cost improvements in the pencil industry have lead to greater 
jetness, higher carbon content, smaller particle sizes, and more unc- 
tuousness and opaqueness in th e graphite. Ho wever, technology 
improvements must not add to the cost of graphite for the pencil 
manufacturer. Imported pencil leads from China now have most of 
the pencil market. 


Refractories 


Graphite is used in both plastic (castable) refractories, principally 
in ramming and gunning mixes, and shaped refractories, principally 
carbon-magnesite brick and alumin a graphite continuous casting 
ware. For the last 20 years, grap hite-containing refractories have 
increased t heir m arket sha re against other re fractories ast he 
demand for high -performance w are has gro wn, principally for 
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products that resist high temperature, thermal shock, and corrosion. 
The steel industry consumes around 70% of refractories worldwide. 

Gunning and ramming mixes, used where the refractory must 
be defo rmable or fle xible, commonly use amor phous gr aphite. 
Carbon-magnesite mixes are made from crystalline flake graphite. 

Carbon-magnesite brick is used to line basic oxygen converters, 
in the slag lines and water-cooled sidewalls of electric arc furnaces, 
and to mak e steel ladles. Graphite consumption in the former two 
uses grew rapidly in the 1980s, and consumption in the latter use 
grew more in later years. Use in basic oxygen converters is still grow- 
ing in some countries. 

Continuous casting w are made of alumina graphite includes 
items such as shrouds, subentry tubes, and stopper rods. 


Graphite Grades and Specifications 


As described earlier, the two main categories of natural graphite are 
known commercially as crystalline and amorphous, even though all 
graphite is truly crystalline and the distinction is only one of crystal 
size. “Amorphous,” as applied to graphite, has been further compli- 
cated by longstanding industrial application of the term to very fine 
particles of crystalline flake graphite that can be sold only for low- 
value uses, such as foundry facings. This v ery fine flake is also 

called crystalline dust. Fine-grained varieties of lump graphite that 
can be reduced easily to fine particle size by grind ing are called 
amorphous lump. This distinguishes them from tough, platy, and 
acicular varieties, known as crystalline lump, that can be reduced in 
particle size with difficulty. Thus, large quantities of fine-crystal- 
line flake graphite are imported under the amorphous classification. 

Sri Lankan lump graphite is classified either as amorphous or 
crystalline. Each type is divided into a number of grades, depending 
on the particle size (lump, ranging from the size of walnuts to that 
of peas; chip, from the size of p eas to about that of wheat grains; 
dust, finer than 60 mesh), graphite carbon content, and d egree of 
consolidation. 

Amorphous graphite is graded primarily on graph itic carbon 
content. Commercial produ cts contain about 50% -—94% carbon, 
depending on their source. 

Crystalline fla ke gr aphite from Madag ascar is divided in to 
two main grades, flake (coarse flake) and fines (fine flake). Mada- 
gascar crucible flake must have a minimum of 85% carb on and be 
in the size range —8 to +60 mesh. Other crystalline flake graphite is 
graded according to graphitic carbon content and particle size. 

The synthetic graphites generally are classified as electrodes, 
anodes, molded shapes, and po wders or scrap, and they are made 
from petroleum coke and pitch. Graphite fiber is made from textile 
threads or extruded pitch fibers. 


Graphite Prices and Pricing 


Graphite pricing behavior is rather complex, mostly because graph- 
ite is not traded on any commodity exchange. Graphite prices are 
subject to negotiation between buyer and seller, and depend on car- 
bon content, flake size and distribution (for cryst alline flake), and 
the identity and nature of an y impurities. The pr oduct is usually 
customized for the indi vidual consumer. China has been the w orld 
price setter for the last 20 to 30 yea rs, sometimes competing with 
other nations and at times thro ugh interp rovincial competition 
within the country itself. 

Three price series for natural graphite are detailed here: (1) 
crystalline flake, which has become the major competitor in the last 
decade or so; (2) Mexican amorphous, which is currently in a long- 
term decline in importance becaus e low-tech end uses are becom- 
ing obsolete; and (3) Sri Lankan lump graphite, which is a specialty 
product because its relatively high price results in alo w demand. 


Crystalline flake of v arious sort s is th e mo st impo rtant nat ural 
graphite and accounts for 80%—90% of the value of U.S. imports. 
There are posted prices that have not changed for many years. The 
USGS price for crystalline flake w as US$615 per ton in 2000, 
US$520 per ton in 2001, US$565 per ton in 2002, and US$560 per 
ton in 2003; the price for Sri Lankan lump and chip was US$1,250 
per ton in 2000, US$1,360 per t on in 2001, US$ 1,220 per ton in 
2002, and US$ 1,200 per ton in 2003; the price for amorphous was 
US$130 per ton in 2000 , US$131 per ton in 2001, US$115 per ton 
in 2002, and US$120 per ton in 2003. Industry observers have said 
that even the USGS pr ices have been su bject to substantial dis- 
counting in the 2000-2003 period of collapsing demand. 


Substitutes for Graphite 


The most common substitutes for graphite are other forms of car- 
bon. In steelmaking, petroleum coke, anthracite, and used (syn- 
thetic) graphite electrode scrap can be used asacarbon- raiser 
instead of natural graphite. Calcined coke and other carbons can be 
used in certain foundry core and mold w ashes instead of natural 
graphite. Synthetic graphite powders are often substituted for natu- 
ral graphite, depending on relative price. 

Noncarbon substitutes for natural graphite include mo lybde- 
num disulfide for lubricant use. Graphite is substituted for asbestos 
in automotive brake linings and is being substituted for by certain 
organic nongraphite compositions. Alternate nongraphite refractory 
compositions, such as silicon- carbide or chrome-containing com- 
positions, can substitute f or ca rbon-magnesite bricks, alumina- 
graphite shapes, and crucibles. 


Packaging and Shipping 


The cost of shipping graphite is a major cost consideration for the 
customer. Because g raphite is messy, it must travel bag ged or in 
closed containers. The most common form of packaging is 1-ton 
“supersacks”; of lesser importance are 25-kg bags of paper or plas- 
tic. Burlap bags were commonly used in the past but are now rarely 
used. Supersacks are made of woven polypropylene and measure 
88.9 cm X 88.9 cm x 190.5 cm. For example, amorphous graphite 
coming from Mexico as lumps commonly were shipped in covered 
hopper rail cars; fines were transported in bags. Most of the graph- 
ite imports now come by ocean freighter as a large shipment with 
other bulk materials, or as general freight if the shipment is small. 
Inside the United States, graphite is transported by barge, truck, or 
rail, depending on port of origin and final destination. 


ECONOMIC OR COMPETITIVE FACTORS 
Import Duties 


U.S. imports of natural graphite as of December 31, 2003, are duty- 
free for HTS (Harmonized T ariff Sch edule) categories 
2504.10.1000 and 2504.90.0000. This appl ies to all nations e xcept 
Cuba and North Korea. 


Graphite By-products or Coproducts 


Graphite deposits have been mined e xclusively for their grap hite 
content and that practice will continue. In the past, proposals to 

recover graphite and coproduct mica from a g raphite-mica schist 
and another to recover graphite and gold were considered; however, 
neither proved to be economically viable. 


Depletion Allowance, Costs, and Timing 


The U.S. depletion allowance for tax purposes is 22% for domestic 
lump and amorphous graphite, and 14% on domestic cr ystalline 
flake. Because the United States has no domestic reserves and only 
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small, lo w-grade resources, ther e is almo st no likelihood of an y 
domestic producer starting production and claiming this allowance. 
Similarly, questions of costs and timing of domestic production are 
not likely to arise. 


Regulatory and Environmental Considerations 


The environmental requirements fo r natural graphite, which is an 

inert, nontoxic substance, are limited to dust control and contro 1! of 
organic vapors that may arise in making certain graphite products 

from imported graphite. Gi ven the current and future absence of 

graphite mining, no other requirements will be applicable. 


OUTLOOK AND FUTURE TRENDS 


In the last 4 to 5 years, graphite has lost the majority of its most 
important mark et in th e United States—refractory use. The 2004 
outlook was primarily based on the Graphite Advocate News Web 
site (www.basicsmines.com/graphite), which is updated frequently, 
and the USGS Web site (http://minerals.usgs.gov/minerals/), which 
is updated two times per year. After several negative years, the pos- 
itive 2004 outlook reflected a strong U.S. metal-using economy and 
strongly e xpanding Chinese domes tic natur al graphite demand, 
mostly from the Chinese steel industry. China is poised to become a 
net importer of natural graphite and will slow down or stop export- 
ing altogether, but this could be temporary or sporadic because Chi- 
nese reserv es w ould easily support new mines and additional 
production. The Chinese steel industry is growing rapidly; Chinese 
steel production in 1999 was 124 Mt and rose to 2 00 Mt in 2003. 
Overall, U.S. graphite sales in 2003 were flat, down 2% from 2002. 
Graphite sales in 2004 were up 2%-5% from 2003. 


Long-Term Shift in Consumption by End Use 


Major shifts in U.S. consumption of natural graphite by end use are 
under way. Graphite consumption in refractories w as 11,000 t in 
2000 (the latest full set of end-use data) but has dropped to a frac- 
tion of former consumption beca use many U.S. refractory plants 
have closed, carbon-magnesite bric ks ha ve been replaced with 
monolithics, and U.S. carbon-magnesite brick has been replaced by 
Chinese imports. Consumption in brake linings was 6,600 t in 2000 
but will erode because of new nongraphite-containing (nonasbestos 
organic or N AO) br ake lining formulations. Consumption in 
expanded graphite/foil/packings was 5,000 t in 2000, which might 
grow ina few submark ets but otherwise should not gro w. Con- 
sumption in batteries w as 4,000 t in 2000 b ut should be able to 
maintain itself in spite of fierce competition from other natural and 
synthetic carbon materials. Consumption in foundry uses, mo stly 
mold washes, was 3,000 t in 2000 and depends on the future of the 
foundry industry as other material-shaping techniques come in to 
use. Graphite use in lubrican ts was 1,600 t in 2000 and should b e 
stable or maintain slow growth at that level. High-volume use in 
fuel cells may occur in the longe r term. Gr aphite foil use in heat 
sinks may become significant. 


Short-Term Outlook 
Graphite-Based Refractories 


Natural graphite ( mostly flake) is used in carbon-magnesite brick 
and in alumina-graphite shapes, with smaller amounts in crucibles, 
gunning and ramming mixes, and ot her kinds of refractories. The 
bricks are used to line basic oxygen steel converters and electric-arc 
furnaces to withstand extreme conditions (temperature, corrosion, 
etc.). The shapes are used as continuous casting ware usually in the 
form of nozzles to guide molten steel from 1adle to mold. Con- 
sumption for refractories in 2003 dropped 10% from 2002 ; major 


graphite suppliers have left this market. Future demand for carbon- 
magnesite bricks will most likely be met by imports from China. 


Fuel Cells and Heat Sinks 


These a re pot ential high-gr owth, large-volume gra phite (nat ural 
and synthetic) end uses, but are currently a very small part of con- 
sumption. Large volumes of graphite will not be consumed in these 
end uses for many years. 


Brake Linings 


Natural graphite (amorphous and fine flake) is used as a substitute 
for asbestos in brake linings for heavier (nonautomotive) vehicles. 
The 2003 consumption was up about 2%-3% from 2002. 


Graphite Powder (Synthetic) 


Graphite powder is mostly used as a carbon-containing additive put 
in molten steel to raise the carbon content in brak e linings, and in 
packings, seals, batteries, and other minor uses. Synthetic graphite 
powder production in 2001 was 95,000 t (latest USGS data). USGS 
data show that imports run 25,000—30,000 t an d exports 60,0 00- 
70,000 t. The demand for powder in 2003 increased 20% from 2002 
in volume. 


Lesser End Uses 


Lesser applications in clude u se in lubrican ts, po wdered metals, 
foundry facings, plastics, rubber, and pencils. The growth markets 
in this category are in rubber and in plastics (includ ing styrofoam 
coatings). The weakest market for graphite is in pencils, which has 
almost disappeared; pencil leads now are imported directly from 
China. 
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Gypsum and Anhydrite 


Roger Sharpe and Greg Cork 


INTRODUCTION 


Gypsum (CaSO4*2H20) is a versatile mineral with hundreds of uses. 
The predominant use of gypsum since ancient times has been as a 
construction material. According to Schroeder (1970), gypsum was 
used as a mortar in the Egyptian pyramids in 3000 BC, and Pressler 
(1985) in dicated th at the b urning or calcin ing of gypsum w as 
described by the early Greeks. Gypsum mortar was used in Egyp t 
during construction of the Pyramid of Cheops in the 18th Dynast y 
(1580-1350 BC). Hydraulic gypsum mortar w as used in medieval 
times in castles and fortresses in what t oday is German y. Remnants 
of walls constructed with hydraulic gypsum mortar have existed for 
centuries in the Hartz Mountain region of Germany (Wilder 1918). 

The development of gypsum plasters is dif ficult to trace; by 
the late 1800s, however, a commercial process had been developed 
to slow the setting time, thereby allowing widespread use of finish- 
ing plaster. Prefabricated wallboard panels were developed in 1918 
(Adams 1991) but were not widely used until the great construction 
boom after W orld War II. Befo re that time, plastered walls were 
more common in residential and commercial construction. 

Worldwide, the predominant use of gypsum is in the manufac- 
ture of construction plasters and portland cement (anhydrite, most 
commonly used in the manufacture of portland cement, is often sold 
as a mixture of impure gypsum and anhydrite). The predominant use 
of gypsum in North America, however, is in various types of wall- 
board panels. In 2003 , about 90 % of the total gypsum produced in 
the United States was used in wallboard and construction plasters. 

Gypsum has been used in agr iculture as a soil amendment 
since the middle of the eighteenth century. The earliest accounts of 
gypsum’s agricultural applications were published in Switzerland 
in 1768. Geor ge Washington and B enjamin Franklin were p ropo- 
nents of the use of gypsum in agriculture in the United States in the 
late 1700s. Benjamin Franklin — promoted the use of gypsum by 
applying ground gypsum, commonly kno wn as “land plaster,” to a 
field of clover in a pattern form ing the phrase “Land Plaster Used 
Here” (Wilder 1918). The clo ver grew thicker and gr eener in the 
areas where gypsum was applied. 

Specialized methods of calcination of gyp sum and for mula- 
tion with additives allow for manufacturing of more than 400 prod- 
ucts. Uses v ary from simple ground gypsum in agriculture to 
specialized plaster pr oducts in ar t and stat uary; medical applica- 
tions; intricate ca st arc hitectural detail; andf ast-setting, high- 
strength construction products. There is no recognized commodity 
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value of a ton of raw gypsum. Although mining costs are relatively 
low, the energy-intensive postmining processing and ultimate end 
use add significant value to the products made from the gypsum. 
Freight costs are a significant factor in marketability of a gyp sum 
deposit. 

Synthetic gypsum, derived primarily from environmental con- 
trols on coal-fired power plants by a process known as f lue gas 
desulfurization ( FGD), has beco mea signif icant ra w material 
resource used in the manufacture of gypsum wallboard pro ducts. 
Demand for synthetic gypsum has steadily grown since the 1980s, 
and in 2003 about 26% of the total gypsum used for manufacturing 
wallboard in the United States was synthetic. Originally thought of 
as a w aste product from the en vironmental controls on coal-f ired 
power plants requiring disposal in landfills, technological improve- 
ments allowed synthetic gypsum to become a marketable coprod- 
uct. Many of the wallboard plants in the United States built since 
the late 1990s use only synthetic gypsum as a raw material. 

Gypsum deposits are distributed throughout much of the world, 
and gypsum is produced in more th an 90 countries (USGS 2004). 
The value of a dep osit of gypsum depends on geological, mining, 
engineering, and other factors in order to be used economically. 

The utility and v alue of a gyps um deposit can change o ver 
time as technological innovations in mini ng and manufacturing 
occur and new products are developed. Factors that must be consid- 
ered when evaluating a gypsum resource for potential development, 
mining, manufacturing, and marketing include the following: 


¢ Proximity to market area—because gypsum has alo w unit 
value, an ideal deposit of gypsum would be located within the 
heart of a growing metropolitan area 


Transportation—shipment of ra w and finished materials by 
truck, train, ship, or barge; import of paper used in wallboard 
manufacturing; transportation of finished products to jobsites, 
distributors, and retail outlets; potential for backhauls of ra w 
materials or finished products 


Fuel and utilities—wallboard manufacturing is highly energy 
intensive and requires an infrast ructure of electrical serv ice 
and a source of fuel for calcination and drying of wallboard 
panels 


Water—the availability of pr ocess water is e ssential f or the 
manufacturing of w allboard pr oducts b ut not for plasters, 
portland cement rock, or agricultural gypsum 
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Table 1. World gypsum production, 2002-2003 


Production, kt 








Country 2002 2003° 
United States 15,700 16,000 
lran 11,500 11,500 
Canada 8,850 9,000 
Spain 7,500 7,500 
China 6,850 6,900 
Mexico 6,500 6,800 
Thailand 6,330 6,500 
Japan 5,900 5,700 
Australia 4,000 4,000 
France 3,500 3,500 
India 2,300 2,300 
Egypt 2,000 2,000 
Brazil 1,390 1,650 
United Kingdom 1,500 1,500 
Italy 1,300 1,200 
Uruguay 1,130 1,100 
Poland 1,100 1,100 
Austria 1,000 1,000 
Other countries 12,500 12,500 
World production (rounded) 101,000 102,000 





Source: Olson 2004. 
* Estimated. 


Table 2. Sources of gypsum imported to the United States in 2003 








Total Imports 
Country t % 
Canada 5,700,000 68.7 
Mexico 1,820,000 21.9 
Spain 710,000 8.6 
Dominican Republic 67,900 0.8 
Total imports 8,300,000 100.0 





Source: USGS 2004. 


PRODUCTION AND TRADE 


The United St ates is both the lar gest producer of gypsum (Table 1) 
and the largest consumer of products manufactured from gypsum in 
the w orld. Canada and Me xico are signif icant producers, and the 
majority of their production is e xported to the United States. Thai - 
land and Spain are also significant exporters of gypsum. Almost two 
thirds (63%) of the total world production of g ypsum in 2003 came 
from seven countries: United States (15.7%), Iran (11.3%), Canada 
(8.8%), Spain (7.4%), China (6.8%), Mexico (6.7%), and Thailand 
(6.4%). 


United States 


Gypsum wallboard manufacturers in the United States shipped 
2.93 billion m* of wallbo ard products in 2 003. The wallboard 
manufacturing industry isc yclical. Prod uction int he Unit ed 
States and Canada peaked in 1999, declinedi n2 000, an d 
increased from 2001 to 2003. 

The total amount of gypsum consumed in the United States in 
2003 was 33 Mt. Mining of natural gypsum amounted to 16 Mt. 


Approximately 28 .8% of the total gypsum demand, 9.5 Mt, w as 
supplied by synthetic gypsum. Impor ts of foreign gypsum totaled 

8.3 Mt, with Canada supplying almost 69% (Table 2). Manufactur- 
ing of gypsum wallboard and plaster products accounted for about 
90% of the total amount of gypsum consu med in 20 03. Abo ut 
2.62 Mt were used in po rtland cement production. Agricultural 
applications accounted for about 1.0 Mt. 


lran 


Iran is the second largest producer of gypsum products in the world, 
exceeded only by the United Stat es (USGS 2004). In 2002, Iran 
produced about 11.5 Mt of gy psum and exported about $5.7 mil- 
lion worth (Hobbs 2002). Approximately 60% of the total annual 
production is estimated to be in the manu facture of construction 
plaster. Portland cement production in Iran during 2002 was about 
30 Mt, and it is estimated that 1.5 Mt of gypsum was consumed in 
the manufacturing of portland cement, based on a usage of about 
5% gypsum by weight. 


Canada 


The world’s third largest producer of gy psum is Canada. There 
are 11 wallboard manufacturing plants in Canada, b uta signifi- 
cant proportion of gypsum is e xported to plan ts along the east 
coast of the United States. Cana dian gypsum imported into the 
United States during 2003 was about 5.7 Mt, representing about 
17% of the total consumption. Gypsum is produced in the prov- 
inces o f Ne wfoundland, No va Sc otia, Ontario, Manitoba, and 
British Columbia. 

The majority of Canada’ s production comes f rom No va 
Scotia; National Gypsum Canada Ltd. operates the world’s largest 
gypsum quarry at Milford Station, near Halif ax. Fund y Gypsum 
Company and Little Narrows Gypsum, subsidiaries of U.S. Gyp- 
sum (USG), operate two large quarrying operations in Nova Scotia 
for export to the United States and external portland cement rock 
customers. There is only one active underground gypsum mining 
operation in Canada, located at Ha gersville, Ontario, and operated 
by Canadian Gypsum Company Ltd., a subsidiary of USG. 


Spain 

Spain has abundant resources of gypsum located predominantly in 
the eastern half of the country and the Balearic Islands of Mallorca, 
Ibiza, and Menorca. Ab undant gypsum resources occur along the 
Mediterranean coast between Gibraltar and eastward to the French 
border. Iberyeso is the largest producer in the country. 

The Triassic-age gypsum deposit s are signif icant in terms of 
reserves, quality, and minability (Re gueiro and Barros 1995). In 
most cases, Triassic-age gypsum deposits have a gypsum purity of 
93% to 96%. Tertiary-age gypsum deposits are significant in terms 
of the economic potential, continuity, thickness, and quality 
Eocene deposits are relatively rare, but Oligocene-age deposits are 
extensive, have a high purity, favorable geographical locations, and 
ease ofe xploitation. Abundant Miocene—Pliocene- age gyp sum 
deposits occur in the Alicante Area, between Almeria and Alicante. 
The gypsum has a high quality (about 94% purity) and is interbed- 
ded with marl. Studies by the Spanish government ide ntified 77 
large deposits with purities ranging from 70% to 96% and resources 
of more than 20 billion t. 


China 


The annual production of gypsum for all uses in China is about 
11to12 Mt, primarily from the provinces of Shandong, Hubei, 
Jiangsu, Hunan, Shan xi, Sichuan, and Gansu . O’Driscoll (19 94) 
reported 54 state-operated mines and approxi mately 100 privately 
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operated mines in 16 provinces. The major gypsum min ing opera- 
tions in China include Pingyi and Tai’an in Shandong Province and 
Yingcheng in Hubei Province. About 65% of China’ s gypsum 
resources occur in Shandong Province. Gypsum deposits in Hubei 
and Hunan pro vinces provide high-purity gypsum to the growing 
market for industrial gypsum products in the cities of Gu angzhou 
and Shanghai. The gypsum resources in China are widely distrib- 
uted and immense, with reserves estimated to be in the billions of 
metric tons. The reported reserves vary from 57 to 100 billion t. In 
the mid-1990s, gypsum reserves of 114 billion t were identified in 
Hubei Province alone. 

The gypsum deposits in China are highly variable in the areal 
extent, in thickness, and in qua lity. The gypsum occurs as thin 
seams of f iber gypsum (satin spa r), flake gypsum (selenite), and 
rock gypsum. Depth of the deposits v aries from v ery shallow to 
about 600 m. Gypsum-bearing sequences from a few centimeters to 
more than 100 m in thickness occur throughout the country. 

The mining and processing of | gypsum in China are labor 
intensive. Underground mining is generally accomplished by man- 
ual methods such as sortin g ore from waste, loading ore cars with 
gypsum, and tramming the cars to incline or shaft stations. Waste 
rock is hand-stacked to provide roof support. The gypsum is sorted 
at th e surf ace int o stoc kpiles of dif ferent grades depending on 
purity and end use. Snow gypsum is the term used often for white 
rock gypsum, and fiber gypsum is the term used for very pure satin 
spar gypsum. 

Snow and f iber gy psums are used for the manuf _ acture of 
ceramic plasters (sanitary and dinn erware), dental and ortho pedic 
plasters, art plasters, chalk, glass-reinforced gypsum ceiling panels, 
and decorative architectural details s uch as c ornices. S ome | and 
plaster is produced for the brewery and tofu industries. 


Mexico 


Gypsum is mined in the following states in Mexico: Nuevo Leon, 
Coahuila, Colima, Chihuahua, Sonora, Puebla, Oaxaca, Jalisco, and 
Baja California del Sur. A significant amount of gypsum in Mexico 
is used internally in the manufacture of portland cement. Mexico is 
a significant exporter of gypsum to the Pacific coast of the United 
States and period ically to P acific Rim coun tries suchas Japan. 
Exports to the United States in 2003 were about 1.8 Mt. 

The majority of gypsum exports are produced from two quar- 
rying operations in Baja California del Sur. COMSA, on San Mar- 
cos Island in the Sea of Cortez, an d CAOPAS, just north of th e 
town of Santa Rosalia, provide the majority of gypsum to wallboard 
plants on the Pacific coast of the United States. 

Numerous small gypsum plaster calcining facilities, known as 
yeseras, are distrib uted thro ughout Me xico. Yeseras manuf acture 
construction plasters for local markets and vary in size from crud e 
beehive kilns to relatively modern calcining operations. 

Gypsum wallboard is currently manufactured at only three 
sites in Me xico. One plant is located in Pu ebla, about 120 km 
southeast of Mexico City, and two are near Monterrey, Nuevo Leon 
State, in northern Mexico. 


GEOLOGY 


The most common sulf ate minerals are gypsum and anh _ydrite, 
which are formed from diverse origins. Gypsum (C aSO4*2H20) is 
primarily formed as a chemically precipitated sedimentary rock in 
basin or sabkha environments, but it may also form as the result of 
solutional, karst, hydrothermal, and volcanogenic processes. Table 
3 shows the chemical composition of gypsum and anhydrite. Anhy- 
drite (CaSO4) is the anhydrous form of the calcium sulfate family 
of minerals. Anhydrite may form as a primary mineral in a sabkha 


Table 3. Chemical composition of gypsum and anhydrite, % 





Water of 
Sulfur Trioxide Crystallization 
Mineral Formula Lime (CaO) (SO3) (H20) 
Gypsum CaSO4*2H2O 32.6 46.5 20.9 
Anhydrite CaSO4 41.2 58.8 0.0 





depositional environment or deep-basin environments. The terms 
gypsum and anhydrite are commonly used interchangeably for the 
minerals and rocks that are composed primarily of these minerals. 

Gypsum and anhydrite may be deposited simultaneously in a 
sedimentary en vironment and are_ easily converted from one to 
another under v arying conditions of heat, pressure, and the pres- 
ence of water. The occurrence and relationship of anh ydrite and 
gypsum in a dep osit is co mplex. Mineralogical, te xtural, cr oss- 
cutting relationships and microscopic examination may be necessary 
to dete rmine the ultim ate origin of anh ydrite in a deposi t. Some 
deposits exhibit multiple episodes of conversion from gypsum to 
anhydrite and vice versa. 


Mineralogy 


Gypsum forms monoclinic crystals with a perf ect {010} clea vage 
and distinct cleavages along {100} and {101}. It is distinguishable 
from anhydrite by its lo wer Mohs hardness (2.0 versus 3.5) and 
specific gravity (2.24 versus. 2.97 g/cm 7). Pure gypsum is color- 
less, but may be tinted yellow, red, and brown because of the pres- 
ence of impurities. Twinning is common along {100}, forming 
“swallowtail twins.” Gypsum is re latively soluble in fre sh w ater 
(about 0.2 g/100 g HzO) and is easily dissolved or eroded in condi- 
tions of high humidity or rainfall. 

Anhydrite forms orthorh ombic crystals with perfect cleavages 
along {100} and {010} and a good cleavage along {001}. Anhydrite 
has a Mohs hardness of 3.5 anda specif ic gravity of 2.97 g/cm”. 
Pure anhydrite is colorless, but the color is variable from colorless to 
dark gray. 


Lithology 


Commercial deposits of gypsum ma_y be almo st pure or con tain 
variable amounts of syndepositional impurities such as limestone, 
dolomite, clay, anhydrite, and soluble salts of potassium, sodium, 
and magnesium. Primary gypsum deposits consist of rock gyp sum 
and alabaster. Selenite, satin spar, and gypsite are secondary variet- 
ies of gypsum. Anhydrite may occur as either primary or secondary 
minerals in a deposit, depending on its geological history. 

Petrographically, most rock gypsum has a medium to coarse 
crystalline texture. Some deposits contain coarse crystalline g yp- 
sum poikiloblasts. Gypsum in the Upper Miocene Boleo Formation 
in Baja California del Sur, Mexico, contains euhedral selenite crys- 
tals up to about 25 cm in width. The Mississippian Windsor Group 
in Nova Scotia, Canada, contains abundant scattered poikiloblasts. 

Petrographically, anhydrite has a massive or granular texture. 
Scattered gypsum crystals co mmonly occurin the anh _ydrite 
groundmass and increase near the gypsum—anhydrite contact. Com- 
plex hydrous salts of sodium, potassium, and magnesium su Ifate 
commonly occur inc onjunction with an hydrite and are co ncen- 
trated in the gypsum near the contact. 


Alabaster 


Alabaster is ac ompact, fine-crystalline, translucent variety of pri- 
mary gypsum that h as been used by artists to pro duce statuary for 
thousands of years. Typically found in a variety of colors depending 
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on the typ e and amount of impurities present, alabaster generally 
occurs as zones within larger gypsum deposits. 


Selenite 


Large, clear , euhedral crystals of g ypsum are known as selen ite. 
Bladed selenite crystals | commonly form in fluid-filled cavities. 
Selenite may also form along f ault zones. Clea vage fragments may 
be mistaken for musco vite mica. Poikilitic masses of selenite crys- 
tals, commonly known as “gypsum roses,” are formed by the crystal- 
lization of gypsum from interstitial pore fluid in unconsolidated sand. 

Possibly the largest selenite crystals in the world are located in 
Chihuahua State, Me xico. The Ca ve of Swords (La Cueva de las 
Espadas) has been well kno wn since 1910 for _ the lar ge-bladed 
selenite crystals. In 2000, however, a cavity containing enormous 
selenite crystals was discovered in the Naica underground silver and 
lead mine operated by Industriales Pefioles, SA de CV. The ca vity 
was encountered at a depth of a bout 300 m and has dimensions of 
about 9 m by 18 m. The temperature in the cavity is up to 65°C with 
100% humidity. Selenite crystals with a diameter of 1.2 m and up to 
15 m in length occur in the cavity. 

The Lechuguilla Cave complex, located near Car lsbad Cav- 
erns, New Mexico, contains large selenite speleothems. The caves 
are believed to have been formed at the groundw ater table by the 
reaction of groundwater with sulfur dioxide rising from deeper nat- 
ural gas deposits, pro ducing sulfuric acid. The sulfuric ac id dis- 
solved the limestone forming v ery lar ge open ings and e xtensive 
speleothems. 


Satin Spar 


Satin spar is a fibrous variety of needle-shaped gypsum crystals fill- 
ing fractures or along bedding p lanes. The needle-shaped g ypsum 
crystals form with the C-axis oriented at a steep angle or perpendic- 
ular to the v ein walls in fract ured rocks under going deformation. 
The orientation and steepness of the crystals define the direction 
and amount of strain, such as dilation or shearing. It is important to 
recognize that satin spar is not an asbestiform mineral. The stresses 
may be caused by regional tectonism or induced in the rock by th e 
hydration of anhydrite to gypsum. During h ydration anh ydrite 
undergoes a volumetric increase of 26% and may induce stresses of 
2 to 69 MPa. 

Satin spar is mined in China foruse inthe manufacture of 
gypsum plasters. Conco rdant, horizontally oriented veins of gyp- 
sum up to 0.5 m thick are interbedded with shale. The satin spar is 
mined and sorted by hand to produce an extremely pure product. 


Gypsite 


Gypsite is an earthy , pulverulent variety of gypsum that forms a 
surficial deposit in shallow saline lakes, playas, and salt pans in arid 
environments. The calcium and sulfur required to form gypsum are 
derived from the erosion and weathering of rocks and transported in 
surface and groun dwater to cl osed basins. Gypsum precipitates at 

the surface by capillary movement and evaporation of groundwater. 
Since gypsum is less soluble than halite acrust of gypsite forms 
over the soft beds of halite. Gypsite is often contaminated by wind- 
blown sand or silt and clay from periodic flooding of the playas. 


Rock Gypsum 


The most common variety of the mineral is known as rock gypsum. 
Rock gypsum commonly consists of aggregates of gypsum crystals 
interbedded or mixed with mudstone, shale, siltstone, limestone, or 
dolomite. Gypsum ro ck and anh ydrite may be nod ular, massive, 
laminated, or bedded. The primary sedimentary structures in gyp- 
sum and anh ydrite deposits are a ssociated with t he dep ositional 


model and the pr oximity to terrigenous detritus. The Fish Creek 
Gypsum in California contains trace amounts of biotite mica. The 
Permian Castile formation, deposited in the Delaware Basin of 
Texas and Ne w Mexico, contains well-laminated anhydrite with 
varves of or ganic matter and calc ite that have correlated over a 
distance of more than 100km_ (Blatt, Middleton, and Murray 
1980). The evaporites were deposited in a standing , deep body of 
water. Alternatively, in a sabkha environment, gypsum and anh y- 
drite form by the nucleation an d growth of crystal masses from 
pore fluids within soft, unconsolidated tidal- flat sediments, con- 
sisting of terrigenous or carbonate mud. Nodular masses grow and 
displace the surrounding host sediments, forming a “chickenwire” 
texture. Gypsum may be precipitated within more rigid host sedi- 
ments of clay or sand and form large poikilitic crystals that encase 
the host sediment. Th_ e Missis sippian Maccrady F ormation in 
southwestern Virginia contains gypsiferous mudstone with poikil- 
itic g ypsum crystal f aces up to 50 cme xposed in under ground 
mine workings. 


Anhydrite 


Anhydrite may form as a primary mineral in a sabkha depositional 
environment and deep basin , subaqueous deposits such as the 
Castile formation in the Delaware Basin. Gypsum may begin to 
dehydrate under the lithostatic loading below a depth of burial of 
about 600 m and transform into anhydrite. Subsequent uplift or ero- 
sion of overlying roc ks decreases the lit hostatic load, allows the 
percolation of groundw ater through fractures and along bedding 
plans, and rehydrates the anhydrite to gypsum. Some deposits, such 
as the De vonian W apsipinicon F ormation in southeastern Iowa, 
exhibit evidence of se veral cycles of deh ydration and reh ydration. 
The gypsum-anh ydrite contact is subhorizontal and the anh ydrite 
cuts across enterolithic folds in gy psum as the result of an earlier 
phase of hydration. 


Impurities 

Most gypsum is white to gray ish white, although type and amount 
of impurities in any given deposit determines the color of the rock. 
The impurities may be intimately mixed with the gypsum because 
of p rimary sedimentary p rocesses previously described, or be 
present as the result of the secondary effects of solution, weather- 
ing, and erosion. 

The most common impurities in gypsum are carbonates, clay, 
anhydrite, ands oluble salts. With certain | imitations, ca rbonate 
and clay impurities may not be detrimental in the manufacture of 
gypsum w allboard, plasters, a nd agri cultural gypsum. P ortland 
cement rock is less sensitive to the presence of anhydrite or soluble 
salts. The minimum gy psum purity (percentage content of gy p- 
sum) for wallboard and other quality-control parameters are estab- 
lished by organizations such as the American Society for Testing 
and Materials (ASTM) and Underwriters Laboratories (UL). 

Impurities may have little or no effect on the quality of pr od- 
ucts manufactured from gypsum. Cert ain types of impurities, such 
as soluble evaporite minerals or montmorillonite clays, may expand 
on hydration in humid environments. 


Carbonate 


Limestone, composed primarily of calcium carbonate, has relatively 
little effect on the manufacturing of wallboard, the predominant gyp- 
sum product. The most significant effect is to increase the weight of 
the wallboard, which affects the level of installation effort and freight 
costs. Dolomite is a detrimental impurity in industrial gypsum plaster 
used for the manufacture of ceramic s, such as dishes, and sanitary 

ware, such as sinks and toilets. Dolomite has a higher specific gravity 
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than gypsum. P articles of dolomite in ceramic grade plaster sink to 
the bottom as the slurry is poured into molds. The dolomite particles 
form projections at the mold-cast interface; these projections leave 
surface pits in the product being cast. 


Clay 


Clay is the second most ab undant impurity in gypsum deposits. 
Clay impurities may be present as a result of both primary and sec- 
ondary depositional processes. Primary impurities of clay occur as 
laminae, thin i nterbeds,i nternodular matrices, and  intraclasts 
within the gypsum. Nucleation and growth of gypsum or anhydrite 
nodules from interstitial fluids in soft terrigenous or carbonate mud 
forms an internodular matrix, lead ing to the chickenwire descrip- 
tion of its te xture. Postdepositi onal solutional and erosional _pro- 
cesses commonly result in the presence of clay, sand, and organic 
impurities in fractures. 

The type of clay mineral, particularly members of the smectite 
group, may h ave deleterious ef fects on the q uality of w allboard 
products. Smectite group clays have an affinity for absorbing multi- 
ple molecules of water or other liquids and, thus, increase in v ol- 
ume. This characteristic is useful in the manufacture of cat litter or 
oil absorbent, but may be deleterious in the manufacture of gypsum 
wallboard. Soluble salts, primarily sulfates, and chlorides of potas- 
sium, magnesium, and sodium adsorb onto clay crystals. 

If wallboard containing a high percentage of smectite clays or 
soluble salts is installed in a humid environment, hydration of these 
mineral species results in an increase in v olume and may cause a 
quality defect known as “humidified split.” Humidified split occurs 
when soluble salts migrate to the gypsum core—paper interface and 
absorb multiple molecules of w ater from the atmosphere, forming 
complex salts and blisters on the surface of the wallboard. Alterna- 
tively, the volumetric expansion of the smectite clays may also pro- 
duce humidified split. 

Improper control of the calcining temperature of gypsum dur- 
ing the manufacturing process may result in an inaccurate determi- 
nation of gypsum purity. Calcining at a temperature that is too high 
may begin to thermally dehydrate the clay, giving af alse purity 
determination. 


Anhydrite 


Anhydrite is a common impurity in dep osits of gypsum and may 
occur as a primary depositional min eral or the product of dehydra- 
tion of deeply buried gypsum. Anhydrite can be found as a massive 
rock or as a mixture of gypsum and anhydrite in partially hydrated 
deposits. Soluble salts, such as sodium, magnesium and potassium 
chlorides, and sulfates are commonly concentrated in a halo in gyp- 
sum adjacent to the anhydrite contact. The soluble salts are leached 
from the anhydrite during h ydration and precipitated in tensional 
features, such as fractures, many of which form during the volumet- 
ric expansion during hydration. 

Anhydrite may be viewed either as a contaminant in a gypsum 
deposit or as a mark etable coproduct. As a contaminant, the anhy- 
drite is harder and denser than gypsum and contains higher levels of 
soluble salts. Anhydrite increases the weight of the finished wall- 
board products and is abrasi ve to grind ing and pr ocessing equip- 
ment. As a coproduct, quarry-run anhydrite ora blend of gypsum 
and anhydrite may be used a sa_ portland c ement rock. Portland 
cement manufacturers use a variety of products from gypsum, anhy- 
drite, or an anhydrite-gypsum blend, depending on the manufactur- 
ing process. Th e prima ryf unctionof gypsumor anh ydrite in 
portland cement is to control the setting time of the finished product. 
The SO3 content of the portland cement rock is the m ost important 
quality parameter. 


Soluble Salts 


Gypsum de posits comm only cont ain soluble e vaporite minerals, 
such as halite (NaCl); sylvite , (KCl); mirabilite (Na2SO4*10H20); 
and epsomite (MgSO4*7H20). Soluble evaporite minerals may form 
during (1) evaporation of seawater in restricted basins; (2) late-stage 
digenetic p rocesses in sabkh a en vironments; (3) gy psification of 
anhydrite; or (4) leaching from interbedded clay. During the evapo- 
ration of sea water in arestricted depositional basin, e xcess sulfate 
ions not consumed in the formation of gy psum or anh ydrite may 
combine with either magnesium or sodium to form epsomite and 
mirabilite, respectively. Sodium and potassium may combine with 
chlorine ions to form halite and sylvite, respectively. 

Ina sabkha environment, gypsum and anh ydrite are formed 
by diagenetic processes within tidal-flat sediments. The pore-water 
chemistry ch anges as dolomitization of carbonate sediments 
occurs. Soluble evaporite mineral components can be released from 
fluid inclusions within carbonate crystals, or be included in a disor- 
dered crystal lattice. Mud-rich sabkhas contain clay cr ystals into 
which soluble salts may be ad sorbed. Dur ing the conversion of 
anhydrite to gypsum, soluble sa Its are_released and form an 
enriched halo in the gypsum near the anh ydrite-gypsum contact. 
The volumetric expansion during the conversion provides fractures 
for the transport of saline fluids. 

Soluble evaporite minerals are rarely directly observ able in 
outcrops in humid environments or drill core because the y are 
highly soluble in fresh water. In arid environments, gypsum out- 
crops may have an efflorescent crust of magnesium sulfate formed 
by the wicking of water by capillary action at the rock’s surface and 
rapid evaporation. Very fine, acicular crystals of epsomite form on 
the floor and roof in some underground gypsum mines by the evap- 
oration of humid air. 

Calcium sul fate hemihydrate reacts with water to form 
gypsum—water slurry in th e manufacturing of w allboard. Soluble 
evaporite mineral components in the slurry migrate to the gypsum— 
paper interface by capillary action. The installation of w allboard 
containing a high soluble-salt content in a humid environment may 
result in the formation of complex salts of sodium, potassium, and 
magnesium sulfate with up to 15 molecules of water in their crystal 
structures. The volumetric increase associated with the absorption 
of more than two molecules of water may result in the failure of the 
gypsum core—paper bond and the form ation of blister s, known as 
“humidified split.” 


Other Impurities 


Yellow to red discoloration results from mud staining and the pres- 
ence of iron oxides. Dark pu rple to black disco loration may be 
caused by the presence of manganese oxide, car bonaceous lime- 
stone, mafic rock fragments, or detrital minerals. The presence of 
copper or certain types of algae may stain gypsum a greenish color. 
In some deposits trace amounts of celestite (SrSO4) may be present, 
and siliceous nodules are found in some deposits. 


Bassanite 


Bassanite is an unusual type of an impurity in a few gypsum depos- 
its, notably in the Miocene Fish Creek Gypsum in California. Bas- 
sanite is a naturall y occurring form of calcium sulfate hemihydrate 
that forms from the interaction of hydrothermal fluids with gypsum. 
Although white, bassanite has a distinct earthy texture that differen- 
tiates it from gypsum. Bassanite will not rehydrate to form gypsum 
in the presence of water. Hill (1979) reported the unusual occurrence 
of bassanite in three small caves in southwest Texas. Although orig- 
inally precipitated on the w alls and ceiling as gypsum, high ca ve 
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Table 4. Engineering properties of gypsum, anhydrite, and other 
evaporites 





Halite 

Property Gypsum Anhydrite (Rock Salt) Potash 
Specific gravity, g/cm? 2.24 2.97 2.2 2.05 
Dry density, mg/m? 2.19 2.82 2.09 1.98 
Porosity, millidarcy 4.6 2.9 4.8 5.1 
Unconfined compressive 27.5 97.5 11.7 25.8 
strength, MPa 

Point load strength, MPa 2.1 3.7 0.3 0.6 
Young’s modulus, GPa 24.8 63.9 3.8 7.9 
Permeability, 10-? m/sec 6.2 0.3 na’ na 





* na = not available. 


temperatures (up to 35°C) and low humidity (10% to 60%) resulted 
in the dehydration of gypsum. 


Chemical Properties 


Gypsum and anh ydrite are able to undergo repeated deh ydration 
and hydration, depending on the depth of burial and availability of 
water. Gypsum will begin to thermally decompose into the metasta- 
ble species, calcium sulfate hemihydrate (CaSO4¢!/2H20), in heated 
air above 70°C and at 1 atm of pressure. Differential thermal analy- 
sis curves show two endothermic peaks between 100° and 200°C 
(Deer, Ho wie, and Zu ssman 1966). The first peak represents the 
loss of 1!/2 molecules of water during the formation of calcium sul- 
fate hemihydrate. Further heating totally dehydrates gypsum form- 
ing deadburmed (anhydrous) anhydrite (CaSOz), which is used as a 
filler in plastics and as a moisture absorbent. The second decompo- 
sition peak occurs when the remain ing one-half molecule of w ater 
is remo ved. Calcining processe s for the manufacture of g ypsum 
wallboard and plasters involve heating gypsum to about 155°C for 
1 to 3 hr, during which time calcium sulfate hemihydrate forms. 

Heating gypsum liberates water vapor, which helps hinder the 
spread of f ire. Specialized types of wallboard are formulated and 
manufactured for use as a firestop between multifamily housing, in 
the lining of ele vator shafts, and in the walls and ceilings between 
living spaces and garages. 

Gypsum’s solubility in fresh water is approximately 150 times 
greater than that of limestone. This chemical characteristic provides 
a source of calcium and sulfur when gypsum is used in agricultural 
applications. The ionic e xchange capability of calcium for sodium 
prevents the buildup of alkali in soils. 

Although gypsum is a very soft mineral, specialized methods 
of calcining h ave been de veloped to manufacture denser , harder 
crystals. F or most uses, the gypsum is gro und toa po wder and 
heated in a continuous kettle or batch k ettle at 1 atm of pressure. 
This method of calcining produces anhedral, rough, splintered crys- 
tals known as beta calcium s ulfate hemihy drate. This prod uct is 
used in the manufacture of wallboard and construction plasters. The 
calcination of pebble- to cobble-sized, high-purity gyp sum in an 
autoclave at elevated pressure produces dense, euhedral crystals of 
alpha calcium sulfate hemihydrate. This product is used in special- 
ized plasters and cements for art and statuary, architectural applica- 
tions, industrial prototype modeling, and road and floor repair. 


Physical Properties 

The softness of gypsum is its most prominent physical feature. It is 
distinguished by its softness (Mohs hardness of 2) and three dis- 
tinct cleavage planes. Anhydrite is distin guishable from gy psum 


because of its higher specific gravity and greater hardness. When 
scratched with a piece of c opper, gypsum wil 1 be gouge d, but 
anhydrite will abrade the copper (a copper re sidue will be visi ble 
on the scratched surface). 

Table 4 gives the basic engineering properties of gypsum and 
anhydrite, and the properties of the evaporates rock salt (halite) and 
potash for comparison. 


ORIGIN AND MODES OF OCCURRENCE 


Evaporites are deposits of minerals that formed from the e vapora- 
tion of seawater or brine. The typ es and amounts of minerals 
formed depend on (1) the compositi on of the source water, (2) the 
relative solubilities of the dissolv ed mineral constituents, (3) the 
climatic conditions and extent of evaporation, and (4) the depth and 
extent of the depositional basin. Brine may have formed from evap- 
orative concentration of seawater or might have been reconstituted 
by the dissolution of preexisting rocks (primarily evaporite rocks) 
by rainwater or groundwater and its subsequent recrystallization in 
closed basins in an a rid climate. Seawater is concentrated by sev- 
eral mechanisms, described here. 

The primary depositional environments for evaporites are con- 
sidered to be either sabkha or subaqueous, with variations related to 
proximity of terrigenous material and the depth of the basin and 
seawater. Sabkha evaporites include continental deposits in playa 
lakes and the mor ee xtensive tidal flat deposits. Subaqueous 
evaporites are formed in either shallow- or deep-water basins. All 
modern e vaporite depositional en vironments, ho wever, including 
sabkha deposits, are believed to be of shallow-water origin (Petti- 
john 1975). In either case, gypsum and anhydrite are formed from 
the concentration of dissolved mineral constituents in saline water. 
Kendall (1981a, 1981b) provides a good overview of each of the 
depositional facies. Other useful resources for determining dep osi- 
tional environments for gypsum are works by Dean and Schreiber 
(1978), K endall (1978), and Raup (199 1). There is co nsiderable 
discussion in geological literature about whether the original min- 
eral deposited is gypsum or anh ydrite. Gypsum is metastable, con- 
verts to anh ydrite ata depth of more than about 600 m, an d is 
readily soluble in gr oundwater. Two additional en vironments are 
salt-dome cap rock and volcanogenic. 


Brine Concentration and Evaporite Precipitation 


Seawater contains about 3.5% by weight of dissolved solids (Petti- 
john 1975). Approximately 78% of the dissolv ed solids consist of 
sodium chloride, and calcium sulfate accounts for about 3.6%. If a 
1,000-m column of sea water of normal salinity were to evaporate, 
only 75 cm of gypsum and approximately 13.7 m of halite would be 
precipitated (Blatt, Middleton, and Murray 1980). 

Gypsum will begin to precipitate in an e vaporating basin of 
seawater when the v olume has been reduced by e vaporation by 
about 66% and if replenishment and dilution by fresher water do 
not occur. Halite does not precipitate until approximately 90% of 
the brine has beene vaporated. A natural horizontal and v ertical 
zonation of mineral deposition develops. Calcium carbonate will be 
precipitated first, followed by gypsum and anhydrite, halite, mag- 
nesium sulfate, and potassium salts. Normal seawater is undersatu- 
rated with respect to both gypsum and halite. The presence or 
absence of halite in a thick deposit of gypsum is an indicator of the 
degree of brine concentration, because considerably more evapora- 
tion and brine concentration are required to precipitate halite than 
gypsum. 

Gypsum also forms from diag _ enetic processes during the 
dolomitization of carbonate sediments in tidal flat environments. 
As seawater evaporates to the point at which gypsum begins to 
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precipitate, the ratio of the activity constants for magnesiu m 
(aMg*? = 1.32 x 107?) and calcium (aCa*? = 2.34 x 1073) increases 
above the norma] ratio ins eawater of 5.6 (Blatt, Middleton, and 
Murray 1980). The molar ratio of Mg?*/Ca** also increases from 
about 5.2 to more than 20. Concen tration of sea water by evapora- 
tion produces more dense brine that can sink downward through the 
pores of underlying calcareous sediments. An ion exchange reac- 
tion occurs with on e magnesium ion replacing one calcium ion. 
Because the brine has already reached a concentration where gyp- 
sum precipitates, the additional calcium released during dolomiti- 
zation is available to react with any excess sulfate in the brine to 
form additional gypsum. The chemical reactions that liberate cal- 
cium ions and form gypsum from saline brines are as follows: 


2CaCO3 + Mg*+ = CaMg(CO3)2 + Ca?* 
Ca2* + SO4-? + 2H2O = CaSOq * 2H2O 


Sabkha Evaporites 


Sabkha is an Arabic term referring to a coastal tidal flat. Numerous 
geological studies in the 1960 and 1970s examined the formation of 
gypsum and anh ydrite minerals along the T rucial Coast re gion of 
the Persian Gulf (e.g., Kinsman 1966, 1969; Butler 1970 ). These 
deposits are characterized by adi __ stinctive suite of sediments, 
including lagoonal limest one, intertidal alg al mat limestone and 
nodular gypsum, and anhydrite-bearing, fine-grained terrigenous or 
calcareous sediments. 

Gypsum and anhydrite form by precipitation of supersaturated 
brine in the pore space of the tidal-flat sediments. Nodular gypsum 
and anhydrite are the most common forms, but large poikilitic selen- 
ite crystals may also form . Many of the commercially de veloped 
gypsum deposits in North America are probably of sabkha origin. 

If th e tid al-flat se diments a re ca Icareous, dol omitization 
occurs during the diagenetic reactions that form gypsum and anhy- 
drite. If terrigenous clastic sediments are present, they are generally 
chemically un affected b ut un dergo sof t-sediment defor mation as 
the gypsum and anh ydrite crystals and nodular masses form. The 
sabkha environment does not require the presence ofa basin for 
deposition of evaporite minerals, and thick chloride mineral accu- 
mulation would not be expected (Schroeder 1970). Depending on 
the surf ace w ater chemistry, laminated gyp sum and argillaceous 
limestone may be deposited in lagoons or ponds on the sabkha sur- 
face. The primary dif ference between carbonate-e vaporite and 
mud-rich sabkhas is the amo unt of terrigenous sediment deposited 
on the sabkha surface. 

Crystals of gypsum and anhydrite form in several modes in 
the sabkha environment. The most common mode is the nucleation 
and displacive growth of crystalline masses in the soft tidal-flat sed- 
iments. Soft carbonate or terrigenous clay or silt sediments are 
pushed aside asnodular masses of gypsum or anhydrite gro w. 
Eventually, the nodules coalesce and the internodular matrix forms 
a fabric that looks like chickenwire. Laminated or bedded gypsum 
may be precipitated in shallow, hypersaline ponds, lagoons, or salt 
pans on the sabkha surface. If the ponds are periodically flooded by 
fresher w ater from surf ace runoff or precipitation, the sediments 
formed may be argillaceous, micritic limestone. 


Carbonate-Evaporite Sabkha 


The car bonate-evaporite sabkha environment consists almost 
entirely of dolomite and gypsum—anhydrite. The most seaward por- 
tion of a carbonate-evaporite sabkha environment consists of inner- 
shelf dolomitic mudst one and_ pellet w ackestone. The do lomitic 
rock either is massive or has faint, wispy laminae of darker colored, 
organic-rich cl ay (subtidal algal mat). P roceeding | andward ar e 
coarser-grained carbonates such as oolitic or pelle t packsone and 


grainstone that occur in the intertidal zone. The upper most sedi- 
ments (supratidal) include dolomi tic mudsto ne and pellet pack- 
stone. Algal mat deposits are presen t as wispy, black, organic-rich 
clay. Gypsum intervals up to about 6 m thick are common. 

Ancient e xamples of carb onate-evaporite sabkha gyp sum 
deposits include the Wapsipinicon Formation (Devonian) in south- 
eastern Iowa and the St. Louis Formation (Mississippian) in south- 
western Indiana (Jorgensen and Carr 1972). 


Mud-Rich Sabkha 


In the mud-rich sabkha, most o f the tidal-flat sediments consist of 
clay, silt, and som e sand deposite d by shee tflood flo w from the 
mouths of wadi channels near the landward margin of the wadi plain 
(Handford and Fredericks 1980). Marine floodwaters such as storm 
surges rework the terrigenous sediments to form an extensive, low- 
slope, tidal -flat su rface. Mu d-rich sabkha sediments ma y occur 
along with carbonate-evaporite sabkha sediments, either interfinger- 
ing with or prograding across the calcareous tidal-flat surface. 

The Mississippian Maccrady Formation of southwestern Vir- 
ginia and the Jurassic Arapien Sh ale in south-central Ut ah are 
ancient examples of mud- rich sabkha environments. Modern-day 
examples include the coastal mud flats at the mouth of the Cdorado 
River delta at the northern end of the Gulf of California and along 
the Trucial Coast of the Persian Gulf. 


Subaqueous Evaporites 


Although mo st of th e commercial gyp sum deposits in North 
America are be lieved to be of sabkha ori gin, many thick, wide- 
spread, ancient evaporite deposits were deposited by subaqueous 
processes within enclosed or hypersaline basins. And even though 
there are several modern-day analogues of sabkha environments, 
there are no m odern-day equivalent depositional environments of 
subaqueous evaporites. 

Three gener al models of su baqueous e vaporites h ave been 
developed based o n conditions of the d epth of the basin and the 
depth of water: (1) the deep water, deep basin model; (2) the shal- 
low basin, shallow water model; and (3) the deep basin, shallow 
water model. Each model has one common factor: the presence of 
a seaward, subaqueous barrier (sill) that restricts the complete cir- 
culation of seawater in and out of the basin. High evaporation rates 
concentrate the trapped sea water and form bri ne, which is sat u- 
rated or nearly saturated with respect to gypsum and halite. Crystal 
precipitation occurs at the air—water interface, and the crystals set- 
tle through the wate r column as a pelagic rain. Variations in the 
water chemistry from influx of seawater by storm surges, tempera- 
ture, or e vaporation rate form laminations in th e rock column. 
Laminae of su lfate, carbo nate, and organic matter 1 to 10 mm 
thick occur o ver large areas of the basin. Th in laminations have 
uniform thick nesses over short dist ances, and indi vidual lamina- 
tions have been stratigraphically correlated in wells over distances 
up to about 100 km. 

Ancient subaqueous evaporite deposits include the Castile 
Formation (Permian) in the United States and the Zechstein Group 
(Permian) i n E urope. T he Castile F ormation und erlies a Imost 
81,000 km? of western Texas, parts of New Mexico, and northern 
Mexico. The Zechstein Group underlies at least 250,000 km 2 of 
northern Europe, including German y, Poland, and much of the 
North Sea. 


Continental Evaporites 

Continental e vaporites are similar in origin to mu d-rich sabkhas. 
Mineralization occurs at the surf ace of playa lakes or within the 
interstitial po re spaces of so ft, terrigenous sediments. Gypsum, 
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halite, and complex salts of magnesium, potassium, and br omine 
are deposited in closed basins (no e xternal drainage) in arid en vi- 
ronments. W eathering and erosion of rocks inthe — surrounding 
higher terrain provide the mineral constituents for the formation of 
minerals in the playa. Coarser detritus is deposited in alluvial f ans 
at the mar gins of the playa and sur face runoff and groundw ater 
transport the dissolved mineral constituents toward the center of the 
playa. Mineralization occ urs at the surfac e and within the pl aya 
sediments by evaporative pumping and vertical movement by capil- 
lary action at the playa surface. Gypsum, with a lower solubility 
than halite, is deposited within the sediments and also as an ef flo- 
rescent gypsite crust around the distal mar gin of the playa. Post- 
depositional inundation of the play a surface by storm-water runoff 
and wind erodes and reworks the exposed crusts and underlying 
soft sediments. 

Economic deposit s of continen tale vaporites occur in man y 
parts of the world. The only deposit in the Unit ed States commer- 
cially used for manuf acturing wa Ilboard, ho wever, is the Muddy 
Creek F ormation (Miocene) near Las Vegas, Ne vada. The depo sit 
covers about 13 km? and is up to about 30 m th ick (Papke 1987). 
Enormous dep osits of playa g ypsum ( gypsite) occur in Austr alia. 
Lake Macleod, located near the northwestern coast, covers 2,072 km2 
and has a gypsite crust about 2 m thick. Lake McDonnell in South 
Australia co vers about 90 km 7 and has a gypsit e crust about 5m 
thick; the deposit occupies a former lagoon that was cut off from the 
sea in post -Pleistocene ti mes. Periodic landw ard surges of storm 
water and high tides 0 verflow the barrier and replenish the lagoon 
with seawater. 


Salt-Dome Cap Rock 


Gypsum commonly occu rs inthe near-surface portions of salt 
domes in the Gulf Coast basin of the United States. Thick layers of 
the Jurassic-age Louann Salt occur at a depth of about 9 km. Most 
salt domes are roughly circular in plan view and vary in diameter 
from 1 km to more than 10 km. Some near -surface domes have a 
surface expression of elevated topographic relief of about 20 m 
above the surr ounding terrain. Salt domes ar e diapiric masses of 
rock salt (halite) that rose upward along fractures or faults by dif- 
ferential 1ithostatic loading and plastic flow. Salt domes occur in 
about 100 sedimentary basins worldwide. The Zechstein Salt in 
northern Europe contains numerous salt domes. 

Salt domes contain 5% to 10% _ w ater-insoluble m aterial. 
About 99% of the insoluble impurities in the Louann Salt are anhy- 
drite and a trace amount of calcite (W alker 1974). As a salt dome 
rises through near-surface, water-bearing sediments, the halite dis- 
solves and a residue, primarily anhydrite, accumulates in the upper 
portion of the dome. Increased upward vertical pressure occurs dur- 
ing the salt dome’s rise and compacts the insoluble residue to form 
a massive anhydrite rock. As th e salt dome rises near the ground 
surface, ground water percolation rehydrates the anhydrite to form 
gypsum. 

Salt-dome cap rock forms only minor economic deposits of 
gypsum in the United States. Th e gypsum generally contains high 
levels of soluble salt impurities that are detrimental to the manufac- 
ture of wallboard products. Some cap-rock deposits, however, have 
been developed for portland cement gypsum resources. 


Volcanogenic Gypsum 


Gypsum sometimes occurs in v olcanogenic massive sulfide depos- 
its (VMSDs). Only relati vely small economic VMSD gypsum 
deposits, however, have been developed. The F alkland deposit in 
southern British Columbia, Canada, is an e xample. Although rela- 
tively small and rarer than any other type of deposits previously dis- 


cussed, VMSDs warrant a brief de scription. They are asso ciated 
with extensional tectonic settings and submarine depressions such 
as backarc, mid-ocean spreading centers, and intracontinental rift 
zones (Ohmoto 1996). 

Seawater percolates into the thin crustal rocks and is heated by 
deep convective circulation in the vicinity of a heat source such as 
plutonic or upper -mantle rocks. Sulfate minerali zation gener ally 
occurs during the later stages of h ydrothermal activity. In the 
Kuroko (black ore) metallogenic model, sulfide minerals are depos- 
ited by the interaction of hydrothermal fluid (at approximately 
350°C) emanating fro m sea-floor v ents with cold seawater. The 
vents are kno wn as “black smokers” because of the smok e-like 
appearance of the plume of instantaneously precipitated sulfide 
minerals. The precipitated minerals accumulate in mou nd-shaped 
deposits around the black-smoker vents. 

Sulfate mineralization can also occur as a chemical precipitate 
around the sea-floor vents and as an alteration product of the coun- 
try rocks. Precipitation of anhydrite is associated with the “black 
ore” mineral suite (sphalerite + galena + pyrite + barite + anhydrite) 
that occurs from the interaction of the hot hydrothermal fluids and 
cold seawater. 

Anhydrite and gypsum can also precipitate in the porosity of 
lower temperature (<150°C) country rocks. Downward percolation 
of sea water throu gh fractures in lo wer-temperature country ro cks 
may precipitate disseminated sulfate (SO4)? minerals. In the later 
stages of hydrothermal acti vity, gyp sum an d anh ydrite may be 
reduced by Fe**+-bearing min erals and or ganic matter forming 
hydrogen sulfide (H2S) that, in turn, leaches additional metals from 
the country rock. 


DISTRIBUTION OF DEPOSITS 


Gypsum occurs throughout the world—found to date on every conti- 
nent except Antarctica ( Table 5). More than 90 countries produce 
gypsum w orldwide, and global gypsum reso urces are enormous. 
Some known occurrences contain as much gypsum as the total world 
annual demand. For example, Libya contains more than 80,0 00 Mt 
of Jurassic-age gypsum with an estimated purity of 80% underlying 
an area 65 km long, up to 25 km wide, and locally up to 400 m thick. 
Latvia contains gypsum resources estimated at 1,000 Mt at a depth 
of less than50m_ and 14,000 Mt at adepth of greater th an 50m 
(USBM 1993). 

The first gypsum mining in North America occurred in Nova 
Scotia in 1779. Gypsum was first mined in the United States from 
Silurian deposits near Syracuse, Ne w York, in 1808. Se veral 
gypsum-producing districts ha ve operated contin uously sin ce the 
1800s. Gypsum was found in the early 1800s during exploration for 
salt brines in the Mississippian Maccrady Formation in southwest- 
ern V irginia. The Plast erco, V irginia, op erations of the Un ited 
States Gypsum Company were worked continuously from as early 
as 1835. Jurassic-age gypsum has been mined in northwestern Iowa 
since 1872. The Mississippian-age Michigan Formation has p ro- 
duced gypsum in northeastern Michigan since 1862. 

Since the publication of the 6th edition of Industrial Minerals 
and Rocks, some of the oldest gypsum-producing regions of the 
United States have ceased operations. Notably, the Silurian deposits 
of western Ne w York and northern O hio and the Mississ ippian 
deposits in Virginia ceased operations after more than 170 years. In 
most cases, the deposits were not depleted; rather the older , high- 
cost wallboard manufacturing plants were closed and the manufac- 
turing cap acity was replaced b y ne w p lants on na vigable ri vers 
using synthetic gypsum from coal-fired power plants. 

Considerable gy psum resources occur in the western par t of 
the United States, Canada, and Mexico. These areas are gener ally 
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Table 5. Worldwide distribution of principal gypsum resources 
Geologic Age North America Europe Asia South America Africa 
Holocene California NA* NA NA NA 
Pleistocene NA NA NA NA NA 
Pliocene NA Greece NA NA NA 
Miocene Nevada, California Bulgaria, Poland, Romania, Italy, Saudi Arabia NA Egypt, Sudan 
(Plaster City) Czech Republic, Slovakia 
Oligocene NA Spain NA NA NA 
Eocene NA Romania NA NA NA 
Paleocene NA NA NA NA NA 
Cretaceous Texas, Arkansas NA Laos Brazil, Venezuela NA 
Jurassic lowa (Ft. Dodge), New Mexico, England NA NA Morocco, Tanzania 
Colorado, Utah, Wyoming, 
Montana 
Triassic NA France, Germany, England, NA NA Algeria 
Austria, Spain 
Permian Texas, Oklahoma, Kansas, England, Austria, Lithuania, NA NA NA 
Colorado, Wyoming, Nevada, — Poland, Hungary 
Arizona 
Pennsylvanian NA NA NA NA NA 
Mississippian Nova Scotia, Michigan, NA NA NA NA 
Indiana, Virginia 
Devonian lowa Latvia, Lithuania NA NA NA 
Silurian New York, Ontario, Ohio NA NA NA NA 





* NA = not applicable (In this case, meaning that there was no occurrence of gypsum during the associated age.) 


remote, vary in siz e from small to v ery extensive, have com plex 
property ownership issues, and may not be workable year -round 
because of severe weather conditions. Very often the main factor 
that would make these deposits valuable is an ine xpensive method 
of transportation of the raw materials or the finished pr oducts. 
Other factors are proximity to market area, work force, utilities, and 
other parts of infrastructure. Several small operations in the western 
United States produce portland cement or agricultural gypsum. 


United States 


Gypsum is currently mined in Arkansas, California, Colorado, Indi- 
ana, Io wa, Kansas, Michigan, Ne vada, Ne w Me xico, Oklahoma, 
Texas, Utah, and W yoming. Outcrops of gypsum in the Arapien 
Shale in Utah and the Chugwater Formation in Wyoming co ver 
hundreds of square kilometers. 

In 2003, the top producing states were, in descending order, 
Oklahoma, Texas, Ne vada, Iowa, California, Indiana, and Michi- 
gan; they accounted for 73% of the domestic output (USGS 2004). 

Calcium sul fate minerals are found within geologica | st rata 
ranging from the Ordovician through the Holocene. The largest pro- 
duction comes from Mississippian rocks in Atlantic Canada (Nova 
Scotia, Newfoundland, and Ne w B runswick), Michig an, In diana, 
and, until recently, Virginia. Permian-age rocks are the second larg- 
est producerin Texas, Oklahoma, Kansas, Colorado, Wyoming, 
Nevada, and Arizona. Gypsum is produced from Tertiary-age rocks 
in Ca lifornia, Jamaica, and Arizona. Gypsum is produced from 
Jurassic-age rocks in Iowa, Colorado, Utah, and Wyoming. 

Texas, Oklahoma, Ne w Me xico, and Kansas __ contain ine x- 
haustible resources of gypsum, a nd other chemically precipitated 
minerals such as salt and potas h. Thee vaporite minerals wer e 
deposited in the enormous Permian Basin, which underlies portions 
of the four states. Two subbasins in west Texas and southeast New 
Mexico—the western Delaware Basin andthe eastern Midland 
Basin—are separated by the Central Basin Platform. Where exten- 
sive hydration of anhydrite has occurred, the resulting purity is high 


(>92% pur ity). Most of the hi gh-quality, v alue-added products 
derived from gypsum are manufactured from Permian-age gypsum. 
The highest purity and whitest gypsum occurs in the Blaine Forma- 
tion at Medicine Lodge , Kansas, and Southard, Oklahoma, and in 
the Easly Creek Formation at Blue Rapids, Kansas. 


Oklahoma 


The primary area of production of high-value-added gypsum prod- 
ucts in Okla homais int he northwestern part oft he st ate at 
Southard, Blaine Cou nty. In the Anadarko Basin in northwestern 
Oklahoma, economic g ypsum depos its occur within the Shimer , 
Nescatunga, and Medicine Lodge members of the Blaine Formation 
in the middle portion of the Beckham evaporite unit. The strati- 
graphic relationships of the gypsum beds in the Blaine F ormation 
are well exposed in Salt Creek Canyon, just north of Roman Nose 
State Park,in Blaine County. The Blaine Formation is also a 
major source of gypsum in sout hwestern Oklahoma, whereas the 
Permian-age Cloud Chief Formation contains significant resources 
in west-central Oklahoma. 

The evaporite beds in the Blaine Formation are generally 3 to 
9 m thick, and gypsum in the Cloud Chief Formation is up to 30 m 
thick. Gypsum within the Blaine Formation has a purity of 95% to 
99%. Interbeds of shale 0.7 to 9 m thick separate the gypsum inter- 
vals. The gypsum beds are typi cally underlain by thin dolomite 
beds. Anh ydrite thickness increa ses inthe do wndip direction, 
toward the west, under increasing overburden thickness. 


Texas 


Gypsum is produced in west-central Texas from the Esk ota Mem- 
ber of the Peacock F ormation (Permian). Outcrops of gypsum 
occur along a low topographic escarpment with num erous incised 
lateral drainages. Hydration and erosion or solution occurs in the 
downdip direction, and in latera | drainage courses fo rmed along 
structural lineaments such as fractures. Several beds of gypsum up 
to about 6 m thick are interbedded with shale. Overburden consists 
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of sandy shale. The thickness of the overburden is a significant con- 
trol on the hydration pattern of the gypsum. 

The Castile Formation is an extensive occurrence of gypsum 
in the Delaware Basin of west Texas and southeastern New Mexico. 
It is a 440-m section of varved anhydrite and carbonate laminations 
(laminae 1 to 10 mm thick). Some of the laminae have been traced 
horizontally for more than 110 km (And erson et al. 1972 ). Halite 
(NaCl) and sylvite (KCl) deposits of the Salado and Rustler forma- 
tions overlie the Castile Formation. 


Nevada 


Two companies produce gypsum and anhydrite from the Late Trias- 
sic to Jurassic-age Nightingale Sequence of the Auld Lang Syne 
Group in northern Ne vada. The e vaporites occur as comple xly 
folded and faulted sequences encased in metasedimentary rocks. A 
quarryable portion of the deposit is a geologically recent hydration 
rim extending to a depth of about 40 m. Three wallboard companies 
operate in the Las Vegas area of southern Nevada. One operation 
produces gypsite from Miocene-age playa deposits of the Muddy 
Creek Formation near the plant. The other tw o companies shifted 
from using gypsum from nearby quarries to using gypsum imported 
from north western Arizona, almost 160 kma way. Papke (1987) 
published a comprehensive review of Nevada’s gypsum resources. 


lowa 


The largest concentration of gypsum mining and wallboard manu- 
facturing operations in the United States is in northwestern Iowa, at 
Fort Dodge in Webster County. Gypsum has been mined continu- 
ously in this area since the 1870s. Gypsum occurs in the Jurassic- 

age Fort Dodge Formation, underlying about 40 km? near the city 
of Fort Dodge. Although originally deposited in a single evaporite 
basin, gypsum here occurs as discontinuous masses with a maxi- 
mum thickness of abou t 10 m. The gypsum w as deposited on an 
erosional surface that truncated the underlying Pennsylvanian and 
Mississippian strata. Pos tdepositional solution and erosion thinned 
the deposit in many areas, and in some places only remnants of the 
gypsum exist. The surface of the gypsum has_ been signif icantly 
affected by postd epositional processes. In some areas, the gypsum 
has been completely eroded by glacial processes. 

Pleistocene glacial till co vers the gypsum everywhere except 
where it is exposed in ravines near the Des Moines Ri ver. These 
areas were the first to be mined by underground methods in the late 
1800s. In some areas, the gypsum is immediately overlain by the 
“Soldier Creek beds,” an informal stratigraphic unit that protected 
the gypsum from dissolution and erosion. The Soldier Cr eek beds 
consist of calcareous siltstone and sandstone and shale up to 15 m 
thick that overlie the gypsum (Cody, Anderson, and McKay 1996). 

Gypsum also occurs in the Devonian-age Wapsipinicon For- 
mation in southeastern Iowa. USG produces gypsum for portland- 
cement rock and wallboard at Sperry, in Des Moines County. 
Gypsum occurs ata depth of abo ut 200 mandhas an average 
thickness of about 3 .3 m. The sing le-level, underground mi ne 
began production in 1961 and is currently the deepest gypsum 
mine in North America. Gypsum is extracted using room-and-pil- 
lar techniques and conventional drilling and blasting. The mine 
underlies an area greater than 3.3 km2. 

This deposit originally might have been anhydrite. Geological 
relationships observed in the mine and drilling cores, however, indi- 
cate that th e dep osit has under gone multiple phases of hydration 
and dehydration. Horizontal bands of anhydrite crosscut upward- 
thrusted enterolithic folds in the gypsum seam. Maximum _hydra- 
tion is found along the _— deposit’s solution mar gin and beneath 
preglacial valleys. 


California 


The only domestic sou rce of g ypsum used for manuf acturing wall- 
board in California is located in Imper ial County, the southernmost 
county of the state. The gy psum occurs in the Miocene-age Fish 
Creek Gypsum Member of the Split Moun tain Group. This deposit, 
located on the flank of the Fi sh Creek Mounta ins, has the la rgest 
gypsum production in the United States. The gypsum interval is up 
to 50 m thick and was deposited on an unconformable surface con- 
sisting of granite, fanglomerate deposits derived from the underlying 
and nearby granitic rocks, arkose, and sandstone. The characteristics 
and stratigraphic relationships of the gypsum are very similar to the 
enormous occurrence o f gypsum in the Miocene Boleo Formation 
midway down the Baja Peninsula. The gypsum is unusual in that it 
has very few impurities; the deposit is devoid of calcium carbonate. 
The gypsum does, however, contain zones that have been discolored 
by manganese and iron oxides and zones of bassanite. The bassanite 
and discolored zones ar e belie ved to be related to hydrothermal 
alteration. The deposit is on the western edge of the Salton Trough, a 
rift zone witha thin crust and both extensional and right lateral 
ground movements. 

Holocene-age deposits of gypsite at the southern en d of the 
Central Valley have been used as a soil conditioner for man y years. 
These deposits produce gypsite with a purity of 45 % to 75% gyp- 
sum. Although the p urity is to o low for use in por tland cement or 
plaster products, the gypsite is useful in treating the alkaline soils of 
the great a gricultural districts of the San Joaq uin and Central v al- 
leys. A comprehensive review of the gypsum deposits and resources 
of California was published by ver Planck (1952). 


Indiana 


Two companies operate underground gypsum mines in southwestern 
Indiana. An interval of gypsum 4 to 5 m thick in the Mississippian- 
age St. Louis Formation occurs at a depth of 100 to 250 m. The vari- 
ation in depth is caused by the deeply incised sur face topography 
developed in the overlying Pennsylv anian clastic strata. These 
deposits are goo de xamples of the carbonate-sabk ha depositional 
environment described by Jorgensen and Carr (1972). The St. Louis 
Formation is about 45 m thick and contains at least 10 discrete 
carbonate-sabkha depositional c ycles. Only t he u ppermost tw o 
cycles, however, contain economic quantities of gypsum. The depo- 
sitional cycles represent the transgressions and regressions of a very 
shallow sea over a broad tidal flat in a coastal sabkha environment. 

The beds dip westward into the Illinois Basin about 6.6 m/km. 
The updip edge of the gypsum is exposed to subsurface groundwater 
activity and is actively undergoing solution. Groundwater percolating 
through the overlying strata and downdip from the Mitchell Karst 
Plain has formed ane xtensive cavity sy stem of hydrogen-sulfide— 
bearing, water-filled fractures and caves. One of the mines has been 
flooded twice durin g its almost 50 years of operation. The f irst 
flood occurred when a development entry encountered the ca vity 
system during blastin g. The second occurred when g roundwater 
continued to dissolv e gypsum and worked around the engineered 
bulkhead constructed after the first flood. Careful evaluation of dia- 
mond core drilling information, mine planning, and ongoing under- 
ground e xamination assist in keeping ac tive m ining are as a way 
from potential solution zones. 


Michigan 

Gypsum is pr oduced in the eastern part of the Michigan Basin 
near the western shore of Lake Huron. Since the publication of the 
6th edition of Industrial Minerals and Rocks, the underground min- 
ing operations in the Grand Rapids area have ceased. The deposits 
here are in the Michigan Formation of Mississippian age, and consist 
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of multiple u nits of gypsum from 1.5 to 13 m thick, separated by 
beds of shale varying from a fraction of a meter to 15 m thick. Over- 
burden is glacial till ranging in th ickness from 13 to 25 m. Three 
companies ope rateint he Alabaster—National Ci ty area : USG , 
National Gypsum Company, and Michigan Gypsum. These compa- 
nies supply gypsum to wallboard pl ants in Detroit, Michig an, and 
Waukegan, Illinois, and cement plants in situ ated on or near Lake 
Michigan, Lake Huron, and Lake Erie. 


Colorado 


Extensive resources of Permian-age gypsum up to about 27 m thick 
occur near the town of Gypsum in Eagle County, west-central Colo- 
rado. On e quarryin g and w allboard manuf acturing oper ation is 

located in the area. Gypsum also occurs in the Great Plains near the 
town of La Junta in southeastern Colorado. 


Kansas 


Gypsum occurs in Lower Permian rocks in central Kansas. Th e 
Georgia—Pacific operation extracts gypsum from Easly Creek Shale 
Formation in the upper par tof the Cou ncil Gro ve Group. Th e 
National Gypsum Compan y quarries gypsum from the Medicine 
Lodge Member of the Blaine Formation in sou th-central Kansas, 
which corresponds to the lowermost gypsum strata that occur in the 
USG operations in northwestern Oklahoma. 


New Mexico 


Although considerable Permian calcium sulfate occurs in the Per- 
mian Basin deposits in southeastern New Mexico, none is currently 
being mined. There are, ho wever, three operating qu arries in th e 
north-central part of the state that are producing gypsum from the 
Todilto Formation of Jurassic age. 


Utah 


Gypsum has been produced for many years from the Jurassic-age 
Arapien Shale in south-central Utah. Several stratigraphic intervals 
of gypsum are interbedded with shale and mudstone and have been 
complexly folded into a series of anticlinal and synclinal folds. The 
Arapien Shale outcrops in the foothills along the western slope of 
the southern extent of the Wasatch Mountains. The gypsum is more 
resistant to erosion than the clastic rocks and occurs as ridges. The 
Arapien Shale is also exposed onthe western flank of the San 
Rafael Swe ll in southe astern Utah. The San Rafael Swell is an 
asymmetric str uctural dome and_ se veral b eds of gyp sum ar e 
exposed over more than 100 km?. 


Wyoming 

Two companies produce gypsum in northwestern Wyoming. Large 
resources of gypsum are located southeast of Gr eybull in north— 
central Wyoming. A gypsum interval up to 22 m thick occurs near 


the top of the Chugwater Formation (Triassic). The gypsum is inter- 
bedded with shale. 


Canada 


The majority of gypsum produced in Canada comes from Nova 
Scotia. Several companies produc e gypsum and v arious blends of 
gypsum and anhydrite from the Mississippian-age Windsor Group. 
The majority of the material produc ed is exported to gypsum wall- 
board and portland cement customers along the Atlantic and Gulf 
coast re gions. Several companies oper ate large quarries in No va 
Scotia. The National Gypsum Canada Ltd. quarry at Milford, near 
Halifax, is the lar gest gypsum quarry in the world. Adams (1991) 
published a comprehensi ve review of gypsum deposits and occur- 
rences in Nova Scotia. 


Gypsum is also produced in other provinces, including Ne w- 
foundland, New Brunswick, Ontario, Manitoba, Alberta, and Brit- 
ish Columbia. 


Atlantic Canada 


The major deposits of gypsum in Nova Scotia occur in the Missis- 
sippian Windsor Group, consisting of up to 760 m of interbedded 
marine evaporites and nonmarine se diments that were depo sited in 
a large, complex intracontinental basin. Traditionally, the Windsor 
Group has been subdivided into five subzones, named “A” through 
“E” in ascending order. Giles (1981) reinterpreted the depositional 
history of the Windsor Group and iden tified five major transgres- 
sive—regressive de positional cycles. The cycles correlate with the 
earlier subzone nomenclature. Each cycle is characterized by one or 
more transgressive—regressive cycles. Economic gypsum and anhy- 
drite deposits occur in the two lowest cycles. The earliest cycle (the 
A Subzone) represents a single rapid marine invasion followed by a 
slow regression of the sea. The A Subzo ne consists of up to 305 m 
of anhydrite with a variable thickness of gypsum near the surface. 
The depth of hydration varies from 0 to 76 m. The B Subzone also 
represents extensive evaporite deposition but consists of numerous 
transgressive—regressive sequenc es, al 1 sim ilar buto na much 
smaller scale than found in the A Subzone. The B Subzone consists 
of about 400 m of gypsum interbedded with dolomit e, limestone, 
and siltstone. Gypsum occurs at a depth of up to 100 m. 

The gypsum and interbedded waste units have been complexly 
folded and faulted into a series of anticlines and synclines. The fold- 
ing is complex and varies from upright to recumbent. The folds have 
been refolded and truncated by normal and reverse faults. 


Ontario 


Only one compan y mines natura | gypsum in Ontario: Canadian 
Gypsum Company, Ltd. A subsidiary of USG, it operates an under- 
ground mine in the Upp er Silurian—age Salina Group near 
Hagersville, about 100 km southwest of Toronto. The gypsum seam 
is about 1.1 m thick, and the room-and-pillar mine is situated at a 
shallow depth (30 to 40 m) beneath the surface. The gypsum is over- 
lain by 3 to 13 m of thinly bedded shale and dolomite and up to 15 m 
of glacial till. The gypsum has an average purity of about 85% and is 
beneficiated by heavy-media separation. The G-P Gypsum Corpora- 
tion also operates a wallboard plant at Caledonia, near the Canadian 
Gypsum Compan y operation . Altho ugh natu ral gyp sum was used 
for many years, production from the Caledonia mine has ceased and 
synthetic gypsum is currently used. The gypsum seam is 2.5 to 3 m 
thick and is located stratigraphically about 70 m be low the Hagers- 
ville seam. The inactive and flooded Drumbo mine, form erly oper- 
ated by Westroc Industries Ltd. (now a part of BPB North America), 
is about 75 km northwest of the Hagersville area. The Drumbo mine 
was active from about 1978 un til 1993. The gypsum mining seam 
averages 1.8 m thick and is located 120 m below the surface. 


Western Canada 


Gypsum is produced in the provinces of Alberta, British Columbia, 
and Manitoba for w allboard-manufacturing plants in Edmonton, 
Vancouver, and Winnipeg. The quarries are far from the wallboard 
plants. The deposits in British C olumbia are on the western flanks 
of th e Can adian Rock y Mountains inen vironmentally sensiti ve 
areas. The VMSD at Falkland, near Kamloops, is quarried for port- 
land cement rock. 


Mexico 


Mexico has tremendous resources of high-quality gypsum located in 
many parts of the country. Although Mexico is the second -largest 
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exporter of gypsum to the United States for the manufacture of wall- 
board, it has only three wallboard plants in the country. The gypsum 
industry continues to gro w in Mexico as more de velopment occurs 
in the commercial and institutional sectors. The primary use for gyp- 
sum in Mexico is in manufacturing portland cement rock and build- 
ing plasters. Gy psum w allboard is rarely usedinresid ential 
construction. A smaller but growing market is industrial plasters 
used in the manufacture of ceramics (cups and plates) and sanitary 
ware (sinks and toilets). Numerous yeseras throughout the country 
supply the construction plaster needs of local markets. 


Baja California del Sur 


In this area, the gypsum occurs in the Miocene Boleo Formation, a 
marine-clastic sequence that is also the host for copper, zinc, and 
cobalt mineralization. Gypsum in the Boleo Formation shares simi- 
larities with the Miocene Fish Creek Gypsum in California. Up to 
110m of gypsum was deposited on an irre gular bedrock surf ace 
consisting of andesitic igneous rocks of the Comondu Formation. 
The gypsum is overlain by marine limestone. 


Puebla State 


Deposits of Miocene—Pliocene gypsum occur to the southeast of 
Mexico City in the southern part of Puebla State. Several thick gyp- 
sum beds outcrop near the village of Izucar de Matamoros e xtend- 
ing eastw ard to the village of Axochiapan. The deposits supply 
portland cement rock to numerous plants in the Me xico City— 
Puebla metropolitan areas. Gypsum from this re gion has also sup- 
plied the first wal Iboard plant in Me xico, loc ated in Puebl a, for 
more than 30 years, and numerous small plaster-calcining plants. 


Nuevo Leon and Coahuila States 


The cities of Monterrey and Sal tillo, located in Nuevo Leon and 
Coahuila states, respectively, are areas of tremendous gro wth in 
northern Me xico. These cities are only a few hours south of the 
United States. There are several portland cement plants located in 
this region, and Monterre y is the center for the sanitary w are and 
ceramic industry in Mexico. Of the three gypsum wallboard plants 
in Mexico, two are located just north of the city of Monterrey. 

Gypsum deposits in northern Mexico occur in the Cupido For- 
mation (Cretaceous) and Minas Viejas Formation (Upper Jurassic). 
Near Monterrey, gypsum in the Minas Viejas Formation commonly 
occurs in the breached cores of complex anticlinal structures of the 
Coahuila Marginal Fold Belt, such as Portrero Grande and Sierra 
del Fraile. These structures are diapiric structures of rock sal t that 
have pushed upward through Upper Jurassic and Lower Cretaceous 
strata. An oil well drilled in the Sierra de Minas Viejas fold/diapir 
structure penetrated approximately 4,000 m of evaporites (Weidie 
and Martinez 1970). Gypsum occurs as a capping of the rock salt in 
some of th e lar ge fold structur es. The gypsum is_ often contami- 
nated by fragments of rock salt, however, and generally is not used 
for wallboard manufacturing. 

Gypsum of the Cupido F ormation is widespr ead in northern 
Mexico. The gypsum occurs along the flanks of limestone ridges in 
Nuevo Leon and Coahuila states. Two unusual occurrences of gyp- 
sum outcrop between Monterrey and Monclova. The diapiric masses 
of Minas Viejas gypsum, elliptical in shape with a major axi s up to 
1.5 km long, have pushed through the upper crust an es timated dis- 
tance of about 5 km. The gypsum contains inclusions of igneous rock 
plucked from the walls of the conduits during its upward migration. 


Other Resources in Mexico 


There are significant occurrences in other parts of Mexico, includ- 
ing Chihuahua, Colima, Oaxaca, San Luis Potosi, Sonora, and other 


states. The most recently developed gypsum deposits are located in 
Colima in south western Mexico. Gypsum outcrops in a mountain- 

ous area covering almost 60 km between the villages of Coquitmat- 
lan and Ixtlahucan . The developed gypsum deposit s are located 
near the main transportation artery (autopista) between Guadalajara 
and the Port of Manzanillo. Quarri ed gypsum is transported abou t 
70 km to a state-of-the-art, multiple-use, rock-loading facility in the 
Port of Manzanillo for shipment to the Pacific Northwest. 


TECHNOLOGY 
Exploration Techniques 


Several direct and indirect methods exist for determining the pres- 
ence of gypsum. Because gypsum has beenu sedasab _ uilding 
material and artist’ s medium fo r several thousand years, much is 
known about the worldwide distribution of deposits. 

The initial step in e xploring for gypsum is a thor ough litera- 
ture search. The U.S. Geological Survey (USGS) p ublished th or- 
ough reviews of the gypsum deposits of the United States in 1904 
and 1920 (Adams 1904; Sto ne et al . 1920) and a comprehensi ve 
bibliography on gypsum and anhydrite in 1960. Dean and Johnson 
(1989) compiled asurv eyof anhydrite and gypsum deposits. 
Sources of information in North America include numerous state 
and provincial geological sur veys and fede ral age ncies suc h as 
USGS, the Instituto Nacional de EstadisticaGeo  grafiae 
Informatica (INEGI) in Mexico, and the Geological Survey of Can- 
ada. Information on foreign resources may be obtained from similar 
organizations or inte rnational or ganizations suc has the Un ited 
Nations. Other sources of information include unpublished u niver- 
sity the ses and d issertations and records of water or oil and g as 
wells. For example, the initial discovery of two large deposits of 
gypsum in Iowa and Indiana came from water-well records that are 
required to be submitted to the state geological survey. 

The potential for the e xistence of e vaporite minera Is can be 
determined by stud ying the stratigraphy in regions where sedimen- 
tary rocks occ ur. In North America, most of the signif icant deposits 
of gypsum occur in rocks of Silurian, Devonian, Mississippian, Per- 
mian, Jurassic, and Miocene age. If shallo we vaporite rocks are 
believed to be present, then further information m ay be derived by 
examining outcrops and topographic maps. Deeper deposits can be 
initially in vestigated by e xamining geoph ysical logs, oil and gas 
lithologic strip logs, or w ater-well information. Many state agencies 
require samples of cuttings or of diamond drill cores for retention in a 
permanent repository. As the stratigraphic and lithologic details of a 
target area are de veloped, the structural conditions should also be 
ascertained. Primary, regional struct ural features such as folds and 
faults expose gypsum-bearing strata or are pathways for the hydration 
of deeper anhydrite strata. Linear structural features such as joints 
and fractures also determine the minability of a gypsum deposit. 

Gypsum has some unique features that are directly visible or 
interpreted from the topography or hydrology of an area. For exam- 
ple, outcrops of gypsum are rare in humid environments because of 
the re latively hi gh solubility in t he presence of surface w ater or 
groundwater. Although gypsum is important in agriculture as a soil 
amendment, outcrops of gypsum support only sparse vegetation. 
Stratigraphy 
Gypsum and anhydrite are usually associated with common sedi- 
mentary rocks such as shale and dol omite. It is more c ommonly 
associated with dolomite than limestone because the formation of 
gypsum is often associated with dolomitization of micritic tidal- 
flat sediments. Megascopic fossils are almost universally absent in 
gypsum and anhydrite deposits because of the high salinity of the 
water in which the evaporites were deposited (Pettijohn 1975). The 
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physiochemical c haracteristics of gypsum gener ally rule out its 
preservation in igneous or metamorphic rocks, except for minor 
occurrences associ ated wit h hyd rothermal fluids. A significant 
exception is the gypsum t hat occurs interbedded with marble and 
tremolite schist in Riverside County, California. The country rocks 
encasing several thick b eds of gy psum and anhydrite were sub - 
jected to re gional metamorphism. The uppermost p ortion of the 
evaporite seams w as hy drated tof orm gypsum, b ut an hydrite 
occurs at depth. Underground mining to a depth of about 35 m was 
carried out from the 1920s to 1946. 


Topography 


The high solubility of g ypsum results in areas of lo w topographic 
relief or highly dissected terrain in humid regions. For example, the 
gypsum-bearing portion of the Mississippian Maccrady Formation 
crops out for about 30 km along the footwall of the Saltville Thrust 
Fault in southwe stern Virginia. Tectonically thickened portions of 
the Maccrady Formation occur as a prominent valley between more 
competent ridges of sandstone (P rice F ormation) and dolomite 
(Honaker Dolomite) in the thrust fault hanging wall. The Mississip- 
pian Windsor Group in Nova Scotia consists of about 800 m of gyp- 
sum and an hydrite interbedded with limestone, _ siltstone, and 
sandstone. Pinnacles of gyp sum and anh ydrite occur with deep 
pockets and sinkholes filled with clay and organic material. 
Quarryable gy psum occurs as a pr oduct of the near -surface 
hydration of anh ydrite by groundwater. The deposits of Kan sas, 
New Mexico, Oklahoma, and Texas occur in semiarid regions. The 
pattern and degree of hydration of anhydrite to gypsum are a func- 
tion of: (1) stream drainage patterns; (2) type and thickness of over- 
burden; and (3 ) structural features suc h as fractures, j oints, and 
faults. Gypsum typi cally ca ps low esca rpments in the sem _iarid 
environments. In the o utcrop area, some of the gypsum has been 
dissolved and eroded, resulting in locally poor quarrying recovery. 
Headward erosion of gypsum along structural discontinuities aids 
in the transmissio n of gro undwater to hydrate anh ydrite in th e 
downdip direction, but may also result in poor quality or recovery 
near the streams. In the downdip direction, the gypsum is overlain 
by an increasing thickness of 0 verburden, generally consisting of 
sand, shale, siltstone, or limestone. The type of overburden and its 
permeability affect the degree of hydration of the underlying seam. 
In arid regions, gypsum outcrops are often more resistant than 
commonly associated beds of m udstone or shale. The Jurassic 
Arapien Shale in south— central Ut ah consists of se veral g ypsum 
intervals that have been complexly folded. The gypsum outcrops as 
hogback rid ges with slopes of mudstone or shale. The Miocen e 
Fish Creek Gypsum Member of the Split Mountain Group in 
Southern California is well e xposed as barren hills along the limb 
of a syncline and is underlain by fanglomerate and igneous rocks. 


Vegetation 


Although g ypsum pr ovides man y benefits in a gricultural appli ca- 
tions, outcrops of gypsum are relatively hostile to the growth of vege- 
tation. The development of karst topography on gypsum outcrops in 
humid regions such as in Nova Scotia supports vegetation primarily 
because of the accumulation of organic material in pockets of clay. 

In arid regions of the western United States, outcroppings of 
gypsum are largely barren or only sparsely covered by vegetation. 
The uppermost part of the outcropping consists of soft, friable, sec- 
ondary gypsum (gypsite) deri ved by the evaporation of capillary 
water from the underlying rocks. The surface often has the appear- 
ance of a wrink led orange and is called “cryptogamic crust. ” The 
crust, consisting of gypsite,c yanobacteria, lichens, fungi, or 
mosses, forms when moisture is available. 


A distinctive change in the density or type of vegetation often 
distinguishes gypsum from limest one in inter bedded and folded 
sequences. Juniper shrubs (a conifer) commonly grow sparsely on 
gypsum outcrops, but grow more abundantly on limestone. Saguaro 
cactus thrives on some gypsum deposits in southwestern Mexico. In 
Colima, for example, the upslope contact of gypsum with limestone 
on steep, colluvium-covered slopes is generally defined at the high- 
est occurrence of sa guaro cacti. Beds of clay impurities within a 
gypsum deposit may support more vegetation, such as cr eosote 
bush. 


Hydrology 


Examining maps may provide a hint about the presence of gypsum. 
Sulfate-laden groundwater discharging from springs or in streams is 
often noted as “sweetw ater” or agua dulce. For example, gypsum 
has been mined at Sweetwater, Texas, for almost 100 years. Sweet- 
water Creek flows across the outcrop area of the Permian-age Blaine 
Group. The high solubility of gypsum also forms karst terrain, with 
little to no surface drainage in some regions. 


Deposit Evaluation 

Drilling and Sampling 

The primary method of evaluating a gypsum deposit is by diamond 
core drilling. Drilling is rarely done, however, on a regular sized or 
shaped grid. R ather, drill holes ar e best placed to answer basic or 
specific questions about the deposit regarding (1) its thickness and 
lateral extent; (2) the presence, type, and distribution of impurities; 
and (3) other factors that may affect minability or quality, such as 
solution zones, erosional cutouts, or an irregular bedrock surface. 

The drilling campaigns to in itially outline a gypsum deposit 
are not suf ficient for the long- term planning and operation of a 
mine or quarry. Subsequent program s provide infill drilling infor- 
mation and answer localized questions. 

The diamond drill core is generally sampled b y splitting the 
core longitudinally, preserving one half and preparing the other half 
for quality analyses. The sampling interval is typically 1.5 to2 m. 
The core is crushed in a laboratory crusher and ground in a pulver- 
izing mill to about 100 mesh. The testing methods for the chemical 
analysis of gypsum are defined in ASTM C471M-01. 


Testing Procedures 


In general, testing gypsum rock for wallboard manufacture involves 
determining the amount of chemically combined water and soluble 
salts. The purity of the sample is determined by measuring the loss 
of weight after heating for a specific period of time and temperature 
range. Absorbed moisture (free moisture), ho wever, must be 
removed f irst by dry ing th e sam ple to pre vent o verestimating 
purity. Overheating the sample can also cause thermal decomposi- 
tion of impurities such as carbonates and some clays, and can result 
in an overestimate of purity. 

Free-moisture and combined-m oisture losses may be mea- 
sured by weighing samples with laboratory balances bef ore and 
after heating in ovens. Computerized systems are also available that 
perform the dry ing, calcining, and weighing functions using only 
one analytical instrument. 

Soluble salts are leached fro m the pulv erized samples for 
determining the content of tot al dissolved solids (TDS) with an 
electrical conductivity meter and chloride ions with an ion-specific 
probe. 

Whiteness and brightness are important in manufacturing and 
marketing industrial and ceramic plasters. Although the color of the 
calcined plaster may not affect the quality of the finished product, it 
may have an effect on competitive advantage in the marketplace. 
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Food- and pharmaceutical-grade gypsum is analyzed for the 
presence of hea vy metals, such as lead, arsenic, and selenium, as 
well as for the presence, type, and amount of bacteria. 

Mining 

Most of the world’s gypsum is produced by surface-mining opera- 
tions. In North America, only f ive active under ground gypsum 
mines were in operation in 2004. Two are | ocated in India na, and 
one each in Iowa, Michigan, and Ontario, Canada. Four additional 
North American underground g ypsum mines ceased operations 
early in the 21st century after extensive periods of operation. Gyp- 
sum was mined in south western Virginia from about 1830 until 
2000—a period of about 170 years. Several long-term, underground 
mining operations in New York, Kansas, and Ontario ceased opera- 
tions in the early part of the 21st century. 


Quarrying 

Gypsum is extracted from near-surface deposits by quarrying meth- 
ods. Ov erburden consisting of glacial materials (till, sand, clay), 
shale, mudstone, siltstone, sandsto ne, sa nd an d gr avel, or li me- 
stone, is removed from the gypsum by various stripping methods. 
Stripping is perf ormed by pan scra per, truck and e xcavator, front- 
end loader or hydraulic e xcavator and tru ck, dragline, and b_ ull- 
dozer. The maximum economic stripping limit (thickness) is about 
30 m and depends on the method of stripping and the thickness of 
the underlying recoverable gypsum. 

Final cleanup of the stripp ed gypsum surface is impo rtant, 
and is determined by the final products to be manufactured. If the 
quarried rock is tobeuse d as agri cultural product s, portla nd 
cement rock, or w allboard, then much of t he impurities can be 
removed in the finer fractions during crushing and screening. Con- 
versely, gypsum used for high-quality, high-value-added products 
requires more stringent cleaning. For example, articulated hydrau- 
lic excavators with multiple, interchangeable bucket widths scrape 
clay from the gypsum surface and fractures that extend deep into 
the gypsum. 

Drilling and blasting is the primary method of quarrying gyp- 
sum. Quarry benches are generally about 8 m in height. Hydraulic 
rotary drilling and auger drilling are commonly used. Gypsum is 
soft and penetration rates up to 7 m/min are possible. Blast holes 
are generally 50 to 100 mm in diameter and spaced relatively close 
together to distribute the explosive forces throughout the rock mass. 
The blasting components used include ammonium nitrate and fuel 
oil (ANFO) blasting agent, cast boosters, nonelectric blast initiation 
systems. Bagged emulsion is us ed in weth oles. About 1 kg of 
blasting agents per ton of broken gypsum is an average tonnage fac- 
tor. The elastic nature of gypsum, the presence of solution-enlarged 
fractures, and the possible presence of water contribute to poor and 
inefficient rock fragm entation. An incorrectly design ed blasting 
pattern may result in irre gular fragmentation, including excessive 
oversized rock req uiring secondar y breakage, e xcessive f ines, or 
irregular floor conditions that ar e detrimental to the efficiency and 
maintenance of mobile equipment. Quarry haulage trucks or over- 
the-road dump trucks transport the quarry-run broken gypsum from 
the quarry site to the primary crusher. 

Another method of extracting gypsum from quarries that is 
gaining acceptance is the use of a surface miner. This is an adapta- 
tion of highw ay-resurfacing te chnology in which a _ horizontally 
rotating mandrel with cutting teeth chips away at the asphalt and 
either discharges the broken material in a windrow or directly into a 
haulage truck. Sp ecialized mach inery using this technolog y is 
being developed to quarry coal, gypsum, and limestone. The size, 
spacing, and arrang ement of the cutting teeth on the mandrel are 
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important factors inthe efficient prod uction of gy psum rock. 
Advantages over standard quarrying techniques are the following: 


Elimination of drilling and blasting 


Elimination of primary crushing 


Direct removal of interbedded thin waste beds or low-purity 
zones 


Increase in recovered gypsum purity by removal of off-speci- 
fication material from windrows 


Maximization of the o verall reco very of the gypsum near 
structures or utilities 


Underground Mining 


Underground mining of gypsum is far less common than quarrying. 
There are currently only five active underground gypsum mines in 
North America. The mines are located at a depth of < 30 m (Hagers- 
ville, Ontario, Canad a) to about 200 m (Io wa and Indiana). Access 
to the mine w orkings for workers, supplies, ventilation and escape, 
and production is by either vertical shafts or inclined adits (tunnels). 
The mined interval varies from 1.1 m (Hagersville) to 3.7 m (Iowa, 
Michigan, and Indiana). 

Gypsum is e xtracted using the room-and-pillar method, in 
which pillars are left in place to support the roof strata and the 
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Figure 2. A conceptualized drawing of the manufacture of gypsum wallboard 


gypsum is removed in a checkerboard pattern. The extraction ratio, 
which is the proportion of material mined to material left in the 
supporting pillars, varies from 65% to 80%. 

Drilling and blasting of gypsum in underground mines is sim- 
ilar to methods used in gypsum quarries. The blast-hole pattern, 
however, is dril led horizontally into the advancing face of a mine 
heading. Th en umber of rill holes, or ientation, depth, and 
sequence of blasting are designed to maximize breakage of the gyp- 
sum and to maintain the integrity of the adjacent pillars and imme- 
diate mine-roof strata. The roof strata are reinforced by roof-control 
fixtures, generally epoxy resin-grouted bolts, up to 1.5 m long. The 
resin-grouted bolts bind the roof strata together to form an integral 
beam that is stronger than the individual strata. 

Underground gypsum mines are generally very stable. Long- 
term measurements of roof and pillar convergence (vertical closure) 
at the USG mine at Sperry, Iowa, indicate that the structure should 
be stable for hundreds of years. An underground gypsum mine near 
Grand Rapids, Michigan, is currently being used as a computer net- 
work security center. 


Processing 
Wallboard Manufacture 


Figure 1 is a general flow diagram for the manufacture of gypsum 
wallboard, and Figure 2 is a conceptualized drawing of that pro- 
cess. Three possible sources of raw material are shown: (1) natural 
gypsum rock deli vered from an on- site quarry or underground 
mine, (2) synthetic gypsum delivered from a nearby power plant or 
by barge, and (3) off-specification wallboard recycled into the man- 
ufacturing stream. 


Quality Assurance and Quality Control Issues 


No single statement can be made about the effects of the presence 
of impurities in gypsum deposits. The manufacturing processes for 
wallboard can be adjusted for a wide range of gypsum purity. Wall- 
board can be made from relati vely low-purity (low 80s) o r very- 
high-purity (high 90s) gypsum. The k ey is that th e purity of th e 
gypsum supplied from the mine or quarry, as well as the calcined 


gypsum stucco, should be con sistent. Formulating calcined stucco 
with air-entraining agents can decrease the weight of the finished 
wallboard, enhancing its purity. 

Most gypsum contains 10% to 15% impurities, although some 
deposits may bee xceptionally pu re (1.e.,+95%) or | somewhat 
impure (i.e., 80 %). In general, the amount of impurity that can be 
tolerated depends on (1) the type of impurity, (2) the product being 
manufactured, and (3) the competitive situation. 

Impurities are usually separated into three categories, based 
on their effect on the manufacturing process and finished products: 


1. Insoluble or re latively insoluble minerals such as li mestone, 
dolomite, anhydrite, anhydrous clay, silica minerals 


2. Soluble e vaporite minerals , including ch lorides (halite, 
sylvite, etc.) and sulfates (mirabilite, epsomite, etc.) 


3. Hydrous b ut insoluble minera |s (e. g., the mont morillonite 


group of clays) 


Insoluble Impurities 


Insoluble impurities, especially carbonates, reduce the strength of 
the rehydrated stucco and increase the weight of the finished plaster 
or wallboard products. A greater amount of lo wer-purity stucco is 
required to obtain a sp ecific strength plaste r or w allboard. Wall- 
board pro ducts that are heavier increase both the transportation 
costs of the f inished prod ucts and the dif ficulty of installation. 
These minerals can also occasionally act as hydration accelerators. 
Many commer cial gypsum deposit s contain as much as 10% to 
15% insoluble impurities. 

Chert is present only in trace amounts in some deposits and 
does not significantly affect the manufacturing of wallboard. Chert 
in the feedstock to the calcining mill can result in excessive abra- 
sive wear of grinding equipment. 

Dolomite is detrimental in industrial plaster used in the manu- 
facture of sanitary ware such as sinks and toilets or ceramic products 
such as dishes. Ith as ahigher specific gravity than gypsum and 
sinks in the stucco slurry, forming projections at the mold-cast inter- 
face and surface pits in the cast product. 
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Soluble Evaporite Impurities 


Soluble evaporite impurities affect calcining temperature, fluidity 
of the stucco slurry , setting or rehydration time, and bond ing of 
paper and core in wallboard. These minerals are usually limited to 
no more than 0.02 % to 0.03% by weight of the gypsum rock and 
strongly affect vapor pressure, wh ich in turn affects the gy psum 
hydration—dehydration reactions. 


Hydrous, Insoluble Impurities 


The pr incipal ef fect of h ydrous, insol uble im purities is inthe 
absorption of moisture in the finished product and on bonding char- 
acteristics of the reh ydrated stucco core of w allboard to its paper 

covering. Hydrous clays up to 1.0% to 2.0% may be tolerated. 


USES 


Gypsum is a very versatile mineral that can be used in the manufac- 
ture of several hundred products. Processing methods vary from 
simply crushing and sizing of 1 quarry-run gypsum to specialized 
methods of calcination in closed pressure vessels. 


Uncalcined Gypsum 


Gypsum that h as been processed only by grinding and sizing is 
known as lan d plaster, portland cement retarder, and T erra Alba. 
Land plaster is used for ag ricultural gypsum and a ra w feedstock 
for manufacturing wallboard and plasters. Portland cement retarder 
is used in the manufacture of portland cement. Terra Alba is used in 
food and pharmaceutical applications. 

Uncalcined gypsum is principally used as a retarder for portland 
cement, soil conditioner, mineral filler, and in other minor industrial 
applications. About 25% of the gypsum mined in the United States is 
used in these mark ets. In countr ies where b uilding practices di ffer 
from those in the United States and Canada (poured concrete, block, 
or brick), however, the relative usage of gypsum varies widely. 

Although calcium sulfate deposits are the world’s largest sul- 
fur resources, only minor quantities of gypsum and anh ydrite have 
been used to produce sulfur or sulfur co mpounds. This use is 
accompanied by a unique, site-speci fic set of econo mics, because 
sulfur is generally available from nongypsum sources at lower cost. 


Agricultural Gypsum 


Gypsum provides several benefits in agriculture. The specifications 
of agricultural gypsum are primarily related to the degree of fineness 
(particle size and surface area). As gypsum dissolves, it is a source 
of elemental calcium (25% by weight) and sulfur (20% by weight). 
Gypsum has a neutral pH (7.0) and is 150 times more soluble than 
ground limestone. Finely ground agricultural gypsum permits rapid 
dissolution and absorption by plants. Long-term availability of these 
elements during a growing season can be accomplished by applying 
agricultural gypsum of multiple particle sizes. Finely gro und gyp- 
sum (100% passin g through a 425- mesh screen) can also _ be dis- 
solved in irrigation water for easy application. 

Gypsum loosens and aerates he avy clay and wet soils. Th e 
acidity of aluminum-rich lateritic soils is buffered by gypsum. The 
gypsum particles act as nuclei for the flocculation of clay particles, 
producing more granular and well-drained soils. Cation r eplace- 
ment of calcium for sodium reduces the alkalinity of soil. Gypsum 
also combines with potassium-aluminum silicates in soil, releasing 
potassium as a nutrient. Applyi ng gypsum pre vents the formation 
of a crust in the soil where low electrolyte irrigation water is used 
or where the soil has a high sodium content. The soil crust contrib- 
utes to excessive runoff and erosion in sloping terrain or pooling of 
water on more level ground. 


In dairy-farm applications, gypsum can be applied to manure 
piles to pre vent the loss of ni trogen by reacting with nitrogen to 
produce ammonium sulf ate. An additional b enefit is reduced 
ammonia odors. 

Gypsum can be applied to bodies of water with high total sus- 
pended solids, such as muddy ponds, where it acts as a flocculating 
agent to settle the suspended clay particles. 


Portland Cement Rock 


Gypsum, anhydrite, or a mixture of gypsum and anh ydrite is used 
in the manufacture of portland ce ment. Gypsum and anh ydrite are 
used as a sour ce of SO3. Adding calcium sulfate also controls the 
early-strength characteristics of cement and product shrinkage dur- 
ing drying and curing. About 3 to 5 wt % of calcium sulfate com- 
pounds are ground with clinker to form portland cement. 

Gypsum also aids in the gr inding of clinker by reducing the 
tendency of fine particles to agglomerate and adhere to the walls of 
the mill and grinding media (Hansen et al. 1988). Gypsum is much 
softer than clinker, is easier to grind, and has a much greater fine- 
ness (surface area) than clinker. Portland cement rock is typically 
ground to a particle size of 6 to 65 mm. Calcium silicates and alu- 
minates that const itute clinker have negatively char ged oxygen 
ions on the crystal surfaces. The hydrogen ions in the water mole- 
cules of the gypsum particles bind to the negatively charged clin- 
ker particles. The neutralization of t he electrical charges by the 
attraction of the gypsum to clinker particles reduces the tendency 
for agglomeration. 


Terra Alba 


Terra Alba is white, high-purity, uncalcined gypsum that has 
numerous uses in the food and pharmaceutical industries. It is made 
by fine gr inding and air sep aration of gypsum with a purity of 
greater than 97% . Terra Alba has a minimum calcium content of 
23% (by weight). 


Beer Brewing 


This type of gypsum supplies calcium ions to buffer the pH and 
reduce the hardness of water used in the beer-brewing industry. The 
yield of the main mash is increased by promoting the proper gelati- 
nization of the starch in the cooker mash, as well as protein degra- 
dation and star ch con version. Flocculation and precipitation of 
undesirable protein complexes is achieved by adding Terra Alba. 
These effects produce beer with improved stability and shelf life. 


Baking 


In the baking industry, Terra Alba is used as a source of supplemen- 
tal calcium. It is used in enriched flour and breads, pasta products, 
baking p owder, yeast food s, an d bread conditioners. Calcium 
enrichment of bakery products, in addition to providing supplemen- 
tal calcium, also counteracts the effects of excess phosphorous in a 
person’s diet. Many foods are high in phosphorous, but few foods 
are good sources of calcium. A de ficiency of calcium makes the 
dough soft and sticky. 


Pharmaceuticals 


Terra Alba is used as a diluent and inert extender in pharmaceutical 
products such as aspirin tablets. It also provides a source of dietary 
calcium. 


Other Food Applications 


Terra Alba is also used in canne d vegetables, cheeses, and ar tifi- 
cially sweetened jellies and preserves. 
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Glass Batch 


Relatively pure uncalcined g ypsum, depending on _ glass- batch 
chemistry, can also substitute for salt cake (sodium sulfate) in glass 
manufacturing. 


Oxidizing Agent 

Thermal decomposition of gypsum in the glass melt produces sul- 
fur dioxide as well as oxygen. The oxygen reacts with any free or 
reduced sulfur to form additional SO 2. Increasing the amount of 

gypsum in the glass batch decreases the su Ifur content in the melt 
and results in a lighter -colored glass. Iron p yrites and carbon or 

blast-furnace slag are commonly added to the melt to manufacture 
amber-colored glass. Green-colored glass has a natural amber hue. 


Fining Agent 

Adding gypsum pro vides a source of sulfate in soda-lime glass. 
Decomposition of gypsum produces sulfur dioxide, which, in lo w 
concentrations, removes seeds and forms a clear glass. 


Removal of Surface Scum 


Surface scum can form on molten glass because of improper flow 
conditions in the furnace, especially near the bridgewall. The pres- 
ence of coarse sand and stratif ication of the raw materials in the 
batch may result in selective melting and the formation of a surface 
scum. Gypsum added to the glass melt reacts with sodium carbon- 
ate to for m sodium sulf ate. The sodium sulf ate melts and re acts 
with fre e silica to form s odium silicate, which in turn se parates 
from the molten glass and floats on the surface. 


Calcined Gypsum 


Gypsum che mically transformed by heat or pressur e to remo ve 
three fourths of the water of crystallization is known as calcium sul- 
fate hemihydrate, stucco, and plaster of paris. Different methods of 
calcination pro duce tw o pr oducts, betahemihy drate and alpha 
hemihydrate, depending on the processing method used. The chem- 
ical reaction, however, is the same for both products and is revers- 
ible at atmospheric temperatures and pressures: 


CaSO4*2H20 + heat = CaSOq*!/2H20 + 11/2H2,0 


Many different products may be manufactured from alpha or 
beta hemih ydrate or a mixture of both. The products are further 
mixed with portland cement, fiberglass, pl astic resins, and other 
materials to produ ce products with high strength and density , fire 
and water resistance, and other specialized characteristics. 


Beta Hemihydrate 


Beta hemihydrate is produced by calcining finely ground g ypsum 
(95% —100 mesh) in v ertically oriented, cylindrical steel kettles at 
atmospheric pressure. The calcination can be a continuous process 
or a batch process. Continuous calcining of land plaster is used pre- 
dominantly for producing stu cco for wallboard. Batch calcining is 
used predominantly f or manufacturing construction and industrial 
plasters. The beta he mihydrate calcining process produces rough, 
fractured, fragmented particles. 

In the continuous calcining process, land plaster is introduced 
into the top of the kettle. As the molecular water is removed during 
calcination, the beta hemihydrate becomes less dense and rises to 
the top of the kettle. The beta hemihydrate overflows the top of the 
kettle into a hotpit where calcination is completed and entrapped 
steam is released. The beta hemihydrate is discharged from the con- 
tinuous kettle at 140° to 154°C. 

In the batch k ettle process, the calcining is done on a mea- 
sured amount of land plaster, and then the entire batch is dumped 
into ah otpit toc omplete the calcination an d re lease entrapped 


steam. Batch calcining produces beta hemihydrate with high plas- 
ticity, high strength, and high density. The product from batch cal- 
cination is used for construction and some industrial plasters. Batch 
calcining is performed at 150° to 165°C. 


Gypsum Wallboard 


Several different types of wallboard are manufactured, including 
the common variety and specialized varieties, such as fire resistant, 
water resistant, and plast er lath. Gypsum wall board is ma nufac- 
tured by mixing beta hemih ydrate stucco, water, and o ther addi- 
tives tofo rmaslur ry. A dditives such asa sphalt emulsion, 
vermiculite, chopped fiberglass, and paper fiber impart to the wall- 
board characteristics such as water resistance, fire resistance, and 
strength. The slurry is discharged onto a continuous roll of paper, 
the edges of the paper are fold ed up ward, and an other she et of 
paper is applied to the top to form a soft gypsum “sandwich.” This 
sandwich travels along a conveyoruntil the stucco slurry has 
recrystallized to gypsum. The co ntinuous stream of w allboard is 
cut into lengths varying from 2.4 to 4.25 m. It then enters a mul- 
tideck drying kiln to remove excess water. Upon exiting the kiln, 
the wallboard is pa ckaged into two-sheet bundles, stacked, ware- 
housed, and shipped to customers. 


Pottery and Ceramic Plasters 


Plasters used in the manufacturing of pottery and ceramic products 
may be alpha hemih ydrate, beta hemihydrate, or a mixture of both 
crystal phases. White art plasters used in schools or arts and crafts 
classes are made from beta hemihydrate. 

The process of manufacturing pottery and ceramic products 
involves several steps from preparation of an initial model to the 
final product. An original block mold is manufactured from the fin- 
ished model of the product to be manufactured. Then a case mold is 
made from the block mold. The case mold becomes a die for fabri- 
cating multiple w orking or produc tion molds. The block and case 
molds are typically manufactured from alpha hemihydrate. The use 
of alpha hemihy drate allows for the producti on of dense, hard, 
strong, and durable molds which can be intricately detailed. Work- 
ing molds, which are used for mass production, are manuf actured 
from a blend of alpha and beta hemihydrate or from alpha hemihy- 
drate. Industrial manufacturing processes for potte ry and sanitary 
ware involve three major types of working molds: slip-cast molds, 
jigger molds, and press molds. 

In slip c asting, are latively fluid mixture of clay and other 
ceramic raw materials, called “slip,” is poured into a mold, which 
may consist of se veral individual pieces. The excess water in the 
slip is absorbed by the plaster mold. Slip-cast molds are generally 
manufactured from a mixtu re of 15% to 20% alph a hemih ydrate 
and 80% to 85% betahemih —ydrate. Examples of slip casting 
include the manufacture of sinks and toilets. 

In jigger casting, a re latively soft, pl astic c lay m ixture is 
placed on a rotatin g bottom mold. As the mold rotates, an upper 
molding template moves downward and forces the clay to fill the 
bottom mold. The upper molding template also impresses or cuts 
the desired design elements into the clay. This method is not very 
labor intensive and is used to manufacture lower-priced dinnerware 
items. Jigger cast molds are generally manufactured from a mixture 
of 70% alpha hemihydrate and 3 0% beta hemihydrate. The alpha 
hemihydrate gi ves the mo Id durability and hardness for _use in 
longer production runs. 

In press cast ing, the cl ay mixture is formed into the final 
product by hydrauli cally pressing alump of cl ay bet ween the 
halves of a mold. This method is used to produce products such as 
dishes, ashtrays, some cups, and bud vases. This method of casting 
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is also relatively fast and lo w cost. The molds a re manufactured 
entirely from alpha hemihydrate. 


Alpha Hemihydrate 


Alpha hemihydrate is produced by calcining sized gypsum or lump 
rock in an autoclave at elevated steam pressure in a batch process. 
This method of calcination prod uces dense, orde rly, well-formed 
crystals. Alpha hemihydrate can be used alone or mixed with addi- 
tives such as beta hemih ydrate, portland cement, resins, and fiber- 
glass to produce very durable products. 

Industrial Prototypes and Models. Gypsum-based plaster has 
been used for pattern, model, and mold making for more than 1,000 
years. Alpha hemihydrate cements are used to meet the specialized 
needs of the aircraft, automotive, foundry, plastics, and other indus- 
tries. The characteristics of the al pha he mihydrate cements allow 
for the manufacture of molds and patterns with high accuracy, high 
strength, high sur face hardness, and low expansion during drying 
and curing. Patterns and molds can be made to close _ tolerances 
such as those required by the aircraft industry. 

One of the latest inno vations in preparing industrial prototypes 
and models isthe de velopment of machineable alpha gypsum 
cement. USG developed this product in the 1990s to meet the needs 
of the rapid-prototype tooling industry; it serves as a replacement for 
preformed polymer-based boards. The castable alpha gypsum cement 
can be poured into containment vessels or molds of any size and 
hardens in about 1 hr. Dimensional stability is achieved after 3 hr. 

This m aterial is typically us ed with computer-controlled, 
numerical-milling (CNC) machinery to produce prototyp es and 
models. The material can also be used to produce forms for vacuum 
molding of sheet plastics. Milling of cast blocks of this material pro- 
duces chips rather than dust and does not require lubricating fluids. 

Art and Statuary. Alpha hemihyd rate gypsum cement and 
plaster are used to manufacture dense, durable, thre e-dimensional 
art and statuary products. Art and statuary cement and plaster can 
be modified by adding polymers and glass fibers to produce resil- 
ient, chip-resistant castings. These products can be used to produce 
solid figurines, lamp bases, and hollow statuary. 

Traffic Surface Repair. Traffic surfaces such as expressways, 
bridges, ramps, and commercial concrete floors that carry high vol- 
umes of traffic can be repaired with a mixture of alpha hemihy- 
drate, portland cement, and a suitable aggregate. This is a quick and 
effective method to repair or re place traffic surfaces that cannot be 
out of service for long perods. 

Traffic surface repair cement expands on setting to ensu re a 
tight co ntact with the surrounding pa vement. This characteristic 
protects reinforcing steel by restricting water and salt seepage. The 
product sets quickly and rapidly develops relatively high compres- 
sive strength. The total process of repairing or replacing sections of 
pavement can be completed in less than 5 hr . The ce ment will 
develop a compressive strength of about 25 MPa within about 1 hr; 
the compressive strength will reach about 69 MPa after 28 days. 

Architectural A pplications. Fiberglass-reinforced al pha hemi- 
hydrate cement (FGR) is used t o fabricate highly detailed int erior 
architectural features. Strong, resilient, high-strength architectural 
details can be produced with a thic kness of as little as 0.10 in. Col - 
umn capitals and covers, light coves, medallions, cornices, coffers, 
and wall and ceiling moldings are examples of details that can be fab- 
ricated from this material. Architectural detail elements can be pre- 
cast off site from original pieces toe xacting detail . Historical 
architectural elements can be easily replicated with stronger , li ght- 
weight, FGR gypsum cement. 

Medical Applications. Gypsum plasters are used in dental and 
orthopedic applications. Dentists use the plasters for making impres- 
sions of teeth and gums to produce bridges, crowns, and dentures. 


Orthopedic plasters are used in bandages and casts to immobi- 
lize broken limbs. Newer, more innovative applications include tis- 
sue engineering where gypsum is used to promote bone and tissue 
regrowth. It is used as bone-void filler, in which cast pellets of high- 
purity gypsum provide a temporary framework for tissue re growth 
(Laurencin et al. 1999). Upon setting, the gypsum has a strength of 
about 24 MPa. The gypsumis biocompatible, stimulates bone 
regrowth, and is adsorbed by the body in 4 to 8 weeks. 


Deadburned Gypsum 


Gypsum which has been calcin ed at a temperature above 400°C 
loses both molecules of water of crystallization, forming a dead- 
burned calcium sulfate (CaSOx). Although it has the same formula 
as anhydrite, deadburned gypsum is relatively inert and insoluble. 
Deadburned gypsum is almost anhydrous, with more than 99.6% of 
water of crysta llization removed during calci nation. It has a high 
content of elemental calcium (29% by weight). 

There are several high-value-added uses for deadb urned gyp- 
sum. It is used as an inert filler in plastics. It is also used in agricul- 
tural products as a binder or carrier for herbicides and pesticides. 
Deadburned gypsum is_ used in pharmaceutical products such as 
aspirin tablets. It is also used in pizza dough and other bakery prod- 
ucts, acting as a desiccant and a source of calcium. The deadburned 
gypsum absorbs moisture in products, which then can be manufac- 
tured and stored for a period of time before use without becoming 
Soggy. 

Deadburned gypsum is used as filler in thermoplastics such as 
polyvinyl chloride (PVC) products: vinyl siding, win dow frames, 
moldings, conduit, and pipe. The filler imparts acid resistance and 
low electrical conductivity. It is also used in food packaging. 


PRODUCT GRADES AND SPECIFICATIONS 


There is no sin gle statement possible on the grades and specif ica- 
tions of gypsum because of the diversity of products produced from 
the mineral. Gypsum used inc onstruction products and foo d and 
pharmaceutical products, however, must meet stringent regulations. 


Construction Products 


ASTM defines the specifications for testing uncalcined gypsum and 
construction products manufactured from gypsum. ASTM standard 
C471M-01 defines the test ing methods for the chemic al analysis of 
gypsum. ASTM standard C472-99 defines the standard testing meth- 
ods for the physical properties of gypsum, gypsum plasters, and 
gypsum-based concrete. In 1999, ASTM be gan to p hase in a new 
international standard fori nterior and exterior gy psum wallboard 
products and veneer plasters that combined nine separate earlier stan- 
dards. This st andard titled C1396, Specification for Gypsum Board, 
eliminated inadvertent inconsistencies in the separate standards. 


Food and Pharmaceutical Grade 


Gypsum is an approved additive on the Food and Drug Administra- 
tion (FDA) “Generally Recognized As Safe” (GRAS) listing of food 
additives. The use of gypsum in specific food products is described 
in Title 21, Part 184 of the Code of Federal Regulations (21 CFR 
184.1230). The permitted amount of gypsum allowable in different 
types of foods is defined in the Food Chemical Codex in the United 
States and the National Formulary in the United Kingdom. 


ECONOMIC FACTORS 

Pricing 

Gypsum is alo w unit-value, hi gh place-v alue in dustrial mineral, 
and its ultimate value is based on value-added processing. The low- 
est prices are for ground gypsum used for portland cement and agri- 
cultural g ypsum. Calcin ing gyps um for use in manuf _acturing 
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wallboard or construction and industrial plasters increases the price 
significantly. The most valuable products include specialty dental, 
orthopedic, and industrial plasters; food- and pharmaceutical-grade 
gypsum (Terra Alba); and industrial gyp sum cement. The high 
price per ton for gypsum used in wallboard shown in T able 6 is 
deceptive because the wallboard industry is pr imarily vertically 
integrated. Almost all gypsum fo r wallboard is produced and used 
internally. 

Gypsum prices are re gularly published in periodicals such as 
Industrial Minerals and the Engineering News Record. The USGS 
publishes average annual information for the price of crude gypsum 
(f.o.b. mine) and calcined gypsum (f.o.b. plant) in the United 
States. Groups such as Roskill Information Services and the Fre- 
donia Group Comprehensive produce market studies of the sources, 
prices, consumption, and other valuable information. 


Competitive Substitutes 


No competitive substitutes exist for gypsum used in the manufac- 
ture of wallboard and industrial plasters. Gypsum wallboard is not a 
universal manufacturing material. Masonry products such as brick, 
concrete block, p oured concre te, and ce ment st ucco a re us ed 
throughout the world. 

There is no prac tical sub stitute for gyp sum, anh ydrite, or a 
blend of gypsum and anhydrite used in the manufacturing of port- 
land cement. 

Synthetic gypsum, produced primar ily as a by-pro duct of the 
environmental controls on coal-fired electric-power plants, is a sig- 
nificant substitute for natural gypsum. Most of the ne w wallboard 
plants constructed in the late 1990s and early 2000s are designed to 
use 100% synthetic gypsum, primarily FGD gypsum. In 2003, syn- 
thetic gypsum accounted for 26% of the total domestic g ypsum 
supply (USGS 2004). 


Packaging 


Gypsum is used in more than 400 products, and therefore many dif- 
ferent forms of p ackaging are u sed for distribution to cu stomers. 
Raw ground gypsum (land plaster) for agricultural uses and por t- 
land cement rock is distrib uted primarily by bulk truck. Wallboard 
panels are loaded onto trucks or railroad cars for distribution. Con- 
struction and industrial plasters are packaged in bags. 


TRANSPORTATION 
Truck 


Trucking is the most common meth od of transportation of gypsum 
products. It is the most flexible mode of transport, but also the most 
expensive. In most cases, transport is between the quarry site and the 
manufacturing plant, using either quarry haul trucks oro _ ver-the- 
road dump truc ks. Truck haula ge is rela tively low capac ity (25 t) 
compared to other transportation modes. The cost of truck transport 
is in the range of $0.10 to $0.25/st-mile. 
Rail 
Transporting gypsum by rail is relatively rare,e xcept for the 
delivery of portland cement ro ck. The BPB North America plant 
in Vancouver, British Columbia, Canada, however, receives gyp- 
sum by rail from sources along the western flank of the Rocky 
Mountains. It is more ef ficient to ship the intermediate calci um 
sulfate hemihydrate or finished products manufactured from gyp- 
sum. Calcium sulfate hemihydrate weighs only 84.3% as much as 
uncalcined gypsum. 

Railroad transport of gypsum is limited by factors such as the 
proximity of manufacturing plants to railroad lines to avoid rehan- 
dling, limited routes, and the seasonable availability of hopper rail 


Table 6. Prices for gypsum by end use 





End Use Cost per Ton 
Portland cement retarder $12.37 
Agricultural gypsum $23.65 
Wallboard $87.02 
Plasters $150.98 





Source: Olson 2002. 


cars during grain harvest season. Capacities of railroad cars are lim- 
ited to about 100 t and the transportation cost is about $0.04/st-mile. 


Barge 


Most of the new wallboard plants constructed in the United States 
during the last decade are totally dependent on the use of FGD syn- 
thetic gypsum and were constructed adjacent to coal-fired p ower 
plants or along navigable rivers or canals to facilitate the transporta- 
tion of raw materials by barge. All of these plants are located east of 
the Mississi ppi R iver. T here is, ho wever, re latively lit tle nat ural 
gypsum transported by bar ge. Gypsum and anhydrite are supp lied 
to portland cement plants along the Mississippi River by a single 
source in southeastern Iowa. 

Barge transportation is rel atively slow and has lim ited distri- 
bution capabilities. The end user must be on a w aterway or within 
about 160km. T ransloading from bar ge to truck dramatically 
increases overall transportation costs. Climatic conditions such as 
drought or f looding can in terrupt delivery of products by bar ge. 
Barge capacities are limited to a bout 1,200 t in the United States 
and 1,500 t in Europe. The cost of transportation by barge is in the 
range of $0.0075 to $0.01/st-mile. 

Ship 

Wallboard plants along th e U.S. coasts receive gypsum by ship. 
Gypsum produ cersin Nova Scotia, Canada, supply wallboard 
plants from New Hampshire to Florida. Gypsum is also supplied to 
a wallboard plant and to portland cement customers on the St. 
Lawrence Sea way. Fu ndy Gypsum Compan y’s Hantspor t, No va 
Scotia, ship- loading facility is at the upper reach of the Bay of 
Fundy and has a tidal range of 15 m. Ships with a capacity of up to 
36 kt are loaded within a 3-hr period during high tide. 

Mexico supplies the western U.S. coast. Large deposits mid- 
way down the Baja Peninsula on the western coast of the Sea of 
Cortez provide gypsum for wallboard plants from Long Beach, Cal- 
ifornia, to Vancouver, British Columbia. A new gypsum quarry and 
shipping facility near Manzanill 0 in Co lima on the southwestern 
coast of Mexico began operations in 2001. 

Transportation by ship is the least expensive mode of transport 
for industrial minerals, about $0.001/st-mile. Transport by ship is 
highly restricted, however, to coastal areas and other large bodies of 
water such as the Great Lakes, and requires a significant infrastruc- 
ture for loading, unloading, and storage. 


Import Tariffs and Custom Duties 


The U. S. Inte rnational Trade Commission’s Harmonized T ariff 
Schedule of the United States contains information on import tariffs 
and duties fo r raw and processed g ypsum. There are curren tly no 
general or special import duties on raw gypsum, anhydrite, or cal- 
cined plaster products. 


By-Products and Coproducts 


Wallboard and plaster products account for 90% of the tot al con- 
sumption of gy psum in the United States. Agricultural gypsum 
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and portland cement rock acco unt for most of the remainder of 
gypsum consumption. Although some operations — specifically 
produce agricultural or portland cement rock, in most cases these 
are coproducts associated with the mining and crushing of gyp- 
sum for wallboard. 


Depletion Allowance 


The depletion allowance is an annual, taxable-income deduction to 
allow mining companies to locate and develop additional ore bod- 
ies (Peters 1976). The depletion allowance on do mestic gy psum 
production and foreign gypsum imports is 14 %. Two methods of 
computing the deplet ion al lowance are allowable in the Uni ted 
States. Int he cost or uni t de pletion meth od, the total cost of 
acquiring a mineral property is prorated into the total tons or units 
extracted f romt he property du ring mining . Inthe p_ ercentage 
depletion method, the most common method used, a specific per- 
centage of the mi ne’s gross income is deducted annually. The 
deduction, however, may not exceed 50% of the before-depletion 
net income. 


REGULATORY AND ENVIRONMENTAL CONSIDERATIONS 
Health and Safety 


Gypsum mines and quarries are regulated by numerous local, state, 
and federal agen cies re garding he alth and sa fety. In the Unite d 
States, t he pre dominant age ncy is the Mine S afety and Health 
Administration (MSHA). Calcining and manuf acturing operations 
are regulated by the Occupatio nal Safety and Health Administra- 
tion (OSHA) and, in some cases, state agencies such as CalOSHA 
in Cal ifornia. E xplosives are re gulated by the fed eral Bur eau of 
Alcohol, Tobacco, and Firearms (BATF). 


Land Use and Zoning 


Underground gypsum mining does not generally affect the concur- 
rent use of the overlying surface. In most cases, the overlying land 
use is agricultural or forest. Gypsum companies that operate under- 
ground mines generally own the mineral rights for gy psum and 
anhydrite, but not the surface rights on a majority of the mined land 
and reserves. 

The gypsum companies usually own the quarried land. As 
quarrying prog resses, the deplet ed ar eas canbe concur rently 
reclaimed and c onverted to pa sture. US G’s Al abaster, Mic higan, 
operation has created a significant amount of wetlands in depleted 
quarry areas. 


Mined Land Reclamation 


Gypsum mines and quarries tend to be very long-term operations, 
and some operations in the United States have been continuous for 
100 to 150 years. Gypsum quarrying in Nova Scotia be gan in the 
1700s and continues to the present. A large area of the mined lands 
was distur bed before the pr omulgation of local, state, or federal 
reclamation regulations. Modern mining, however, requires a com- 
prehensive reclamation plan and activities to minimize the impact 
to vegetation, hydrology, slope stability, flora, and fauna, and so 
forth. 

Financial surety is required for the future costs of recl amation. 
The cost for reclamation is estimated for the fulfillment of the obliga- 
tions of the approved reclamation plan by a third party. The financial 
surety covers the government’s cost of hiring a third-party contractor 
if the mining company goes out of business or is otherwise unable to 
perform the reclamation activities in the approved plan. 

Concurrent reclamation may be possible in some areas. After 
quarrying, the overburden stripping spoil from another area can be 
placed in the pre vious cut, covered with topsoil, re graded, and 


revegetated. Rec laimed a creage can be released fromf inancial 
surety upon satisfactory completion of criteria set forth by the regu- 
latory agency. 


Pollution Control 


Gypsum mining and processing are less environmentally sensitive 
than many other types of mining industries such as coal, gold, and 
copper. There is no acid-mine drainage as in a coal mine; chemicals 
such as sodium cyanide used in heap leaching of go Id ore are no t 
used in gypsum processing. 

Storm-water management plans are required for the control, 
storage, and treatment of surface runoff containing fuel, lubricants, 
antifreeze, e tc. Environmental c ontrols are necessary for storing 
fuel and lubricants, including aboveground storage tanks with sec- 
ondary containment structures such as berms or metal pans. 

Fugitive-dust suppression and c ontrol is req uired for drilling 
equipment, haulage roads, crushing and screening plants, and load- 
out facilities in the mining and milling phase. Dust is c ollected 
throughout man y of the calcini ng and manuf acturing phases of 
wallboard and plaster production. 

Local and state agencies such as a county air-pollution control 
district or a st ate de partment of environmental protection usu ally 
enforce air and water quality regulations. 


Closure and Decommissioning 


Several gypsum wallboard plants and mining operations have been 
permanently closed and reclaimed in recent years. Dismantling cal- 
cining and manufacturing plants is similar to most industrial facili- 
ties. The total deactivation of underground mines requires removing 
mobile equipment (if possible), draining fluids such as fuel and 
lubricants from mobi le and sta tionary equipment, and remo ving 
transformers. These activities reduce the potential contamination of 
groundwater as pumping ceases and the mine fills with water. All 
mine ent rances are permanently sea led. Subsi dence moni toring 
may be necessary if there are long-term stability issues associated 
with the mine structure or flooding of the mine. 

Surface mining deacti vation incl udes similar ac tivities for 
removing mobile and stationary equipment, fuel and lubricant stor- 
age facilities, and explosives. Access to quarry workings is limited 
by berms, bould ers, fences, and other measu res. The angle and 
height of quarry highwalls are re duced by blasting to form rubble 
slopes and to reduce the overall final slope. 


OUTLOOK AND FUTURE TRENDS 


There is no foreseeable sh_ ortage of either gyp sum or anh ydrite 
resources in the United States or the world. Paradoxically, there are 
instances where it may be difficult to find gypsum that can be con- 
sidered economic at a given time and location, a problem that has 
its roots in place value. The best evidence of this situation is that the 
United States historically has imported 33 % to 36% of its needs 
from Canad a, Me xico, Jamaica, the Dominican Republic, and 
Spain. 

Almost all the imported gypsum (with the exception of a few 
thousand ki lotons of spe cial-grade roc k) is used by w__allboard 
plants on the Atl antic, P acific, and Gulf coasts of the Uni ted 
States. The basic reasons for this situation are as follows: (1) large 
markets for gypsum products are concentrated in an d around the 
coastal cities, (2) there a re no developed and p roducing gypsum 
deposits along any of the three U.S. coastlines, and (3) large gyp- 
sum deposits exist on or near deep water of the exporting coun- 
tries. It costs less to ship rock from the exporting countries to these 
major markets than to ship it from inland desposits in the United 
States. 
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It is lik ely that these conditions will p ersist into the future. 
The industry has been b uilt around these facts and has made large 
investments in of fshore deposits, shipping facilities, and domestic 
port locations with appropriate marine rock-handling eq uipment. 
There isno import duty on crude gypsum rock, but duties are 
placed on processed gypsum, although continuing free-trade agree- 
ments and laws may change the duties. 

Because of its wide spread occurrence and huge potential 
reserves, and a Iso because its uses are such t hat itis not basic to 
survival in a national emergency, gypsum is not considered a strate- 
gic mineral. This has permitted natural economic factors to prevail 
in the de velopment of the mineral worldwide, which o verall is a 
healthy situation that should continue to prevail. 

Competition between manuf acturers of gypsum _ building 
products, and from manuf acturers of substitute ma_ terials, has 
resulted in a continuing pressure to improve the quality of gypsum 
products. In turn, mine operators continually strive to red uce the 
quantity of impurities (increase the gypsum purity) and to maintain 
a consistent feedstock purity. Wallboard can be manufactured from 
gypsum with an average purity of about 70% to 100%. Manufactur- 
ing processes, however, are designed for consistent gypsum purity, 
whether low or high; frequent variations in the purity are intolera- 
ble. To date, the se obj ectives are ac complished by (1) sel ective 
mining techniques, (2) crushing and screening to the proper size- 
fractions to remove impurities and maximize the average feedstock 
purity, (3) blending during the mining cycle on quarry benches or 
mine faces, and (4) blending from crusher-feed stockpiles. In some 
cases, hea vy-media benef iciation is use d to r emove anh ydrite or 
dolomite impurities. 

Processing of gyp sum is ener gy intensi ve; ener gy require- 
ments represent the largest single cost in the production of gypsum 
wallboard. Conserv ing ener gy meshes well with using synthetic 
gypsum from power-plant desulfurization processes, because waste 
heat from the power plant can be used in gypsum processing. 

Gypsum mining does not result in some of the environmental 
issues that are commonly associated with mining, such as acid-mine 
drainage, contamination of surface water or groundwater heavy met- 
als, or the use of cyanide in heap leaching. Gypsum mines and quar- 
ries are regulated by numerous local, state, and federal agencies for 
compliance with environmental and safety regulations. 

Most states req uire the approval of an operating plan an d/or 
reclamation plan by local, state, and/or federal agencies for mine s 
and quarries. The approval of the reclamation plan requires the post- 
ing of financial surety to ensure that the plan will be implemented by 
the applicant or by a third party if the applicant abandons the mining 
site. Storm-water runoff management plans are generally required to 
control the introduction of potential pollutants, such as oil, grease, 
fuel, and antifreeze, into the surface water or groundwater aquifers. 
The transportation, storage, and use of explosives is permitted and 
controlled by the federal B ATF. Undisturbed ar eas may require 
baseline studies to determ ine the presence of threatene d or endan- 
gered species of flora and fauna, anda plan to mitigate the distur- 
bance of their habitat, if present, during reclamation. Alternatively, 
acquisition of ad ditional pro perty with suitable habitat conditions 
might be required. Revegetation of reclaimed areas may be required 
with periodic monitoring to de termine the degree of succ ess in the 
reestablishment of v egetation. State or federal agencies, such as 
the U.S. Fish and Wildlife Service, are involved in the evaluation of 
the biological impacts of mining. The U.S. Army Corps of Engi- 
neers and various state departments of natural resources are involved 
if mining activities potentia lly affect stream course s or wetla nds. 
Cultural resources are evaluated by ar chaeologists and reported to 
state agencies for historical preservation. 


Synthetic Gypsum 


The usage of synthetic gypsum in the United States increased by 
156% between 1998 and 2002: about 3 Mt was used in 1998, and 
the estimated usage in 2002 was 7.7 Mt. In 2003, synthetic gyp- 
sum accounted for 26% of the to tal domestic supply (USGS 
2004). Synthetic gypsum is derived primarily from the FGD of 
high-sulfur-content coal at power plants. Minor amounts are made 
as a by-product of chemical processes, such as the production of 
citric acid, sugar from sugar beets, and titanium dioxide. Phosph- 
ogypsum, derived from manu facturing fertilizer, is no t used in 
wallboard manuf acturing because radionuclides and radon are 
present. The majority of the new gypsum wallboard capacity con- 
structed in the United States since the late 1990s is dependent on 
FGD synthetic-gypsum sources, and new plants are close to the 
power plants or on navigable waterways. 


Recycling 

Waste wallboard is generated from (1) manufacturing, (2) new con- 
struction, (3) renovation, and (4) demolition. Manufacturing waste 
can be recycled into the raw-material stream. The wet wallboard 
waste can be disaggregated into the board core and paper fiber, both 
of which are used in manuf acturing wallboard. New construction 
and renovation generate 10% to 12% of wallboard scrap. The dis- 
posal costs for new construction and renovation wallboard scrap in 
solid-waste disposal landfills are increasing. Scrap wallboard waste 
generated during new construction can also be pulverized for appli- 
cation as a soil amendment. Demolition waste, however, is ofte n 
mixed with o ther materials such as lu mber, nails, and fiberglass 
insulation, and therefore cannot be recycled effectively. 


New Products 


The most popular size and type of wallboard will continue to be the 
paper-clad sheet with dimensions 1.2 m x 2.4 m x 12.7 mm. Ne w 
types of gypsum wallboard are expected to grow in popularity. For 
example, fiber gypsum board,a nonpaper face and back board, 
incorporates a homogeneous blend of gypsum and paper fiber for 
abuse-resistant wall and floor und erlayment applic ations. Another 
example is a gyp sum wallboard using fiberglass scrim to replace 
the facing and backing paper, which is gaining acceptance in water- 
resistant sheathing applications. 
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INTRODUCTION 


Iodine is a heavy, grayish-black crystalline solid with a metallic lus- 
ter. It has a density of 4.9 g/cm 3, and is a solid at ordinary tempera- 
tures. It is amem_ ber of the ha logen family, along with fluorine, 
chlorine, bromine, and astatine. Iodine melts at 114°C, and at 184°C 
it will volatilize to a blue-violet g as that has an irritating odor. It is 
only slightly soluble in water, and its solubility increases with tem- 
perature. At low temperatures, iodine is made up of diatomic mole- 
cules and readily dissociates, or sublim ates, at moderately elevated 
temperatures. 

Iodine is the hea viest of the halogens, and generally is less 
reactive than the others. Iodine, however, does not occur as an ele- 
ment in nature b ut occurs as i odates, iodides, or other combined 
forms. It is the 47th most abundant element in the earth’s crust. It 
is a mild oxidiz ing agent in acidic solutions. Moist i odine vapor 
rapidly corrodes metals, with the exception of tit anium and 
molybdenum stainless steels. 

Bernard Courtois disco vered iodine in 1811, after observing 
an unknown substance in the crude soda ash that resulted from the 
burning of seaweed. Samples of this unknown substance were iden- 
tified to be a new element, and in 1813 Gay-Lussac named the sub- 
stance iode inF rench, from the Gre ek word ioeides, me aning 
violet-colored. 

Most people are a ware of iodine as a dietary supplement in 
iodized table salt to prevent goiter. It is also remembered for its use 
as an antiseptic and disinfectant (tincture of iodine) found in first- 
aid kits and most medicine cabinets. The uses of iodine, however, 
are much more di verse. It is used, fore xample, in animal feed, 
photography, catalysts, and other applications. 


GEOLOGY AND MINERALOGY 


Compounds of iodine are minor constituents in seawater and brines, 
in certain marine organisms, and in minerals of the Chilean nitrate 
deposits. Sea water contains appr oximately 0.05 ppm iodine, and 
certain marine organisms, such as seaweed, sponges, fish, and some 
brown algae, are able to further concentrate iodine (Lyday 1999). 
Some seaweed can e xtract and accumulate iodine up to 0.45 % of 
their weight, on a dry basis. 

The northern Chilean nitrate de posits in the Atacama Desert 
contain the follo wing iodine minerals: lautarite, Ca(IO 3)2 (calcium 
iodate); dietzeite, Ca2(I03)2°(CrO4) (calcium iodate-chromate); and 
bruggenite, Ca(I03)2*H20 (Erickson 1981). 


Various subsurface brin es also co ntain iodine compound s. 
Some gas-field brines in the United States and Japan locally contain 
30 to 1,300 ppm iod ine. Several co als in German y also con tain 
iodine compounds. 

Iodine has been recovered from brines mainly in Japan and the 
United States, but also in Ja va, Indonesia, Italy, England, and the 
former Soviet Union. Iodine has also been recovered from seaweed 
in China, Ireland, Scotland, France, Japan, Norway, and the former 
U.S.S.R. Seaweed was a major source of iodine for the world before 
1959 (Lyday 1986), and it remains a lar ge resource (Lyday 2004). 
For a more detailed discussion on iodine production from seaweed, 
see Lyday (1986). The reserves and future resources of iodine are 
large, even excluding the resources in sea weed and sea water (esti- 
mated by Lyday [2004] at 34 Mt), and are shown in Table 1. 


Desert Evaporites 


Originally, iodine was obtained mainly as a by-product during pro- 
duction of sodium nitrate fertilizer from caliche (salitre) deposits in 
the Atacama Desert of nort hern Chile. Today, however, it is pro- 
duced as the primary product, or coproduct, of a process that 
extracts iodine from ab andoned (unmined ) nitrate ores and from 
nitrate tailings that remain from earlier nitrate mining (Velasco and 





Table 1. Crude iodine: World mine production and reserves, 
thousand kg 
Country 2002 2003" Reserves 
Azerbaijan 300 300 170,000 
Chile 11,400 11,650 9,000,000 
China 500 500 4,000 
Indonesia 75 75 100,000 
Japan 6,500 6,500 4,900,000 
Russia 300 300 120,000 
Turkmenistan 200 300 170,000 
United States 1,420 1,750 250,000 
Uzbekistan 2 2 nat 
World Total? (rounded) 20,700 21,400 15,000,000 





Source: Lyday 2004. 
* Estimated. 
tna = not available. 
+ Excludes other countries. 
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Gurmendi 1988). The nitrate fields are mainly in the Central Valley 
of Chile, called the Pampa del Tamarugal, which lies between the 
relatively | ow Coa stal Range onthe west an d the high Andes 
Mountains on the east. The nitrate fields are mainly in Tarapaca and 
Antofagasta provinces. 

The iodine-bearing nitrate ores—d escribed by Erickson (1981, 
1983), Erickson and others (1989), Garrett (1985), and Lyday (1985, 
1999)—are extensive, and occur in a belt several hundred kilometers 
long and tens of kilometers wide. Caliche ore layers typically are 1 to 
3 m thick, flat lying or gently dipping, and near the land surface. 
They contain evaporite minerals as cement in relati vely unconsoli- 
dated surface materials, or as v eins and impre gnations in bedrock. 
The caliche is typically 5% to 30 % sodium nitrate, and it cont ains 
iodine as calcium iodate (lautari te and dietzeite) in concentrations 
averaging 0.04% to 0.06% (Erickson 1983; Lyday 1999). Crushed 
caliche and t ailings are leached to produce a solut ion containing 
sodium nitrate and calcium iodate (Lyday 1999). After precipitation 
of the sodium nitrate, the remaining liquid is then stripped of iodine. 

The origin of the nitrate deposits is explained chiefly as a result 
of the uniquely favorable environment in which the y were accumu- 
lated and preserv ed, rather than to any unusual so urce of saline 
materials. The esse ntial conditions of this en vironment include an 
extremely arid climate ( average annual rainfall less than 0.01 cm); 
slow accumulation of materia Is starting in late Tertiary (Miocene) 
through Quaternary tim es; and a paucity of nitrate-utilizing plants 
and soil microor ganisms. The two chief sources of ordinary saline 
constituents (borate, sulfate, chloride, sodium, calcium, magnesium, 
and potassium) are w_ ater-soluble sa line minerals in the v olcanic 
rocks and volcanic emissions of the Andes Mountains, and particu- 
late sal ts of e vaporated spray from the Pacific Oc ean (Erickson 
1983; Harben and Kuzvart 1996). The former are leached by rain- 
water and carried into the desert by streams an d groundwater; the 
latter are wind-transported into the desert. 

The origin of the more exotic constituents (nitrate, iodate, per- 
chlorate, and chromate) is less well understood. Nitrates originate 
from nitrogen compounds from ocean spray, and from photochemi- 
cal and electrochemical reactio ns in the at mosphere; most, ho w- 
ever, were probably formed by fixation of atmospheric nitrogen by 
microorganisms in desert playa lakes and associ ated m oist soils 
(Erickson 1983). Initially, therefore, nitrates were associated with 
playa lakes, but subsequent to wind deposition, they were leached 
and redeposited by meteoric waters. The result was abundant, high- 
quality nitrate ore deposits that had undergone a secondary enrich- 
ment of sorts on the lo wer slopes of nearby hills. Perchlorate may 
have been formed by photochemical reactions between ch lorine 
and ozone in the atmosphere; chromates may be the result of leach- 
ing large volumes of Tertiary and Quaternary volcanic rocks in the 
Andes (Erickson 1983). 

The sou rces o f iodine are mo st lik ely io dine-rich or ganic 
films on the sea surface, or gases and sublimates associated with 
Andean volcanism. From the forme r, iodine evaporates as a gas 
into the at mosphere or e vaporates as a gas from e jected seawater 
spray. Iodine from the latter, in part, would be transported by sur- 
face waters and groundwater into the nitrate region. In both cases, 
the iodine would later be oxidized to iodate, pr obably by photo- 
chemical reactions in the atmosphere or at ground level on soil sur- 
faces in the nitrate fields (Erickson 1 983). Erickson (1 983) also 
suggests th e con centration o f iodine by microo rganisms in the 
playa lakes associated with the nitrate deposits. 


Subsurface Brines 


About 45% of the iodine curr ently consumed in the w orld comes 
from brines pro cessed in Japan, the United States, the Common- 


wealth of Independent States (CIS), and Indonesia (Lauterbach 
et al. 2001) . In Japan, iodine is produced from brines asso ciated 
with natural-gas wells. The iodine content of Japanese subterranean 
brines ranges up to 150-160 ppm. Iodine prod uction in the United 
States comes from deep-well brines associated with petroleum and 
natural-gas fields. Iodine conten t in older iodine-p roducing rock 
formations in North America can range up to 1,500 ppm, but typi- 
cally the iodine content of produced brines is about 300 ppm. 
Iodine production in the CIS is associated with oil recovery, princi- 
pally in Turkmenistan, Azerbaijan, and Russia, which account for 
97% of the total CIS production (Lauterbach et al. 200 1; Lyday 
2004). Uzbekistan also produces minor amounts of iodine. 

In Indonesia, iodine is present with trace amounts of bromine 
in oil-field brines in Pliocene sandstones and diatomaceous marls in 
the Gujangon anticline (L yday 1985); ho wever, Indonesian iodine 
typically comes from brines not associated with oil and gas deposits 
(Lauterbach et al. 2001). The relatively small amount of iodine pro- 
duced is consumed domestically. 

The major iodine-pro ducing area in Japan is the southern 
Kanto gas field, which extends over Chiba, Tokyo, and Kanagawa 
prefectures, along the east-central coast of the main Japanese island 
of Honshu. This area accounts formore — than 80% of Japanese 
iodine production. Almost all the reservoirs of natural gas are found 
within the sedimentary b asin of the marine Kazusa Group (Late 
Pliocene to Middle Pleistocene). The Kazusa has a maximum thick- 
ness of 2,800 m( 8,535 ft) and is characterized by “remarkable 
changes in sedimentary facies and thickness in la teral e xtent” 
(Fukuta and Fujii 1982). It is composed of predominant siltstone 
and sandstone facies, with some conglomeritic and muddy facies of 
bathyal and/or outer-neritic environments. The major iodine reser- 
voirs occur in the middle Kazusa in the Kiwada, Otadai, and Ume- 
gase formations, but some iodine brines are also produced from the 
lower Kazusa. Based on the geochemistry of the iodine-rich brines, 
Fukuta and Fujii (1982) concluded that the origin of the iodine is 
closely related to the depositional environments. 

About 13% of Japanese iodine production comes from natu- 
ral-gas fields in Niigata Prefecture, located on the shore of the Sea 
of Japan to ward the north end of Honshu Island, 250 km north of 
Tokyo. This area accounts for more than 75% of Japan’s production 
of natural gas. Natural gas is produced from reserv oirs of uncom- 
pacted sands and gravels, and semiconsolidated sandstone beds, in 
a sedimentary sequence of terrigenous clastics that were continu- 
ally deposited from the Late Pliocene to la test Ple istocene. The 
Pleistocene sediment s may be up to 2,000 m thick. The major 
stratigraphic units in this se quence include (from oldest to young- 
est) the Pliocene Shiiya Formation, the Pleistocene Nishiyama and 
Haizume F ormations and the Uonuma Group. En vironments of 
deposition range from marine to estuarine or lagoonal. These sedi- 
ments form a no rth-plunging trough flanked by structural uplifts. 
Major gas-producing reservoirs vary in thickness from 10 to 35 m 
and are composed mostly of fine to medium sands, some containing 
gravel. Iodine content of the brines has a range up to a maximum of 
150 ppm (Fukuta, Nagata, and Fujii 1982). 

The Sadowara gas field is located along the eastern coast of 
southern K yushu Island . Io dine is contained in brin es associated 
with the production of natural gas from the Sadowara and Tonogori 
members (Late Pliocene) of the Miyazaki Group. These are predom- 
inantly sands, with some silty bands in the Tonogori, and represent 
an outer-neritic environment of deposition (Fukuta and Fujii 1982). 

The Okinawa gas field in southern Okinawa-jima has poten- 
tial for future production of natural gas and iodine. The lowermost 
Tomigusuku F ormation (Late Miocene to Early Pliocene) in the 
Shimajiri Group (Late Miocene to Early Pleistocene) is 1,000 m 
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Figure 1. Generalized north-south structural cross-section through the Anadarko Basin of western Oklahoma. lodine-rich brines are produced 


from basal Pennsylvanian sandstones on the north flank of the basin. 


thick, consists mainly of sandy and silty members, represents a 
shallow marine bath yal en vironment, andis known to contain 
substantial natural gas and iodine (Fukuta and Fujii 1982). 

Iodine also has been identified in the Ishikari g as fields on 
Hokkaido. T otal reco verable iodine reserv es in Japan were esti- 
mated at about 10 billion kg (Harben and K uzvart 1996); however, 
subsequent estimates by Lyday (2004) put the Japanese reserves at 
4.9 billion t (Table 1). 

All iodine production in the United States no w comes from 
iodine-rich (300 ppm iodine) natural brines in the deep subsurface of 
the Anadarko Basin of northwestern Oklahoma (Figure 1) . Okla- 
homa’s first io dine operation o pened early in 197 7. Disco very of 
iodine-rich brines at Woodward, Oklahoma, resulted from a 12-year 
program of analyzing brine samples collected by Amoco Production 
Company (Cotten 1978). Amoco noted u nusually high concentra- 
tions of iodine in the Woodward area, with concentrations as high as 
1,560 ppm in Chesterian (Mississippian) limestones and 700 ppm in 
Morrowan (basal Pennsylvanian) sandstones. Morrowan sandstones 
in the area are as much as 100 m thick and are preserved as channel 
sands in a south- trending paleo valley (the Woodward trench) cut 
into the Chesterian surface (Figure 2). Although iodine concentra- 
tions are higher in the Cheste rian strata, the Che sterian limestones 
have low permeability and do not yield large volumes of water. On 
the other hand, Morrowan sandstones here have higher permeability 
and yield large volumes of brine, averaging about 300 ppm iodine. 

The Woodward trench has an average width of 1.6 km anda 
known length of about 115 km (Cotten 1978). Brin e-production 


wells and injection wells are 2,130 to 2,290 m deep to ward the 
northern end of the Woodward trench. Extraction of iodine-rich 
brines from Morr owan sandstones in a southern extension of the 
Woodward trench near Vici, Oklahoma, occurs at depths of 3,000 to 
3,183 m. A miniplant near Dover, Oklahoma, serves as an oil-field 
brine-injection/disposal site, collecting waste oil-field brines from a 
number of producing oil and gas wells in nearby parts of northwest- 
ern Okl ahoma. These oi |-field brines are processed in the 
miniplant, where iodine is e xtracted before the brines are injected 
into wells at the site for disposal. 


PRODUCTION AND TRADE 


The major iodine-producing nations, in descending order, are Chile, 
Japan, the United St ates, with lesser amounts being produced in 
China, Azerbaijan, Russia, Turkmenistan, Indonesia, and Uzbeki- 
stan (see Figure 3 and Table 1). Annual world production in 2002 
and 2003 was, respectively, 20.7 million kg and an estimated 
21.4 million kg, of whic h about 32% is consumed in the United 
States. In Japan and Chile, the production of iodine depends on pro- 
duction of other materials, such as natural gas or nitrat es, respec- 
tively, whereas in U.S. operations (in Oklahoma), iodine is the major 
product recovered from natural brines. Chile has established itself as 
the principal w orld producer of iodine from its nitrate-fertili zer 
operations with the installation of new iodine-processing plants, and 
Japan has maintained its level of iodine production. Reserve esti- 
mates for China have been significantly decreased based on ne w 
information from that country (Lyday 2003, 2004). 
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Adapted from Cotton 1978; Johnson 1989. 
Figure 2. Cross-sections showing iodine-bearing Morrowan channel 
sandstones preserved in the Woodward trench, which has been cut 


into Chesterian limestones. Datum is top of Morrowan strata (length of 
A-A' and B-B' is about 10 km each; length of C-C' is about 15 km). 


Chile 


Chile is the leading prod ucer of iodine in the w_ orld. For many 
years, Japan was the leading producer, but since 1997 it ranks sec- 
ond behind Chile (Lyday 2000). Chile produced 11.4 million kg of 
iodine in 2002, and in 2003 its pr oduction was estimated at about 
11.6 million kg (Lyday 2004), or about 55% of the world’s produc- 
tion. Originally, iodine was obtained mainly as a by-product during 
production of sodium nitrate fertilizer from caliche deposits in the 
Atacama Desert of northern Chile. It has since been produced as the 
primary product by a process that extracts iodine from ab andoned 
nitrate tailings (Velasco and Gu rmendi 1988) and crushed nitrate 
ore. 

The Chilean Trade Commission reported nine iodine-producing 
companies in Chile in 2003 (ProChile 2003). The six major produc- 
ers of iodine-operating installations in Chile were SQM Yoda, S.A., a 
subsidiary of Sociedad Quimica y Minera de Chile S.A. (SQM, the 
largest producer of crude iodine in the w orld); DSM Minera, a sub - 
sidiary of Dutch State Mines (DSM) of t he Netherlands; Cosayach 
(Compania de Salitre y Yodo de Chile ), a subsi diary of In versiones 
Errazuiriz S.A.; ACF Minera; a joint venture between DSM Minera 


and the Urruticoechea family of Chile; Atacama Minerals Chil e, a 
joint venture between Atacama Minerals Corp. of Canada and A CF 
Minera; and PCS Y umbes,o wnedb y PotashCo rporation of 
Saskatchewan, Inc. (PCS). The others incl ude Ecolab S.A., Franmar 
Ltda., and Iodinex Chile Ltda. Chile exports its iodine primaril y to 
Europe and the United States. 


Japan 


Iodine p roduction in Japan, wh ich be ganin 1934, comes from 
iodine-bearing natural brines that are recovered along with natural 
gas produced in three dif ferent regions of the country (Fukuta and 
Fujii 1982; Fukuta, Nag ata, and Fujii 1982; Fukuta 1985; W u 
1985). Production of natural gas entails coproduction of associated 
brines, and the iodine is then removed from the br ine before dis- 
posal of th e bri ne. The thre e i odine-producing re gions are the 
southern Kanto gas field (near Tokyo, in Chiba and Kanagawa pre- 
fectures), Niig ata and Nakajo g as fields (about 250 km north of 
Tokyo, in Ni igataP refecture), andt he Sadowarag asf ield 
(Miyazaki Pre fecturein southern K yushu). Chi ba Pre fecture 
accounted for about 90% _ of Ja panese production in 2002 (L yday 
2002). In Japan, 11 plants, operate d by eight companies, pro duced 
an estimated 6.5 million kg of io dine in 2002, and their combined 
capacity was 9.22 million kg. 

Iodine production capacity in Japan, at the time this chapter 
was written, was about 7,000 Mtpy. This is based on 13 facilities 
operated by 8 companies: Ise Chemical Industries Co. Ltd.; Godo 
Shigen Sang yo Co. Ltd.; Kanto Natural Gas De velopment C o. 
Ltd.; Nihon Tennen Gas Co. Ltd.; Nippoh Chemicals Co. Lt d.; 
Teikoku Sekiyu Oil Corp.; Toho Earthtech Inc.; and Japan Energy 
Development Co. Lt d. The lar gest producers are Ise, Godo, and 
Nihon Tennen. 

The maximum iodine content of Japanese brines is about 
160 ppm. In addition, io dine has been conf irmed in the southern 
Okinawa gas field, on Okinawa, and in the Oshamanbe and Ishikari 
gas fields on Hokkaido (Fukuta 1985). 

Iodine-rich b rines in Japan are found in Miocene, Pliocene, 
and Pleistocene sands and silts. Most of these sedime nts a re of 
marine origin, deposited in bathyal and/or outer -neritic e nviron- 
ments, although those in the Niigata region are sands and gravels of 
shallow-marine to estuarine or lagoonal origin (Fukuta 1985). The 
iodine-rich brines of Japan are regarded as being primar y in origin, 
are derived from sea water, and are limited to the young er marine 
sediments. The iodine-rich br ines are saturated or supersatur ated 
with natural gas (mainly methane); however, some Japanese brines 
saturated with natural gas may not contain iodine, because methane 
can be derived from the remains of a variety of life forms (including 
land species) that contain little or no iodine (Fukuta 1985). 


United States 


Iodine was first produced in the Un ited States between 1917 and 
1921, from seaweed harvested in California; after distillation to pro- 
duce acetic acid, the residue was processed for potash fertilizers and 
iodine (Lyday 1986). The first U.S. commercial production of iodine 
from brines was in Louisiana between 192 8 and 1932; some of the 
Louisiana oil-field brines con tained abo ut 35 ppm iodine (L yday 
1986). Oil-field brines in parts of C alifornia contain 30 to 70 ppm 
iodine (Figure 4) in the Monterey Formation (Miocene) and Repetto 
Formation (Pli ocene); these were processed at various times 
between 1928 and 1966. In Michig an, natural brines containing 15 

to 30 ppm iodine are present in the Sylv ania Formation (Devonian) 
at a depth of ab out 1,300 m. The Michigan brines were proc essed 
mainly for bromine, and by-product iodine, by Dow Chemical Com- 
pany until the wells were plugged and abandoned in 1987. 
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Figure 3. Countries producing iodine and estimated world production in 2003, kg 


All iodine production in the United States today comes from 
iodine-rich (300 ppm iodine) natural brines on the north flank of the 
Anadarko Basin in northwestern Ok lahoma (Figure 1). Oklahoma 
iodine production began in 1977. At present, three companies oper- 
ate two major plants and one minipl ant for the recovery of iodine. 
Total production from the three companies in 2002 w as 1.42 mil- 
lion kg; productio n in 200 3 was estimated to be 1.75 million kg, 
with an estimated value of $19.7 million (Table 1). 

Oklahoma’s first iodine opera tion was the Woodward Iodine 
Corporation. It opened early in 1977 asa joint v enture between 
Amoco Production Company and Houston Chemicals, a subsidiary 
of Pittsburg Plate Glass Industr ies (Cotten 1978); in 19 84 Asahi 
Glass Co. of Japan purchased the company (Lyday 1986), and then 
sold itto Ise in 1994 (USGS 1998; Johnson and Gerber 1999), 
Woodward Iodine Corporation operates 12 production wells in the 
Woodward trench, just north of W oodward, and injects the waste 
brine back into the trench through four injection wells; three add i- 
tional wells are op erated as disposal wells. Brine-production wells 
and injection wells are 2,130 to 2,290 m deep at Woodward. 

Iochem Corporation of Japan started a second iodine plant 
near Vici in Oklahoma in late 1987. It also e xtracts iodine-rich 
brines in a southern e xtension of the Woodward trench, operating 
nine production wells and four injection wells at depths of 3,000 to 
3,183 m. 

North American Brine Resources (N ABR) operates _ the 
remaining iodine inst allationin Oklahoma at a miniplant near 
Dover, where oil-field brines, collected from ma ny producing oil 
and gas wells of northwestern Oklahoma, are processed. The com- 
pany also had a major operation in the Woodward trench about 
35 km north of W oodward, which included two production wells 
and three injection wells, at about 1,800 m deep; this facility began 
operations in 1989, but it is being dismantled. NABR began in 1989 
as a joint venture of Beard Oil Co. (40% share) and two Japanese 
firms (Godoe USA, Inc., 50% share, and Inorgchem Development, 
Inc., 10% share) (Ohl and Arndt 1988). In 2003 NABR, as a joint 
venture between Mitsui & Co. of Japan and the Beard Oil Co., was 







*Mississippian 


tPennsylvanian Seawater 0.05 


Adapted from Cotton 1978. 

Figure 4. Areas of known iodine concentrations in the United 
States. Exceptionally high iodine concentrations, ppm, in northwest 
Oklahoma are in Mississippian and Pennsylvanian strata. 


sold to a group of U.S. private investors and is now operated as a 
limited liability company (Krukowski 2004). 


Other Countries 


Other countries producing iodine are shown in Table 1, and they 
accounted for about 6%—7% of world production in 2002 and 2003 
(Lyday 20 04). The fo rmer U.S.S.R. had p roduced io dine since 
1926 when bor ax spring s at Baku ( Azerbaijan) began y ielding 
iodine asab_ y-product. Later, production came fro mo il-field 
brines that contain ed 67 p pm io dine at Lak e B ejuk-Schor, near 
Baku. B rines in the Sla vyansko-Troitsko Area of R ussia are 
reported to contain 80 to 120 ppm iodine in the Neftechinski oi | 
field near the Black Sea. Iodine was also produced from brines at 
the Nebit- Dag iodine/bro mine plantin T urkmenistan (L yday 
1986), which continues to produce iodine. 
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Following the dissolution of th e So viet Unio n, the nations 
constituting the CIS be gan prog ramsoff inancereform and 
resource de velopment th at included privatization and private and 
foreign in vestment in their miner als industries. These programs 
sought in vestment to maintain a nd modern ize f acilities, de velop 
new mines and processing plants, and improve worker safety and 
pollution controls (Levine 1995). A new iodine deposit was discov- 
ered in Astrakhan Oblast, at the Aksarai natural-gas field, and con- 
struction of ane w iodine plant was planned; p rivate and foreign 
investment was sought to expand and modemize the Troitsky iodine 
plant (Infomine Research Group Ltd. 1999). Azerbaijan pro posed 
investment opportunities that would include construction of a plant 
to treat bromine-iodine waters to produce finished products (Levine 
1997a). Similarly, the Ministry of Energetics and Industry in Turk- 
menistan sought investors for a number of new iodine and bromine 
production projects (Levine 1996, 1997b, 1999). 

China produces iodine from seaweed resources in Shangdong, 
on the northern coast of Jiangsu, and in a part of Zhejiangas; about 
300 small companies located along the coast ar e dedicated to sea- 
weed farming. Iodine is acquired as a by-product during the process- 
ing of sodium alginate from seaweed (Lauterbach et al. 2001). China 
has prod uced iodine from salt la kes at Chaerham, Yuncheng, and 
elsewhere, but data on this industry are not available (Lyday 1986). 
For a more complete discussion on iodine production from seaweed, 
see Lyday (1986). 

The sole producer of crude iodine in Indonesia is P.T. Kimia 
Farma, ast ate-owned pharmaceutical firm with f acilities nea r 
Mojokerto, East Ja va (Lyday 1988). In 2003, P.T. Kimia F arma 
added four new production wells to its iodine-production facilities, 
bringing the total number of iodine wells to 20. The annual produc- 
tion capacity thereby was raised from 150 to 200 t of crude iod ine, 
natrium iodide, and kalium iodide (Laksamana.net 2002). 

Italy produced iodine from treated mineral water at Salsomag- 
giore between 1925 and 1963, and during World War II iodine was 
extracted from coal dust in Germany and the former Czechoslova- 
kia (Lyday 1986). Small amounts of iodine were produced fro m 
mineral waters at a depth of 1,800 m at Rabasomjen, Hungary, and 
as a by-product of the largest seaweed-drying plant in the world 
located in Iceland (Lyday 1988). 


TECHNOLOGY 
Exploration Techniques 


Iodine production has historically been a consequence of either oil 
and natural-gas production or nitrate-fertilizer processing. Commer- 
cial extraction of iodine from seaweed was practiced from 1811 to 
1959; however, seaweed is no longer an eco nomical option. Cotten 
(1978) and Johnson and Gerber (1999) describe h ow Amoco Pro- 
duction Company approached the prospect of producing iodine from 
brines associated with oil and natural-gas exploration drill holes in 
the Woodward trench of northwest Oklahoma. Reports on the chem- 
istry of subsurface w ater samples from these e xploratory wells 
showed that a variety of potentially economic minerals were present. 
Feasibility studies indicated that iodine was the most favorable min- 
eral for development, based on the fact that its c oncentrations were 
relatively high, and that the United States was almost entirely depen- 
dent on foreign imports for its supplies. 

The scientists at the Amoco Research Center determined that 
60,000 barrels per day of 300-ppm iodine-rich brine had to be pro- 
duced over a 10-year period to be an economically viable p roject. 
Additional drill holes on 640-acre centers were drilled into th e 
Morrow Formation (Pennsylvanian) in the trench, and their electric 
logs were e xamined t 0 det ermine the thickness of w ater-bearing 


sands with porosities greater than 10%. These criteria helped deter- 
mine the concentration (grade) of iodine and the amount (reserves) 
of resources presen t. A joint venture by Pittsb urgh Plate Glass 
Industries and Amoco Prod uction Company brought the necessary 
expertise together to form the Woodward Iodine Corporation. In 
1977 Woodward Iodine be gan producing iodine fro m the Morro w 
subterranean brines. 

Harben and Kuzvart (1996) note a number of areas with simi- 
lar geological characteristics to the gas fields of Jap an; therefore, 
they are potential sources f or the primary type of dissolved gas and 
iodine found there. Examples are in the Cag ayan Valley, the south- 
ern Luzon central valley, and the Iloilo Basin in the Philippines; the 
Cholan Formation in the western foothills province of Taiwan; parts 
of East Java, Indonesia; and the southwestern part of New Zealand’s 
North Island. 

Iodine geochemical data obtained from surface soil samples 
are used as an exploration tool in the petroleum industry (Tedesco 
1994; Tedesco and Goudge 1994; Tedesco and And rew 1995; 
Leaver and Tho masson 2002). Positive anomalies of trace iodine 
geochemistry have been used as an indirect indicator of hydrocar- 
bon accu mulation in the subsurf ace. Perhaps future study o f this 
phenomenon will lead to new exploration techniques in the search 
for subterranean iodine-rich brines. 

Two sources of nitrate ores have been processed for their 
iodine in the Atacama Desert of Chile: primary nitrate ores found 
in caliche deposits, and repasos, or nitrate-mine tailings, from ear- 
lier mining operations. Exploration of these depo sits consists of 
surface sampling of both types of ores and subsequ ent sh allow 
drilling of the caliche and tailings deposits. These standard explo- 
ration practices determine the grade, the size, and the boundaries 
of the deposits in order to determine the mineral reserves. 

Mining 

Iodine produced from underground brines is pumped to the surface 
using electric submersible pumps and is transported to the process- 
ing facility through a system of pipelines. Natural gasis either 
flared off or extracted from the brines in a g as separator in which 
the natural gas is physically separated from the brine. The iodine- 
rich brine is collected in storage tanks before entering the process- 
ing plant for iodine extraction. Corrosion-resistant pipe and storage 
tanks are necessary to contain fl uids and vapors durin g transport 
and storage; in addition, calcium- scale inhibitors are introduced to 
prevent calcium carbonate scale buildup from occurring on exposed 
metallic surfaces (W.W. Hamon, personal communication). 

Mining methods in the repasos and nitrate ores of Chile con- 
sist of open-pit techn iques. The repasos ore is extracted by front- 
end loaders or excavators and loaded into trucks for transport to 
heap leach piles or processing vats. Heap leaching is used where the 
nitrate concentration of the caliche ore is relatively low; vat leach- 
ing is used where nit rate concentrations are relatively high. Cali- 
che-ore deposits may be ripped, or mined by conventional blasting 
and excavating. Heap leach piles, about 8 m high, are constructed 
on top of a prepared su rface, which is lined with plastic to pre vent 
contamination of the desert soils. An irrigation system pumps water 
onto the heap leach p ads, and the resultant iodine-rich brines are 
pumped to a processing plant, where iodine is extracted (R.P. Clark, 
personal communication). 


Production Process 


Seaweed is no longer an economic al method for the e xtraction of 
iodine. Iodine is a coproduct of sodium alginate and manitol from 
seaweed mainly in China. Dried seaweed is le ached, obtaining an 
iodine solution containing concentr ations of 0 .5 to 0.55 g /L. This 
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solution is alkalinized to pH 12, then treated with sulfuric acid to 
produce free iodine (Lauterbach et al. 2001). 

The blow-out process is the principal method for e xtracting 
iodine (I2) from brines. Initially the brine undergoes a process con- 
sisting of skimming and settling that removes impurities such as oil, 
clay, and other undesirable materials. Chlorine (C12) is then injected 
into the brine, where oxidation occurs: 


2HI + Cl2 > I2 + 2HC1 (1) 


The Iz remains in solution and is extracted from the brine in a 
countercurrent air blow-out process in which free iodine is stripped 
from solution as it is exposed to large volumes of air (Johnson and 
Gerber 1999; Lauterbach et al. 2001). 

The iodine-depleted brine is discarded or injected into wells, 
returning the brine to the original underground formation; this also 
serves to maintain fluid pressures in the reservoir and helps prevent 
subsidence. The iodine-r ich air leaves the stripping column and 
enters an absorption column where the vapor is submitted to a 
co-current desorption pro cess. A reducing en vironment is main- 
tained by add ing sulfur dioxide (SOz) and w ater. The iodine is 
reduced to iodide: 


In (air) + SO + 2H2O > 2HI + H2S04 (2) 


This hydriodic- and sulfuric-acid solution is kept in an interim- 
storage vessel. When chlorine gas is injected into hydriodic-acid 
solution, it undergoes oxidation and iodine crystallization: 


2HI + Clo > I2 J + 2HCI (3) 


The oxidized crystallizer liquor is actually a mixture of water, 
sulfuric acid, h ydrochloric acid, and iodine crystals (Johnson and 
Gerber 1999). 

The next step separates the iodine crystals from this liquor via 
batch filtration, followed by vacuum drying of the filter cake. Wet 
iodine filter cake is tra nsferred toa fusion k ettle. Sulfuric acid, 
coming into contact with the melted product, helps control humid- 
ity and removes impurities. The final step converts the fused iodine 
into a flaked or prilled product, and then it is pack ed for shipping 
(Johnson and Gerber 1999; Lauterbach et al. 2001). 

The carbon-absorption process, described in L yday ( 1986) 
and Lauterbach et al. (2001), is used to recover iodine from brines 
of relatively low concentrations. Skimming and settling first sepa- 
rates impurities from the iodine-rich brines. This method consists 
of treating the clean brine with H2SOq and sodium nitrite (NaNO2) 
in large tanks: 


2Nal + 2H2SO4 + 2NaNO2 > Ip + 2Na2SO4 + 2NO + 2H20 (4) 


The free iodine remains in solution and is recovered after it is 
adsorbed onto activated charcoal in the settling vats. The effluent 
acidified brine is neutralized with lime or ammonia. Hot caustic 
soda is used to extract the iodine from the activated charcoal, result- 
ing in an iodate-iodide solution: 


312 + 6NaOH > 5Nal + NalO3 + 3H20 (5) 


The adsorbed iodine could also be treated with potassium 
hydroxide (Lyday 1986): 


3I2 + 6KOH — 5KI + KIO3 + 3H20 (6) 


The iodide-iodate soluti on is acidified with H2SO. and the 
iodine is then separated by filtration. The resultant iodine filter cake 
is subsequently sublimed or directly melted and flaked. 

The ion-exchange process uses anion-exchange resins packed 
in columns to free dissolved iodine (I2) from their oxidized brines. 


Acidified brine is treated with chlorine, liberating the iodine, which 
is absorbed on an ion-e xchange resin. Iodine is re leased from the 
resin by elu tion in two steps: the first, with a ca ustic solution of 
sodium hydroxide (NaOH); the second, followed by a sodium chlo- 
ride solution (NaCl) solution. The resulting elutriant solution, con- 
taining sodium iodate (NaIO3) and sodium iodide (Nal), is treated 
with sulfuric acid in a reactor. The iodine sludge is recovered by fil- 
tration or centrifugation, then purified by sublim ation or melting 
under sulfuric acid. The equations for the chemical reactions in the 
ion-exchange process are illustrated in Lyday (1986). 

In Chile, iodine is recovered from brines containing iodates 
that are leached from nitrate ores. The iodate is reduced to iodide in 
a reaction to wer, where SO2 serves as the reducing agent. S Oo is 
relatively inexpensive and is produced through the comb ustion of 
elemental sulfur. Lauterbach and others (2001) listed the chemical 
reactions involved in the process: 


Ip + SO2 + 2H20 > 217 + SO4?- + 4H* (7) 
1037 + 3SO2 + 3H20 > I- + 3SO4?- + 6Ht (8) 
51- + 103” + 6H* — 312 + 3H20 (9) 


The io date solution is di vided into tw o streams—most (five 
sixths) passes through the SO? absorption tower of the iodide plant 
(Equation 8); the remain ing one sixth is combined with the iodide 
solution exiting the absorption tower (Equation 9). Depending on 
the concentration, the re sult is an iodine solution or suspension, 
which is senttoak erosene-extraction process where io dine is 
reduced to iodide with SO, then recovered as concentrated iodide 
solution (Equation 7) ( Lauterbach et al. 2001). 

The iodide solutions from the iodide plant and the kerosene- 
extraction process are combined with iodate solution to produce 
iodine (Equation 9). A resulting heavy pulp contains the iodine 
crystals, which are introduced into a heat e xchanger in which the 
iodine is melted under pressure. The melt flows into a reactor for 
settling, and then enters a se cond reactor for sulfuric-acid drying 
and refining (Lauterbach et al. 2001). 


MARKETING 
Uses 


Iodine products were first used commercially in the early part of the 
twentieth century as a remed y for goiter, as a disinfectant for cuts 
and abrasions, and for sanitation (Lyday 1999). Since then, iodine 
has been used in a variety of specialty chemicals for many commer- 
cial ap plications. Majo ruses include x- ray contrast media, 
iodophors and biocides, catalysts, stabilizers, animal feeds, disin- 
fectants, pharmaceuticals, photography, and colorants. It is difficult 
to report the end use of iod ine accurately since iodine-containing 
intermediates are marketed bef ore being used int heir ult imate 
form. Table 2 gives U.S. consumption by principal end-use during 
2002. The following description of uses is summarized from Lyday 
(1999, 2002), Lauterbach and others (2001), and Harben (2002). 


X-ray Contrast Media 


Because iodine absorbs x-rays, it is included in the class of drugs 
known as radiopaques, which are drugs used to diagnose medical 
problems by media con trast. Radi opaques cont aining iod ine are 
introduced into the body in anatomical areas that have insufficient 
natural contrast. The iodine absorbs the x-rays to a greater extent 
than do natu ral soft tissues or blood, thereb y casting a lig ht 
shadow on x-ray film and thus enhancing the contrast. The main 
X-ray procedures using iodine-contrast media diag nostically are 
angiography, CT scans, gastrointestinal series, and colicitography. 
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Table 2. U.S. consumption (apparent’) of iodine in 2002 








Use Thousand kg % of Total 
Sanitation 2,934 45 
Animal feeds 1,760 27 
Pharmaceuticals 652 10 
Catalysts 522 8 
Stabilizers 326 5 
Othert 326 5 
Total 6,520 “100 





Source: Lyday 2002. 


* Domestic production plus imports minus exports plus adjustments for govern- 


ment and domestic industry stock changes. 
t Includes inks and colorants, photographic chemicals, laboratory reagents, 
production of batteries, high-purity metals, motor fuels, and lubricants. 


As populations of the industrialized nations gro w older—par- 
ticularly in Japan, the United States, and Western Europe—there is a 
greater need for diagnostic testing to keep patients healthier longer 
and to reduce hospitalizatio n costs (Lyday 2002). The increase in 
medical testing of older pop ulations with x-ray contrast media will 
result in increased consumption of iodine in radiopaque drugs. 


lodophors and Biocides 


An iodophor is an iodine complex weakly bound to a carrier mole- 
cule, or surfactant, which increases iodine solubility in water, per- 
mitting its gradual rel ease and gi vinga residual effect tot he 
compound (Laut erbach e tal. 2001). The g ermicidal action o f 
iodine results from its capacity to quickly penetrate the cell walls 
of microorganisms, rupturing their proteins and nucleic acid. For 
these reasons, iodophors and iod ine-based bi ocides are used for 
their disinfectant and antiseptic properties in a variety of sanitation 
and cleansing applications in hospitals, dairies, laboratories, food- 
processing plants, and restaurants, and in dishwashing detergents, 
herbicides, swim ming pools, and w ater supp lies. I nso me 
instances, toxi c biocides (for e xample, pentachlorophenol a nd 
tributyltinoxide) have been replaced with iodine-based alternatives 
in certain preserv ative appl ications, including c osmetics, pai nts, 
wood preservation, metalworking fluids, leather processing, inks, 
and starches (Lauterbach et al. 2001). 


Catalysts 


A major use of iodine is in catalysts. With development of the Mon- 
santo process for producing acetic acid ( using an io dide-promoted 
rhodium complex as catalyst) in the 1960s, about 90% of new acetic- 
acid capacities use this process. Acetic acid is used as a solvent in the 
production of terephthalic acid, a major component of polyethyl ene 
terephthalate, a plastic used for carbonated and other soft-drink con- 
tainers. Iodide catalyst s also are used in the deh ydrogenation of 
butane and b utene to butadiene, and in the preparation of stereo- 
regular polymers. 


Stabilizers 


Iodine is used as a stabilizer in the manufacture of nylon for tire 
cord and carpets, and for converting rosins, tall oil, and other wood 
products to more stable forms. 


Animal Feeds 


Another major use of iodine is in the form of additives for animal 
feeds; about 27% of U.S. domestic consumption goes to that end 
use (Lyday 2002). Cattle and sheep are fed iodized salt and other 


iodine compounds to re gulate metabolism and to reduce certain 
livestock ailments such as soft-tissue lumpy jaw and goiter. Iodine 
supplements are especially important for breeding cows and calves. 
A deficiency in iodine during pregnancy and lactation increases the 
risk of weak births or stillbirths in cattle, pigs, and horses. 


Photography 


Photography is one of the oldest industrial uses of io dine. Almost 
all photography is based on the light-sensitive character of sil ver 
halides, particularly silver iodide and silv er bromide. As much as 
7% of the silver salt in the emulsions of negatives is iodide, and 
ammonium iodide is used as a photographic developer. The product 
supplied to the photographic industry is potassium iodide, which is 
then con verted to silv er iodide under prop rietary processes. See 
Harben (2002) for more details on photographic emulsions. 


Pharmaceuticals and Human Health 


Pharmaceuticals are another ma jor use of iodine (including radio- 
paque med ia, discussed pr eviously). Potassium i odide is widely 
used in cough medicines as an e xpectorant, and iodine compound s 
are used in the synthesis of amphetamine, methamphetamine, ethyl 
amphetamine, antibiotics, corticosteroids, and other drugs. 

Potassium io dide is used a sa_ preventive of th yroid cancer. 
The U.S. Food and Drug Ad ministration recommends it as a safe 
and effective means of blocking radioiodines from the thyroid in a 
radiation em ergency, such a s a nuclear accident. Durin g nuclear 
accidents, a portion of the radioactivity is released as !3!1, a major 
radioisotope of nuclear power plants. The Chernobyl nuclear acci- 
dent released massive amounts of !3!I, and several years later there 
was a sharp peak in thyroid cancer among children and adolescents 
in Belarus and Ukraine (Harben 2002). 

Iodine is necessary for healt hy human life. The thyroid gland 
requires iodine to produce the hormone thyroxin. Iodine deficiency 
disorder, or IDD, occurs when people lack iodine in their diets. It is 
especially serious for pre gnant women and young children, where 
deficiencies may result in retarded fetal de velopment and physical 
and mental retardati on (cretinism being ane xtreme condition), 
respectively. The World Hea Ith Or ganization (WHO), Un ited 
Nations Children’s Fund (UNICEF), and the International Council 
for the Control of Iodine Deficiency Disorder ICCIDD) have taken 
great strides in eliminating IDD. The major effort to ensure iodine 
intake is to add potassium iodide or potassium iodate to table salt 
and vitamin supplements. IDD may also lead to conditions such as 
goiter (enlargement of the thyroid gland, manifested in a swelling 
of the neck), abnormal physical development, and reproductive loss 
(Lauterbach et al. 2001). 


Colorants 


Iodine is a coloring agent in some dyes used in foods and materials. 
Red food co loring has been used in cherries, candies, carbonated 
soft drinks, powdered drinks, gelatin deserts, icings, and pet foods, 
whereas red dyes are used in dyeing or printing of cotton, half-silk, 
jute, and straw products. Other colorant applications include drugs, 
cosmetics, printer inks, and photographic sensitizers. 


Other Uses 


Iodine is used as an intermediate in the synthesis of fluorochemicals 
used in water- and oil-repellent emulsions in textiles and leather, and 
in fire-extinguishing foams. Iodine is also used in the modification of 
selenium to make semiconductors; in the manufacture of high-purity 
metals such as t itanium, zirconium, boron, and hafnium; i n the pro- 
duction of motor fuels; in additives in rechargeable dry cell batteries; 
as smog inhibitors; and as cloud seeders to induce rainfall. 
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Product Grades and Specifications 


Iodine and its comp ounds are gene rally marketed in t he form of 
crude iodine, resubli med iodine, cal cium iodates, calcium iodi de, 
potassium iodide, sodium iodide, and numerous organic compounds. 

Commercial-grade crud e iodi ne normally hasa minimum 
purity of 99.5% Iz: the main impurities are water, sulfuric acid, 
iron, and insolub le materials (L yday 1999). Specifications of th e 
U.S. Pharmacopoeia XVII call for crude iodine to be not less than 
99.8% In. 

Resublimed iodine is usually 99.9% pure, and Amer ican 
Chemical Soc iety (A CS) spec ifications call f or not more than 
0.005% total bromine and 0.020% no nvolatile materials (Anon. 
1971). 


Prices 


Actual prices for iodine are negotiated on long- and short-term con- 
tracts between b uyers and se Ilers (L yday 20 02). U.S. prices for 
iodine (including cost, insurance, and fr eight charges for imported 
iodine) have fluctuated since peaking at $17.46/kg in 1988 (Johnson 
1994), Prices decreased because of factors such as economic reces- 
sion (1989-1992; 2002-2004) and o versupply (for example, when 
Chile began increasing production in the early 1990s and at the turn 
of the century). Trends that caused prices to increase were additional 
demand for x-ray contrast media, potassium-iodide prod uction for 
U.S. government contracts, a nd efforts to el iminate the effects of 
IDD. U.S. pro ducers believed that large inventories of iodine, sold 
by the National Defense Stockpile since 1989, dep ress the price of 
iodine produ ced d omestically; dom estic product ion is competing 
with about 1 million Ib of excess stockpile (Lyday 2002). Figure 5 
shows the price trends for 1977 to 2001 (Lyday 2002). 


Substitutes 


Chlorine and bromine can be substituted for iodine in some chemi- 
cal applications, b ut the y are le ss desirable. Antibiotics, boron, 
chlorine, bro mine, and mercur ochrome can be used instead of 
iodine in san itation and biocide uses. Salt crystals and finely 
divided carbon can be used for cloud seeding (Harben 2002; Lyday 
2004). There are no substitutes for iodine, however, in some cattle 
feed, catalytic, nutritional, pha rmaceutical, and photograp hic uses 
(Lyday 2004). 


Recycling 

Harben (2002) reported that there is virtually no recycling of iodine; 
however, Lauterbach and others (2001) reported that several iodine- 
consuming companies recover iodine from side streams generated in 
their production processes. Iodine is reco vered as a deri vative from 
the incineration of process impurities that have been captured before 
being discharged into the environment. 


U.S. Consumption, Imports, and Exports 


Reported U.S. app arent consu mption of iodine incr eased fr om 
6,140,000 kg in 1999 to 6,650,000 kg (estimated) in 2003 (L yday 
2004); however, consumption was down in 2001 (3,650,000 kg) and 
2002 (4,780,000 kg). A breakdown of consumption and uses during 
2002 is presented in Table 2. In 2003, about 5,800,000 kg (estimated) 
was imported to th e United States and about 1,150,000 kg (esti- 
mated) was exported. U.S. imports from 1999 to 20 02 were fr om 
Chile (66%), Japan (30%), Russia (2%), and other countries (2%). 


Packaging and Transportation 


Crude iodine is sh ipped in dou ble polyethylene plastic-lined fiber 
drums holding 45 to 90 kg each. Resublimed iodine is also shipped 
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Figure 5. lodine price trends from 1977 to 2001 


Table 3. Tariffs on iodine (2004) 


Normal Trade Relations 





Item Number 12/31/03 
lodine, crude 2801.20.00 Free 

lodide, calcium and cuprous 2827.60.10 Free 

lodide, potassium 2827.60.20 2.8% ad valorem 


lodides and iodide oxides, others 2827.60.5000 4.2% ad valorem 


Source: Lyday 2004. 





in the same type of container, and in 11.3-kg glass jars and smaller 
bottles. Iodine is also shipped in 350-kg b ulk bags and 1,800 -kg 
tote bags, depending on the mode of transportation. 

The mode of transportation depends on the plant location, the 
infrastructure of the region, and the destination of the product. In 
Oklahoma, for example, iodine is shipped by rail and truck and can 
accommodate bulk shipments of f iber drums, bulk bags, an d tote 
bags. For destinations along major waterways and overseas, barges 
and cargo ships, respectively, are the norms. Freight classification is 
“chemicals, not otherwise indexed by name” (NOIBN) and requires 
no special label. 


ECONOMIC FACTORS 
Depletion Allowances, Tariffs, and Stockpiles 


The depletion allowance for iodine from both domestic and foreign 
production is 14%. Tariffs on iodine are reported in Table 3. Since 
1989, the U.S. go vernment Defe nse National Stockpile Center 
(DNSC) has sold surplus io dine stocks at about 454 tpy (1 million 
Ib/year). These are released quarterly and sold atthe prevailing 
market price. 


REGULATORY AND ENVIRONMENTAL CONSIDERATIONS 
Health and Safety 


Unlike other halogens, iodine is relatively safe to handle because it 
is a crystalline solid at normal room temperature an d pressure; it 
has a relatively low vapor pressure (1 kPa at 25°C) compared to 
other halogens (for e xample, 700 kP a for chlor ine). Personal pro- 
tective equipment (PPE) is not necessary when handling properly 
packaged containers; however, chemically approved gloves, cloth- 
ing, eyewear, and masks or respirators should be w orn when solid 
iodine is not packaged properly (Lauterbach et al. 2001). 
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An upper limit of 0.1 ppm iodine in air was set by the Occupa- 
tional Safety and Health Administration because unprotected short- 
term exposure (up to 1 hr) can be hazardous to lungs and eyes. 
Severe irritation to the eyes and respiratory tract, which may lead to 
pulmonary edema, can occur from exposure _ to concentrations 
above 0.1 ppm over extended periods of time. Burns may also result 
if there is prolonged contact with the skin. Chronic absorption of 
iodine results iniodism, aco ndition whose sympt oms in clude 
insomnia, inflammation of e yes and nasal passage s, bronchitis, 
tremors, diarrhea, and weight loss (Lauterbach et al. 2001). 


Land Use and Zoning 


Permits for brine wells are similar for oil and natural-gas wells, par- 
ticularly if there is copr oduction of these resources or if injection 
wells are part of the iodine-extraction operation. Most iodine opera- 
tions are located in remote areas, so industrial zoning is not a major 
concern. When iodine-producing brine wells must be aban doned, 
the boreholes are plug ged with concrete to seal producing forma- 
tions to pre vent contamination of water aquifers, other rock units, 
and the soils where the drill pad was located. 


Pollution Control and Other Environmental Considerations 


In the production of iodine, spec ial considerations for chemical 
reagents such as chl orine, sulf ur dioxide, ammo nia, and _ sulfuric 
acid must be taken into account and documented in risk-manage- 
ment plans. This includes emission s from nonpoint sources (fug i- 
tive emissions) and single-poi nt-source emissions. _ Fugitive 
emissions are those from leaking valves, corroded pipe, and others. 
Point-source emissions would be equipment (such as _natural-gas 
compressors, boilers, and scr ubbers) dischar ging no xious sub- 

stances (usually as gases) into the environment. 

In the United States, the En vironmental Prot ection Agenc y 
requires that risk communication be filed with appropriate govern- 
mental entities. The Superfund Amendments and Re authorization 
Act of 1986 (SARA Title 3; also known as the Right-to-Know Act 
of 1986) sets forth guidelines for essential emergency planning for 
local communities. Potential chemical hazards are identified by the 
producer, who files various risk communications annually with the 
local emergency committee, fire departments, departments of envi- 
ronmental quality (in Oklahoma, for example), and others. This 
notifies the respective a gencies of potential problems associated 
with hazardous materials used at the site or plant. 

In the United States, iodine is a federally regulated List II 
chemical under the Comprehensive Methamphetamine Control Act 
of 1996, so iodine pro ducers are required to report to th e Drug 
Enforcement Agency and other enforcement authorities all iodine 
buyers and customers. Iodine is an essential ingredient in the manu- 
facture of methamphetamines, which are commonly produced ille- 
gally (sold as “m eth” or “spe ed”). These customs requirements, 
therefore, call for i odine sellers to record all sales and to report 
detailed information about their customers. As a result, producers 
maintain ti ght cont rol o ver the ir inventories and have increased 
security at warehouses and other storage facilities. 


OUTLOOK AND FUTURE TRENDS 


The 2000 Nobel Pr ize in chemistry w as awarded for research that 
showed tha t oxidi zing thinfilms of polyacetylene with iodine 
vapors increased their co nductivity a billion times. This converted 
the polyacetylene from insulator to semiconductor . Applications 
related to electroluminescence will allow developments in ultrathin 
color screens for video and tele vision. Other developments include 
advantages whe re the avoidance of static el ectricity is imp ortant 
(e.g., synthetic carpets and computer screens, corrosion inhibitors, 


lightweight aut omobile ba tteries, electromagnetic sh ielding, and 
artificial nerves and sensors) (Lauterbach et al. 2001). 

The popularity of digital imaging would seem to decrease the 
use of wet-pro cessing f ilm imagery; ho wever, although digital 
video of live events, game shows, and other television broadcasts is 
recorded digitally, 75% to 85% of all televised programs in prime 
time are recorded on 35-m m mo tion-picture film. Most feature 
films also are photographed using 35-mm film. The use of iodine in 
films and processing may be limited to specialty imaging in the 
future asthe cost of  digital-imaging equipment decreases and 
recording, storing, and imager y reproduction incr eases in quality 
(Lyday 2002). 

The use of fluoroiodocarbons has been identified as a replace- 
ment for halogen-based f ire-suppression systems. The Mo ntreal 
Protocol banned the production of some environmentally unfriendly 
chlorofluorocarbons, halons, and other ozone-depleting chemicals. 
This has opened a new area of research for the use of iodine com- 
pounds (Lauterbach et al. 2001; Lyday 2002). 

The use of potassium iodate and potassium iodide in table salt 
has increased the use of iodine to alleviate the effects of IDD, espe- 
cially in India and China. The largest inorganic-chemical complex 
in Asia is located at Mithapur, Gujarat, India. It produ ces iodized 
vacuum salt and is India’s largest producer of iodized salt (Hamel 
2003). 

The use of iodin e in indi vidual water-purification systems in 
developing countries (Chile and Mexico, for example) represents a 
new application of ahistorical purification pro cess. This should 
also consume large amounts of iodine in the future (Harben 2002; 
Lyday 2002). 

Finally, the demand for diagnostic testing of an aging popula- 
tion in the industrial nations (Japan, North America, and W estern 
Europe) is responsible for the increased use of iodine-based x-ray 
contrast media (Lyday 2002). Also, an additional market is devel- 
oping in China for diagnostic equipment as the Chinese economy 
continues to grow. The giant market potential in China for all sorts 
of materials and goods, including industrial minerals, will have a 
noticeable effect on the demand for iodine in the future. 
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Kyanite, Andalusite, 
Sillimanite, and Mullite 


Palmer C. Sweet, Guy B. Dixon, and John R. Snoddy 


Kyanite, and alusite, and sill imanite are naturally occurring anhy- 
drous aluminum silicate minerals. Each has the same chemical for- 
mula, Al2SiOs, but differing crystal structures. These variances in 
crystal structure give somewhat unique physical properties to each 
of the three minerals, and each is used in slightly different ways by 
modern industry. Mullite is a v ery rare mineral named for its dis- 
covery site on the Scottish I sle of Mull. Mullite, although seldom 
found in nature, can be artificially produced by heating any number 
of aluminum silicate minerals in certain proportions to the cor rect 
temperature. Synthetic mullite is classified as an aluminum silicate, 
and is addressed as such in this chapter. 

The w orld’s largest produ cer of k yanite is K yanite Mining 
Corporation (Dillwyn, Virginia) in the United States. This company 
mines two massive deposits of kyanite quartzite in central Virginia. 
Internationally, small amounts of kyanite are produced in Australia, 
Brazil, China, Ukraine, and India—but mainly by di visions of 
refractory companies that produce only for their own parent corpo- 
rations, or by small mining companies that sell low-grade material 
into their own domestic market (Figure 1). 

The South African Mineral Resource Committee (SAMREC) 
and Denain-Anzin Minerau x Re fractarie Ceramique (D AMREC), 
the South African and French divisions of the industrial minerals 
conglomerate, IMER YS, dominate worldwide andalusite produc- 
tion. Recently, however, a new South African company, Andalusite 
Resources, has begun major mining and beneficiation operations in 
the Northern Transvaal. Andalusite (mixed with prophyllite) is also 
produced by Piedmont Minerals Co mpany, an American company 
based in Hillsboroug h, North Carolina, and in small amounts by 
various producers in India and China (Figure 1). 

Sillimanite, whic his m uch 1 ess wi dely used th ane ither 
andalusite or k yanite, is produc ed in small amount s in Au stralia, 
Brazil, India, Spain, the Republic of South Africa, and the former 
U.S.S.R. (Figure 1). 

Synthetic mullite production is dominated by C-E Minerals 
(also a di vision of IMER YS). C-E produces its f amous “Mulcoa” 
products b y mixing and calcin ing the various grades of bauxitic 
clays that it mines at its site in Andersonville, Georgia. A fused 
synthetic mullite is also produced by Washington Mills Electro 
Minerals Corporation in Niagara Falls, New York, and by a host of 
smaller—mostly Asian—suppliers throughout the w orld. K yanite 
Mining Corporation also produces a synthetic mullite prod uct by 
simply calcining the kyanite that it mines and bene ficiates at its 
operations in central Virginia. 
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As ofearly 2004, annu al w orld productio n of k yanite, 
andalusite, si llimanite, and synthetic mullite w as approximately 
690,000 t (115,000 t of kyanite; 315,000 t of andalusite; 25,000 t of 
sillimanite; and 235,000 t of synthetic mullite in its various forms). 
Almost all of this prod uction is consumed by refractor y/ceramic 
companies that use the se minerals as ra w materials in their heat- 
resistant products. 


GEOLOGY 
Mineralogy 


Kyanite isa blue to light-green, triclinic mineral t hat occ urs in 
long, thi n-bladed crystals and cry stalline aggregates in gne iss, 
schist, and pegmatites. 

Andalusite is a yellow, brown, green, or red orthorhombic min- 
eral that oc curs in thick, almost green prisms in schist, gneiss, and 
hornfels. Gem-quality andalusit e exhibits a strong pleochroism— 
brownish-green in one direction and brownish-red perpendicular to 
it. Andalusite also occurs in placer conce ntrations where it has 
weathered out of rock. 

Sillimanite is a brown, pale-green, gray, or white orthorhom- 
bic mineral that occurs in long, slender, needlelike crystals in schist 
and gneiss. 


Chemical and Physical Properties 


Table 1 presents the chemical and physical properties of k yanite, 
andalusite, and sillimanite. Both an dalusite an d sill imanite are 
orthorhombic, whereas kyanite is tr iclinic. Andalusite has a hard- 
ness of 7.5, sillimanite 6.5, and kyanite between 5 and 7, depending 
on the direction from which th e crystal is compressed. Andalusite 
has the lo west specific gravity of the three at approximately 3.18 ; 
sillimanite has a slightly higher specific gravity of about 3.23, and 
that of kyanite is significantly higher with an average of 3.6. Kyan- 
ite is the only one of the three minerals that irreversibly expands 
when heated (calcined to produce mullite). 


Distribution of Major Deposits 
Kyanite 

Kyanite Quartzite. Kyanite quartzite occurs in the Piedmont 
region of the Appalachians and trends from Georgia through South 
and North Carolina into central Virginia. The k yanite quartzite, 


which is inthe Ordovician Arv onia F ormationin Virginia, is 
enclosed in a sequence of metamorphosed felsic and mafic flows 
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Kyanite 
Andalusite 
Sillimanite 
Synthetic Mullite 


Figure 1. Kyanite, andalusite, sillimanite, and synthetic mullite production 





Table 1. Chemical and physical properties of kyanite, andalusite, and sillimanite 





Kyanite Andalusite Sillimanite 
Chemical formula AlaSiO5 AloSiO5 AloSiO5 
Composition AlzO3 63.2% AlzO3 63.2% AlzO3 63.2% 
SiOz 36.8% SiOz 36.8% SiOz 36.8% 
Type Aluminum silicate Aluminum silicate Aluminum silicate 
Crystal system Triclinic Orthorhombic Orthorhombic 
Cleavage (100) perfect (110) good (010) good 
(010) good (100) poor 
Specific gravity 3.56-3.66 3.16-3.20 3.23 
Hardness 5-7 75 6-7 


1,100°C-1,480°C 


Sizeable increase 


Temperature at which mullite is formed 
Volume change during calcination 
Density after calcining at 1,445°C 3.05 


1,450°C-1,500°C 1,550°C-1,650°C 
Very slight increase Slight increase 
3.04 3.10 





and volcanoclastic rocks on the southeast limb of the Blue Ridge 
Anticlinorium. The kyanite deposits, currently being mined at Wil- 
lis Mountain and East Ridge in Virginia, were originally deposited 
as basal quartz gravel or coarse sand overlain by silt and clay that 
was la ter met amorphosed to form ky anite. H ydrothermal fluids 
were la ter introduced (Marr 1992) . K yanite quartzites are rocks 
containing 15 % to 40% kyanite and usually about 5% of other 
minerals such as pyrite, rutile, and mica. The remainder is quartz. 


The kyanite-quartzite deposits in the Georgia—South Carolina— 
McCormick districts seem to be similarly formed because the min- 
eralogy, and other factors, are virtually the same as in Virginia. The 
metavolcanics and sediments are known as the Little River Series in 
Georgia, but they are considered to be in rocks of the Slate Belt in 
Virginia. 

There are at least 13 distinct deposits of kyanite quartzite within 
the Appalachians. Because of t heir resistance to weathering, which 
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results in their prominence above the surrounding countryside, all of 
them are known as mountains. The operation at Baker Mountain, Vir- 
ginia, was closed in 1979 and the one at Graves Mountain, Georgia, 
was closed in 1986. From 1948 through 1969, Co mmercialores, a 
subsidiary of Comb ustion Engin eering, worked the He nry Knob 
deposit in York County, South Carolina. 

There is a zone of me tavolcanics in southeastern C alifornia 
and extending into southwestern Arizona whose composition and 
lithology resembles that of the deposits in the Appalachians. This 
zone contains so me de posits of k yanite quartzite. The k yanite in 
these deposits, ho wever, althou gh averaging 25% to 35% _ of the 
rock, has proven to be contaminated with extremely fine inclusions 
of quartz. As of 2005, it was not economically feasible to produce a 
competitive k yanite produc t from these we stern U. S.k yanite- 
quartzite deposits. 

Kyanite quartzite has been described in several other places in 
the world, and usually occurs within a geologic framework similar 
to that of the dep osits of the so utheastern Unit ed Sta tes. Suc h 
deposits ha ve been de scribed and e xplored in Surin am, Norw ay, 
Kenya, and Austri a. Ak yanite deposit (Lac Croch e property) , 
located 35.4 km so uth-southeast of Fermont in Quebec, Canada, 
was reportedly being evaluated. Exploration indicated a zone with 
20% to 40% kyanite in large bluish crystals, 1 to 2 cm in size, and 
gave an early estimate of 3,711,210 ttoadepth of 32.8 m (Potter 
1988). Other promising Canadian deposits include one located 
north of North Bay in Ontario , of which Kyanite Mining Corpora- 
tion owns the mineral rights. 

Kyanite Schists and Gneisses. Kyanite is very common in the 
highly metamorphosed schists a nd gneisses of the metamorphic 
regions of the world. Typically, the k yanite occurs in quantities 
ranging from a percent or two to as much as 25% in a gangue of 
biotite, feldspar, mu scovite, garnet, and occasionally hornb lende 
and other common rock-forming minerals. Rocks containing a few 
percent of kyanite are extremely abundant and widespr ead. They 
are exposed over hundreds of square kilometers in the eastern and 
western metamorphic areas of North America and in the metamor- 
phic rocks of o ther continents. Re peated at tempts to rec over t he 
kyanite from such rocks have been made and were described in ear- 
lier editions of Industrial Miner als and Ro cks. The most re cent 
attempt was in the Timiskaming District in we stern Quebec by 
North American Refractories of Cleveland, Ohio. An earlier effort 
was made in the late 1950s near Burnsville, North Carolina. As of 
2005, no schists were being mined for kyanite. 

If such kyanite is to be economically viable, it is necessary 
that the region be deeply weathered and of gentle relief so t hat a 
mantle or se gregation of resi stant k yanite nodules, cobbles, and 
boulders have accumulated at t he surface. It is also necessary for 
labor to be abundant and inexpensive. 

A great deal of literature has been published by the U.S. 
Bureau of Mines (USBM) , the U.S. Geological Survey (U SGS), 
and agencies of other governments describing investigations of kya- 
nite-bearing schists. The USBM conducted an exhaustive study in 
Idaho on the huge deposits of kyanite, andalusite, and sillimanite at 
Goat Mountain and the kyanite deposit on Woodrat Mountain near 
Kamiah, Idaho (Van Noy 1970). 

Massive Kyanite. Kyanite is found locally as nodules, knots, 
and hu ge b oulder-sized segregations in very h ighly metamor - 
phosed areas of aluminous sediments. This has been the principal 
source of kyanite from India for the past 40 years. Production was 
estimated to be 31,339 t in 1988 (Potter 1988), but the deposit has 
been exhausted over the years, an d as o f early 20 05, the depo sit 
was no longer producing. Similar segregations were the basis fo r 
the kyanite production in Kenya. 


In several counties in Georgia, similar lumps of massive kyan- 
ite are found (Furcron and Teague 1945). Although the ab undance 
and purity of the Georgia massive kyanite lumps meet the require- 
ments for commercial exploitation, high labor costs make economic 
production by han d sorting and _ gathering unfeasible. Production 
was limited to a few carloads during World War II. 

Kyanite mineral se gregations are probably the result of lo cal 
pneumatolytic migration of silica and alumina during the late stages 
of regional metamorphism. Introduction of alumina does not seem 
to have been a factor, because the overall composition of the segre- 
gations is similar to that of the country rock if the sample area con- 
sidered is large enough to include the barren quartz segregations 
that in variably accompan y the k yanite-corundum se gregations. 
Aside from the size and abundance of the segregations in the Lapsa 
Bura deposits of India, they do not seem mineralogically dissimilar 
from kyanite segregations found occasionally in all kyanite schists. 

Massive k yanite typically contai ns corundum and minor 
amounts of rutile. The kyanite is often felty and acicular and occurs 
in tightly interlocking aggregates. Kyanite from India is usually pro- 
duced in lumps lar ge enough to be hand sort ed according to kyanite 
and corundum content, and three grades are offered. Massive Indian 
kyanite has properties quite unlike those of coarse kyanite crystals; it 
is essentially volume stable and calcines to a dense white aggregate 
that is much prized by European refractory manufacturers. On the 
other hand, the coarse kyanite produced from Georgia placer deposits 
in the 1940s, and more recently in Kenya, crumbles and loses much 
of its d ensity and physical stren gth upon calcining. Apparently the 
interlocking acicular crystal mode of Indian k yanite prevents such 
expansion and co nsequent b reakdown. Between 1 968 and 1973,a 
kyanite-sillimanite concentrate wa s recovered as a by-product from 
the processing of Pleistocene beach sands in Florida. 


Andalusite 


Constituent of Metamorphic Rocks. Andalusite is a frequen t 
constituent of metamorphic rocks, although it is not as abundant or 
common as k yanite or si llimanite. It is found in argillaceous and 
micaceous slates, in schists and gneisses, and as crystals resulting 
from the contact metamorphism of intrusive rocks. Andalusite will 
readily incorporate foreign matter in its cr ystals, and it frequently 
grows around preexisting materials, including carbon. One variety, 
chiastolite, is so nam ed for the crosslike inclusions of car bon 
oriented normal to the axis of the crystal. 

In France, near Glomel in Brittany, an extensive, deeply weath- 
ered body of andalusite schist is currently being mined by D AM- 
REC. T his compa ny has be en active at the site since 1969. The 
quarry is approximately 966 m? long by 40 m deep. About 618,535 t 
of material is moved annually, and of that amount, 53,606 t is com- 
mercial kerphalite (two grades of andalusite concentrates). Of the 
two grades of kerphalite, grade KA contains a minimum of 59% alu- 
mina, and grade KB contains a minimum of 52 % alumina (Anon. 
1989). Near Glomel, the andalusite occurs as match _ stick-sized 
crystals embedded in a fine-grained black groundmass composed of 
biotite, hornblende, muscovite, and fe ldspar. T he a ndalusite is 
evenly disseminated an d constitutes about 20% o f the rock. The 
rocks in the area are poorly exposed, and the geology of this occur- 
rence is not well understood. 

An extensive deposit of andalusite schist is near Canso, Nova 
Scotia. The andalusite makes up about 15% of the ro ck and is 
evenly disseminated as large porphyroblasts averaging about 1.3 to 
2.5 cm in cross section. The groundmass is principally muscovite, 
garnet, and feldspar . The crystals of black andalusite in corporate 
about 10% finely disseminated magnetite and muscovite, however, 
and beneficiation is not practical. 
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Near Hillsboro ugh, North Carolina,a monadnock of 
andalusite-pyrophyllite-sericite 1 s b eing min ed by t he Pie dmont 
Minerals Company, which is now a division of Resco Products. The 
ore c onsists principally of pyrophyllite and quartz and contains 
15% to 20% of disseminated pink andalusite. The and alusite is 
mined along with the p yrophyllite, and, being calcined in part by 
nature, exhibits refractory characteristics usually found only with 
prepared calcined materials. The pro duct is consumed by Resco 
Products in the manuf acture of ki In car refractories, plastic and 
castable refractories, firebrick, and ramming and gunning mixes. 

In the Goat Mountain deposit in Idaho, andalusite coe xists 
with kyanite and sillimanite. No attempt has been made to separate 
it from the aluminum silicate minerals in the tests made so far. The 
andalusite in this deposit typically incorporates a great many dele- 
terious impurities. The Goat Mountain de posit is e xtremely large, 
but to date, no commercial exploitation of the deposit seems feasi- 
ble because of beneficiation difficulties (Abbott and Prater 1954). 

In early 1991, exploration work by Ramsgate Resources Ltd. 
at Spargoville, in Western Australia’s Eastern Goldfield, uncovered 
several occurrences of andalusite-bearing chorite-biotite schist. The 
andalusite occurs as discrete crystals, from 0.5 to 20 cm in length, 
in metamorphosed aluminous meta sedimentary rocks. Repo rtedly 
the andalusite is of v ery high quality, equal to if not better than 
South African material (Anon. 1991). 

In the Vihorlat Mountains of East Slovakia, Slovak Republic, 
secondary quartz with corundum, mullite, and an dalusite is found 
(Hruska 1991). 

Residual Andalusite. Alluvial de posits of andalusi te sand 
occur in the Repub lic of South = Africa. The andalusite has been 
weathered from the paren t rock and subsequently concentrated by 
the action of wind and water; apparently, concentration is still going 
on. Pre liminary figures indicate th at production was 176,901 t in 
2004. Concentrate grades averaging almost 60% alumina have been 
obtained. Total reserv es are reported to be 41.65 Mt where the 
andalusite is f ound in metamo rphosed shales o f the Strub enskop 
Formation near Zeerust, in the weathered shales of the Timeball Hill 
Formation at Thabazimbi, andinthe hornfels and schists of the 
Eastern T ransvaal near P enge; all these units a_ re of the P retoria 
Group and have been intruded and metamorphosed by the Bushveld 
Complex. Until 2003, SAMREC controlled all operational mines, 
including the region’s largest, the Rhino mine in Thabazimbi. Com- 
bined with their operations in France, this ga ve IMERYS a virtual 
monopoly on the supply of andalusite in the world. In 2003 , how- 
ever,ane wcompetit ore ntered the ma rketi n South Afric a. 
Andalusite Resources, as th e new supplier is known, purchased the 
assets of an existing mine in the Thabazimbi area and restarted pro- 
duction in that region. Initial c apacity figures place the Andalusite 
Resources mine at 27,216 tpy. 

Crystals. In 1986, e xceptionally lar ge redd ish to flesh- 
colored andalusite cry stals were discovered in Campbell County , 
Virginia. Some of the single crystals measured 25.4 cm long and up 
to 11.7 cm wide. They were formed through contact metamorphism 
along both sides of a quartz v ein that has intruded a staurolite-rich 
muscovite schist (Giannini and Penick 1986). 

Sillimanite 

Sillimanite Schist. Sillimanite is a v ery common rock -form- 
ing mineralin metamorphic rocks of relat ively high rank. It is 
common ina series of me tamorphosed rocks to f ind sillimanite, 
kyanite, and anda lusite interchanging occurrences in gi ven strata 


as the loca | condit ions of temperature v ary, asin proximity to 
intrusives. For t his reason, t he a luminum si licate m inerals are 


often used to identify parameters of metamorphic intensity. Silli- 
manite, although common, seldom occurs as potentially exploitable 
crystals. The typical mode is often called fibrolite, which is a felty 
aggregate of e xtremely fine whiskers of acicular sillimanite inter- 
laced and interlocked with quartz, mica, and other minerals. Benefi- 
ciation is usually impossible. In some areas, the sillimanite occurs 
as nodules and buttons that have marginal potential, as in the Pelt- 
zer Area of South Carolina (Espenshade and Potter 1960). 

In Hart County, Georgia, there is a northeasterly trending zone 
about 16 km long in which matchstick-like sillimanite occurs. Ben- 
eficiation tests sh owed that a limited production of sillimanite in 
the 35-mesh range could be accomplished. But the deposits are nar- 
row and limited, and no existing market or incentive for production 
of sillimanite concentrates exists in the United States (Furcron and 
Teague 1945). 

In 1991, the USGS reported that a 30-cm-wid e vein of silli- 
manite in Namaqualand schist “might be economically mined on a 
small scale.” The sillimanite vein is i n the Beth anien District of 
Namibia, Africa (Murray 1991). 

Massive Sillimanite. Massive sillimanite has been pro duced 
for many years from the state of Assam, India. The Assam deposits 
consist of huge se gregations of sillimanite and corundum, com- 
monly in intimate association and weighing several tons. Consider- 
able hand effort is emplo yed to reco ver the boulders in a form 
suitable for sawing to refractory shapes, particularly for the English 
glass industry. Production of sillimanite in 1988 was 15 kt (Potter 
1988), and although e xact production figures are vague, massive 
sillimanite production in this region was assumed to be the same in 
early 2005. 

The most important deposits of massive sillimanite-corundum 
occur in the Repub lic of South A frica, in the Pellar District near 
Pofadder, Namaqualand. Production reached a high o f 46,184 t in 
1963, but was down to 709 tin 1988 (Mor gan 1990), and as of 
2005, production had ended. 

In the vicinity of Adelaide, S outh Australia, late-stage meta- 
somatism resulted in a mixture of kaolin and included boulders and 
nodules of sillimanite. The sillimanite is recovered as a by-product 
in the process of manufacturing refractory clays. Other deposits of 
residual boulders of massive sillimanite have been exploited in this 
region. Beneficiation has been tried with some success on the silli- 
manite itself and on the by-products that are too low in grade to use 
directly. The Australian dome stic market for such conc entrates is 
limited, ho wever, and as of 1 988, no large-scale pr oduction had 
been described; rep orted production in Australia in 1988 was 66 t 
of sillimanite and 6,598 t of kaolinized sillimanite (Potter 1988). 
Although exact production estimates are unclear, it was assumed in 
early 2005 that production had ceased. 


TECHNOLOGY 
Exploration and Evaluation 


Kyanite and its related aluminum silicate minerals have a relatively 
low value-to-weight ratio. Because the y must be delivered to the 
consuming areas at competi tive prices, anim portant preliminary 
consideration in any exploration project is the p rospective cost of 
delivering the minerals to the mark et. Current freight charges range 
from $20/t to $80/t and vary greatly, depending on finite factors such 
as distance and fluctuating factors such as fuel costs. Kyanite is pro- 
duced almost exclusively in Virginia and is therefore consumed 
mainly in the United States—or in the highly developed and indus- 
trialized countries of Europe and Japan that can be easily reached by 
ocean vessels sailing from the mid-Atlantic states. A similar pattern 
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exists with andalusite, where consumption is concentrated in South 
Africa and those parts of England, France, and Germany where the 
producers of refractories are concentrated. 

A salable product must also be produced. Consumers become 
very accustomed to speci fic ra w mate rials tha t ha ve histori cally 
been used in the manufacture of their refractory products. Any devi- 
ation from the commonly accepted specifications imposes a consid- 
erable burden on pr oducts attemp ting to enter the mark et. When 
evaluating a pro spect, one of the most important considerations in 
this regard is the liberation size of the crystals. This is especially true 
for kyanite, where the size of the kyanite particles has adi rect 
impact on the e xpansionary characteristics of the material when 
fired. There are som e attractive kyanite-quartzite deposits in the 
western United States, but the material cannot be beneficiated to the 
required specifications without grinding the ore to around 200 mesh, 
which is quite fine considering that most existing kyanite production 
is in concentrates in the size range of —28 to +35 mesh. 

After initial investigation has indicated that both freight cost 
and the q uality of the pro duct can be c ompetitive, normal t ech- 
niques of surface sampling, geolo gic mapping, trenching, and dia- 
mond drilling ar e used to determin e th e qua lity of po tential 
reserves. Because the k yanite deposits are produced by re gional 
metamorphism, their composition _ is f airly consisten t, although 
there may be variation of grade in zones. A pilot- plant production 
of the material w ould be the ne xt step to determine if a sal able 
product could be produced economically. It is important to produce, 
by reproducible pilot-p lant techniques, a quantity of concen trates 
from a representative selection of ores sufficient to permit prospec- 
tive consumers to test the new material extensively in their plants; 
there is no laboratory substitute for this kind of testing. Prospective 
producers of aluminum silicates have found, in many cases, that 
consumers may not be willing to use material from a new area. 
Competitive testing and specific approval is the only sure way that 
the marketability of a given kyanite product can be assumed. 


Mining and Processing 
Kyanite 


In the United States, for most of the last 60 years, kyanite concen- 
trates have been produced by fl otation and mag netic separation. 
The two kyanite-quartzite deposits currently being mined (at Willis 
Mountain and East Ridge in Virginia) are monadno ck features 
whose resistant ridges are exposed with little or no overburden. The 
deposits lie on the opposing limbs of the Whispering Creek anti- 
cline. Minerals other than quartz and kyanite ass ociated with the 
deposit include muscovite, pyrite, rutile, topaz, magnetite, feldspar, 
and aparite. The rare mineral trolleite [Al4(PO4)3(OH)3], a hydrous 
aluminum phosphate, has also been noted in th e kyanite quartzite 
(Giannini, Penick, and Fordham 1986). 

The kyanite quartzite is drilled and blasted; se condary break- 
ing is sometimes done with a h ydraulic hammer. The ore is pic ked 
up with d iesel-powered sho vels, loaded in to trucks (u p to 54.5-t 
loads), and hauled to the primary (jaw) crusher. At th e primary 
crusher, the ore is reduced to 4 cm and passed by conveyor belt to 
the rod mill, which is in a closed circuit with a classifier, to grind the 
ore to —20 mesh. Water is added that creates a slurry from which the 
—200 mesh is removed (deslimed). The ne w slurry is conditioned 
with several ingredients and passed through a series of flotation cells 
that remove the pyrite and micaceous contaminants from the slurry. 
Tailings from the pyrite circuit are ag ain deslimed and conditioned 
with other reagents and passed through a section of rougher flotation 
cells. The rougher concentrate goes to a tw o-stage recleaning cir- 
cuit; tails of the rougher circuit go to waste. 


The flotation concentr ate consists of about 91% kyanite and 
2% to 5% iron oxides, and the ba lance is quartz. The concentrates 
are dewatered by dr aining in open stockpiles or in drainage silos 
and are subsequently conveyed toa dryer where the moisture is 
reduced from almost 8% to near 0%. A reducing roasting technique 
in a rotary kiln elevates the temperature during the drying process 
to 482°C, followed by cooling in an oxyg en-deficient atmosphere 
to render the iron oxide highly magnetic; ferric iron (Fe2O3) is con- 
verted to fer rous iron (Fe 304). The dried concentrates are passed 
over a series of high-intensity and low-intensity magnetic separa- 
tors, which reduce the iron content of the product to less than 1%. 
The result is ara w 35-mesh k yanite product, ready for shipment. 
Five mesh sizes (35, 48, 100, 200, and 325) are available. A typical 
analysis of the product is as follows: 


AlbO3 57% 
Si02 38% 
Fe203 0.6% 
TiO2 0.8% 


The magnetite is stockpiled, with no current market available, 
and pyrite tails are sold for use in the production of sulfur and as 
micronutrients in the fertilizer industry. The by-product quartz is 
marketed for golf courses, sand blasting media, masonry, and con- 
crete sand, as well as for other applications. 

Kyanite deposits of India have traditionally been exploited by 
labor-intensive techni ques. In the b eginning, it was sufficient to 
simply gather the co bbles and bo ulders of k yanite that had been 
exposed by weathering. Later, primitive mining methods were initi- 
ated and the lar ge se gregations were drilled, bl asted, and hand 
cobbed in preparation for shipment . Dozens of these small o pera- 
tions employed numerous people. As time passed and the availabil- 
ity of readily hand-picked materi al decreased, the benef iciation 
methods became more sophisticated. The picking be It is still an 
important benef iciation technique, ho wever. High-grade kyanite 
nodules, and those with segregation too low in grade to be shipped 
directly, are now crushed and subjected to more sophisticated bene- 
ficiation techniques, in cluding flotation and magnetic separation. 
Currently, there are no large-scale integrated beneficiation plants in 
India of the kind employed in the United States. 


Andalusite 


In the Republic of So uth Africa, andalusite sands in the Marico 
District of the Transvaal are beneficiated with heavy media separa- 
tors and high-intensity magnetic se parators. A typical analysis of 
the product follows: 


AloO3 52% to 57% 
SiO2 35% to 44% 
Fe,03 1% to 4.5% 

TiO2 0.04% to 4% 


In France, D AMREC produces andalusite concentrates near 
Glomel in Brittany. The black andalusite schist contains about 20% 
coarse euhedral andalusite porphyroblasts. The crystals are about the 
diameter of matchsticks and range from 1.9 to 2.5 cm in length. The 
schist is deeply weath ered and friable to at least a depth of 9.1 m. 
The ore is drilled with a wagon drill, blasted, and transported with a 
rubber-tired front-end loader with a 2.29-m to 2.74-m bucket. It is 
fed into a surge hopper through a 20.3 x 20.3 cm grizzly and dis- 
charged ontoa6l-cm conveyor belt by a reciprocating feeder . 
Oversized material is reduced by hand with a sledgehammer to pass 
the 20.3-cm grizzly. 
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The conveyor belt carri es the br oken ore about 45.7 m_ to an 
autogenous mill, which consists of a drum, 4.6 m in diameter, revolv- 
ing on eight truck tires. This mill reduces the ore to 100% -—0.3 cm 
before it travels to the furnace, which is air-swept with heated air in 
closed circuit with two air classifiers. The sized ore is fed into a hop- 
per, from which it i s passed over a four-roll high-intensity magnetic 
separator. The nonmagnetic fraction is conveyed to the heavy-media 
separator, and the magnetic particles are discarded. 

The hea vy-media separator ci rcuit consists of a hopper in 
which the andalusite ore is blended with ferrosilicon slurry and then 
pumped through a hydrocyclone. The specific gravity of the slurry 
is controlled automatically by a water-metering device ahead of the 
blending hopper. The first stage of the two-stage heavy-media sepa- 
rator circuit is controlled at a specific gravity of about 2.3. The final 
effective specific gravity is adjusted by regulating the velocity of 
the slurry through the cyclone. The second stage is controlled ina 
similar fashion. The hea vy (sink) product from the hea vy-media 
separator is screened at about 35 mesh to reco ver the ferrosilicon 
media. The finished andalusite product consists of dark brown to 
black, roughly equidimensional gains ranging in size from —8 mesh 
to +35 mesh, and contains about 59.2% Al2O3 and 1.0% Fe203. 

In 1988, the C ouncil for Mineral T echnology (Mintek) pub- 
lished a review on the development of the andalusite industry in the 
Republic of South Africa. The publication discussed Mintek’s role 
in early benef iciation methods and tech niques de veloped since 
1962; Mintek w as also instru mental in introd ucing heavy medium 
separation as a standard benef iciation operation. The report also 
discusses treatment of both hard shales and andalusite fines (Potter 
1988). 


Sillimanite 
Segregations of si llimanite-corundum rock occur in the Pellar Dis- 
trict in the northwestern part of Cape Pro vince, South Africa. The y 


have been produced for many years using labor-intensive techniques 
similar to those employed in India. 


Synthetic Mullite 


Synthetic m ullite res ults from four main heating processes: (1) 
melting of alumina and _ silica or bauxite and kaolin in an electric 
furnace at 1,914°C; (2 ) sintering alumina and kaolin, bauxite and 
kaolin, or alumina, kaolin, and kyanite above 1,763°C; (3) calcin- 
ing kyanite at 1 300°C; or (4) sintering a siliceous bauxite or mix- 
tures of bauxite and kaolin at about 1,561°C. U.S. production of 
synthetic mullite in 2003 was estimated to be 322,050 t. 

C-E Minerals pr oduces three grades of synthetic mullite of 
varying alumina content by sintering bauxite with kaolin in its two 
plants. The c ompany m ines bauxitic ka olin from pits in Sumter 
County, near Andersonville, and also from properties near Eufaula, 
Alabama. Washington Mills Electro Minerals Corporation produces 
standard and electric grades of synthetic mullite by fusing alumina 
and glass-g rade silica. Th e co mpany also produces a zirconium 
mullite that offers be tter resist ance to the rmal s hock for ce ramic 
products. 

The three grades of synthetic mullite produced by C-E Miner- 
als are Mulcoa 47, which contain s 47% alumina produced from the 
kaolin component of the or e; Mulcoa 60, which contains 60% alu- 
mina produced from the bauxitic kaolin; and Mulcoa 70, which con- 
tains 70% alumina produced from the bauxite lenses. (Mulcoa 47 is 
not, for the purposes of this chapter ,conside red atrue mullite 
because its alumina content is well below the 60% threshold of theo- 
retical mullite.) C-E Minerals’ Georgia plants have a total capacity 
of 452,529 tpy. Five kilns were in operation in 2003. 


Kyanite Mining Corporation’s mullite plant has th e capacity 
to produce 27,216 tpy of its calcin ed kyanite; a number that will 
soon be increased to 36,287 tp y as the company installs more ef fi- 
cient pollution controls. It is estimated that with the addition of a 
new product line of lightweight aggregates, production could easily 
reach 40,000 tpy by 2006. 


USES 


Although the three minerals that comprise the sillimanite gr oup 
have different properties, they are all used primarily as raw materi- 
als inthe manufacture of hea t-resistant ref ractory c eramics. As 
such, the demand for each is driven largely by the health of the steel 
and foundry industries, and the ch anges in technolog y that af fect 
the usage of refractories in those industries. 

Today it is estimated that 70% of the kyanite output is used in 
refractories: 55% for smelting and processing of ferrous metals, 
10% for nonferrous metals, and 5% for glassmaking and ceramics. 
The remaining 30% is used for other industrial ceramic applications 
such as in vestment ca sting, kiln furniture, and railroad fric tion 
products, among others. 

The main uses of kyanite are in high-temperature (refractory) 
cements/mortars, ramming mixes, and castables. With clay or other 
ingredients, the k yanite is used in firebrick, insulating brick (brick 
for rotary kilns and furnaces), and in abrasive and other kiln furni- 
ture. The expansion characteristics of kyanite are valuable because 
they offset shrin kage of other ingredients and prod uce a stable 
refractory body. When calcined , k yanite incr eases in v olume by 
16% to 18%, compared to only about 4% and 6% for sillimanite 
and andalusite, respectively. Thus, when fired in a refractory mortar 
containing sh rinkable components suchas clays, kyanite will 
expand to form a tight lock in a furnace or kiln. Finely ground kya- 
nite, in the 200-mesh range, is used in body mixes for sanitary por- 
celains, wall tile, casting mol ds, and spec ial purpose ceramics 
where the expansion characteristics of kyanite are advantageous. 

An even greater proportion of andalusite is consumed by the 
refractories indu stry—possibly up to 80%. Andalusite, which can 
be sold in much larger sized particles than kyanite because of the 
beneficiation processes involved and the mineral’ s lack of expan- 
sionary characteristics, is mainly used by re fractory companies as 
the aggre gate component in bricks and other p recast shaped pr od- 
ucts. It has very good creep-resistant and load-bearing properties. 

The largest market for sillimanite minerals is in the manufac- 
ture of refractory products, mainly for the iron and steel and nonfer- 
rous metal smelting industry. 

All the sillimanite minerals convert to mullite (about 88%) 
and silica (about 12%) when heated to temperatures ranging from 
1,250°C to 1,500°C. Each of the minerals converts to mullite at a 
different temperature, with kyanite needing the least heat and silli- 
manite the most. Mullite is extremely refractory, has a small coeffi- 
cient of thermal e xpansion, and is resistant to a brasion and slag. 
Because mullite is the min eral component that is sought after by 
refractory engineers, the sillimanite minerals could theoretically be 
regarded as mullite ore. 

The addition of mullite to refractory and porcelain bodies will 
increase the fired strength as a result of the interlocking of mullite’s 
long, needlelike crystals. Mullite’s addition will also increase resis- 
tance to deformation under load, increase diel ectric proper ties at 
both normal and high temperatures, and increase thermal resistivity. 
Mullite also decreases the coefficient of expansion, promotes a uni- 
form rate of such thermal expansion, and reduces refractor y and 
porcelain bodies’ tendenc y to spall. The mullite pro duced in V ir- 
ginia by K yanite Mining Corpor ation and _ the synthetic mul lites 
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produced from kaolin in Georgia are used for traditional refractory 
applications such as bricks, monolithics, and castables, as well as in 
the in vestment casting industry for stuccos and slurry coats. 
Ceramic uses of mullite include kiln furniture, hot-zone and car-top 
decks of tunnel kilns, and rollers for roller kilns. Mullite porcelains 
are used in spark plugs and laboratory-ware applications. 


ECONOMIC FACTORS 
Prices 


Kyanite, free on board (f.0.b.) the plant in Virginia, is $149 to $196/t, 
and calcined kyanite (mullite) is $248 to $295/t on the same basis. 
The price of andalusite, f.o.b. Transvaal, South Africa, ranges up to 
$286/t. Synthetic mullite is $220 to $1,320/t, depending on grade 
and type. 


Reserves 


Cooper (1965) noted that reserves of kyanite-bearing quartzose rock 
containing 10% to 30% kyanite in the United States were reported at 
about 82.5 Mt. Since that time, the only appreciable deductions from 
the 1965 estimate have been Kyanite Mining Corporation’s extrac- 
tions at the Willis Mountain and East Ridge mine sites in Virginia. 
In 1949, a USBM drilling program on Willis Mountain (V irginia) 
indicated that 53.6 Mt of 2 5% kyanite were exploitable by open-pit 
mining (Jones and Eiletsen 1954), and potential reserves were much 
larger. Over the course of the last half century, Kyanite Mining Cor- 
poration’s acti vities at the W illis Mountain site ha ve reduced 
reserves to roughly 47.6 Mt. Reserves of the East Ridge deposit, 
8 km distant, are not included in this f igure. Other deposits in Vir- 
ginia include Woods Mountain in Bucking ham County, as well as 
properties to the south in Prince Edward County. At an annual min- 
ing rate of 329,885 to 412,357 t of ore, the deposits of kyanite in Vir- 
ginia are adequate for ma ny years. At Gra ves Mountain, Geor gia, 
where the deposit is no longer mined, pr evious geologic map ping 
and diamond drilling indicated a reserve of 24.7 Mt of 25% ore. In 
the Van Noy (1970) study of Goat Mountain and Woodrat Mountain, 
near Kamiah, Idaho, hundreds of millions of metric tons of 25% alu- 
minum silicate ore were available for open-cut mining. Remoteness 
from major markets and the di fficulty of beneficiation, ho wever, 
have stalled development. If the schists and gneisses, which contain 
approximately 10% kyanite, are noted as resources in North Amer- 
ica, the resource potential is probably very large and indeed may not 
even be recognized or discovered yet (Potter 1985). 

According to the Minerals Bureau of South Africa, reserves of 
andalusite and sillimanite are 94.9 Mt. Kyanite reserves in Brazil 
are gi ven at about 2.4 Mt. Andalu site occurs in France wher e 
reserves of andalusite content amount to about 2.4 Mt. Sillimanite 
deposits are located in Australia, India, and Russia (Potter 1985). 


GOVERNMENT CONSIDERATION 


Depletion allowance rates of 22% for domestic production of kyan- 
ite were unchanged through 2004. 

From August 23, 1951, through March 4, 1970, the eligibility 
for stockpiling of lots of k yanite ore and concentrates, or of fused 
synthetic mullite, w as de termined according t oc riteriai nthe 
National Sto ckpile Purchase Specification P-27-R (February 29, 
1960, superseding issue of August 23, 1951). The statement listed 
as chemically acceptable three types of k yanite if the y contained 
not less than 59% alumina; not more than 39% silica; and not more 
than specified proportions of iron, titanium, lime, magnesia, alka- 
lies, and tot al fluxes. Chem ical requirements for fused synthetic 
mullite ca lled for al umina wit hin ara nge of 75% to 80%, silica 
20% to 25%, and total impurities not exceeding 1%. Additionally, 


both kyanite and mullite for stockpiling were required to conform 
to a catalog of spec ific physical properties and p yrometric cone 
equivalent ratings. Currently, sales of kyanite-group minerals are 
based on bargaining of the consumer and the seller. Chemical anal- 
yses, physical characteristics, and required service testing are usu- 
ally not available. The stockpile of lump kyanite in September 1990 
was 90.7 t; 783.4 t of nonstrategic-grade material were also retained 
in government stockpiles. As of early 2005, the go vernment had 
sold its stockpile of lump kyanite. 


FUTURE TRENDS 


The overall use of sillimanite group minerals has increased slowly 
but steadily th roughout the w orld o ver the last fe w decades— 
although there w as a marked do wnturn in consumption of these 
minerals during the first few years of the new century. This down- 
turn was primarily caused by overcapacity problems in the world- 
wide steel industry , especially in the United States and Eu rope. 
These problems seem to ha ve dissipated as of late 2003 and early 
2004, resulting from bankruptcies, plant closings, and mergers and 
acquisitions in the United States and Europe combined with a surge 
of economic gro wth in China and other Asian economies that 
stoked global demand for steel just when supply w as being cut. 
This Asian-led economic gro wth has also dri ven up the price for 
almost all raw materials—many of which are partially or wholl y 
competitive with one or more of the sillimanite minerals. For exam- 
ple, the quickly rising price o f zircon and alumina h as led to an 
increased use of mullite as a direct substitute in m any re fractory 
and investment casting applications. 

There are, however, countervailing trends that could suppress 
demand—especially for andalusite. As steel companies continue to 
become more efficient and cost conscious, they are making strides to 
consume fewer pounds of refractory per ton of steel that the y pro- 
duce. In addition, more and more of the world’s steel—especially in 
Europe and the United States—is being produced in electric arc fur- 
naces from scrap m etal. This kind of steelmaking process relies 
more heavily on refractory monolithic instead of refractory bricks. 
Because a large proportion of an dalusite is used in making refrac- 
tory bricks, the future growth prospects for that particular sillimanite 
mineral are difficult to discern. 

Overall, however, demand for sillimanite minerals is likely to 
continue to gro w slowly—but possibly not as steadily as it has in 
the past. A forecast for demand of kyanite, andalusite, sillimanite, 
and synthetic mullite in 2010 may be in the range of 700,000 to 
770,000 t. 
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INTRODUCTION 


Lime, or calcium oxide (CaO), is known as one of the most versa- 
tile chemicals, and its manufacture and use is fundamental to soci- 
ety. Throughout history, civilization w orldwide has relied on th e 
use of lime. Because of the universal and fundamental nature of the 
global lime indu stry, this chapte r focuses on lime prod uction and 
use in the United States as representative. 

A manufactured chemical product resulting from the calci - 
nation of limestone in its various forms, lime’ s major mineral 
component—calcium carbonate (CaCO3)—is dissociated by th e 
application of thermal energy, producing CaO and CO 2. W hen 
water is added, it is commonly known as hydrated lime, or slaked 
lime (Ca(OH)2). Almost 40 different lime products are available, a 
fact that contr ibutes to confus ion and misunderstanding o ver the 
use of the term Jime. Frequently, the word is used erroneously to 
denote almost any kind of calcar eous ma terial, including finely 
ground limestone and/or dolomite. 

Lime is ma de from high calcium, or magnesium (or dolo- 
mitic) limestone and dolomite that has a minimum of 97% total car- 
bonate composition. Norma lly, high ca Icium li me (qui cklime) 
contains less than 5% MgO; the balance is CaO. When lime is pro- 
duced from high-magnesium limes tone (dolomite, CaMg(CO 3)2), 
the product is referred to as dolomitic lime (dolomitic quicklime, or 
refractory dead-b urned dolo mite, CaO*MgO) and contains mor e 
than 35% MgO; t he remaining balance is CaO. Magnesium lime, 
produced from magnesium limestone (also referred to as dolomitic 
limestone), contains between 5% and 35% MgO. Other typical lime 
products include high-calcium h ydrated lime (calcium hydroxide, 
Ca(OH)2), dolomitic h ydrate Type N (Ca(OH)2*Mg0O), and dolo- 
mitic hydrate Type S (Ca(OH)2*Mg(OH),). 


Calcination/Hydration 


The major process in the production of lime, calcination refers to a 
broad class of reactions in which a substance is heated so that a 
chemical or physical change takes place. In the case of the lime- 
stone/lime re action, li mestone i s heate d to less than its melting 
point, resulting in the dissociation of calcium carbonate into calcium 
oxide and carbon dioxide. 

The manufacture of lime probably w as known in prehistoric 
times and certainly was well known in the ancient world. Any basic 
understanding of calcination most likely had its origins in the earli- 
est days of alc hemy; the general reaction class was identified in an 
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Arabic text printed in 1000 AD. It was not until the mid-1700s to the 
mid-1800s, ho wever, that this b_ asic r eaction became understood 
from a scientific perspective. The production of lime is so basic and 
simple that its underlying scientific principles received only inter- 
mittent investigation over the years. Instead, most thinking on the 
subject was directed toward the development of kilns. Onl y in the 
last 40 years or so, as a consequence of kiln studies ( particularly 
those focusing on energy consumption and fuel efficiency), has lime 
received any concentrated scientific investigation relative to thermo- 
dynamics and kinetics of calcination and hydration reactions. 

In the calcination of limestone, the basic chemical reaction is 
as follows: 


CaCO, 
100 


(limestone) + heat _ 
(1,000° to 1,300°C) 


CO, 4 
“44 


CaO 


6 (quicklime) + 


CaCO, 
100 


MgCO, 
84 


(limestone) + heat (900° to 1,200°C) 








CaO , MgO 2CO, 


56 40 





(quicklime) + 


There is nearly universal agreement about equilibrium condi- 
tions related to this limestone/lime reaction, and many different cal- 
cination models were developed for the reaction. The model in 
Figure 1 sho ws that calcination is af unction of both temperature 
and CO pressure. It provides no indication of the rate at which the 
reaction takes place. 

Because calcination reaction starts on the exterior surface of 
limestone particles, then proceeds toward the center, calcination is 
strongly tim e v ariant with dif ferent lim estones. Asc alcination 
progresses, CO 2 is re leased at the limestone/lime (CaCO3/CaO) 
interface and must pass th rough the lime to exit at its e xterior sur- 
face. Because calcination is limited by diffusion of CO2 gas to the 
surface of partially calcined limestone, the following factors all 
play a significant role in rate of calcination: 


¢ Natural impurities in the stone 
¢ Differences in crystallinity 
¢ Grain boundary chemistry 
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while above the curve the reaction proceeds toward calcite. Only on the curve is 


the equilibrium maintained and the reaction does not proceed in either direction. 
Most lime kilns have production bed temperatures of 1,000°C to 1,150°C. 


Source: Thompson 1978. 
Figure 1. Equilibrium graph for CaCO3 <> CaO + COz as a function 
of temperature and COz pressure in atmospheres. 


Table 1. Typical analysis of commercial quicklimes 


High-Calcium Quicklimes Dolomitic Quicklimes 





Component Range, % Range, % 
CaO 93.25-98.00 55.5-57.50 
MgO 0.30-2.50 37.60-40.80 
SiO2 0.20-1.50 0.10-1.50 
Fe2O3 0.10-0.40 0.05-0.40 
Al2O3 0.10-0.40 0.05-0.40 
H2O 0.10-0.90 0.10-0.90 
CO2 0.40-1.50 0.40-1.50 





Source: National Lime Association 1992. 


* The values given in this range do not necessarily represent minima and max- 


ima percentages. 


¢ Density variations 
¢ Imperfections in the crystal lattice 


Therefore, only after c ompleting adequate b urn tests designed to 
evaluate a gi ven limestone is it de termined suit able. In coal-f ired 
kilns, the process of calcination is even more c omplex when addi- 
tional chemical substances are introduced into the calcination envi- 
ronment. The reader is referred to Boynton (1980), Oates (1998), and 
Beach et al. (2000) for more detailed descriptions of the complete 
calcination reaction and the inherent differences among kiln systems. 
COyz is released during calcination of high calcium limestone, 
resulting in a 44% weight loss when the reaction is complete, or a 
48% weight loss for a highly dolomitic limestone. The trade term 
for this weight percent reduction is loss on ignition (LOI) and is 
frequently used to measure the completeness of calcination. 
Because the c alcination re actioni s chemically re versible, 
quicklime or burnt lime is frequ ently referred to as being high ly 
reactive, or unstable. The more stable form of lime, hydrated lime, 
is commonly preferred and specif ied by the con sumer. Hydrated 


lime is obtained by adding water to quicklime to produce a dry, fine 
powder. The affinity of quicklime for moisture is then satisfied, but 
it still retains a strong affinity for CO2. 

Hydration is the combining of calcium oxide with water in a 
reversible reaction to form calcium hydroxide: 


CaO + H20 — Ca(OH)2 


The re action is e xothermic; the accepted v alue for the heat of 
hydration is 15.456 kcal/g mol of CaO. This is actually a three-step 
reaction; the first is the dissociation of CaO into a Cat* ion and O= 
ion: 

CaO > Ca** + OF 


Secondly, the w ater ionizes in to two hydroxyl ions because 
of the strong attraction that the oxygen anion exerts on the water 
molecule: 

H20 + OF > 2(0H)— 


Finally, calcium and h ydroxyl ions combine to form calcium 
hydroxide: 


Ca*+ + 2(OH)- = Ca(OH)> + heat 


Because this reaction is reversible, the hydrated lime may revert to 
the original oxide form when heated. 


Chemical Properties 


The success of calcination is measured by the available CaO con- 
tent of the lime. In the case of dolomitic lime, this is expressed as 
total oxides. Total lime refers to the amount of calcium present in 
lime. Available lime is a measure of the amount of CaO in! ime; 
that is, the amount available to combine with water t o form cal- 
cium hydroxide. It is, in effect, a measure of the purity of the lime. 
Available lime is typically 3% to 5% less than total lime, because 
some calcium is uncalcined and remains as limestone core or has 
combined with other impurities in the kiln to form various oxides. 
Typical chemical analyses of commercial quicklimes are presented 
in Table 1. The purity of the limestone feed is the major factor 
influencing the purity of lime, followed by i ts manufacture. The 
major impurities are silica, iron, alumina, and sulfur. During calci- 
nation these im purities react with some of t he cal cium oxide, 
reducing the available lime by forming a variety of minerals such 
as silicates, aluminates, and ferrites. Consequently, even the purest 
high-calcium limes assay less than 95% in a vailable lime, usually 
several percentage points less than total oxide content. 

Reactivity of quicklime is the measure of the rate at which CaO 
will react with water, or the rate of release of the heat of hydration. 
The heat of h ydration, or slaki ng, is the amount of heat lib erated 
when quicklime reacts with w ater (1,140 kJ/kg of CaO). Impurities 
and un calcined limestone core af fect h ydration by d ecreasing the 
amount of total lime. As an example, sulfur in the form of calcium 
sulfate inhibits hydration out o f all proportion to its actual weight 
percent concentration, perhaps more than 100 times (Boynton 1980). 
If dolomite is present in the stone feed, it also can inhibit h ydration, 
resulting in aslo wer reaction—nearly three orders of magnitude 
slower than that of calcium oxide. Early in the hydration reaction, 
dolomite appears practically inert but, given sufficient time, it will 
hydrate. The heat of reaction is nearly the same as for calcium oxide, 
but the time necessary for complete hydration to occur may be hours. 
Complete hydration of calcium oxide occurs in seconds. Only 2% to 
5% magnesium oxide present in quicklime may render it unsuitable 
for many applications; ho wever, when quic klime is used i n st eel- 
making, MgO is not considered an impurity. 

Quicklime has a high af finity for w ater. After partial h ydra- 
tion, it also has a high affinity for carbon dioxide. The affinity for 
water causes quicklime to air slake, which may reduce its reactivity 
significantly. A reduction in reactivity also occurs when slightly 
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hydrated lime combines with low levels of carbon dioxide to form 
calcium carbonate. 

Fuel such as coal also may c ontribute to the total amount of 
impurities in the lime product. Silica, alumina, iron, and sulfur are 
the main contaminants in this case also, but the finer fraction of 
run-of-kiln tends to have a higher content of these impurities. Trace 
elements such as lead, arsenic, molybden um, and chromium, to 
name a few, may be considered toxic, making quicklime unsuitable 
for some applications (e.g., treatment of drinking water). 

On slaking into a slurry, or milk-of-lime, the saturated solution 
ionizes immediately into Ca**, Mg**t, and OH™ ions, creating one of 
the strongest bases. Even a trace of lime will yield a pH of 11.2 and 
up to nearly pH 13 at saturated solution and low temperature. 

Unlike other strong bases such as NaOH and K OH, Ca(OH)2 
and Mg(OH)2 are diacid bas es. The refore, one molecule of lime 
will neutralize two molecules of acid (sulfuric, hydrochloric, etc.). 
For example, at equal weights, CaO has 30% more neutralizing 
power than caustic sod a (sodium hydroxide). Dolomitic quicklime 
has 16% greater neutralizing po wer than pure C aO because of its 
MgO content. 

Major impurities in hydrated lime include calcium carbonate, 
calcium oxide, and magnesium oxide. Silica, alumina, iron oxi de, 
and calcium sulfate (CaSO,) are minor impurities that can influence 
the intended use of hydrated lime. High levels of toxic trace elements 
(such as lead, antimon y, arsenic, cadmium, and chromium, to men- 
tion a few) can pre vent the use of hydrated lime in specific applica- 
tions (e.g., potable water treatment, foodstuffs, and pharmaceuticals). 

The reader is referred to works by Boynton (1980) and Oates 
(1998) fore xcellent discu ssions on the chemical properties of 
quicklime and hydrated quicklime. 


Physical Properties 


Important physical properties of lime are listed in Table 2. Lime is 
typically white with v arying intensities of brightness, although, 
depending on the presence of p articular impurities, it may ha ve a 
light cream, buff, or gray cast. Lime has either no odor or a slightly 
earthy odor. Although its te xture is earthy, appearing amorphous, 
lime is ac tually microcrystalline. Both calcium oxide and m agne- 
sium oxide have cubic crystal structures. 

Porosity of commercial quicklime is dependent, in part, on the 
original porosity of the limestone and on the decomposition process 
inthe kiln. T he se verity of calcination (ti me a nd t emperature) 
affects both the porosity and chem ical re activity of lime. When 
lime is soft-burned (lightly sintered and calcined at relatively low 
temperatures, 900° to 1,200°C), very little or no shrinkage occurs, 
and a porous, softer, very reactive lime is produced. Lightly burned 
lime can have porosities up to 55% by volume. 

When lime is hard-burned (sintered at relatively high temper- 
atures, 1,300° to 1,600°C and overburned), a denser (porosities typ- 
ically belo w 25%), ph ysically str onger, less reacti ve lime is th e 
result. In eit her case, the lime will rea dily hydrate in w ater, 
although the rapidity of hydration is much greater with soft-burned 
lime than with hard-burned lime. Boynton (1980) and Oates (1998) 
present excellent discussions of the physical properties of both soft- 
and hard-burned lime. 

In either case, the heat of hydration is appreciable: 1,134 kJ/kg 
and 886 kJ/kg of quicklime for high calcium and dolomitic types, 
respectively. This strong exothermic reaction will boil w ater easily 
and, under certain hydration cond itions, temp eratures of 290 ° to 
315°C have been reached, causing dehydration of the freshly slaked 
lime. Quicklime can be so reactive that it will explode on c ontact 
with water. Associated with the reaction of quicklime with water is a 
corresponding increase of 2.5 times its original volume. 
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Table 2. Properties of typical commercial lime products 
Quicklimes 

High Calcium Dolomitic 
Primary constituents CaO CaO and MgO 
Specific gravity 3.2-3.4 3.2-3.4 
Bulk density (pebble lime), g/cm? 0.88-0.95 0.88-0.96 
Specific heat at 38°C, ki/kg 0.4 0.94 
Angle of repose” 55° 55° 

Hydrates 

High Calcium Dolomitic 
Primary constituents Ca(OH) Ca(OH)2 + MgO 
Specific gravity 2.3-2.4 2.7-2.9 
Bulk density, g/cm? 0.4-0.56T 0.4-0.56 
Specific heat at 38°C, ki/kg 0.62 0.62 
Angle of repose” 70° 70° 





Adapted from National Lime Association 1999. 

* The angle of repose for both types of lime (hydrate in particular) varies con- 
siderably with mesh, moisture content, degree of aeration, and physical 
characteristics of the lime (e.g., for quicklime it generally varies from 10° to 
13°C and for hydrated lime it may range as much as 2° to 26°C). 

t In some instances, these values may be extended. The Scott method is used 
for determining the density values. In calculating bin volumes, the lower fig- 
ure should be used. 


Although limestone is almost totally insoluble, lime is slightly 
soluble in water in the range of 0. 54 to 1.4 mg/L, depending on the 
temperature. As water temperature rises, the solubility of lime dimin- 
ishes. The addition of sugar wi Il increase these solubility values by 
many times. 

The reader is referred to works by Boynton (1980) and Oates 
(1998) for excellent discussions on the physical properties of quick- 
lime and hydrated quicklime. 


HISTORY 


Lime is one of the oldest chemicals known to humans. It was prob- 
ably discovered in prehistoric times when | imestone, which was 
used in the construction of fireplaces and hearths, broke down into 
its molecular constituents. Air slaking or hydration by rainwater 
produced a simple type of putty that prehistoric humans put to use 
principally as a binding agent. 

Evidence from eastern Turkey revealed that lime mortar was 
used in terrazzo floors at an archaeological site dated from 7,000 to 
14,000 years before the present (BP). Firm evidence exists for the 
early use of lime from 8,000 years BP in the Near East, as well as in 
the Balkans where lime mortar was used in the construction of a 
floor; the mortar was a combination of lime, sand, clay, and water. 
The ancient Egyptians used lime for plaster in the construction of 
the pyramids, while the Chinese added lime to mortar for the Great 
Wall; 5,000 years ago in Tibet, lime served to stabilize soil. Other 
ancient civilizations that used lime for various applications include 
the Greeks, Romans, Incans, Mexicans, and Mogul Indians. Several 
ancient te xts mentio n the production and use of lime (e.g., the 
Bible, and the writings of Cato the Elder and Pliny the Elder). 

A lime kiln was excavated in Mesopotamia and dated at 
about 2450 BC. Many ancient lime kilns are known from Roman 
archaeological sites, including army le gion encampments 
throughout Europe. The R omans were probably the most in ven- 
tive in the production and use of lime. They developed the tech- 
nology of lime b urning an de xperimented with an df urther 
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developed the use of hydraulic lime, pozzolanic lime cements, 
lime mortars, and concr ete. The for mula for hydraulic lime 
cement was losti ntime but redisc overed in 1756 when John 
Smeaton, a British engineer, patented it. 

Lime was employed in the ancient world in a v ariety of pro- 
cesses including bleaching fabric, tanning hides, agricultural soil 
amending, glassmaking, painting (whitewashing), andin making 
putties and glues when combined with certain organic or inorganic 
substances. Aboriginal people as well as ancient Roman physicians 
used lime in different medical treatments. Well into the 20th ce n- 
tury, lime was used most extensively in the building trades as the 
major constituent in mortars, plasters, and cements. 

Little is known about lime chemical processes and technology 
during the Middle Ages, although alchemists began to w onder 
about and to study the pheno menon of calcination. An Arabic text 
printed in 1000 AD identified and addressed the general typ e of 
reaction responsible for calcination. Lime was widely produced and 
used during medie val times, however, and that kno wledge is 
reflected in the writings of the day. 

From 1750 to 175 2, Joseph Black, M.D., stud ied and first 
described the calcination reaction of “magnesia alba,’ which conse- 
quently led to the discovery of carbon dioxide. In 1766, De Rame- 
court published a tr eatise onthe art ofthe lime b urner, which 
detailed the design, operation, and economics of limestone quarry- 
ing and lime burning. Man y tr eatises and bo oks were written 
throughout the 19th centu ry and into the early 20th century on the 
subject of lime production by, for example, Searle (1935), Vicat 
(1995), and Cowper (1998). 

Up to the 20th century, lime kiln design was relatively simple. 
The easiest method of production was to dig a shallow pit, fill it with 
firewood and limestone, an d set it ablaze. Lime pr oduced in this 
manner most often was used locally for construction and agricultural 
purposes. Since anc ient time s, kilns were ei ther a bee hive 0 ven 
design or a simple vertical shaft kiln. The former also w as used for 
charcoal and coke production, while the latter produced lime in rela- 
tive abundance, mostly for the building trades. Limestone was quar- 
ried from a local deposit, and softball-size stone w as placed in the 
shaft wit h alternating layers of f irewood. The fuel and lime stone 
burned for several days. When the fire stopped and the kiln cooled to 
an appropriate temperature, the lime was removed out of the shaft 
from the draft tunnel at the bottom of the kiln. The product was then 
shipped in bask ets or barrels to the work site. Some kiln designs 
allowed the continual addition of fuel and sto ne at the top of the 
shaft; the mixture burned in the shaft below, and the lime was drawn 
out at the bott om. Today, the manufacture of lime is more compli- 
cated and is explained in the next section. 


PRODUCTION AND TRADE; RESOURCES AND RESERVES 
U.S. Production 

In 2003, the U.S. Geolo gical Survey (USGS) reported that th e 
United States produced 19.2 Mt of lime, an incr ease of 1.3 Mt (a 
7.2% increase) compared with 2002 (Table 3). The value of lime 
sold or used w as $1.24 billion (Miller 2003). Prod uction figures 
represent the total lime sold or used by domestic producers, includ- 
ing t he com mercial sa le or captive consumption of quicklime, 
hydrated lime, and dead-burned refractory dolomite. 

In 2003, 76 plants in the United States produced high-calcium 
quicklime, and 23 plants produced dolomitic qui cklime. High- 
calcium hydrated lime was produced at 40 facilities, and dolomitic 
hydrated lime w as pr oduced at 7 facilities; most h ydrators ar e 
located at lime plants and usually do not occur as stand-alone facil- 
ities. Ninety-six plants in 32 states and Puerto Rico made some type 
of lime product in 2003 (T able 4). Principal lime-producing states 
in 2003, in descendin g order of production, were Missouri, Ala- 


bama, Kentucky, Ohio, Texas, and Pennsylvania. The top 10 com- 
panies, in descending order of pr oduction, were Carmeuse Lime, 
Chemical Li me Co., Graymont Ltd., Mi ssissippi L ime, Global 
Stone Corp., Martin Marietta Magnesia Specialties LLC, U.S. Lime 
& Minerals, Western Lime Corp., Southern Lime Co., and Ispat 
Inland Inc. These companies operated 43 lime plants (less than half 
the total number) and eigh t separate hydrating plants, accounting 
for 87% of t he com bined comm ercial sa les of quicklime and 
hydrated lime and nearly 83% of total lime production. 


U.S. Imports and Exports 


The United States e xports and imports quicklime, h ydrated lime, 
hydraulic lime, and dolom itic lime. In 20 03, the USGS reported 
that the U.S. exported 97,800 t (107,806 st) of lime valued at $13.7 
million; about 94% went to the United States’ nearest neighbors, 
Canada (about 88 %) and Me xico (6%); about 4% w as exported to 
Germany; and the remaining 2% went to v arious other countries. 
The United States imported 202,000 t of lime (223,000 st) valued at 
$22.5 million in 2003, with 63% from Canada, 36% from Mexico, 
and the remaining 1% from various countries (Miller 2003). 

Because of its high p lace value and low-to-moderate unit 
value, most lime consumed in the United States is ma nufactured 
within its boundaries. Because most e xports and imports (more 
than 94%) are traded with Canada and Mexico, U.S. export/import 
statistics also reflect this. 


World Production 


In 2003, 120 Mt of lime were produced ona w __ orldwide basis 
(Miller 2003). In 1990, the Soviet Union had b een the largest pro- 
ducer of lime, a position it held for many years. Its collapse, ho w- 
ever, in 1991 changed the productio n statistics since each of the 
new republics in the Commonwealth of Independent States (CIS) 
report their own respective production figures. Only in 1998 did the 
USGS be gin to list the pr oduction figures of CIS co untries sepa- 
rately, and not all were accounted for. Traditionally, lime usage in 
the Eastern Bloc nations, including the former Soviet Union, w as 
focused on steel production. 

European production also is largely dedicated to steel produc- 
tion and generally is consumed within the European trading com- 
munity. Within the European steel industr y, there has been a move 
toward greater use of dolomitic lime as well as an increased use of 
powdered lime rather than pebble lime. Powdered lime is used in 
synthetic slag and ladle furnaces during secondary steelmaking. 

Table 5 lists the production figures from v arious countries. 
Variations in quality and typ es of lime, production technologies, 
and industries manufacturing lime, plus the frequent confusion with 
limestone data, make accurate reporting of world lime information 
extremely difficult and certainly incomplete (Miller 2003). Except 
from a few industrialized nations, accurate lime data are difficult to 
obtain. 

The largest producer of lime products is China, followed by 
the United States. The steel industry is the largest user of lime in 
the industrialized nations. Consequently, the large lime producers 
in Table 5 also produce large quantities of steel and reduced iron. 
These countries are Brazil, China, Germany, Japan, Russia, and the 
United States. Mexico also is a relatively large producer of lime, 
the vast ma jority of its produc tion consumed in stee Imaking. In 
developing countries, substantial amounts of lime con tinue to be 
used in the b uilding trades and agricultural applications, such as 
soil amendments. 


World Limestone Resources 


About 20% of the earth’s sedimentary cr ust is formed by lime- 
stone, which is distributed widely throughout the world and exists 
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Table 3. Salient lime statistics,” in kft unless otherwise specified 
1999 2000 2001 2002 2003 
United States* 
Number of plants§ 107 106 103 99 96 
Sold or used by producers 
Quicklime 
High-calcium 14,100 14,300 13,600 13,400 13,900 
Dolomitic 3,000 3,000 2,580 2,420 2,460 
Total 17,100 17,300 16,200 15,800 16,400 
Hydrated lime 
High-calcium 2,010 1,550 2,030 1,500 2,140 
Dolomitic 298 A421 447 A431 464 
Total 2,310 1,970 2,470 1,930 2,610 
Dead-burned dolomite** 300 200 200 200 200 
Grand total 19,700 19,500 18,900 17,900 19,200 
Total value, tt thousand $ 1,190,000 1,180,000 1,160,000 1,120,000 1,240,000 
Average value, $/t 60.40 60.60 61.30 62.60 64.90 
Total lime sold 17,400 17,500 17,000 16,500 17,700 
Total lime used 2,310 2,020 1,840 1,340 1,460 
Exports#+ 
Quantity 59 73 96 106 98 
Value, thousand $ 8,270 9,960 11,900 13,100 13,700 
Imports for consumption#t 
Quantity 140 113 115 157 202 
Value, thousand $ 15,700 13,500 15,100 19,700 22,500 
Consumption, apparent 88 19,700 19,600 18,900 17,900 19,300 
World, production 116,000 118,000 119,000°** 118,000*** 120,000TTT 





Source: Miller 2003. 


* Data are rounded to no more than three significant digits and may not add to totals shown. 


t To convert metric tons to short tons, multiply metric tons by 1.102. 
+ Excludes regenerated lime; includes Puerto Rico. 
§ Includes producer-owned hydrating plants not located at lime plants. 


** Data are rounded to no more than one significant digit to protect company proprietary data. 


tt Selling value, free on board (f.0.b.) plant, excluding cost of containers. 
££ Source: U.S. Census Bureau. 

§§ Defined as sold or used plus imports minus exports. 

** *Revised. 


tttEstimated. 


in relative abundance on every continent. In virtually every country 
in the world, limestone resources are produced ona _ large scale 
(Harben 2002). Many limestones are remarkably pure and contain 
less than 5% noncarbonate impurities, so that even when employ- 
ing primitive methods of calcination, it is possible to manufacture 
relatively high-purity lime products. The USGS reports that world- 
wide resources of limestone and dolomite are adequate for the pro- 
duction of lime (Miller 2003). 


GEOLOGY 

Mineralogy 

The principal mineral constituent of limestone is calcite (CaCO3), 
but it may also contain the minerals dolomite (CaMg(CO3)2), ara- 
gonite (CaCO3), siderite (FeCO3), ankerite (CayMgFe(CO3)4), and 
magnesite (Mg CO3). Calcite and dolomite are inthe hexagonal 
crystal system and have perfect rhombohedral clea vage; aragonite 
is in the orthorhombic crystal sy stem. Calcite and aragonite can be 
distinguished from dolomite b y their immediate ef fervescence in 
cold, dilute h ydrochloric acid. C alcite and aragon ite have a hard- 
ness of 3 on the Mohs scale, while dolomite is slightly harder at 3.5 
to 4.0. Unless the limestone under examination is nearly monomin- 


erallic, the distinction between calcitic and dol omitic lim estones 
may be difficult in hand samples. Most limestones are mixtures of 
the previously mentioned minerals. High-calcium lime is produced 
from limestone with >95% CaCO3, and high magnesium dolomitic 
lime is produced from dolomite with 40% to 46% MgCO 3; how- 
ever, a wide range of dolomitic lime products are manufactured 
with varying amounts of MgCO3. 


Geology of Limestone 


Limestone is the ra w material from which lime is manufactured. In 
its broadest definition, limestone is any rock rich in CaCO3. Other 
cations (e.g., magnesi um and ferr ous iron) occurring in limestone 
may change the carbonate mineralogy of limestone as well as its 
physical charac teristics, such as_ color, brightness, specific gr avity, 
hardness, and tenacity. Limestone also is classified further by texture, 
origin, fabric, structure, and geology. Almost all limestone was bio- 
genic during one phase of its formation and was de posited in every 
geologic ti me peri od. Chemi cally pre cipitated | imestone de posits 
usually are small, with the exception of some travertine deposits. 
Limestones generally were deposited under marine conditions 
in relatively shal low nea r-shore en vironments; less co mmon are 
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Table 4. Lime sold or used by producers in the United States, by state’ t 


























Hydrated, Quicklime,” Total, Value, 

State(s) Plants* kts kt ki thousand $ 
Alabama 5 100 1,940 2,040 127,000 
Arizona, Colorado, Idaho, Montana, Nevada, New Mexico, Utah, Wyoming 20 303 1,990 2,300 147,000 
California, Oregon, Washington 8 55 233 288 29,1001T 
Illinois, Indiana, Missouri 9 312 3,420 3,7301T 221,000 
lowa, Nebraska, South Dakota 3 wit WwW 2931T 17,800 
Kentucky, Tennessee, West Virginia 5 100 2,170 2,270 131,000 
Ohio 8 122 1,510 1,630 98,100 
Pennsylvania 6 192 1,030 1,230 87,600 
Texas 5 289 1,240 1,530 98,A00ttT 
Wisconsin 4 159 444 603 35,600 
Other8§ 26 302 1,980 1,990 126,000 

Total “99 1,930 16,000 17,900 1,120,000 
Alabama 5 151 2,140 2,290 151,000 
Arizona, Colorado, Idaho, Montana, Nevada, New Mexico, Utah, Wyoming 19 304 2,300 2,600 167,000 
California, Oregon, Washington 8 61 240 301 29,300 
Illinois, Indiana, Missouri 8 462 3,250 3,710 236,000 
lowa, Nebraska, South Dakota 3 WwW Ww 363 24,600 
Kentucky, Tennessee, West Virginia 5 118 2,400 2,520 148,000 
Ohio 8 127 1,760 1,880 114,000 
Pennsylvania 6 184 1,000 1,190 90,100 
Texas 5 638 989 1,630 110,000 
Wisconsin 4 169 589 757 46,000 
Other8§ 25 394 1,910 1,940 128,000 

Total “96 2,610 16,600 19,200 1,240,000 





Source: Miller 2003. 


* Excludes regenerated lime. 


t Data are rounded to no more than three significant digits; may not add to totals shown. 


t Includes producer-owned hydrating plants not located at lime plants. 
§ To convert metric tons to short tons, multiply metric tons by 1.102. 
** Includes dead-burned dolomite. 


Tt Revised. 


tt W = Withheld to avoid disclosing company proprietary data; included with “Other.” 
§§ Includes Arkansas, Georgia, Louisiana, Massachusetts, Michigan, Minnesota, North Dakota, Oklahoma, Puerto Rico, Virginia, and data indicated by the 


symbol “W." 


deeper water marine deposits and freshw ater lacustrine deposits. 
Deposits of limestone typically occ ur in layers or beds ranging 
from laminae (fractions of a millimeter in scale) to massive bedding 
(meters in scale). Al though limestones usuall y occur as sed imen- 
tary rocks, marbles form when carbonate rocks are metamorphosed 
under intense heat and/or pressure, resulting in a c oarsely crystal- 
line, foliated, and monominerallic rock. For further reading, Oates 
(1998) presents acompreh ensive discussion on the geology of 
limestone. 

In the United States, high-purity limestone and dolomite ar e 
located mainly in the eastern and central parts of the country; how- 
ever, their entire distribution is not well known. They represent only 
a small fraction of the total limestone and may occur in restricted 
areas. Much of th e high-calcium limestone and high-purity dolo- 
mite occur in formations that are widespread and in minable thick- 
nesses, and contain resources that are relatively large and ar e 
adequate for the manu facture of lime for the ne xt several hundred 
years (Hubbard and Ericksen 1973). 


Because limestone is so wide spread in time and space, large 
high-grade deposits are relatively ubiquitous. It is because of this 
that limestone reserves are considered adequate for the manufacture 
of lime on a worldwide basis. 


TECHNOLOGY 


Exploration Techniques 
Reconnaissance Geology 


Exploration for high-calcium limestone and dolom itic rock be gins 
with a thorough review of geological survey publications, including 
geological maps. M ost government geol ogical surveys, whether at 
federal or state (or provincial) levels, have inventoried the limestone 
deposits wi thin th eir jurisdictions. This inform ation will help the 

geologist plan a f ield exploration program that be gins with r econ- 
naissance sampling and mapping. If the re connaissance includes a 
preexisting quarry, channel sampling of the quarry w all is the most 
representative collec ting technique. Chip intervals are sam ples the 
geologist collects along the ledges of limestone outcrop(s), vertically 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Table 5. World production of quicklime and hydrated lime, including dead-burned dolomite, by country’ t and by year, kt 


Lime 





567 





Countryt 1999 2000 2001 2002 2003 
Australia8 1,500 1,500 1,500 1,500 1,500 
Austria8 2,000 2,000 2,000 2,000 2,000 
Belgium$§ 1,750 1,750 1,750 1,750 1,750 
Brazil 6,137 6,273 6,300 6,500**8 6,500 
Bulgaria 1,068 1,388 2,025** 2,000**8 2,000 
Canada 2,565 2,525 2,213" 2,237** 2,200 
Chile8 1,000 1,000 1,000 1,000 1,000 
China 21,500 21,500 22,000 22,500 23,000 
Colombia 1,300 1,300 1,300 1,300 1,300 
Czech Republic 1,142 1,202 1,300**8 1,120**8 1,200 
France 2,500 2,500 2,400 2,500 2,500 
Germany8 6,440 6,8501T 7,000 7,000 7,000 
lran8 2,138tT 2,200 2,000 2,200** 2,200 
ltaly$## 3,500 3,500 3,500 3,000 3,000 
Japan, quicklime only 7,594 8,106 7 586°" 7,420°*8 7,500 
Mexico8 6,500 6,500 6,500 6,500 6,500 
Poland 2,299 2,376 2,049** 1,960** 1,900 
Romania 1,623 1,480 1,790** 1,829** 1,800 
Russia 7,000 8,000 8,000 8,000 8,000 
South Africa, burnt lime sales 1,920** 1,391 1,615 1,598** 1,600 
Spain8 1,500 1,500 1,500 1,500 1,500 
Turkey88 975 914 855**8 850**8 900 
United Kingdom$ 2,500 2,500 2,500 2,000 2,000 
United States, including Puerto Rico 19,700 19,500 18,900 17,900 19,200tt 
Vietnam 1,026 1,156** 1,180** 1,200**8 1,200 
Other8 9,020°** 9,460°** 10,600** 11,000** 11,000 
Total “116,000 “118,000 “119,000** “118,000** “120,000 





Source: Miller 2003. 


* World totals, U.S. data, and estimated data are rounded to no more than three significant digits and may not add to totals shown. 


t Table includes data available through April 6, 2004. 


t In addition to the countries listed, Argentina, Iraq, Pakistan, Syria, and several other nations produce lime, but output data are not reported. Thus, available 


general information is inadequate to formulate reliable estimates of output levels. 
§ Estimated. 
** Revised. 
tt Reported figure. 
tt Includes hydrated lime. 


§§ Lime produced for steel production; figure does not include the widespread artisanal production of lime for whitewash and sanitation purposes. 


or perpendicular to bedding. Care should be tak en to flake or chop 
off any weathered rock surface, ensuring as fresh a sample as possi- 
ble; all mud, or ganic mate rial (e .g., lichens), or soil al so must be 
removed. It is important to construct a geologic map of the prospect, 
if only inarudimentary manner, and to accurately plot the sampl e 
sites. These samples are sent to the laboratory for assay, and if they 
indicate high-grade limestone that is adequate for lime manufacture, 
a drilling program is planned next. 


Drilling 

Diamond core drilling gi ves the most representative picture of the 
limestone deposit. Many geologists plan a core-drilling program on 
a widely spaced grid to deter mine the size and bound aries of the 
limestone deposit. Attitude of bedding also influences the sp acing 
and location of drill holes, as well as the direction or angle of the 
drill hole. This first phase of drilling will provide a skeletal frame- 
work to plan additional drilling with more tightly spaced drill holes, 
perhaps with rotary drilling, which is faster and less expensive. In 
either case, the geologist must accurately log the core or drill cut- 
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tings (along with the driller’s logs) to interpret the down-hole geol- 
ogy. Accurate logging is necessar y to correlate the geochemical 
assays with the subsurface geology. 

Samples for geochemical testing are obtained by splitting the 
core, carefully maintaining sample integrity by washing off any for- 
eign materials such as drill ing mud, and by including the entire 
length of core per sample interval. In North America, typical sam- 
ple intervals for both core and drill cuttings from rotary drilling is 
5 ft (1.52 m), b ut geologic considerations and drilling conditions 
may dictate the sample interval. In rotary drilling, it is important to 
maintain borehole integrity so that rock from above does not con- 
taminate the sample cuttings downhole. 


Geophysical Methods 


Geophysical methods are varied and are used on a case-by-case 
basis; they usually are employed to locate and interpret geologic 
features. These methods range from simple aerial photography to 
gravity and radiomet ric surv eys. The author , for e xample, has 
used aeromagnetic surveys to locate and define the boundaries of 
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high-calcium limestone deposits in heavily forested metavolcanic 
terranes. Most geophysical methods, however, are used to deter- 
mine the nature and amount of overburden associated with a lime- 
stone deposit. 


Evaluation of Limestone Deposits 
Grade 


The grade of the rock is the most critical part in evaluating a high- 
purity limestone deposit. Whatever the limits, this grade must be 
consistent throughout the deposit. For example, high-calcium lime- 
stone should have 95% or greater CaCO3, with less than 5% impuri- 
ties (MgCO3, SiO2, Al2O3, and Fe203). Variations in chemistry must 
be plotted and mapped to plan future e xploration drilling and/or 
mine planning. Silica and alumina (as clays), along with iron pyrite 
and/or iron oxide finely disseminated throughout the stone and act- 
ing as fluxing agents, may increase sintering during calcination. 


Decrepitation 


Physical characteristics of li mestone pl ay an import ant role in 
evaluating a deposit. T hey det ermine how t hel imestone will 
behave during calcination and may determine the type of kiln in 
which to invest. A bulk sample (usually tens or hundreds of tons) 
test burned in a full-scale operation is the most desirable method; 
however, small pilo t kilns for testing p urposes also may give a 
close approximation. The latter is less expensive, involves smaller 
sample sizes, creates less environmental disturbance at the b ulk 
sample site, and involves fewer personnel. Alternate testing meth- 
ods consist of burning small quantities in a laboratory muffle fur- 
nace and evaluating the integrity of the lime product by some type 
of physical impact or buffeting. One laboratory refers to the “3-ft 
concrete” and “5-ft concrete” tests where a lime pebble of pre- 
scribed diameter is dropped from 3- and 5-ft heights, respectively, 
onto a concrete floor. The broken shards of lime are counted and 
recorded—the more desirable stone having fewer shards. Another 
test consists of rotating lime pebbles in a drum and measuring the 
size fractions of broken lime pebbles. These tests are rather quali- 
tative and so mewhat subjective because the y depend on operator 
experience; however, over time and by testing large amounts of 
different limestones, an empirical and comparative database can be 
developed. 

Certain physical characteristics in limest ones may indicate a 
general disp osition to ward decrep itation during calcination; ho w- 
ever, not all stones with these characteristics will decrepitate. Lime- 
stones that display the following attributes or conditions, alone or in 
combination, are prone to d ecrepitation: coarse crystallinity; fria- 
bility; foliation (as in marble); excessive calcite veining; microfrac- 
turing; highly porous; and thinly bedded. 


Infrastructure 


Because of the cost of transporta tion, the value of most ind ustrial 
minerals is dependent on their location. Lime has both h igh place 
value and relatively low unit price; therefore, proximity of lime- 
stone resources to railroads and highway systems is significant. The 
availability of electrical power, water, and natural gas pipeline (as a 
fuel source option) also is essential. 

Of additional consequence is the disposition of the land where 
the deposit is located in terms of ownership, nearest neighbor (s), 
and zoning la ws and/or regulations. In places where the govern- 
ment owns the resources or the land, there are usually incentives for 
mineral development with some restrictions and fees. For example, 
in the western United States, much of the land is administered by 
the U.S. Bureau of Land Management or the U.S. Forest Service. A 
prospector needs to stake acl aim and pay administrative fees for 


recordation, usually on both federal and local levels. On land that is 
owned pri vately, the resour ces and/or land mu_ st be obtained 
through contractual ag reement or outright purchase (e.g., in the 
eastern United States where most land is held in fee). 

Because residents in rural areas tend to be scattered over large 
distances, a lime operation would not impose on them as much as in 
towns or suburban developments, where homes would be closer to 
the operation. In the case of the latter, provisions typically are made 
to mitigate the effects of quarry blasting, dust and emission s, and 
visual impacts. It is equ ally important to consult with the nearest 
neighbors about their attitudes toward mine development and plant 
operation. In cases concern ing a boriginal people, the developer 
needs to address their cultural concerns. [n areas where zoning 
ordinances mandate land use and mitigation of industrial impacts to 
the neighborhood, it is still a good practice to meet with neighbors 
and discuss the scope of the planned operation. 

Mining 

Details of stone preparation, which comprises surface quarrying or 
underground mining, crushing, and sc reening to pro duce kiln-size 
stone, are covered in the Limestone and Dolo mite chapter of this 

book. 

Open-pit methods with bench drilling and blasting are the pre- 
ferred mining practices; however, if the resource is scarce and is of 
sufficiently high grade, underground mining may be economical. 

The maj or concern in quarrying limestone for kiln feed, 
though, is the effort to maintain grade control. Standard quality-con- 
trol practice in a high-calcium limestone quarry consists of chemical 
analyses of each blast hole to ensure product standards. In quarries 
where the beds are uniform in attitude (strike and dip and thickness) 
and grade, thisis routine. In lim estone deposits witha variable 
chemical profile, or whose sedimentary bedding is tilte d or folded, 
the assay re sults from quarry blast holes must be carefully scruti- 
nized. It may be necessary to stockp ile stone of different grades for 
the purpose of blending so that the kiln feed is a uniform grade. 

Faulting and/or fracturing (jointing) may concentrate deleteri- 
ous materials such as silica, alumina, and ir on compound s that 
blast-hole sampling may fail to detect. Therefore, it is necessary for 
the geologist or quarry manager to examine the quarry walls and 
conditions so that these potenti ally har mful materials can be 
avoided. 


LIME MANUFACTURE 


Production of lime typically in volves three main processes: stone 
preparation, calcination, and h ydration, although hydration is not 
necessary for several lime uses. The simplified flow diagram (Fig- 
ure 2) outlines the various production steps. Details of stone prepa- 
ration, which comprise surface quarrying or underground mining, 
crushing, and screening to produc e kiln-size stone, are co vered in 
the Limestone and Dolomite chapter. Because lime must meet cer- 
tain chemical specif ications, the v arious steps in stone production 
are controlled carefully to pre vent con tamination with i mpurities 
associated with the limestone deposit, particularly silica, alumina, 
and iron oxide. Sulfur and magne sium are other impurities with 
which s ome cus tomers are conc erned. Accordin gly, man y lime 
operations practice selective quarrying methods and also may wash 
limestone kiln feed. 


Calcining 


Although limestone calcin ing (or b urning) is a relati vely simple 
operation chemically, a wide variety of kiln systems are used today. 
These include vertical, rotary, rotary with preheaters, and multiple- 
shaft regenerative. This variety of production methods is in striking 
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contrast to the portland cement industry, which almost e xclusively 
utilizes rotary kilns with preheaters. 

The most imp ortant factors in se lecting a lime kiln are the 
burning characteristics of the stone, fuel consumption, and capital 
equipment costs. Other factors are market requirements, fuel avail- 
ability, and air quality regulations. The v arious calcining systems 
and their relative advantages and disadvantages are described in the 
next section. 


Types of Lime Kilns 
Vertical Kilns 


Vertical kilns (also known as vertical shaft kilns or shaft kilns) tradi- 
tionally have burned only larger stone, 75 to 300 mm, with a size 
range of approximately 1:2. Newer designs, however, can manage 
stone sizes as small as 20 mm and a wider size range up to 1:4. Rel- 
ative lower fuel consumption is a major advantage of shaft kilns, 
which normally require less than 5.2 kJ/t of lime produced. This has 
been improved with ne wer designs, which operate as low as 3.3 to 
3.9 kJ/t of lime produced. The use of oil, natural gas, or coke for fuel 
is one disadvantage of traditional vertical kilns in the energy envi- 
ronment of today; however, progress in burner technology has made 
it possible to utilize pulverized coal in modern shaft kilns. 

Vertical kilns may be built of stone masonry, reinforced con- 
crete, or boiler plate constructio n. The most wide ly used kiln has a 
refractory-lined steel shell and is usua lly circular in cross se ction. 
These may be 2.7 to7.3 min diameter and 15 to 48.5 m high. 
Capacities vary from as low as 8.2 tpd to in excess of 576 tpd, with 
the newer generation of kilns producing the higher range of tonnage. 

Among the newer vertical kilns are t he center burner, gas- 
fired (Azbe, Union Carbide), oil-fired annular (Catagas, Becken- 
back), and the Beckenback double-incline (Cascade). Also, several 
multiple-shaft parallel-flow regenerative kilns are now operated in 
the United States. 

Older-style vertical shaft kilns are used by sug ar com panies 
processing sugar beets. These kilns tend to be lower in volume, less 
than 227 tpd, and are captive to their respective sugar plants. 


Multiple Shaft Kilns 


Although multiple shaft kilns (MSKs) were developed to b umn 
small stone with sizes of 20 mm to 120 mm, the newer technologies 
allow burning with sizes smaller than 20 mm. They utilize the par- 
allel-flow calcining principle in double and triple shaft units. Shafts 
are int erconnected in the burning zone, and, while one shaft is 
being fired, the other is preheated (Figure 3). Fuel and combustion 
air are supplied to the burning shaft from above and ignited at the 
upper end of the burning zone; the lime is then calcined in uniflow. 
Next, exhaust gases pass into the second shaft, preheating the stone 
in counterf low. After a 10 - to 15-min interv al, the shaft f iring is 
reversed, and cooling air is blown into both shafts simu Itaneously. 
Because of this novel heat regenerative system, fuel consumption in 
MSKs is 3.5 to 4.0 kJ/t of lime produced. MSKs v ary in capacity 
from 81.6 tpd up to 907 tpd. Although MSKs normally are fired 
with natural gas or oil, recent advances in burner technology have 
made it possible to fire the kiln with pulverized coal. Kilns of this 
type have had a favorable response from the ind ustry on a w orld- 
wide basis, and several are producing lime in the United States. 


Annular Shaft Kilns 


The burning process in annular shaft k ilns is based on co unterflow 
for pre heating and ca Icining, and uniflow for re sidual c alcination. 
Partitions provided by an inner cylinder and by staggered bridges in 
the burning zone permit even distribution of heat and uniform down- 
ward flow of material through the kiln. Stone as small as 25 x 75 mm 
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Figure 2. Simplified flow sheet for lime and limestone products 


can be calcined to produce a soft burned lime (i.e., higher reactivity 
lime versus hard-burned lime) using either oil or natural gas for fuel. 
Capacities vary from 81.6 to 245 tpd with fuel consumpt ion under 
6.2 kJ/t. 


Rotary Kiln 


Unlike vertical kilns, which opera te fully charged, the rotary kiln 
has about 90% of its volume filled with flame and hot g ases. The 
kiln slowly rotates, exposing new surfaces of stone to the hot gases, 
but there is little flow of gases through the solids. Hence, radiation 
interchange among gas, solids, and the refractory wall is an impor- 
tant part of the overall heat-transfer mechanism. Rotary kilns are 
less efficient than shaft kilns because a relatively small area of the 
solids is e xposed in a rotary kiln ; they recover less heat fr om the 
exit gases of the kiln; and the radiant heat loss from t he shel] is 
much higher. Although the rotary kiln has the advantage of burning 
stone from 6.5 to 57 mm, the size ratio generally is 1:3 in order to 
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Source: Beach et al. 2000. 
Figure 3. Multiple-shaft parallel-flow regenerative kiln 


minimize segregation and to promote thorough calcination. While 
this sizing minimizes the amo unt of residual limestone core in the 
individual lime fractions, at the same time it allows a thorough soft 
burn of all the limestone feed. In addition, when using rotary kilns, 
it generally is not necessary to crush the final product, because it is 
in the form of an acceptable size of pebble lime. 

Rotary kilns vary greatly in size, ranging from 2 x 25 m to 
5.5 x 190 m, with capacities of 40.8 to 1,361 tpd. Because of the rel- 
atively high length-to-diameter ratio, these kilns have become known 
as long kilns. In North America, long kilns are typically 2.5 to 4.0 m 
x 45 to 105 m long, producing 163. 3 to 372 tpd of lime. The lar gest 
rotary kilns are 907 to 1,361 tpd capacity. Although rotary kilns can 
burn a wide range of fuels, a major drawback is their lack of fuel effi- 
ciency. Many of the earlier rotary kilns required in excess of 12.6 kJ/t 
of lime produced. This high fuel demand has been reduced to 7.4 kJ/t 
through the implementation of internal heat e xchangers and dams, 
recuperative-type coolers, more sophisticated and complex instru- 
mentation, and improved refractories. 


Rotary Preheater Kilns 


The most important impro vement concerning he at ef ficiency in 
rotary kilns is the move away from the long kiln to ame dium- 
length kiln with ane xternal preheater (Figure 4). The v _ ertical, 
cylindrical, or shaft -type pre heater kilni sa vailable thro ugh 
Kennedy Van Saun (KVS; in 1989 KVS became part of Svedala 
Industries of Sweden and today it is part of Metso Minerals, Inc., of 
Finland), Fuller Compan y, and Allis-Chalmers. The preheater is a 
refractory-lined chamber located below the ra w feed bin and in 
front of the kiln. Exhaust gases from the kiln are drawn countercur- 
rent through the stone, preheating it to 540° to 900°C. Retention 
time within the preheater is 1.0 to 1.5 hr, depending on the design 
of the system, burning characteristics of the stone, and other factors 
previously listed. Even before the stone is discharged into the kiln, 
approximately 30% calcination is achieved during the preheating 
stage. Directly following preheating, the partially calcined stone is 
sent to the kiln at a predetermined rate by means of hy draulically 
actuated plungers. This type of preheater has been adapted to the 
new large-volume kilns, which typically may be 5.2 m in diameter 
by 62.5 m long, with a capacity of 816.5 to 907 tpd. 

Allis-Chalmers also developed another type of preheater kiln, 
which is known as a grate kiln. This is a single-pass, do wndraft, 
enclosed traveling grate on which finer-sized stone, placed on top 
of coarser-sized stone, is calcined while the coarser st one is pre- 
heated. In the rotary kiln, the coarser stone is calcined, and the finer 
stone is protected from overburning, having sunk into the kiln load 
through a sifting action. Grate- kiln systems of 245 to 490 tpd 
capacity are in operation in North America. 

Heat exchangers and coolers that recuperate waste heat also 
are utilized to improve fuel efficiency. Heat exchangers, principally 
trefoil or quadrant sections, are mounted at the feed end. Their pur- 
pose is to turn the stone over more effectively and to increase the tur- 
bulence of the hot gases. Dams and lifters ma y be used to turn the 
stone over, create gas turbulence, or retard the passage of the stone. 
Coolers, on the other hand, located at the discharge end of the kiln, 
serve to return hot gases to the kiln as secondary air. Three types of 
coolers generally are used with the rotary kilns: the shaft or contact, 
the planetary, and the rotary. The most prevalent type is the Niem’ s 
contact (counterflow), which is refractory lined and mounted below 
the kiln hood. Cooling air is provided by a fan of sufficient size to 
reduce the lime temperature to 65°C or less. The plan etary cooler 
consists of eight or more tubes, approximately 4.2 x 6.2 min size, 
mounted at the discharge end of the kiln. Lime is moved in each tube 
by conveyor flights counterflow to the cooling air. The rotary cooler 
is generally not as effective as the other two cooler types and has the 
additional disadvantage of attrition loss during rotation. 

The net effect using both shaf t and grat e prehe aters, and 
improved heat exchange recovery within the kilns, is to reduce fuel 
ratios in rotary kilns from 4.7 to 6.3 kJ/t of lime produced. In addi- 
tion, a dvances in inst rumentation and mon itoring ha ve reduced 
worker requirements and increased product quality and uniformity. 
Together with these advances, the large-capacity rotary kiln with 
preheater has become the most commonly selected sy stem today 
for new or expanded lime production facilities. 


Calcimatic Kilns 


The rotary hot calciner, or calcimatic kiln, consists of a preheater, cir- 
cular hearth, and cooler, which are all refractory | ined (Figure 5). 

Like the rotary kiln, this kiln can burn small stone, which is typically 
sized at a 1:3 ratio. The stone is carried on the hearth in a thin layer, 
and one re volution of the hearth constitut es t he calcining c ycle. 
Numerous bumers inside and outside the hearth are used for f iring, 
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This material is used by permission of John Wiley & Sons, Inc. 
Figure 4. Preheater rotary kiln system used in lime production 


utilizing gas, fuel oil, coke oven gas, and, more recently, pulverized 
coal. Fuel requirements approximate 7.7 kJ/t and can be adjusted to 
accommodate a wide range of calcination. A significant advantage of 
the cal cimatic ki In is that mechan ical attrition loss is ne gligible. 
Stone is set virtually motionless on the hearth, permitting the utiliza- 
tion of soft limestones that otherwise would be subject to high 

mechanical de gradation (decrepita tion) duringc lcination. At 
present, only afe w companies operate calcimatic kilns in North 
America, although there are several 81.7- to 245-tpd capacity kilns in 
use in Europe. 


Fluo-Solids Kilns 


For limestone that is friable or decrepit ates during calcination, the 
Dorr—Oliver Fluo-Solids kiln, which is a fluidized-bed system, has 
been used to produce a highly reactive lime (Figure 6). In this fluid- 
bed process, the material is maintained in suspension in a rising cur- 
rent of hot gases until calcined. Kiln feed is normally 60 to 65 mesh 
in size. The system can be fired with natural gas or oil and incorpo- 
rates a FluoDry unit (preheater) and a FluoSolids reactor (calciner) 
that resembles a rotary kiln. Fuel consumption is approximatel y 
7.8 kJ/t of lime produced. Fluid -bed calciners are available in size 
ranges of 40.8 to 204 tpd; however, the only kilns of this design in 
North America are operated by Specialty Minerals Inc. at its North 
Adams, Massachusetts, plant. 


Flash Calciners 


The flash calciner is one of the more recent developments in calcina- 
tion, but it is not really a kiln. Developed by Fuller Company, this 
system is designed to calcine the undersized material, or fines, that 
remain after the primary kiln feed is sized. There are three elements 
to this system: a preheater, a flash calciner, and a cooler. Preheating 
is achieved in a series of c yclones where the heat from rising hot 

gases is absorbed in the counterflo wing material, which is fed from 


Limestone Feed Product Discharge 





Firing Ports 


ma Direction of Hearth Rotation 
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Source: Beach et al. 2000. 
Figure 5. Calcimatic kiln with cross-sectional view of one firing 
zone 


the top, and attains a temperature up to 980°C. As the preheated feed 
drops into the furna ce or calc iner, a forced ai r vortex flow pattern 
pulls the particles into the center of the furnace and then up the sides 
before dischar ge. In the furn ace, the temperatu re is 1,200°C, b ut 
retention time is only a few seconds. A suspension-type cooler 

recovers heat from the calcined product before it is conveyed to the 
product bin. The system is designed in two modes depending on the 
size of the feed. Where limestone fines are to be calcined, 60% to 
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Figure 6. Fluidized bed kiln 


80% of calcination occurs in the furnace. The final calcination takes 
place in a fluid bed located between the furnace and the cooler. In 
systems where material of —28 mesh is fed to the calciner, no fluid- 
bed reactor is necessary. This system c an utilize natural gas, oil, or 
coal, and will normally require 6.2 to 8.5 kJ/t of product. 


Milling and Hydrating 


After cooling, quicklime is carefully inspected to a void unburned 
limestone core, or pieces of uncalcined rock. This is particularly 
necessary for shaft kilns that burn large stone. The quicklime is 
then crushed and sized for shipment. Generally, fines are converted 
to hydrated lime. 

Hydrated lime is sh ipped in 23-kg bag s or in b ulk and typ i- 
cally is available in two forms: standard or normal grade with 75% 
to 95% passing a No. 200 sie ve (75 pm); andf ine grade wher e 
99.5% passes a No. 325 sie ve (45 um). These in turn are manuf ac- 
tured in twotypes: Type N (normal) and TypeS (special, see 
ASTM C 207-04), each inclu ding high calcium or do lomitic 
hydrates, respectively. 

Type S limes are hydrated to a high degree by processes involv- 
ing steam pre ssure. They contain less than 8% n onhydrated ox ides 
and develop high and quick (15 min) plasticity and high water reten- 
tion. Demand for Type S lime grew rapidly after World War II, and 
currently it is the chief lime for st ructural uses. Lime manuf acturers 
now add air-entrained catalysts into the lime to increase plasticity and 
durability (called Type SA and Type NA lime). 

A variety of mechanical h ydrators are designed for the pro- 
duction of T ype N lime, in cluding batch hy drators such as th e 
Clyde and continuous h ydrators suchas the Kritzer, Schaf fer, 
Knibbs, Hardinge, and KVS (see National Lime Association 1995 
for an excellent discussion o n types of slak ers). In the hydration 
process, water is added slowly to quicklime (usually in crushed or 
ground form), and the lime is agitated to produce intimate contact 
of lime and water. Accurate proportions are ensured by using flow- 
meters for water and weighing fe eders for lime. Water exceeding 
the theoretical requirement for hydrationis necessary, because 
some water is lost as st eam from the heat of hydration. Following 
hydration, the pr oduct typically is fed to a pulv erizer or tube mill 
equipped with an air separator. The air separato r rejects core and 
most of the sili ca an d al umina imp urities. Various grades of 
hydrated fines are made by adjusting the separator. 


Type S hydrate dusts are manufactured by various processes, 
but the principal one is the Corson explosion method of continuous 
pressure hydration. In this process, ground dolomitic quicklime and 
water are fed automatically into a high-speed slurry mixer in con- 
stant and exact proportions. Hydration then takes place in an insu- 
lated autoclave that ope rates at about 5.3 kg/cm ? at 150°C. After 
about 30 min of retention time, the product is discharged continu- 
ously (or exploded) through a small pipe at 3,050 m/sec into a spe- 
cial cyclone collector at at mospheric pressure. There the hydrate 
and water are separated by the spray-drying principle. To increase 
plasticity, the product is ground in a tube mill. Several U.S. plants 
use the Corson process, mark eting their pr oducts under the re gis- 
tered trade name Miracle Lime. 


MARKETING 
Uses 


Lime is one of the top five chemicals produced and used in the 
United States. Its level of consumption reflects both economic con- 
ditions as well as changin g consumption patterns. For example, in 
1990 the major end uses were the following: 


¢ Chemical and industrial, 66% (includes 29% in steelmaking, 
7% in paper and pulp, about 4% in sugar refining, and 1.5% in 
precipitated calcium carbonate) 
¢ Environmental, 24% (includes 9.6% flue gas desulfurization) 
¢ Construction, 8% 
* Refractory dolomite, 2% 
Captive lime inc luded in the se figures was used mainly in sugar 
refining and the production of steel. These figures are based on data 
from Miller (1991). 
The major end uses in 2003 were for the following (Miller 
2003): 
¢ Metallurgical, 35% (includes 29% in steelmaking) 
¢ Environmental, 28% (includes approximately 18% in flue gas 
desulfurization) 
¢ Chemical and industrial, 23% (includes 4% in paper and pulp 
and nearly 7% in precipitated calcium carbonate) 
¢ Construction, 13% 
* Refractory dolomite, 1% 
Captive lime accounted for less than 8% of consumption and was 
used mainly in the production of steel in basic oxygen furnaces, 
sugar refining, magnesia production, and refractories. 


Steelmaking 


Over the past 40 years, the steelmaking industry has been the larg- 
est consumer of lime. Although this situation continues today, the 
industry has seen a decline in sales. In the United States, from 
1980 to 1990, lime consumption in the steel market dropped from 
6 Mt (38.1%) to 4.6 Mt (29.4%) of lime production. Since then, 
up until the year 20 03, lime consumption for steelmaking has 
hovered at about 29% to 31% of annual lime production. The U.S. 
importation of both steel and automobiles has caused decreasing 
lime requirements for steelmaking. Also, the use of more polymer 
composites in car and truck design and manufacturing, along with 
greater steel production from mini-mills, reduced the demand for 
lime in steelmaking. 

Nevertheless, the basic oxygen furnace (BOF) is still the dom- 
inant steelmaking pr ocess and c ontinues to uti lize approximately 
80% of the lime sold for steel production. The lime required for a 
typical BOF process is 60 to 65 kg/ t of steel produ ced, versus an 
average of 30 kg/t of steel produced in an electric furnace or mini- 
mill. Both the se appl ications use lime as asca_venger or flux to 
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remove impurities such as phosphorus , silica, alumina, an d sulfur. 
While quicklime is the product of choice for a BOF furnace, 10% to 
30% of dolomitic quicklime is used with high-calcium li me to 
extend refractory life. Dead-burned dolomite, or refractory lime, is 
used in open hearth steel furnaces for the same reason. 

Lime used in st eel production is normally hi ghly reactive at 
90% to 93% a vailable lime wi th less than 0.06% sulfur . Either 
pelletized lime or pebble lime (1.25 to 5 cm in diameter) normally 
is required. A recent development in steelmaking (kno wn as t he 
Q-BOP, or Quelle Basic Oxygen Process) is the use of ground 
or pulverized lime that initially was used in European mills. The 
steel industry also uses lime in wire drawing steel plants for t he 
following: 


¢ Removing SO2 in flue gases in the sinter plant 
¢ Neutralization of sulfuric pickle liquors 

¢ Effluent water softening and treatment 

* Coating molds for pig casting 


Experiments making a self- _fluxing ferrous sinter with 
hydrated lime have assessed the feasibility of using h ydrated lime 
instead of pulverized limestone. 


Nonferrous Metallurgy 


In 2003, nonferrous metallur gy utilized approximately 1.07 Mt of 
lime per year , or about 5.5% of total U.S. lime consump _ tion. 
Recovery of nonferrous metals fr om their ores normally in volves 
processing them through some f orm of flotation method. Lime is 
used to control pH, neutralize sulfuric acid waste liquors, or curtail 
the loss of cyanide in processes employing cyanide. Lime is used to 
neutralize the acidic effects of pyrite and other iron sulfides associ- 
ated with base metal ores. It also acts as a flux in the sintering of 
low-carbon chrome and in the recovery of nickel by precipitation. 

Gold. Lime controls the pH of sodium cyanide solutions used 
to leach gold and silver from their ores. When large particles of ore 
are involved, the process is called dump leaching; when particles of 
ore are small, it is called heap leaching; and when the ore is leached 
in agit ated tanks, it is ca Iled carbon-in-pulp cyanidation . T hese 
leaching operations require crushing the ore, mixing it with lime for 
pH control and agglomeration, and stacking the ore in lar ge heaps 
or pads for treatment with cyanide solution. Lime is used to main- 
tain the cyanide solution pH between 10 and 11, which maximizes 
the recovery of the precious metals and prevents the formation of 
hydrogen cyanide. Lime also is employed to extract uranium from 
gold slimes. 

Lime is used to _ treat tailings from precious metals mining, 
which may contain elevated levels of cyanides. Lime also can recover 
cyanides in treatment processes such as alkal ine chlorination, Caro’s 
acid (H2SOs), Cyanisorb, and sulfur dioxide/air (Miller 2003). 

Copper. Most domestic copper mining companies use lime as 
the principal reagent in ben eficiating copper ores during flotation. 
Lime neutralizes the acidic e ffects of pyrites and m aintains the 
proper pH. Pebble lime is used in smelters as a flux to react with 
silica, alumin a, and other impur ities forming a mol ten slag. 
Employed to scrub SO? from stack gases of copper smelters, lime is 
used similarly as a flux in the smelting of lead, zinc, and antimony. 

Alumina. The manufacture of alumina by the Bayer process 
frequently requires lar ge quantities of lime to causticize sodiu m 
carbonate solutions that ar e used to re generate sodium h ydroxide 
for recycling. Nearly all plants use some lime for secondary desili- 
cation in ref ining alumina. The U.S. Bureau of Mines (USBM) 
required lime f or e xperimental processes in wh ich alumina was 
made from clay or kaolin rather than from bauxite. 


Magnesia. Most methods for the manufacture of magnesia, 
such as the Dow seawater and natural brine processes, ferrosilicon 
processes, andsea water magne sia processes, require lime. 
Although dolomitic lime generally is preferred because of its mag- 
nesium content, high-calcium lime also is used with success. Dolo- 
mitic lime, however, cannot be used in the manufacture of 
magnesium metal, because this process requires a very high-purity, 
high-calcium lime. 


Pulp and Paper 


In the basic kraft pulping process used in the paper industry, wood 
chips and a liquor of sod ium h ydroxide and sodium sulfide are 
heated in a dig ester. The cook ed w ood chips, or pulp, are dis- 
charged under pressure, along with the spent liquor; the pulp is then 
screened, washed, and sent directly to make paper or for bleaching. 
Sometimes lime is used to produce calcium hypochlorite bleach for 
bleaching paper pulp. The spent liquor enters ar ecovery furnace 
where dissolved organics are burned to recover waste heat, sodium 
sulfide, and sodium carbonate. The sodium sulfide and sodium car- 
bonate are recovered and diluted with water before treatment with 
slaked lime recausticizes the sodium carbonate into sodium hydrox- 
ide (caustic soda) for reuse. Pulp mills recover 90% to 96% of lime 
employed in the process by reca Icining dewatered calcium carbon- 
ate sludge, which occurs as ab_ y-product of caustic soda produc- 
tion. It is still necessary, however, to purchase significant quantities 
of lime to make up the difference. The paper industry also uses lime 
as a coagulant aid in the clarification of plant process water. 

The global co mpetition f rom lo w-cost Asian imports has 
forced the U.S. paper industry to reduce capacity in recent years. In 
2003, lime co nsumptioninthe U.S. pulpand paper market 
decreased by more than 11% (Miller 2003). 

Lime is used to make precipitated calcium car bonate (PCC) 
that serves as aspecialty filler and coating fo r premium-quality 
papers. In the United States, the most commonly used method to 
produce PCC is the carbo nation process, where CO 2b ubbles 
through milk-of-lime to form a precipitate of calcium carbonate and 
water. Reaction conditions determine the size (<5 pm) and shape 
(uniform spheres of multiple scalenohedral calcite, rho mbohedral 
calcite, or acicular aragonite, cr ystal twins) of the resulting PCC 
crystals. A shift in U.S. paper manufacturing from clay to alkaline 
sizing in the 1980s increased the use of PCC, which enhances the 
qualities of paper: whiteness, brightness, opacity, gloss, pH neutral- 
ity, and bulk. 


Precipitated Calcium Carbonate 


Specialty Minerals, Inc. (formerly Pfizer Specialty Minerals, Inc.) 
pioneered the concept of onsite PCC pr oduction in which PCC 
facilities are adjacent to the paper mill. It was this innovation that 
expedited the conversion from acid-based to alkaline-based_ paper- 
making technology .So me lime companies oper ate onsite PCC 
plants in order to make a value-added product available to their cus- 
tomers. Carbon dioxide captured from kiln stack gases is used in 
the adjacent PCC plant. 

PCC also is used inthe manufacture of polyvin yl chloride 
(PVC) plastics and in pharmaceuticals, such as antacid tablets and 
calcium and other mineral supplements. It is added to sealants and 
adhesives for rheological enhancement and is used as an industrial 
filler in paint and inks, rubber products, and thermoplastics. Special 
applications include use in problem powders as an anticaking agent 
and for flow improvement by reducing interparticle attractions and 
by absorbing moisture. Because of its relatively high surface area, 
PCC can also be used as an inert carrier for liquid catalysts. 
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Chemicals Manufacture 


Lime is used in the manufacture of many chemicals. 

Alkalies. In the manufacturing of soda ash and bicarbonate of 
soda, the Solvay process employs lime to recover ammonia for 
reuse, requiring 635 kg of quicklime per ton of soda ash produced. 
In the process, lime reacts with chloride ions to form calcium chlo- 
ride, which is reco vered and sold commercially. The process also 
yields by-product PCC that is r ecalcined and reused. In addition, 
lime causticizes sodium carbonate solutions to produ ce sodium 
hydroxide (caustic soda). Lime usage for this application, however, 
has dropped tenfold over the last 10 years as the Solvay process has 
lost most of its market share to natural soda ash (trona) and electro- 
lytic caustic soda. 

Inorganic Chemicals. Inorganic chemi cals ma de from lim e 
include mono-, di-, and tricalcium phosphates, chrome chemicals, 
purifying salt brines used t o produce U.S . Pharm acopeia (USP) 
food-grade sa It, pe sticides such as li me—sulfur spra ys and po w- 
ders, and calciu m arsenate. Hydrated lime also can be found in 
proprietary w ater paints that are used in masonry appl ications, 
white portland cement, and some paint pigments. Lime has minor 
uses in v arnish manuf acture, c asein pain ts, and certain per for- 
mance pigments. 

Organic Chemicals. Lime is required in the manufacture of 
ethylene and propylene glycols in the chlorohydrin process in cal- 
cium-based organic salts, such as calcium stearate, acetate, lactate, 
and lignosulfonate. It also is used in the manufacture and ref ine- 
ment of citric acid and glucose. In the petroleum industry, lime has 
a limited r ole in ne utralizing or ganic sulfur compounds and SO? 
emissions control in oil refineries. It also is used in the manufacture 
of certain lubricating greases and drilling muds. 


Environmental 


Lime u se for environmental pur poses ran ges from smok estack 
scrubbing to water treatment. Its primary features in this regard are 
its diacid nature and its reactivity. 

Water and Wastewater Treatment. More than 1.38 Mt of 
lime was used in 2003 in the United States for the treatment of 
municipal potable water and industrial wastewater. Lime or lime in 
combination with soda ash is used to soften water in systems where 
ion-exchange processes are not em ployed. Its purpose is to elimi- 
nate temporary calcium and magnesium bicarbonates, or hardness, 
from the water. By raising the pH to 11.5 or higher and by tempo- 
rarily raising water temperature, lime serves as a secondary steril- 
ization agent to chlorine. With retention times of 3 to 10 hr at this 
high pH, 99% of waterborne bacteria and most viruses are killed . 
Afterward, COz is introduced into the lime-treated water, returning 
pH to an acceptable level and reacting with most of the lime to pre- 
cipitate and form calcium carbonate sludge. 

When surface waters (rivers, lakes, and reservoirs) are used 
for potable water, lime together with the coagulants alum and iron 
salt helps to eliminate turbidity; that is, suspended and/or colloi - 
dal matter is remo ved. Here, lime controls pH, neutralizi ng the 
acidic effect of the coagulants and achieving optimum efficiency 
in coagulation. 

As an added benefit, after lime returns the pH to lower levels, 
say between 5 and 8, aluminum, iron, manganese, and other heavy 
metals, as wellas organic comp ounds (suchas tannins), ar e 
removed from solution. The control of pH also minimizes corrosion 
of water pipes and equipment. The benefits of water softening in 
municipal water systems include the ability of soaps and detergents 
to lather; the reduction of scale formation in pipes and valves; and 
improvement in the taste of drinking water. 


In the tr eatment of se wage effluents and w astewater, lime 
serves the following functions: 


Acid neutralization 


pH control during treatment or before discharge 


Precipitation of metals including heavy metals 


Precipitation of sulfates and fluorides (at pH >10) 


Reduction of nutrients ( e.g., phosphates and nitrogen at pH 
>10), particularly to prevent eutrophication in surface waters 


As an efficient and cost-effective disinfectant 


Lime modifies wastewater sludge in a po sitive manner (by 
improving set tling a ndf iltrationina iding coagulation) and 
through the flocculation of solids; by reducing its moisture content 
through the h ydration of quicklime; and by adding strength for 
landfill disposal. 

Over the last decade or so, federal and sta te en vironmental 
requirements for se wage treatment became more stringent. As a 
result, chemical treatment processes have become more important 
and preferred over biological sewage treatment processes. 

In addition to potable water and sewage treatment, lime also is 
used in a variety of methods dire cted at treating industrial waste- 
water. For example, lime can neutralize acid mine drainage and pre- 
cipitate ir on in coal-w ashing pl ants. W aste fr om sulfur ic a cid 
pickling plants and plating w aste are neutralized with lime, as are 
chemical and pharmaceutical plant wastes. 

Flue Gas Desulfurization. Ane ntire cha pteris devoted to 
FGD in this book. It is only mentioned briefly in this chapter. 

In 1990, the Clean Air Act Amendments included new source 
performance standards that required a much higher le vel of sulfur 
removal from stac k gases of coal-fired electric po wer-generating 
plants and ca used the market for lime used in FGD to inc rease 
accordingly. In 1990, 1.673 Mt of lime (9.6% of total sold and used 
lime) was consumed for FGD in the United States; in 2003, the fig- 
ure rose to 3.440 Mt of lime (17.9% of total sold and used lime)— 
an increase of more than 100% or just more than double the amount 
used prior to the Clean Air Act Amendments. 

Coal contains up to 4% sulfur by weight in the form of iron 
sulfide (iron pyrite; FeS2), organic sulfur compounds, and inorganic 
sulfates. When coal is burned, sulfur is oxidized to SO2 and minor 
amounts of sulfur trioxide (SO3). Sulfur dioxide can combine with 
water in the atmosphere to form H2SO4. The application of lime in 
flue gas scrubber systems remo ves SO 2 from sm okestack ga ses, 
which is accomplished by several methods: 


¢ Wet scrubbing with milk-of-lime 

¢ Semidry scrubbing with milk-of-lime using a spray drier or 
circulating fluidized-bed technology 

¢ High-temperature (>850°C) dry injection of hydrated lime 

¢ Low-temperature (<300°C) injection of hydrated lime 


¢ Low-temperature (<30 0°C) ab sorption by h ydrated lime in 
fixed bed 


In addition, these methods may be used to remove other acid gases 
such as hydrogen chloride and h ydrogen fluoride, as well as nitro- 
gen oxides. 

The United States, Germany, and Japan are the leaders in FGD 
technology and research, which is in its initial development phase. 
More recent industrial research has been directed to the task of 
FGD; for example, the emissions of dioxins, furans, and volatilized 
heavy metals. 

Major problems asso ciated wi th the proce sses of FGD 
include the cost and efficiency of the technologies, as well as the 
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issue of how to dispose of the reaction products (e.g., landfill ver- 
sus by-product utilization such as synthetic gypsum for wallboard 
manufacture). 


Construction 


Prior to the 20th century , lime was used in construction for such 
diverse applications as whitewash and masonry mortars. 

Soil Treatments. Lime has three m ajora pplications for soil 
treatments: drying wet soils; modifying clay-rich soils; and soil stabi- 
lization. Basically, modifying wet soils at construction sites involves 
the drying of mud. Dry soils provide stable platforms for heavy equip- 
ment, an e xtended working season in wet climates, and stability of 
soil embankments and_ engineered fill. Lime is spread on the soil , 
mixed into the upper 30 cm_ of soil, and, finally, compacted. When 
quicklime hydrates on application, lime offers a relatively immediate 
reaction time (4 to 24 hr). During the hydration process, the quicklime 
absorbs water and generates heat, providing additional evaporation. 

In the modification of clay-rich soils, the desired reaction typ- 
ically occurs within a time span measur ed in hours. Specifically, 
soil modification is an ion e xchange between the calcium cation 
supplied by lime and the sodium and po tassium cations contained 
in the clay. After flocculation and agglomeration of the soil has 
occurred, plasticity and swelling are reduced, a nd friability is 
increased, making the soil easier to work and compact and reducing 
the ability of soils to retain moisture. 

In soil stabilization, lime is mixed with soils to react with sili- 
ceous and alu minous soilcom ponents, generating long-term 
increases in soil strength resulting from a pozzolanic effect. Early 
in the reaction, the formation of hydrous colloids and gels slowly 
crystallize into calcium silicates and calcium aluminates. The reac- 
tion can continue over long peri ods of time, providing the pH 
remains high and as 1 ong as lime is present. The amount of lime 
applied to soils f or stabilization ranges from 3% to 5% _ of dry soil 
weight. When hydrated lime is used, it typically is applied in slurry 
form. Slaked lime slurries made with pebble quicklime may also be 
used; however, when using quicklime, it is critical that it be soft- 
burned, high-calcium lime with less than 10% residue on sla king. 
Low-residue lime produces higher cure strengths in soils than does 
lime with large residues. All federal agencies and most state high- 
way departments have recognized the advantages of soil stabiliza- 
tion with lime, and th ousands of kilometers of interstate highways 
in the United States have benefited from this system. 

The application of lime for soil st abilization pro vides soils 
that are homogeneous, im permeable, and stable. Soil stabilization 
with lime also re duces soil plasticity and the amoun t of density 
changes (shrinking and swelling). In addition, lime applied to soils 
will increase soil c ompressibility, te nsile stre ngth, and flexural 
strength. Sites that are good candidates for soil stabilization using 
lime include road s, runw ays, parking lots, temporary haul roads, 
landfills, and building foundations and/or footings. 

Lime Fly Ash (Lime Kiln Dust). Lime kiln dust (LKD) mixes 
were first introduced by the Corson Company in a proprietary pro- 
cess called Poz-O-Pac. Since then, L KD poz zolanic m ixes ha ve 
achieved increased acceptance with their success. In t his process, 
lime is mix ed with kiln dust, aggregate, anda small amount of 
water, usually ina pug mill, atacentral mix plant. Controlling 
moisture is critical for the proper pozzolanic reaction and the result- 
ing level of strength in the subgrade. The product may then be laid 
down either with standard paving equipment or by utilizing a com- 
paction method. 

Mortar. For thousands of years, lime was used in mortar and 
continues to be usede ven today. Before the adv ent of portland 
cement in the late 19th century, mortars were composed of lime and 


sand. Today lime—cement mortars are used with varying prop or- 
tions, ranging from one-quarter to three parts of lime by volume to 
one part of cement. Lime is still the most dependable plasticizer for 
mortar, making it w orkable and mo re trowel-able, or cohesi ve. In 
the cement—lime mixes, the cement provides the rapid set. These 
type of masonry mix es, however, encounter se vere competition 
from masonry portland cements. 

A similar application for lime is found in plasters. At one time 
it was used in base plaster coats, but these generally ha ve been 
replaced with gypsum w allboard. In interior plastering today, lime 
is still used in the finish, or white coat, and is usually mixed with 
gypsum. In California and Florida, or other places with warm cli- 
mates, lime also is use d in e xterior plaster or st ucco as a mi xture 
with portland cement and sand in varying proportions. 

Asphalt. The addition of 1% to 1.5% of hydrated lime to 
asphalt hot mixes has a number of adv antages in road constru ction. 
Lime acts as an anti stripping agent, preventing the aggre gate from 
raveling from the bitumin ous cement binder in the presen ce of 
water. In reducing the asphalt’s sensitivity to w ater, cracking and 
potholes are reduced. In remote areas, lime permits the use of mar- 
ginal, unwashed aggregates, and, where necessary, it serves as filler. 
Based on the imm ersion compression test with some a sphalts and 
aggregates, lime markedly increases the wet/dry strength ratio and 
reduces v olume c hange (swel ling and shrinking) . Lime-charged 
asphalt mixes prevent oxidation of the asphalt binder and the effects 
of aging, such as brittleness and cracking. In improving the stiffness 
of the asphalt binder, the tendency toward rutting is reduced. 

Hot lime slurry is now being added to the asphalt emulsion in 
cold in-place rec ycling of distressed asphalt pavements. This mix- 
ture is placed and compacted using conventional paving techniques, 
providing a smooth base for the new asphalt surface. Lime use in 
cold in-place recycling adds greater early strength and resistance to 
moisture damage. 

The American S ociety for T esting and Material’s (AST M’s) 
committee on lime, Committee C07, has adopted specifications for 
the use of hydrated lime in asphalt and asphaltic concrete mixtures. 
Nevertheless, professional biases within the construction industry 
continue to foster some resistance to the use of lime in asphalt, even 
though its advantages are well known. 


Agriculture 


Since Roman times, lime was used in farming. Today the role of 
lime in agriculture is expanding. 

Sugar Refining. Although su garre fining normally is 
included with most chem ical or industrial lime use statistics, in 
reality it is an agricultural application. Lime is essential for m ak- 
ing su gar in both su gar beet and cane su gar re fining processes. 
Sugar beet refining requires a significantly higher volume of lime 
than does cane sugar. On a verage, beet sugar requires 200 kg of 
quicklime per ton of sugar, whereas cane sugar requires only 1.9 to 
4.9 kg/t of lime. During sugar refining, milk-of-lime raises the pH 
of the p roduct str eam, precip itating co Iloidal im purities. These 
impurities, normally phosphatic and organic acid compounds, are 
removed from the stream by filtration. Most sugar beet plants have 
captive lime plants onsite so that CO2 kiln stack gas resulting from 
limestone calcination can be captured and used during carbonation 
in the sugar refining process. 

Agricultural Lime. Although most agricult ural liming today 
is achie ved with pul verized lim estone, som e f arming stil 1 uses 
ground quicklime or hydrated lime. This is particularly true in truck 
farming where lime is able to neutralize soil acidity more rapidly 
and maintain a pH level that allows for three crops to be grown per 
year. The added cost for limeis easy to justify in hi gher value 
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Table 6. U.S. lime industry statistics 








Year 
Statistic 1980 1985 1990 1995 2000 
Quicklime sold 17,200 14,200 15,800 18,500 20,100 
or used, ktpy 
Number of lime 153 119 113 113 107 
plants 
Average kilotons 112.4 119.3 139.8 163.7 187.8 
per plant 
Average selling 49.00 57.00 57.10 59.50 60.60 
price, $/t 
Average selling 97.00 86.40 71.20 63.60 57.37 


price, constant 


1998 $/t 





crops. In some sandy soil areas, only dolomitic lime is used, 
because of persistent magnesium deficiencies. 

Feedlot Applications. Corporate farming and husbandry prac- 
tices over the past several decades have led to the establishment of 
large facilities for raising farm animals in rural areas. Attention has 
been drawn to environmental issues, including the facilities’ poten- 
tial impacts on public w ater supplies, and the concerns of nearby 
residents. Federal and state agen cies dealin g with en vironmental 
quality now regulate the ef fects—mostly from animal waste prod- 
ucts—that swine waste lagoons, cattle feedlots, and chicken farms, 
for example, may have on rural areas. Applying lime to wastewater 
effluent or feedlot soils increases their pH and temperature to high 
enough le vels to destro y most ha rmful bacteria and viruses and 
reduces unpleasant odors associated with anima | wastes. In addi- 
tion, lime applied to areas affected by animal wastes fixes hazard- 
ous pollutants and helps to decrease harmful nitrogen (ammonia) 
levels. Quicklime hydrates when applied to animal w aste sludge, 
resulting in water absorption and heat g eneration that pro vides 
additional evaporation. Lime also imparts strength to the sludge, 
making it easier for landfill disposal or composting. 

Other. Lime is used as a CO 2 absorbent in controlled atmo- 
spheric storage for fresh fruit and certain vegetables to e xtend the 
freshness of the produce. This prevents CO, from building to abnor- 
mally high le vels, which would accelerate the rotting of produc e. 
Lime is also used to recover glue and gelatin from packing house 
by-products. In citrus fruit processing, lime is employed to treat the 
waste pulp, which, after grinding and drying, is sold as cattle feed. 


Specifications and Testing 


Because of the many types and uses of lime, plus their wide variety 
of physical and chemical characteristics, there are different specifi- 
cations for lime products for most major consumers, even for indi- 
vidual companies or plants. 

The National Lime Association, along with its member com- 
panies and the majority of lime consumers, subscribes to ASTM 
specifications on lime, promulgated by Committee C07. The speci- 
fications cover many uses and testing procedures: 

¢ C25-99: Stan dard Test Methods for Chemical Analysis of 
Limestone, Quicklime, and Hydrated Lime 

¢ C50-00: Standard Practice for Sampling, Sample Preparation, 
Packaging, and Marking of Lime and Limestone Products 

¢ C51-05: Standard Terminology Relating to Lime and Lime- 
stone (as used by the industry) 

¢ C110-05: Stan dard T est Methods f or Ph ysical Testing of 
Quicklime, Hydrated Lime, and Limestone 

* C400-98: Standard Test Methods for Quicklime and Hydrated 
Lime for Neutralization of Waste Acid 


C593-95(2000): Standard Specification for Fly Ash and Other 
Pozzolans for Use with Lime 

C602-95a(2001): Stan dard Specif ication for Agricultural 
Liming Materials 

C706-02: Stan dard Specif ication for Limestone for Animal 
Feed Use 

C737-02: Standard Specification for Limestone for Dusting of 
Coal Mines 

C821-78(2000): Standard Specification for Lime for Use with 
Pozzolans 

C911-99: Standard Specif ication for Qu icklime, Hydrated 
Lime, and Limestone for Chemical Uses 

Although these are some primary tests and specifications for 
lime, it is not a complete or comprehensive list. For a complete list- 
ing, the reader is refer red to ASTM in West Conshohocken, Penn- 
sylvania (www.astm.org). For a quick reference on some European 
(CEN) and British (BS) specifications, see Oates 1998. 

Another important lime specification promoted by the Ameri- 
can Water Works Association (A WWA; http://www .awwa.org) is 
ANSI/AWWA B2 02-02 on qu icklime and h ydrated lime (AWWA 
2002). This includes abon us and penalty arrangement based on 
available lime cont ent, slaking rate, and slaking residue. It also 
applies to sewage and industrial waste treatment plants. 

ASTM procedures are used in testing lime intended for FGD; 
however, ma ny spec ifications are based on U.S. Environmental 
Protection Agenc y (EPA) performance standards and ap ply toa 
specific utility . Consequently , individual utility custom ers ma y 
have specifications that exceed normal ASTM standards. 


Product Pricing 


Lime is considered a commodity minera] that has lo w to modera te 
unit value and high place value. Table 6 shows the trends in the U.S. 
lime industry 0 ver the last two decades (Krukowski 2004). As the 
industry took advantage of economies of scale, the number of plants 
producing lime decreased while increasing domestic production. As 
a result, the average annual output per plant increased from 112,400 
to 187,800 t over the time period 1980 to 2000. In that same period, 
the actual average selling price rose from $49.00 to $60.60/t; how- 
ever, the average selling price in constant 1998 dollars went from 
$97.00 to $57.37/t, primarily because of overcapacity. 

During the period from 1910 to 1970, lime pricing was rela- 
tively constant and rarely e xceeded $15/t f.0.b. at the lime plant. 
Beginning in 1970, lime prices increased stea dily because of fuel 
costs and g overnment-mandated en vironmental controls. In 1 974 
the oil embar go initiated a substa_ntial in crease in ene rgy co sts, 
which were clearly reflected in the costs of production and, conse- 
quently, the cost of lime. 

The average values per ton of various types of lime, rounded to 
three significant figures, are listed in Table 7. The data are reported 
by type of lime produce d: high-calci um quicklime , high-calc ium 
hydrate, dolomitic quicklime, dolomitic hydrate, and dead- burned 
dolomite. Emphasis is placed on the average value per metric ton of 
lime sold. 

On average, prices rose by 4% in 2003, to $64.80 for all types 
of lime sold per metric ton ($58.80/st). This is the first significant 
evidence of price increases by major lime companies since 2001 
(Miller 2003), which were insti tuted to compensate for increased 
costs of ra w materials, en vironmental compliance, labor , and 
health care. The average value per ton of high-calcium quicklime, 
dolomitic quicklime, and dolomit ic hydrate all increased, but the 
average value of high-calcium hydrate and dead-burned dolomite 
decreased. It is anticipated that arise in fuel costs may lea d to 
higher lim e price s, especially when natural gas is b urned; for 
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example, some lime plants stopped operating in 2001 when natural 
gas prices peaked. 

Lime pric es can be af fected by whether cont racts be tween 
buyers and sellers are long or short term. Long-term contracts tend 
to give the buyer an advantage if the seller is guaranteed demand 
for the product. Many factors can influence the price of a commod- 
ity, including the following: 

¢ Economic climate (e.g., times of economic gro wth v ersus 
recession) 


Oversupply (e.g., when markets are saturated after new plants 
come on-line) 

* Cost of production (e.g., when fuel costs increase) 

¢ Competition from product substitutes 

¢ Customer product specifications 

¢ Distances to points of consumption 


Substitutes 


Limestone is a substitute for lime in many applications, such as agri- 
culture, fluxing, and sulfur removal (e.g., in FGD). The advantage of 
limestone is its lower cost, but it is less reactive in terms of time and 
material (tonnage). In many chemical applications, NaOH may sub- 
stituted for lime, especially in cases where pH control is concerned; 
however, hydrated lime is a diacid base, so smaller quantities are 
needed in some applications (e.g., acid neutralization). 

Ground calcium carbonate (GCC) is a substitute for PCC in 
paper, PVC plastic products, and paint and other pigments. 

Calcined gypsum is an alternati ve material in industrial plas- 
ters and mortars. Cement and LKD and fly ash are potential substi- 
tutes fors ome c onstruction use s of lime; fore xample,ins oil 
stabilization and hot- mix asphalt. Some or ganic compounds also 
may take the place of lime in soil treatment roles. Portland cement 
mortars ha ve be en a tra ditional al ternative to li me in it s use as 
masonry cement. 

Magnesium hydroxide is a substitute for lime in pH control, 
and magnesium oxide is an alternative for dolomitic lime as a flux 
in steelmaking. 


Recycling 


Large quantities of lime (90% to 96%) are re generated by pu Ip 
paper mills. Some municipal water treatment plants recycle lime 
from softening sludge. In the carbid e industry, quicklime is regen- 
erated from waste hydrated lime. In the production of caustic soda, 
lime is recycled for use in the chemical process. 


Packaging and Transportation 


Because of their large particle sizes, lump, crushed, pebble, or pel- 
letized limes are rarely handled in bags Therefore, most quicklime 
is shipped in bulk. Bags are made of multiwall paper with capaci- 
ties of 22.7 kg (50 Ib) or 36.4 kg (80 Ib), and bulk bags up to 1.8 t 
(2 st). The finer sizes of quicklime (fine, granular, and pulverized) 
are shipped in bulk or in bags. 

For many years, railroads were the primary carrier for b ulk 
lime in the United States. The convenience of truc k transport on 
US. inte rstate hi ghways, ho wever, reduced signif icantly the vol- 
ume of bulk lime delivered by rail. Trucks used for shipping b ulk 
lime are typically pneumatic tank carriers that can provide both an 
enclosed container and a safe handling system so the operator can 
avoid direct contact with th e product. While truck and rail ship- 
ments are used to ship most b__ulk lime, an increasing amou nt is 
moved by barge on inland waterways. 

In a num ber of loc ations, intermodal shipments of lime take 
advantage of barge and rail rates with low unit costs over long dis- 


Table 7. Lime prices’ 








2002 2003 
Type S/t $/stt s/t $/stt 
Sold and used 
Quicklime 59.20 53.70 61.30 55.70 
Hydrate 88.50 80.30 84.80 77.00 
Dead-burned dolomite 86.70 78.70 90.80 82.30 
Average all types 62.60 56.80 64.90 58.80 
Sold 
High-calcium quicklime 58.50 53.10 61.00 55.40 
Dolomite quicklime 59.80 54.20 62.10 56.30 
Average quicklime 58.70 53.30 61.20 55.50 
High-calcium hydrate 86.20 78.20 81.20 73.70 
Dolomite hydrate 97.40 88.40 102.70 93.20 
Average hydrate 88.60 80.40 84.90 77.00 
Dead-burned dolomite 94.30 85.50 92.10 83.50 
Average all types 62.30 56.50 64.80 58.80 





Source: Miller 2003. 
* Average value per ton, on an f.o.b. plant basis, including cost of containers. 
t Conversions were made from unrounded metric ton values and may nd be con- 
versions of the rounded values. 


tances. In these systems, bulk lime cargoes are unloaded at barge or 
rail terminals, stored in silos, then later transferred to pne umatic 
tank trucks for local deli very. For small customers located be yond 
the railroad or waterway, these systems allow them to take advan- 
tage of bulk transportation rates. 

Although most lime is transported in bulk, hydrated lime fre- 
quently is packaged and shipped in bags or b ulk bags. Paper bags 
weighing 22.7 kg (50.0 Ib) normally contain a polyethylene liner to 
protect the lime from moisture and to ensure its satisfactory perfor- 
mance for the consumer. Bulk bags weighing 900 kg (1 st) lack the 
flexibility of sizing to customer requirements and may be larger or 
smaller in capacity. A variety of bulk containers in clude one-way 
and returnable bulk bags, cardboard “gaylords,” and reusable metal 
containers. 

Because of quicklime’s affinity for water, and because it may 
slake by absorbing moisture from ambient humidity (air slak ed), 
lime is considered a perishable product. It is recommended that 
quicklime not be stored in bags for more than 3 months, although it 
can be held for as muchas 6 months. To protect quicklime from 
moisture, storage containers and transport media must be w ater- 
tight. Bulletin 213 from the National Lime Association (1995) pro- 
vides excellent discussions on the handling and storage of lime. 


Economic Factors 
Tariffs and Duties; Depletion Allowance 


In the Unit ed St ates, the depletion allowance for limestone pro- 
duced and used for lime from both domestic and foreign production 
is 14%. Under normal trade relations, there are no tariffs on quick- 
lime, slaked lime, and h ydraulic lime; however, there isa 3% a d 
valorem tariff on calcined dolomite. There is no U.S. go vernment 
stockpile. 


By-products 


LKD is composed of v ery fine particulates trapped in air pollution 
control systems of r otary kilns us ed to man ufacture lime. It is a 
mixture of dust from finely ground limestone kiln feed and fly ash 
from fuel (coal, fuel oil, natural gas) used for combustion in kilns. 
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If it contains a minimum amount of calcium oxide, LKD can be 
successfully employed in asphalt hot mix and for soil stabilization. 
Although it also has been used as an agricultural soil amendment, a 
complete chemical analysis is necessary before it is applied to agri- 
cultural soils to ensure the absence of any harmful elements. LKD 
may also be used for lightweight aggregates or as fill material. 
Carbon dioxide gen erated from the dissociation of calcium 
carbonate in lime k ilns is captur ed and used in the production of 
PCC. It is also captured from | ime kilns in the su gar industry and 
used in the carbonation process in refining sugar from sugar beets. 


REGULATORY AND ENVIRONMENTAL CONSIDERATIONS 
Health and Safety 


All mining and related ac tivities in the United States are regulated 
by and come under the jurisdiction of the Mine Safety and Health 
Administration (MSHA). MSHA administers the provisions of the 
Federal Mine Safety and Health Act and enforces compliance with 
mandatory safety and health standards for the following purposes: 


¢ Eliminating fatal accidents 
¢ Reducing the frequency and severity of nonfatal accidents 
¢ Minimizing health hazards 


¢ Promoting impro ved safety and health conditions in the 


nation’s mines 


Persons working in mining operations, including the lime industry, 
must complete required health and safety MSHA training followed 
by annual refresher courses. 

Short-term goals for MSHA incl ude the reduction of respira- 
ble silica dust exposure in metal and nonmetal mines and the reduc- 
tion of noise e xposures. To maintain compliance, lime o perators 
must monitor their plants and personnel. For these reasons, federal 
and state mine inspectors are required to visit mining operations on 
a regular basis and may arrive unannounced. 

When water is applied to quicklime, its reaction may generate 
enough heat to cause paper, wood, or cloth to combust. Quicklime 
is classified as a Class E corrosive material that can destroy the skin 
and/or eat through metals. Additionally, it can cause severe eye and 
skin irritation on contact; cause severe tissue damage with pro- 
longed contact; and may be harmful if inhaled. Proper personal pro- 
tection equipment must b e used in appr opriate situations when 
close contact is anticipated. 


Mining Regulation 


Federal and state go vernments in the Unite d Sta tes re gulate the 
mining industry. This includes issuing mining permits that comply 
with statutes an d re gulations of the g overning body. A permit is 
issued when the mine operator submits an acceptable application 
and posts adequate bo nd to cover reclamation costs. The mining 
permit a pplication must include the req uirements for] egal a nd 
financial com pliance, the safe guard of en vironmental resources, 
and an operations and__ reclamation pl an. B onds are not released 

until mine reclamation is complete. 

Part of the permitting process typically allows for public noti- 
fication and participation; the latter may include f iling a protest 
against a pending permit or revision. Public meetings, usually held 
at a location close to the permit area, may be part of the process that 
includes participation of the public, the permit-issuing government 
agency, and the mine p ermit applicant. The f irst responsibility of 
the issuing agency is to ensure both statutory and re gulatory com- 
pliance by the permit applicant; however, mine operators generally 
work with their neighbors and are willing to address their concerns. 
Nevertheless, it is the obligation and responsibility of prospective 
mine operators to know the laws and regulations under which the y 


must operate. See the section on Evaluation of Limestone Deposits 
in this chapter as well as the Limestone and Dol omite chapter in 
this book. 


Air Quality Considerations 


On August 25, 2003, the EPA issued a final rule to reduce toxic air 
pollutant emissions from new and existing lime plants. The rule 
was authorized by Section 112(c) of the Clean Air Act and set lim- 
its on hazardous air pollutants (HAPs) from commercial lime 
plants, captive lime plants at steel mills, captive lime plants at non- 
ferrous metal pr oduction facilities, and producers of dead-burned 
dolomite. The EPA has identified the lime industry as a sou rce of 
HAP emissions that include h ydrochloric acid and the metals anti- 
mony, arsenic, beryllium, cadmium, chromium, | ead, manganese, 
mercury, nickel, and selenium. 

The final rule set particulate matter (PM) emission limits for 
lime kil ns, lime c oolers, and miner al-processing operations with 
stacks. PM is not a HAP b ut is considered a permissible surr ogate 
for HAP metals. The PM emission limit for kilns and lime coolers 
is 0.10 Ib/st of stone feed at a new lime plant, 0.10 Ib/st at existing 
lime plants, and 0.60 Ib/sto f stone feed at lim e plants with wet 
scrubbers (EPA 2003). The final rule went into effect with its publi- 
cation in the Federal Re gister on January 5, 2004 . Although the 
compliance date for existing lime plants will be January 5, 2007, 
new plants will have to comply immediately (Miller 2003). 


OUTLOOK AND FUTURE TRENDS 


Because lime is a commodity chemical with a myriad of a pplica- 
tions in man y industries, the long-term forecast is excellent. The 
U.S. lime indu stry is currently at production ca pacity and lime 
prices are increasing, atrend that be gan in 2001. Future success 
will depend on the ability of the industry to develop new markets. 

Johnson and Ro den (2003 ) recognized th at en vironmental 
applications will continue to be the major growth area for lime in 
the future. Since passage of the 1990 Clean Air Act Amendments, 
the focus over the last 10 to 15 years has been on FGD. The EPA’s 
Maximum Achievable Control Technology (MACT) program will 
likely continue to identify and implement tighter re gulation of air 
pollutant emissions, including sulf ur dioxide. This will especially 
be t rue for coal-fired el ectrical p ower-generating plants, b uta 
broader base of pollutant emitters will be targeted beyond the utility 
companies. As the technology of smokestack scrubbin g advances 
over time, the d emand for 1 ime and its application in this field 
should increase. The use of lime for the mitigation of stack pollu- 
tion may be supplanted by other substances (unknown at present), 
but it still may find application in other sectors of the process (e.g., 
sludge treatment and contro 1). Alternatively, Johnson and Roden 
(2003) speculate that lime may __ replace e xisting environmental 
treatment solutions that use more expensive and/or less ef fective 
reagents (e.g., caustic and magnesium hydroxide). 

Environmental applications are not restricted to air pollution 
applications such as FGD. The Clean Water Act and enforcement 
efforts by both federal and state water quality departments will put 
tighter restrictions on municipal and industrial sewage and waste- 
water treatment plants as point-source polluters, thus e xpanding 
lime ma rkets f or en vironmental app lication. Addit ionally, li me’s 
neutralizing effect can be used to control pH in acid lakes and reser- 
voirs, which will positively affect aquatic life and make these bod- 
ies of water safe for recreation. 

In solid waste manage ment, lime will ha ve a larger role in 
treating sewage biosolids and animal wastes, along with industrial 
sludge and solid hazardous wastes. Although its use in sewage treat- 
ment is well known, lime also is applied to biomedical, or hospital, 
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waste. (See the En vironmental and Ag riculture subsections in th is 
chapter.) In the t reatment of solid hazar dous waste, lime stabilizes 
most metals to prevent their leaching into groundwater. The EPA has 
identified lime as suitable for pretreatment of hazardous wastes prior 
to landfill disposal. Stabilization and precipitation often are required 
of metals contained therein , and the EPA has endorsed lime for the 
task. 

The lime industry is marketing its product for construction 
uses more aggressively. Two primary areas of focus are in soil sta- 
bilization and modification and in asphalt hot mix for highway con- 
struction. If the Transportation Equity Act for the 21st Century 
(TEA-21) is extended by the U.S. Congress, federal highway fund- 
ing will be available for construction of U.S. highway systems. This 
means that increased amounts of lime will be necessary for road 
base st abilization and for the use of lime in asphalt hot mix for 
asphalt concrete. 

In Industrial M inerals and Roc ks, 6th edition, Freas ( 1994) 
discussed the imp] ementation of statistica 1 process control (SPC) 
and integrated process control (IPC) on the production side of lime 
manufacture. Much of the upgrades achieved in the 1990s in the 
industry included these concepts. The lime industry continues to 
upgrade its prod uction facilities through refinements in softw are 
packages, which should leadtoincreasedener gy efficiency, 
reduced personnel, and a more consistent quality product. 

Tables 8 and 9 illustrate add _ itional trends in the U.S. lime 
industry. In the past, t he m eans of pr oduction was do mestically 
owned and dominated by family-run companies, while now it is dom- 
inated by large, foreign-owned, international corporations. In 1900, 
many small lime plants produced low tonnages, but today, the indus- 
try produces lime from a few large plants producing large tonnages. 
In the past, the plants were located as close to the consumer as possi- 
ble, but today, although still relatively close to consumers, plants are 
closer to the resource, mainly because of advances in transportation. 

Although the United States lagged behind the rest ofthe 
industrialized world in these trends, in the last 20 year s the U.S. 
lime industry has learned to take advantage of economies of scale 
(the bottom line) and has seen more international ownership. 

The consolidation within the lime industry and expanded for- 
eign ownership of U.S. lime produc ers will probably continue, but 
at a slower pace. 
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ADDITIONAL RESOURCES 


Because lime is one of the oldest materials known to humans, and 
its end-use pattern is diverse, the literature on lime is so extensive 
that it is impossible to give a complete bibliography. Many earlier 
bibliographical references can be found in the Lime chapters in the 
5th and 6th editions of Industrial Minerals and Rocks. The follow- 
ing list of sources presents some general references as well as spe- 
cific citations in the text. For the latest and up-to-date information 
onthe industry, the following trade per iodicals are e xcellent 
resources: Rock Pr oducts; Pit and Quarry ; Global Cement and 
Lime; Gypsum Lime and Bu ilding Products; Zement—Kalk Gipps ; 
and various USGS publications. 





Table 8. U.S. lime production in the 20th century 
Number of Major Producing 
Year Production, # —_ Plants Major Uses States 
1900 1,800,000 >1,000 Construction and Ohio and 
building trades Pennsylvania 
2000 19,600,000 107 Steel, Kentucky and 
environmental, Missouri 
chemical 





Table 9. U.S. lime industry trends during the 20th century 


Early 20th Century Late 20th Century 





Ownership Family-owned or Large corporations, 
U.S.-owned owned internationally 

Plants Numerous and small Few and large 

Production Low tonnage High tonnage 

Plant capacity Small Large 

Location Near user Near resource 

Price, 1998 $ Increasing Decreasing” 





* Lime prices began to increase in 2001. 


Today, the Internet serves as the primary reference tool for 
many. The National Lime Association (NLA) maintains a Web site 
that lists many references for lime and its uses. Many NLA publica- 
tions can be downloaded from the Web site, and interested readers 
are encouraged to do so. The NLA lists several excellent Web sites 
belonging to members th at assist lime cust omers and inform the 
general public about lime products and their uses. A list of pertinert 
Web sites follows. 


American W ater W orks Association, Den ver, CO: http:// 
www.awwa.org 


Asphalt Institute, Lexington, KY: http://www.asphaltinstitute. 
org 


European Asphalt P avement A ssociation, Breuk elen, the 
Netherlands: http://www.eapa.org 

¢ National Lime Association, Arlington, VA: http://www.lime. 
rg 

.S. Department of Agriculture National Soil Survey Center 
Natural Resources Conser vation Ser vice),Washington, DC: 
ttp://soils.usda.gov 


sOadco 


C 


.S. Department of Ener gy, Washington, DC : http://www. 
nergy.gov 

¢ U.S. Department of Labor, Mine Safety and Health Adminis- 
tration, Washington, DC: http://msha.gov 


o) 


¢ U.S. Environmental Protection Ag ency, W ashington, DC : 
http://www.epa.gov 





¢ U.S. Geological Survey, Minerals Information Home, Com- 
modities, Li me, Washington, DC: ht tp://minerals.usgs.gov/ 
minerals/pubs/commodity/lime 
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Limestone and Dolomite 


Robert C. Freas, John S. Hayden, and Charles A. Pryor Jr. 


Limestone and dolomite constitute a group of raw materials com- 
monly referred to as carbon ate ro cks. They re present the basic 
materials from which cement, lime, most building stone, and a sig- 
nificant percentage of crushed stone are produced. Carbonate rocks, 
and their derived products, are used as aggregates, fluxes, glass raw 
material, refracto ries, f illers, reactive agentsinsulf ur-oxide 
removal, abrasives, soil conditioners, and in a variety of other mar- 
ket applications, many of which are covered in this edition. 

Carbonate rocks form about 15% of the earth’ s sedimentary 
crust and are widely available for exploitation. Found extensively 
on all continents, they are quarried and mined from formations that 
range in age from Precambrian to Holocene. Reserves of carbonate 
rock are large and will last indefinitely, although high-purity depos- 
its may be absent or have limited availability in certain states and 
regions. 

Limestone and dolomite are so useful and so abundant that in 
2002 about 1.6 billion t were produced in the United States. In fact, 
about 71% of all stone quarried or mined in the United States was 
carbonate rock. Sand and gravel was the only mineral commodity 
produced in greater quantity. 

This chapter is an overview of carbonate rocks and their com- 
position, distribution, production, and uses. The literature on lime- 
stone and dolomite resources of the United States and Canada is so 
vast and di verse that one ca n easily become mired in prin t. The 
authors have tried to list those re ferences that are easily accessible 
and serve as a starting point for more intensive study. Additionally, 


Table 1. Physical properties of some common carbonate minerals 


Mineral 


Physical Properties 


the selected references on limestone and dolomite resources in Can- 
ada and the United States reflect the effort to b e selective rather 
than e xhaustive and to direct the reader to the best sources of 
detailed information. The reader is also referred to other chapters in 
this volume that provide additional information on li mestone and 
its uses, including the chapter s on Lime and v arious chapters on 
Construction Uses. 


GEOLOGY 

Mineralogy 

Limestone and dolomite are the principal carbonate rocks used by 
industry. Limestones are sedimentary rock s composed mo stly of 
the mineral calcite (CaCO3), and dolomites are sedimentary rocks 
composed mostly of the mineral dolomite (CaCO3*>MgCOs3). Ara- 
gonite (CaCO3), which has the same chemical composition as cal- 
cite but a different crystal structure, is economically important only 
in modern deposits such as oyster shells and oolit es. Aragonite is 
metastable and alters to calcite in time. Some other carbonate min- 
erals, notably sider ite (FeCO 3), ank erite (Ca zMgFe(CO3)4), and 
magnesite (MgCO 3), are commonly found associated with lime- 

stones and dolomites but generally in minor amounts. 

Because of thei r simi lar physic al prope rties, the carbonate 
minerals are not easily distinguished from one another. Specific 
gravity, co lor, crystal form, an d other ph ysical pr operties (see 
Table 1) are aids to mineral identification if the rock is re latively 
monomineralic and compact. Further information on the chemical, 


Common Color 





Calcite (CaCOs3) 


Dolomite (CaCO3*MgCO3) 


Hexagonal crystal system, commonly good rhombohedral 
cleavage. Mohs hardness, 3; specific gravity, 2.72. 


Hexagonal crystal system, commonly good rhombohedral crystals 


Colorless or white but may be other colors because of 
impurities 


White or pink 


with curved faces. Mohs hardness, 3.5-4.0; specific gravity, 


2.87. 


Aragonite (CaCOs3) 
specific gravity, 2.93-2.95. 


Orthorhombic crystal system. Mohs hardness 3.5-4.0; 


Colorless, white, or yellow, but may be other colors 
because of impurities 


Siderite (FeCO3) 
Ankerite (Ca2MgFe(CO3)4) 


Magnesite (MgCO3) 


Hexagonal crystal system, commonly distorted rhombohedral 
crystals. Mohs hardness, 3.5-4.0; specific gravity, 3.7-3.9. 


Hexagonal system, commonly rhombohedral crystals. Mohs 
hardness, 3.5-4.0; specific gravity, 2.9. 


Hexagonal, usually in granular or earthy masses. Mohs hardness, 
3.5-4.5; specific gravity, 2.96-3.1. 


Brown or black 
White, pink, or gray 


White or yellowish but may be other colors because of 
impurities. 





581 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 


All rights reserved. Electronic edition published 2009. 


582 Industrial Minerals and Rocks 





mineralogical, and physical properties of ca rbonate minerals can 
be found in Graf and Lamar (1955) and Tucker and Wright (1990). 

The rate of solubility of the different carbonate minerals in 
dilute hy drochloric acid is perhaps the most useful technique to 
identify them in the field. Calcite is much more soluble in dilute 
acid than dolomite; hence, if afresh roc k surface is et ched, the 
amount of dolomite left standing in relief can be estimated using a 
hand lens. Some staining techniques are based on differences in sol- 
ubility of the carbonate minerals (in decreasing order of solubility: 
aragonite, calcite, and dolomite). These staining techniques are use- 
ful in the laboratory but have limited application in the field (Fried- 
man 1959 ; Ware 1962). Thin-section staining is particular ly 
effective in the laboratory (Dickson 1965, 1966). 

The x-ray diffractometer is commonly used in the laboratory for 
determining carbonate mineralogy of bulk samples. Cullity (1956), 
Azaroff and Buerger (1 958), Gu lbrandsen (1960), Graf and Gold- 
smith (1963), Muller (1967), and Runnells (1970) describe tech- 
niques for determining calcite and dolomite ratios or the percentage 
of these minerals based on comparison of their diffraction intensities 
with those of known standards. 

Thin-section analysis may be a helpful adjunct to binocular 
examination of carbonate rocks. Although it is difficult to distin- 
guish between calcite, dolomite, and ankerite in thin section unless 
staining techniques are used, identification of other minerals, types 
of carbonate grains, fabrics, textures, and structur es is sometimes 
facilitated by this method (see also section on Physical Properties in 
this chapter). Appr opriate parts of Carozzi (1960) and Hatch and 
Rastall (1 971) introduce microscopic investigation of carb onate 
rocks, as does the review by Gubler et al. (1967), and Adams and 
MacKenzie (1998). Good references for assistance in iden tifying 
fossils and fossil fragments in thin section are Horowitz and Potter 
(1971) and Scholle (1978). 

Color, an important prop erty of carbonate rocks, can be a 
rough guide to purity, but it also can be mislead ing. Only a small 
amount of noncarbonate material is necessary to produce a marked 
change in color. The f amous building stone called I ndiana Lime- 
stone, for example, with its distinct gray and buff colors, commonly 
contains less than 0.2% Fe2O3 (iron oxide). Carthage Marble, a fos- 
siliferous dimen sion limestone fro m Missouri in shades of gray , 
generally has a total iron and aluminum oxide content of less than 
0.2%. Limestones in shades of gray or green generally indicate the 
presence of minerals containing iron oxides or carbonaceous mat- 
ter. As the state of oxidation incr eases, the colors change to yel - 
lows, browns, or reds. Aco lor reference chart is useful in 
maintaining uniformity of rock descriptions, and one of the most 
useful is available from the Geological Society of America (God- 
dard et al. 1963). 

Impurities in carbonate rocks vary considerably in type and 
amount but are im portant from an economic st andpoint only if 
they affect the usefulness of th e rock. Generall y, the two most 
important considerations of each impurity are how much is present 
and how it is distributed. A considerable amount of some impuri- 
ties is tolerable in carbonate rock for some uses if the impuri ty is 
disseminated throughout the rock. But if the im purity is conce n- 
trated in laminae, it may form planes of we akness that seriously 
affect the performance of the rock. 

Clay is per haps the most common impurity in carb onate 
rocks. The clay minerals, mainly kaolinite, illite, chlorite, smectite, 
and mixed-lattice types, may be either disseminated throughout the 
rock or concentrated in laminae or thin partings. The basic molecu- 
lar building blocks of clay minerals are silica tetrahedra (a silicon 
atom and four oxygen atoms) and alumina or magnesium octahedra 
(an aluminum or magnesium atom and six h ydroxyl ions). Other 


chemical elements are incorporated into the structure, however, so 
it is di fficult to de termine the type of clay mineral by chemical 
analysis alone. If clay mineral identification is i mportant, other 
analysis techniques such as x-ray diffraction, differential thermal 
analysis, and electron microscopy can be used. The clay chapters of 
this volume give a comprehensive review of clay minerals. 

Chert is another common impurity in carbonate rocks and can 
be disseminated as_ grains throug hout the rock or concentrated in 
nodules, lenses, or beds. It is composed mainly of very fine grained 
quartz (SiO) that may appear under the microscope as minute sub- 
equant crystals, usually 1 to 10m __in diamete r (microcrystalline 
quartz), or asr adiating fibers (chalcedonic qua rtz). Chert easily 
incorporates impurities, including water, into its structure so t hat it 
can be found in almost all colors; its surface texture can range from 
dense or porcelan eous to porous or earth y. Dense cherts ha ve a 
Mohs hardness of 7 and high imp act toughness, which mak e them 
particularly abrasive to crushers and other pr ocessing eq uipment. 
Porous cherts, mainly be cause of their large surface area available 
for chemical reaction and moderate solubility in alkalies, are consid- 
ered deleterious components in aggregates used in concrete. Dunn 
and Ozol (19 62) give comprehensi ve co verage of the deleterious 
properties of cherts. 

Silica is also found in carbonate rocks as discrete silt- or sand- 
size grains of the mineral quartz. These grains may be disseminated 
throughout the rock or concentrated in laminae and beds. Detrital 
limestone e specially may containa considerable percen tage of 
quartz silt and sand . These grains can act as the nuclei for c oated 
carbonate grains, such as some ooliths and pisoliths. 

Finely disseminated or ganic matter is a common constituen t 
of limestones and dolomites and can give the r ock a prono unced 
brown or black color. Bituminous material, an organic derivative of 
petroleum and residue of former pore fluids, can be present in suffi- 
cient quantity to make the rock undesirable for some uses. 

Thin-section and insoluble-re sidue studiesr_ eveal trace 
amounts of a wide variety of o ther minerals in most carbon ate 
rocks. Although these trace minerals may affect the economic use- 
fulness of rocks used for chemical purposes, such as glass manufac- 
ture, the y have little effect on rocks used pr incipally because of 
their physical properties, as in construction materials. 

Origin 

Most limestones of ec onomic imp ortance were partly or wholly 
biologically derived from seawater and accumulated in a relatively 
shallow marine environment. The obvious skeletal material in lime- 
stones speaks of a biologic orig in, b ut e ven nondescript, fine- 
grained material may deri ve from the life of organisms. Pellets in 
many instances are fecal material, and silt- and clay-size particles 
may be aragonitic-sheath crystals released upon the death of algae. 
Ooliths, which in the past have largely been thought to be the in or- 
ganic accumulation of calcium carbonate around a nucleus, may 
also depend in part on algal activity. 

In some places, lime-secreting organisms such as corals, cal- 
careous algae, and mollusks erect large, wave-resistant structures 
called reefs. The biologi cally active parts of these structures are 
generally near the edge of shallow marine shelves where upwelling 
currents supply nutrients for the growth of the organisms. In other 
places along such shelves, small skeletal particles or other material 
can become coated by c oncentric layers of calciu m carbonate to 
form oolit hs. Ool ites de velop be st in the high-energy zon e of 
shelves where water currents agitate the grains, and as the oolites 
build up the y form elongate lenticular bars that nearly reach the 
water surface. Very fine grained ca rbonate muds (mi critic | ime- 
stone) derived from the comminution of coarser skeletal material 
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or precipitated directly from se awater, accumulate in lo w-energy 
environments such as lagoons or deep water. 

The depositional environment is significant because it deter- 
mines the size, shape, pu rity, and other economically significant 
characteristics of the carbonate rock deposit. Limestones that form 
in high-energy zones generally contain little noncarbonate material 
and hence may be the source _ of high-purity carb onate ma terial. 
Micrite, which accumulates in zones of low energy, is more likely 
to be diluted by clay and silt-size noncarbonate material. 

Carbonate sedimen ts are hi ghly suscepti ble to po stdeposi- 
tional alteration and modification. The origin of dolomite is espe- 
cially significant to the geolog ist. Although some dolomite may 
be precipitated directly from seawater, most dolomite is a result of 
the alteration of calcium carbonate sediments or rocks by hyper- 
saline brines. Good e xamples are the almost-pure dolomit e Sil- 
urian reefs in northern Illinois, Indiana, and Ohio, and in southern 
Michigan. 

The depositional environment and postdepositional history of 
carbonate rocks are best understood by studying modern carbonate 
deposition. The general re views by Baars ( 1963), Ginsburg et al. 
(1963), and Milliman (1974) are good references for this informa- 
tion. For further information on locations and distributions of mod- 
ern carb onate sediments, the summaries by Graf (1960a, 1960b, 
1963) are useful; the comprehensive discussions of the origin and 
occurrence of c arbonate roc k in th e pa pers com piled by Jorda n 
(1978) and Scholle, Bebout, and Moore (1983); in the book by Wil- 
son (1975); and the reviews of limestone by Sanders and Friedman 
(1967) and of dolomites by Friedman and Sanders (1967) fill the 
gaps of the other coverages. Tucker and Wright (19 90) p rovide 
good coverage of carbonate sedimentology. 


Classification 


The explosive growth in the study of modem carbonate sedimenta- 
tion from the late 1950s to the present has had a notable effect on 
carbonate r ock classification. Numerous classif ication schemes 
have emerged based on this new-found information, such that car- 
bonate rock descriptions are now more explicit and more conducive 
to genetic interpretation than ever before. 

Many aspects of carbonate rocks can be used as the basis of a 
classification scheme, but perhaps the most useful are composition 
and texture. Composition can be thought of in terms of mineralogy, 
types of fossils or grains, or chemical constituents. Texture refers to 
both depositional and postdepositional features such as relative pro- 
portions of framework grains and lime mud, grain size, cement, and 
pores. 

Carbonate rocks are rarely monomineralic in natur e; thus, a 
mineralogical classification of these rocks needs to consider varia- 
tion in amounts of calcite, dolom ite, and noncarb onate materials 
(see Figure 1). Such a classification is useful in rock descriptions, 
especially whe n com bined wi th t extural para meters, but it c om- 
monly is not sufficient for industrial purposes. Although limestone 
and dolomite can be used equally well for many purposes, certain 
uses have special c hemical requirements. T hese special re quire- 
ments are stated in terms of chemical composition rather than min- 
eralogical composition and specify the quantity of CaCO3 (or CaO, 
calcium oxide) and MgCO3 (or MgO, magnesium oxide) or both in 
the rock along with the maximum percentage of impurities that can 
be tolerated. A practical chemical classification considers that ultra- 
high calcium limestone is more than 97.5% CaCO 3, high-calcium 
limestone is more than 95% CaCOs, high-purity carbonate rock is 
more than 95% c ombined CaCO 3 and MgCO 3, and high-magne- 
sium dolomite is more than 43% MgCO 3 (theoretically pure dolo- 
mite is 45.7% MgCOs). 


Other Minerals 
(Mostly Insolubles) 







Noncarbonate 
Rock 






Dolometic 
Limestone 


Calcitic 
Dolomite 







Calcitic Dolomite Dolomitic Limestone \ lineso\, 


Dolomite 90% 50% 90% Calcite 





Figure 1. Mineralogical classification of carbonate rocks 


A textural classification as well as a mineralogical classifica- 
tion is fundamental to geologic studies to determine the origin of 
carbonate rocks. One such classification by Leighton and Pendex- 
ter (1962) considered that most limestones can be characterized by 
the types and relative amounts of four textural components: grains, 
lime mud (micrite), cement, and pore s. The rat io of rela tive pro- 
portions of grains to micritic material, which is the basis of their 
nomenclature system (Table 2), gives some indication of water tur- 
bulence because muds cannot be de posited in areas with strong 
bottom curre nts. Other cl assifications, such as the ones by Folk 
(1962; see Table 3) and Dunham (1962; see Table 4) make use of 
framework grains to mud ratios and have practical applications. 

Dolomite presents a special problem in classification and may 
require separate handling from limestone. The te xtural classifica- 
tion can be used for secondary dolomite if the original depositional 
texture is preserved. Some dolom ites, however, sho w only f aint 
traces of original te xture, called ghosts or relics, and others may 
have had their ori ginal t exture com pletely obl iterated. F or the se 
cases, and for dolomite of primary origin, a classification based on 
crystal size may be required. 


Distribution of Deposits 


Carbonate rocksha ve been deposited f rom Precambrian to 
Holocene time, and although they compose only about 0.25% of the 
volume of the crust of the earth (Parker 1967), they comprise about 
15% of the sedimentary rocks. In 2002, limestone and/or dolomite 
were quarried or mined inall of the 50 states except Delaware, Lou- 
isiana, New Hampshire, and North Dakota; they were mined in all 
Canadian provinces except Saskatchewan. 

Because carbonate rocks are wid ely distributed and dif fer in 
their geologic characteristics, each deposit must be considered on 
its own attributes. The best so urce of in formation for carbon ate 
rock deposits is the st ate geological surveys, or their equivalents. 
Most state publications are oriented to ward aerial geology, com- 
modities, or the tw o combined, rather than u ses or methods. The 
U.S. Geological Su rvey (USGS) publishes info rmation on lime- 
stone and dolomite. The annotated bibliographies of Gazdik and 
Tagg (1957) on high-calcium limestone depo sits and of Davis 
(1957) on some high-magnesium dolomite deposits are helpfu 1 
guides to the older literat ure, as is the report on high-grade 
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Table 2. Classification of limestone according to the scheme of Leighton and Pendexter (1962) 



































Grain: Grain Type 
Micrite % Organic Frame No Organic 
Ratio Grains Detrital Grains Skeletal Grains Pellets Lumps Coated Grains Builders Frame-Builders 
9:1 ~90% Detrital Skeletal Pellet Lump Oolitic; pisolitic; | Coralline; algal o 
algae-encrusted = 
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Table 3. Classification of limestone using the texture scheme of Folk (1962) 
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Table 4. Classification of limestones according to the scheme of Dunham (1962) 
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dolomite depo sits by W eitz (1942) and a more recent report by 
Freas and Horne (1982). 

Although high -purity carbo nate rock de posits are not o verly 
abundant, they are by no means rare. All of the stat es except Dela- 
ware, Hawaii, Louisiana, Mississippi, New Hampshire, and Rhode 
Island, and all of the Canadian provinces, report potentially commer- 
cial deposits of high-calc ium limestone or high-magnesi um dolo- 
mite. A complete list of publications is available on the Web sites of 
all the state geological surveys; these Web sites are given later in this 
chapter and in the bibliography. Twenty-one of the 31 Mexican states 
produced high-calcium limestone or high-magnesium do lomite in 
2000, and 5 of the Canadian provinces have commercial production 
of high-calc ium limestone. Because deposits are present , ho wever, 
does not necessarily mean that they can be exploited. In many areas, 
competition is intense for pot ential mineral lands for construct ion 
sites, recreation areas, nature pre serves, and highw ays; even nature 
has its own requirements for flowing streams and soil development. 
Society has also imposed environmental controls, now firmly estab- 
lished in state and federal statutes, which prohibit or re strict mineral 
production in areas where it might significantly affect the quality of 
the environment. 


Exploration 


Exploration for limestone and dolomite in North America is largely 
the de tailed examination of known deposits. Bec ause most | ime- 
stone is a sedimentary rock, it occurs in strata gene rally of consid- 


erable e xtent. Some data on ch emical comp osition and ph ysical 
characteristics are available for most such strata in the published 
reports or files of state, provincial, and national geological surveys. 
Exploration forane wlimestone deposit, therefore, in most 
instances begins with a search of these records to find the locations 
of deposits that satisfy the various economic factors, and proceeds 
to a sampling program of favorable deposits. Geo physical tech- 
niques, if used at all, are performed to determine the thickness of 
overburden. Geochemical techniques are not used. 

All aspects of exploration are important, b ut the one most 
likely to be slight ed is sampling. Yet it determines the validity of 
further study and may become the basis for hundreds of thousands 
and sometimes millions of dollars worth of de velopmental w ork. 
The goal of sampling must be the accurate re presentation of the 
limestone deposit. The most common sampling methods are coring, 
rock bitting, and surface (ledge) sampling, and the choice among 
these depends on such matters as_ the geology of the deposit, the 
proposed use of the material, and the availability of equipment. 

Special care should be tak en when sampling weathered out- 
crops. In humid regions, the surface layer of a carbonate rock can 
be leached of calcite and dolomite and hence be less pure than the 
rest of the unit. On the other han d, in arid and semiarid re gions, 
where evaporation exceeds precipitation for long periods of time, 
the surface layer may be enriched in calcite and dolomite. Thus, if 
surface samples must be taken under these conditions, the geologist 
should be aware of a potential bias. 
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Coring 


Coring is generally the best met hod of exploring a new deposit. A 
single core may not al ways be mor e representative than a se ction 
sampled in a quarry or in a natural exposure, where some judgment 
may be used as to what is representative, but cores taken on a grid 
pattern constitute a mo re representative and unbiased sample of a 
deposit than an equal number of _ surface sections. Cor ing avoids 
contamination by soil and weathered material, and disproportionate 
sampling of different parts of a single unit, yet retains the surface 
material that may have worked downward into solution cavities. 

Initial drilling is generally widely spaced, both to help locate a 
potential deposit and to determine its potential size. Once an appar- 
ently large and suitable deposit is discovered, it should be drilled in 
amore or less regular pattern. The core grid and type of drilling 
depend largely on the proposed use of the limestone, although other 
factors such as the homogeneity of the deposit, geologic complex- 
ity, topography, and cost of drilling are significant. In areas of 
steeply dipping strata, the grid sp acing must t ake in to ac count 
whether vertical or inclined drilling will be used. If the stone is to 
be used as cement raw material and the magnesium content of the 
rocks is believed to be mar ginal and unpredictable, no greater than 
30-m centers would be required. If the deposit is relatively homoge- 
neous in one direction and not in another, a rectangular rather than a 
square grid might be used. If the stone is to be used as aggregate 
and is r elatively uniform in other deposits, generally only afe w 
cores need to be taken in several hundred hectares. For most depos- 
its of flat-lying strata in which the chemical composition of the 
rocks is important, cores should be spaced on 30-m centers until a 
pattern of uniformity indicates that the spacing can be increased 
safely. The authors kno w of one lime company, quarrying in a 
structurally complex area of P ennsylvania, that found coring on 
15-m centers necessary for adequate quality control. 

For most limestone exploration, a BX core (4.13 cm in diame- 
ter) suffices, but if physical tests are required, a core of larger diam- 
eter must be used. NX core (5.4 cm in diameter) is adequate for 
chemical analyses and limited ph ysical te sting but too small for 
some physical tests. If the core is stored for a significant period of 
time, it may be necessary to use plastic or wooden core boxes rather 
than the common corrugated cardboard boxes normally supplied by 
the core drilling contractor (Figure 2). 

Each common ph ysical test of rock used for aggregate 
requires about 5 kg of ro. ck. Tests for absorption, abrasion, and 
soundness require more than 14 kg of rock. Testing stone for use as 
highway materials (ASTM 2004, Volume 04.02; AASHTO 2004) 
requires a minimum of 23 kg of rock. Highw ay commissions in 
some states don ot perform ph ysical te sting of co res and accept 
only ledge samples. Testing agencies in other states will run physi- 
cal tests on cores. 


Rock Bitting 


Used alone, drill cuttings are probably the least reliable samples in 
exploration, b utif used to supplement cores or informa tion 
obtained from nearby quarries or outcrops, they are an inexpensive, 
rapid method of acquiring much information. If the drilling is done 
in a carefully cased hole to prevent contamination by overburden, if 
the cuttings are collected carefully, and if the geologist is experi- 
enced in interpreting well cuttings, these samples can be as reliable 
as core and surface sampling for some purposes. In fact, the percus- 
sion air drill is probably the fastest and least expensive method for 
preliminary sampling. 

Because of the large amount of drilling for oil and gas during 
the past fe w decades, cuttings of thousands of wells are on file in 
government and other sample libraries. Although not intentionally 











Figure 2. NX core being placed in a plastic core box 


so, these cuttings constitute the largest exploration program for 
industrial minerals ever undertaken. Cuttings cannot be interpreted 
properly unless the interpreter understands drilling techniques, and 
the best interpretation of the we Il cuttings requires co nsiderable 
well-site experience. In addition, the explorationist should be skep- 
tical of these cuttings without prior knowledge of the drilling condi- 
tions and the competenc y of th e personnel log ging samples from 
these wells. Stein and Starkwea ther (1996) is a good reference on 
drilling and coring. 


Surface Sampling 


Chip samples taken carefully on a quarry face can provide a good 
representation of the limestone deposit. The geologist should first 
inspect the quarry face, divide the face into units of uniform 
lithology, and then mark tops of units with paint or flags. Thick 
homogeneous beds should be arbi trarily su bdivided, so that no 
sample is more than about 1.5 m thick. Starting at the base of the 
unit, one should take chips of uniform size as nearly as possi ble 
along a selected vertical line to the top of each unit. (The geolo- 
gist might start at the top and work down, but it is easier to work 
up than down.) This method of sampling is sometimes called 
channel sampling. Chip samples should be tak en from unweath- 
ered surfaces even if the weat hered rind must be chipped a way. 
Samples should be washed to remo ve contami nants such as 
lichens or soil, but care sh ould be taken not to wash out thin, 
interbedded shales. 

Many channel or core samples weigh5to 10 kg, and this 
amount must be crushed, thoroughly mixed, and quartered several 
times in the 1 aboratory to re duce the sam ple to the fe w gra ms 
needed for chemical determination. 


EVALUATION AND TESTING 


If given sufficient cores or exposures of rock, an experienced indus- 
trial minerals geologist can evaluate a limestone deposit largely just 
by visual inspection, using a hand lens, hammer , and weak hydro- 
chloric acid as the only tools. The geologist can generally appraise 
whether a stone will make class A aggregate or cement raw mate- 
rial. They may not, however, be able to determine whether the stone 
is of sufficient purity for other uses. Final evaluation of rocks suit- 
able for aggregate, dimension stone, and similar uses requires phys- 
ical testing. Rocks used for making lime, cement, or other products 
that depend on chemical purity should be chemically analyzed. 
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Table 5. Physical properties of selected carbonate rocks 











Apparent Apparent Compressive Modulus 
Specific Porosity, Strength, of Impact, Toughness, 
Age Formation Location Rock Type Gravity % MPa MPa cm/cm Reference 
Miocene Unspecified Eniwetok Limestone (fossiliferous) 2.39 4.0 97.2 16.5 0.4 Blair (1956) 
Eocene Unspecified Eniwetok Limestone (dense) 2.53 122.0 22.0 0.8 Blair (1956) 
Cretaceous Niobrara S. Dakota Limestone (chalky) 1.81 8.3 25.5 4. 0.5 Blair (1955) 
Mississippian St. Louis Missouri Limestone (oolitic, 2.56 115.8 15.9 1.1 Blair (1956) 
fossiliferous) 
Mississippian — Maxville Ohio Limestone (fine-grained) 2.41 108.9 172 1.2 Blair (1956) 
Mississippian Salem (Spergen) Indiana Limestone (fossiliferous) 2.37 11.0 75.2 11.0 0.7 Windes (1949) 
Devonian Columbus Ohio Limestone (very 2.60 5.4 123.4 1.4 Blair (1956) 
fine-grained) 

Devonian Columbus Ohio Limestone (fine-grained) 2.69 0.7 196.5 20.0 3.4 Windes (1949) 
Silurian Brassfield Ohio Limestone (dolomitic) 2.8 133 179.2 193.1 1.6 Windes (1950) 
Silurian Niagara Ohio Dolomite (fine-grained) 2.4 8.6 89.6 75.8 0.7 Windes (1950) 
Silurian Clinton Alabama Limestone (coarse-grained) 2.83 0.9 165.5 2.6 Windes (1949) 
Ordovician Chickamauga Tennessee _ Limestone 2.73 3.4 >173.0 5.5 2.2 Blair (1956) 
Ordovician Lenoir W. Virginia Limestone (siliceous) 2.68 6.0 158.6 13.1 1.0 Windes (1950) 
Ordovician Knox Tennessee —_ Dolomite (fine-grained) 2.84 0.7 322.0 26.2 2.3 Windes (1949) 
Cambrian Bonne Terre Missouri Limestone (dolomitic) 2.66 3.3 175.1 12.4 1.9 Blair (1955) 
Cambrian Oro Grande California — Marble 2.72 0.2 65.5 16.5 0.7 Blair (1955) 
Precambrian Cockeysville Maryland — Marble 2.87 0.6 212.4 19.3 1.1 Windes (1949) 





The Am erican S ociety for Testing and Materials (AST M) 
Directory of Testing Laboratories, Commercial-Institutional (2005) 
lists laboratories capable of making chemical and physical determi- 
nations on rocks. 


Physical Properties 


Procedures for ph ysical testi ng can be obtained from two main 
sources: ASTM and t he American Association of State Highw ay 
and T ransportation Of ficials (AASHT O). Both organizations 
describe explicit procedures, in cookbook fashion, for testing lime- 
stone and dolomite. State highw ay commissions may specify 
slightly different procedures and should be consulted if stone is to 
be used as aggregate in those states. In earlier years, several federal 
organizations developed physical tests for building stone, such as 
those reported by th e U.S. Census Office and t he U.S. Bureau of 
Standards; however, current b uilding-stone testin g generally fo 1- 
lows procedures outlined by ASTM. 

Physical tests are designed to test how well a rock will perform 
for a particular use. As might be expected, many tests ha ve been 
developed corresponding to the many uses for which the carbonate 
may be designated. Table 5 shows selected physical properties of 
carbonate rock. Th e Handbook of Physical C onstants (Birch et al. 
1950) and a b ook by Barksdale (1991) describe a large number of 
physical properties of limestones and other rocks. These reference s 
contains data on bulk density, compressive strength, compressibility 
at high and low temperature, dielectric constant, electrical resistivity, 
porosity, thermal conductivity, thermal expansion, and other proper- 
ties that are especially useful to the geophysicist. Manger (19 63) 
published a tab ulation of porosity and bulk density determin ations 
of carbonate rock, a s reported in the acce ssible American, British, 
German, and Swiss literature. 

A great many physical tests of carbonate rock used for aggre- 
gate have been performed in connection with state and federal road- 
building prog rams, but much of this information is unpublished. 
Unfortunately, most data from testing of aggre gate in the fed eral 
highway program ha ve not been tabulated. Marek (1991) gi ves a 


useful overview of sampling and testing principles. Unfortunately , 
much of that material is dated relative to changing highway con- 
struction method s and materials requirements. Th e In ternational 
Center for Aggre gates Research (ICAR) is no w the focal point of 

current aggregate research. [CAR is acollaborative effort of the 
University of Texas at Austin and Texas A&M University and has 
very stron g ties to th e National Stone, Sand, and Gra vel Associa- 
tion (NSSGA). ICAR publishes a free reference library of informa- 
tion on their Web site at www.ce.utexas.edu/org/icar. AASHTO, a 
nonprofit association representing the transportation departments of 
all 50 states, the District of Co lumbia, and Puerto Rico, publishes 

an e xcellent tw o-volume book on aggregate materi al standards 

(AASHTO 2004). 

Through the years,the U.S. Army Co rps of Engineers 
(USACE) has tested carbonate rock from many quarries in the con- 
tinental United States to evaluate their potential use in constructing 
locks, dams, and other structures. Technical Report No. 6-370, Test 
Data C oncrete Ag gregates in Continental Un ited States from the 
USACE Waterways Experimental Station (1953) gives a summary 
of this testing, which includes the standard tests for sulf ate sound- 
ness, abrasion resistance, specific gra vity, a nd absorp tion. T his 
compilation, which occupies nearly a meter of shelf space, cannot 
be purchased but is a vailable for inspection at USA CE libraries. 
Other, more acce ssible publications that give physical test v alues 
and results of USACE extensive research relating to the use of car- 
bonate rock as aggre gates in portland cement concrete include one 
by Curry and Buck (1966). The most current list of USACE publi- 
cations is available from the Engineer Research and De velopment 
Center Professio nal Librar y Serv ices, an onli ne libra ry at htt p:// 
www.edrc.usace.army. mil/library/publications. 

Some manufacturers of pulverized limestone, defined as lime- 
stone or dolomite ha ving a minimum fineness of 97% passing a 
325-mesh sieve, established standards and test methods through the 
Pulverized Minerals Division of NSSGA. Recommended test meth- 
ods include those for particle size, pH, dry brightness, w ater 
demand, and calcium and magnesium carbonate content. 
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Petrographic e xamination of ca rbonate rock can foretell its 
physical properties and subsequent suitability for certain uses, b ut 
too few people use this method. Th e definitive reference for this 
type of applied petrograph y is ASTM Standard C295, wh ich is 
based on work from the 1950s. Techniques of petrographic exami- 
nation and some of its applications can be found in Mielenz (1954, 
1955), and Scholle (1978). 

Rippability is a physical property of rock that concerns mainly 
the construction industry. Limestones that are thinly bedded, low in 
compressive strength, or sufficiently inhomogeneous so as to con- 
tain horizontal planes of weakne ss can generally be ripped easily . 
Empirical testing by the Caterpillar Tractor Co. (1972) found a rela- 
tionship between seismic w ave velocities and rock rippability: the 
higher the wave velocity, the more difficult it is to rip the rock. 

Various research w orkers ha ve e xamined the relationships 
between different physical and chemical properties of carb onate 
rocks. These attempts have not met with much success because of 
the inhomogeneity of the ro cks. Further information can be found 
in Judd and Huber (1961 ), West and Johnson (1965 ), Baxter and 
Harvey (1969), and Barksdale (1991). 


Chemical Properties 


The chemical and ph ysical properties of carbonate rocks are inter- 
dependent. Pure calcite in the form of poorly cemented chalk is not 
only unique in its low strength and high absorption among the car- 
bonate rocks but is also highly reactive chemically because of the 
large surface area of its component grains. Pure calcitic marble of 
the same chemical composition as chalk is relatively strong, unab- 
sorptive, and unreactive. Dolomite that contains quartz sand grains 
can have the same o verall compos ition as dolomite that c ontains 
chert, but its suitability as aggregate differs widely because of th e 
difference in reactivity of the two forms of silica. Processing also 
affects the degree of fracturing of stone and thus its surf ace area 
and che mical re activity. T herefore, ph ysical and mineralogic 
descriptions of carbonate rocks are of importance in predicting the 
chemical properties of the products that may be produced from a 
deposit. 

For some uses of carbonate rocks, chemical analysis may be 
of little or no help in estimating the suitability of a roc k unit; for 
other uses chemistry is of utmost importance. For example, in stone 
used for chemical purposes, such as glass raw ma terial, flux, or 
cement, the percentage of certain elements must fall within speci- 
fied limits or ranges. On the other hand, the chemical content may 
or may not be important for stone that is used because of its physi- 
cal properties, such as aggregate, building stone, or riprap. A thick 
section of roc k that is a most pure do lomite is lik ely to be well- 
cemented reefal dolomite, and it can be predicted generally to make 
good aggre gate (Ault 1989) . Rock th at is pur e calcite, ho wever, 
may be a skeletal or oolitic limestone that is either well cemented or 
poorly cemented and thus might make excellent or only fair aggre- 
gate. 

The prop ortion of alumina (Al 203) and silica (SiO 2) in the 
rock may be helpfu 1 in determin ing the value of a carbonate rock 
for a use in which physical properties are important. Most silica in a 
carbonate rock is likely clay, silt- and sand-size quartz, or chert. For 
the common clay minerals found in limestones and dolomites, as 
much as 2% silica may be presen t foreach 1% of alumina. Th e 
higher the alumina content, the mo__ re argillaceous t he sa mple is 
likely to be. The alumina content can be multiplied by two to obtain 
an estimate of the amount of silica tied up in the clay. 

The chemical analysis of a carbonate rock is essential for esti- 
mating the neutralizin g value of agricultural limestone, whic h is 
usually expressed in terms of calcium carbonate equivalent (CCE). 


Pure calcite (CaCO3) is assig ned a CCE v alue of 100. Pur e dolo- 
mite (CaCO3*MgCO3) has a theoretical CCE value of 108.6; that is, 
it is 8.6% more effective than pure limestone as a neutralizer. Such 
interpretation assumes that a molecule of MgCO3 with a molecular 
weight of 84.32 isas effective aneutralizer as one molecule of 
CaCO3 with a molecular weight of 100.09. Thus, a given weight of 
MgCO; is 1. 19 times as effective as the same weight of CaCO 3. 
Because of differences in solubility, however, a dolom itic liming 
material will take longer to neutralize a given amount of acid than a 
pure limestone, even though the CCE of both is the same. Goodwin 
(1979) is a useful guide to selecting agricultural limestone materi- 
als, as is information available from several state agency Web sites 
(see Additional Resources section in this chapter). 

Many published chemical analys es of carbonate rocks sho w 
the varied compositions of limestones and dolomites (Clarke 1924; 
Graf 1960b; Sie gel 1967), but these may not al ways be ty pical of 
the formation from which the y were taken. Most sedimentary car- 
bonate rocks v ary in their impur ities—including clay minerals, 
resistant minerals such as quartz, and or ganic material—because 
they were d eposited in dif ferent en vironments. In addition, the 
rocks have evolved chemically as well as ph ysically during com- 
paction, deh ydration, and lithif ication. S ubsequent pr ocesses, 
including burial and e xposure to pe rcolation of water, provide for 
synthesis of authigenic minerals and alteration, such as oxidation of 
organic matter. Because of the limited extent of identical environ- 
ments of deposition and subsequ ent postdep ositional condition s, 
composition of any given rock unit is likely to be variable. Analyses 
of many samples taken at different sites are required to re veal the 
approximate composition of a particular rock unit. 

Good sour ces of chemical data on carbonate rock s are the 
state geological surveys or their equivalents. Many state surv eys 
have files of chemical data obtained from quarry sampling and cor- 
ing programs. The USGS has published 1,131 analyses of carb on- 
ate rock s from Colo rado, Kansas, Montana, Nebr aska, North 
Dakota, South Dakota, and Wyoming (Hill, W erner, and Horton 
1967) and 3,585 analyses of carbonate rocks from Alaska, Idaho, 
Oregon, and Washington (Hill and Werner 1972). 


Specifications 


Limestone specifications vary with end use of the stone. These spec- 
ifications can be ei ther ph ysical or chemica 1, b ut freque ntly the y 
include both. Ph ysical specifications such as dura bility and grada- 
tion are more important if the stone is to be used as mined, such as 
for construction aggregate. Chemical properties are more important 
if the stone is to be subject to calcination, as in the production of 
lime or cement. Most industrial and agricultural applications require 
adherence to bothaph ysical and ache mical spe cification. For 
example, glass-batch raw materials might have both a rigid chemical 
specification and a narrow gradation requirement. 

Physical specifications focus on both the natural properties of 
the rock and the properties imparted during processing. Natural 
properties ar e intrinsic, such as hardness, compo __ sition, te xture, 
color, porosity, and density , and processing properties ar e derived 
from the physical gradations and result from crushing, screening, 
washing, and air classification. Obviously the results of processing 
are directly related to the natural characteristics of the stone. 

Physical specifications relating to gradation and durability are 
by far the most common when t he rock is used as a ggregate 
material. These specifications are based on standardized testing and 
practices de veloped through ASTM. ASTM-sp ecified grading 
requirements f or coar se aggre gate are sho wn in T able 6. Other 
related ASTM physical specifications can be found in ASTM 2004 
(Section 4—Construction). 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


588 


Industrial Minerals and Rocks 





Table 6. Grading requirements for coarse aggregates 


Amounts Finer than Each Laboratory Sieve (Square-Openings), wt % 














Ii - oF F et «= gf =F F —- F £— £F QE 
: Normal Size Range E eé _— g& _E Hus E ce din cf& tu 0.9 Loo 
Size Sieveswith £8 S85 £6 So £9 Sn £0 £o Sa $9 SN 6% 5m 
Number SquareOpenins) go mS ob AS a® =SB8 -N Fe SH SQ ZX ZN ZH 
] 312-12 in. 100 90-100 25-60 0-15 0-5 
(90-37.5 mm) 
2 2Y2-1Y/9 in, 100 90-100 35-70 0-15 0-15 O05 0-5 
(63-37.5mm) 
3 ae 90-100 35-70 35-75 10-30 0-5 
(50-25.0 mm) 
357 1-4/4 in. 95-100 
(37.5-19.0 mm) 
4 isdn tne A 100 90-100 20-55 0-15 0-5 
(37.5-4.75 mm) 
467 pin. 100 95-100 35-70 10-30 0-5 
(37.5-4.75 mm) 
5 1-¥ in. 100 90-100 20-55 0-10 0-5 
(25.0 to 12.5 mm) 
56 1% in. 100 90-100 40-85 10-40 0-15 0-5 
(25.0-9.5 mm) 
G7? ' Fae heey 100 95-100 25-60 0-10 0-5 
(25.0-4.75 mm) 
6 4-3) in. 100 90-100 20-55 0-15 0-5 
(19.0-9.5 mm) 
67-4 in.-No. 4 100 up to 100 20-55 0-10 0-5 
(19.0-4.75 mm) 
Z V/a in.-No. 4 100 90-100 40-70 0-15 0-5 
(12.5-4.75 mm) 
8 ¥e in.-No. 8 100 85-100 10-30 0-10 0-5 
(9.5-2.36 mm 
Source: ASTM 2004. 
Table 7. Comparison of size gradations no. 8 stone screen size % passing 
State 
Specifications Tin. Va in. V/2 in. 3/8 in. No. 4 No. 8 No. 10 No. 16 
ASTM NA* 100 85-100 10-30 0-10 NA 0-5 
Ohio NA NA 100 85-100 10-30 0-10 NA 0-5 
Indiana 100 85-100 20-60 NA 0-5 0-2 NA NA 
Kentucky NA 100 85-95 40-65 5-20 0-5 NA NA 





* NA = not applicable. 


ASTM standards provide guidelines for both required grada- 
tions and test methods employed in evaluating materials for use as 
construction aggregates. The specific gradation requirements may 
vary tosome degree by individual state asa result of specific 
regional application or generally accepted practices. As an e xam- 
ple, Table 7 compares gradations for an ASTM No. 8 specification 
with gradation for a No. 8 stone from Ohio, Indiana, and Kentucky. 

Although there may be state-to-s tate modifications or varia- 
tions in physical gradations of specific stone sizes, most states gen- 
erally have durability requirements that are fairly consistent across 
the United States for aggregates for use as highway surface materi- 
als. The most common specifications for durability relate to abra - 
sion, soundness, and f reeze-thaw, all of which are covered by an 
ASTM standard procedure. These tests are a measure of the rock’s 


ability to wit hstand repe ated cycles of wea thering and continued 
impact of tra ffic. Several states have also included skid resistance 
for aggre gates to be used in surf _ace-course pa ving and bridge 
decks. As a consequence, several states have excluded carbon ate 
rocks for these uses because they polish easily. 

Frequently, the specif ications for rock used i n projects not 
funded by states or t he federal government are modified for eco- 
nomic reasons such as lower transportation costs. This type of 
project could include nonsensitive uses such as subgrade material 
for driveway or o ther no nload-bearing purposes. C onversely, a 
higher transportation cost might be justified to achieve a specific 
appearance, asinsomee xposed-aggregate app lications where 
architectural requi rements are more important than economic 
considerations. 
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Chemical specif ications for car bonate rocks g enerally ar e 
industry or application specif ic. In any consideration of chemical 
specifications of a limestone or do lomite, it is i mportant to under- 
stand that chemical properties are not necessarily related to physical 
properties. F or example, high-p urity limestone from the Mosheim 
Formation in Virginia is v ery hard, whereas equally pure limestone 
from the Ocala F ormation in Florid a is v ery soft. The marble from 
the Franklin Formation in Ne w Jersey has bo th high-brightness and 
high-carbonate values, yet the dark gray, almost black, marble from 
Michigan’s Dundee Formation has a higher calcium-carbonate value. 

Limestone and dolomite specifications can be de veloped in a 
variety of ways, including rigid testing and evaluation, mutual con- 
sent between the buyer and seller, common practice in an area, or 
even as a compromise to offset some other item such as high freight 
cost. A specif ication may also be written to describe a particular 
limestone source, such as when the buyer is not sure which compo- 
nents are important for a particular application. In the se instances 
of uncertainty, the final spec ification re sults from te sting se veral 
different limestones; selection is based on best performance. 

Some specifications may be uni que to a particular industry 
and require testing properties based on an industry stan dard or 
procedure. Thermal decrepitation, odor, taste, and crystallinity are 
examples of such properties. In some i nstances, these require- 
ments may be related to a specific company and be unique to the 
specific application. For instance, when a limestone is used in rice 
polishing, it may be subjected to a taste test to ensure t hat the 
limestone does not impart an unpl easant taste to the rice during 
polishing. 

As noted previously, it is not at all uncommon for a limestone 
specification to incorpo rate both physical and ch emical require- 
ments. This is particularly true of industrial uses such as glass man- 
ufacturing, where limestone is one component of the glass- batch 
raw materials. In t his example, particle size, gradation, chemical 
degradation, and chemistry are equally important . Additionally , 
batch-to-batch uniformity of comp osition, both in c hemistry and 
physical properties, is important and may require statistical process 
control (SPC). The importance of SPC should not be underesti- 
mated. For example, Tier One au tomotive glass producers require 
all glass-batch suppliers of raw materials to employ audited SPC in 
their process technology to qualify as an acceptable vendor. Several 
manufacturers also require ISO 9000 certification, although this is 
not consistently applied to the limestone and dolomite industry. 

Table 8 shows typical specifications for limestone to be used 
in glass-batch raw materials. Indus try-specific specifications such 
as those required for limestone or dolomite used in the production 
of lime orcement, in flue-g as desulfurization, andf iller and 
extender specifications are included in the chapters on these materi- 
als. Any industrial or agricultural application, however, can have a 
unique specif ication predicated on specif ic performance require- 
ments. Individual publications on specifications and uses are avail- 
able at http://www.nssga.org. 


PRODUCTION AND USES 


The USGS reports that 1,130t of limestone, dolomite, and related 
materials were sold or used in the United States in 2001 (Table 9) for 
construction purposes, including the production of lime and cement. 
As in previous years, carbonate rock was produced in 48 of the 50 
states, with only Delaware and North Dakota not reporting any lime- 
stone or do lomite p roduction. Th e top five pro ducing states in 
descending order were Texas, Florida, Missouri, Illinois, and Ohio. 
These five states accounted for 40.8% of total U.S. production. 

The tonnage is consumed in hundreds of applications, but the 
predominate markets for limestone and dolomite can be di vided 


Table 8. Physical and chemical specifications for glass-grade 
limestone 


Typical Physical Analysis 





Cumulative % Cumulative % 














Size, mm % Retained Retained Passing 
1.68 (12 mesh) 0.00 0.00 100.00 
1.19 (16 mesh) 0.35 0.17 99.83 
0.84 (20 mesh) 5.06 5.20 94.80 
0.30 (50 mesh) 57.05 62.25 37.75 
0.15 (100 mesh) 26.26 88.90 11.10 
0.07 (200 mesh) 9.98 98.40 1.60 
pan 1.60 100.00 0.00 
Moisture content 0.09% 

Typical Chemical Analysis 
Chemical Reported as % 
Calcium carbonate CaCO3 97.80 
Magnesium carbonate MgCO3 1.25 
Iron oxide Fe2O3 0.095 
Silica SiO2 0.56 
Alumina AlgO3 0.23 
Nickel Ni <0.002 
Chromium Cr2O3 <0.001 
Strontium oxide SrO 0.03 
Manganese oxide MnO <0.01 





Table 9. Crushed carbonate rock sold or used in the United States 
in 2001, by type 





Number of Quantity, Value, Unit Value, 
Type Quarries kt $1,000 $ 
Limestone 1,967 1,030,000 5,330,000 5.19 
Dolomite 188 101,000 570,000 5.64 
Marble 25 9,050 54,400 6.00 
Calcareous marl 8 4,470 17,500 3.92 
Shell 10 1,420 7,360 5.19 





Totals weighted (average) 
Source: Tepordei 2002. 


2,198 1,145,930 5,979,260 4.55 





into 9 major cate gories and 39 primary uses (Table 10). The first 
five major categories are related to the use of carb onate rocks as 
construction materials. A total of 430,613,0 OOt,or 38% of all 
crushed carbonate rock produced in the United States in 2001 was 
produced for aggregate markets. Limestone and dolomite thus rep- 
resent 54% of the total 790 t ofa ggregate material so ld or used. 
Agricultural applications consumed 11.7 t of limestone and dolo- 
mite, of wh ich agricultural liming materials made up 83% of this 
category. Chemical and metallurgical uses account for about 99.3 t, 
or about 8.8% of all th e lime stone and dolomite produced each 
year. Tegethoff (2001) gives additional information on the use and 
applications of limestone. 

Special uses cover a host of applications, the largest of which 
are fillers, extenders, and whiting materials. Because of the unique 
applications and value of these products, they are covered in a sepa- 
rate chapter. Mine dusting and acid water treatment are a unique 
category unto themselves. High-calcium limestone (more than 95% 
calcium carbonate) is used as rock dust in coal mines as an e xplo- 
sion suppressant. This product must contain less than 2% silica and 
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Table 10. Crushed limestone and dolomite sold or used by producers in the United States in 2002, by use’ 


Limestone Uset 


Dolomite Use 











Quantity, kt Value, $1,000 Quantity, kt Value, $1,000 
Construction 
Coarse aggregate (+37.5 mm) (+ 1/2 in.) 
Macadam 2,350 14,700 140 1,040 
Riprap and jetty stone 9,880 59,500 296 2,720 
Filter stone 3,120 18,900 73 522 
Other coarse aggregate 11,300 78,900 667 3,870 
Coarse aggregate, graded 
Concrete aggregate, coarse 34,600 229,000 3,400 20,700 
Bituminous aggregate, coarse 26,200 180,000 3,960 23,800 
Bituminous surface-treatment aggregate 5,800 41,900 1,090 5,610 
Railroad ballast 1,690 8,880 544 3,680 
Other graded coarse aggregate 65,700 423,000 1,930 15,800 
Fine aggregate (-*/s in.) 
Stone sand, concrete 6,740 42,600 415 2,110 
Stone sand, bituminous mix or seal 3,890 23,900 868 5,800 
Screening, undesignated 10,900 57,900 639 3,270 
Other fine aggregate 22,500 150,000 954 6,910 
Coarse and fine aggregates 
Graded road base or sub-base 64,600 326,000 5,700 27,600 
Unpaved road surfacing 10,600 60,300 807 4,090 
Terrazzo and exposed aggregate 168 1,280 0 0 
Crusher run or fill or waste 17,400 84,500 1,150 7,240 
Roofing granules 214 1,720 0 0 
Other coarse and fine aggregates 49,200 275,000 8,500 43,400 
Other construction materials? 5,880 37,900 488 2,700 
Agricultural 
Agricultural limestone 9,660 57,300 848 5,560 
Poultry grit and mineral food 932 9,980 0 0 
Other agricultural uses 271 2,980 67 316 
Chemical and metallurgical 
Cement manufacture 67,100 299,000 95 34] 
Lime manufacture 18,700 99,600 1,480 6,160 
Dead-burned dolomite manufacture ws Ww Ww Ww 
Flux stone 1,440 7,940 811 3,630 
Chemical stone 313 2,700 
Glass manufacture Ww Ww 
Sulfur oxide removal 2,990 20,100 
Special 
Mine dusting or acid water treatment 168 1,850 
Asphalt fillers or extenders 730 5,430 Ww WwW 
Whiting or whiting substitute 126 1,830 Ww WwW 
Other fillers or extenders 1,550 21,200 15 171 
Other miscellaneous uses 
Refractory stone 1,070 4,730 
Sugar refining WwW WwW 
Other specified uses not listed 6,930 34,800 123 639 
Unspecified” 
Reported 306,000 1,550,000 49,300 282,000 
Estimated 210,000 1,000,000 13,000 69,000 
Total “978,000 5,230,000 “97,400 “549,000 





Source: Tepordei 2002. 


* Data are rounded to no more than three significant digits; may not add to totals shown. 


ft Includes a minor amount of limestone-dolomite reported without a distinction between the two. 


t Includes building products, drain fields, and pipe bedding. 
§ Withheld to avoid disclosing company proprietary data; included in “Total.” 
** Reported and estimated production without a breakdown by end use. 
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is normally ground to 95% less than 325 mesh. Limestone or dolo- 
mite used in acid-water treatment can be specified with a variety of 
sizes depending on both the pH of the water to be treated and avail- 
able residence time. In some instances, limestone may be injected 
as a 325-mesh powder into a low-pH effluent stream, or it might be 
used as boulders in acid stream s not suitable for continuous tr eat- 
ment with finer-grained materials. 

Dimension stone is the one category not included in Table 9. 
Dimension stone production is closely tied to commercial construc- 
tion; in 2002 ab out 1.26 Mt were produced in the United States. 
Limestone and marble together account for approximately 33% of 
total U.S. dimension-stone produc tion. Indiana w as the leading 
state in dimension limestone production, and Georgia was the lead- 
ing state for dimension marble production, followed by Vermont. 

When granite production is included with limestone and mar- 
ble production, the United States is the fourth largest producer of 
dimension stone in the world. Nevertheless, total U.S. di mension- 
stone production has historically been one fourth that of Italy and 
one half that of Spain (Harries-Rees 1991). Italy, Spain, and Greece 
produce more dimension stone than the United States; each is a net 
exporter and the United States is a net importer of dimension stone. 

Interestingly, dimension stone production is rep orted in tons, 
but sales and prices are nor mally based on the cost per cubic foot. 
These prices have remained fairly constant o ver the last several 
years; increases in pr ofitability realized by producers ha ve come 
from increases in productivity. 


PREPARATION FOR MARKET 
Mining 
Limestone and dolomite are high-volume, low-value commodities. 
This segment of the industrial minerals industry is highly competi- 
tive and is charac terized by t housands of operatio ns serv ing local 
and regional markets. Thus a competitive environment dictates that 
production cost control is the critical element in any stone operation. 
Most limestone and dolomite are mined from open quarries, 
although in many areas economic and environmental considerations 
favor large-scale production by underground mining. The only car- 
bonate materials not consistently recovered by surf ace or under- 
ground mining are sh ell products that are dredged from parts of 
U.S. coastal waterways, and this is coming to an end with increased 
environmental pressure in conventional areas of shell production. 


Surface Mining 


The basic elements of surface mining are overburden removal (strip- 
ping), drilling, blasting, and hauling ore to the crushing and process- 
ing plant. Ul timately the surf ace mine must also contend with 
reclamation requirements. The selection of surface mining eq uip- 
ment v aries with the particular requirements at each operation, 
including p roduction capacity required, size and shape o f the 
deposit, haul distances, estimated life of the operation, location rela- 
tive to urb an centers, and other social and economic f actors. Other 
factors that must be considered in surface mining are the value of the 
products produced, location of competitive operations, and environ- 
mental and safety requirements associated with a particular deposit. 
Frequently, a surface mine or quarry will contract for the drill- 
ing or blasting part of the production cycle. The specialized nature 
of this aspect of produ ction, combined with the unique regulatory 
and safety requirements asso ciated with the handling and use of 
explosives, may make the use of an outside contr actor economi- 
cally attractive, particularly for quarries close to densely populated 
urban environments. The contractor is re sponsible for the mainte- 
nance of ane xplosives magazi ne and all record and reporting 
requirements and may arrange for seismic monitoring of each blast. 


The issue of e xplosives handling and storage has become much 
more highly regulated since September 11, 2001, adding consider- 
able incentive to using an outside contractor. 

Overburden removal is a key element in the cost of any surface 
mining operation and consequently its ability to compete with other 
mines in its market area. For example, if 3 m of overburden must be 
removed to recover 30 m of limestone, a mine with 15 m of overbur- 
den for the same 30 m of rock will not be competitive. If a mine is 
unique to its particular area, ho wever, a high overburden ratio may 
be economically justified. Additionally, the production of high-value 
end products may support mining operations that would not be 
economical for low-value products. For example, in East Tennessee, 
as much as 90m of overburden has been removed from a 30-m- 
thick, steeply dipping deposit of chemical-grade limestone for use in 
the production of lime. This high overburden ratio w ould probably 
not be justified if this were a conventional aggregate operation. 


Underground Mining 


In 2002, 83 underground limestone mines were operating in the 
United States. In 1900, total production of limestone from all under- 
ground mines was 95 kt, or 0.37% of the total limestone production. 
In 1924, production was 520 kt, or 4.5% of the total production. In 
1965, it was 31,200 kt or about 6% of the total limestone production. 
In 20 02, it w as 60,000 kt or about 5.3% of _ the total produ ction. 
Many of the mines are in the Midwest, however, and this reflects the 
abundance of high-quality limestone in hor izontal beds in that part 
of the country as much as a concentration of population. This distri- 
bution pattern will change gradually as more mines are built to serve 
urban centers (Carr and Ault 1983; Baxter 1989). 

The basic operations inunder ground mining are drilling, 
blasting, loading and_ hauling, sc aling, and roof bolting. Drilling 
equipment in cludes ho rizontal drill jumbos and do wnhole track 
drills. This equipment is generally quite different from that used for 
surface mining and results in much smaller blast holes and a lower 
volume of rock pulled with each blast. Other equipment required in 
the underground mine includes powder loaders, which are used to 
blow ammonium nitrate—fuel oil mixtures into the blast holes. Scal- 
ing rigs, which ar e used to r emove loose rocks from the ribs and 
roof of the mine, and roof-bolting equipment may also be required 
in an underground mine. 

Most under ground limestone and dolomite mines are room- 
and-pillar-type operations, and many recover rock from both head- 
ings and benches. It is not uncommon for an underground limestone 
mine to have several benches and an overall mine height up to 30 m. 
Whereas the thickness of the depos it being mined is directly con- 
trolled by the thickness of the rock and related roof conditions, it is 
not uncommon for an individual heading to be 7.5 to 10.5 m high, 
and in some instances to reach as high as 15 m. Rooms are generally 
13.5 to 15 m wide, which, depending on the type of drilling jumbo 
used, normally can be mined with one- or two-drill setups. A V-type 
drill pat tern is commonly used tom aximize the amount of rock 
pulled with each shot to reduce the number of boots or unbroken 
rock in the shot face. Scaling is normally required as a safety mea- 
sure; roof bolting may or may not be required, depending on roof 
conditions at the individual mine. Loading and hauling equipment 
may include standard 22 to 45 Mt haul trucks and correspo ndingly 
sized front-end loaders. In some m ines, the loading equipment may 
be more typicalo funder ground hard-rock operations, and may 
include load-haul-dump units or other types of tramming equipment. 
For more detailed infor mation on both surf ace an d under ground 
mines, the reader is referred to Kennedy (1990), Bise (1986), and 
Hartman (1992). 
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Processing 

Limestone processing varies with the end product and targeted con- 
suming industry but of necessity includes several basic similarities. 
These similarities relate primarily to sizing and include crushing and 
screening. Depending on such factors as the volume of rock pro- 
cessed, type of mine, haulage distance, and surface topography, pri- 
mary crushing may be done either at or near the mining face or at the 
primary processing plant. When primary crushing is done in the 
quarry or mine, the rock is norma lly reduced to a less than 15-cm 
diameter and is moved via conveyor to the main processing plant. 

Selection of crushing equipment depends on plant size, physi- 
cal properties of the rock, and the product produced. In general, pri- 
mary crushing is by a jaw or gy ratory crusher, b ut an impact 
crusher or other specialized equipment may be used. Several under- 
ground limestone mines use Stamler feeder-breakers as the primary 
crusher, which is alo w-profile p iece of equip ment. Secondary 
crushing is usually by cone or gyratory crushers, although impact 
and roll crushers and hammer mills may be used. 

Screening is one of t he most critical steps in the processing 
cycle, particularly in the production of crushed stone. The selection 
from a wide variety of screen types and screen cloth depends on the 
requirements for the end pro duct. Most s creens incorporate some 
form of inclined vibratory equipment. Screen cloth can range from 
arod, adeck, or punctured steel plates for lar ger product sizes 
down through woven wire, welded wi re cloth, rubber, plastic, and 
polyurethane for smaller product si zes. Screens must be check ed 
regularly for holes and tears because oversized material can quickly 
contaminate a significant volume of product. Stainless steel is fre- 
quently used for the screen cloth to reduce wear and increase screen 
life. 

Quarried stone usually has some moisture associated with it, 
and, as a consequence, f ines may a dhere to larger pieces of rock. 
Many crushed stone f acilities include w ashing e quipment in the 
production line to remove these fines and thus en sure gradation 
specifications and the removal of clay or soft shale. Where washing 
facilities are included in the processing cycle, settling ponds are 
also required to eliminate the discharge of silt-laden water to neigh- 
boring streams. Wher e stone w ashing is not pr actical and when 
moisture cannot be tolerated in either subsequent processing steps 
or the final product, a dryer may be required. The dryer is normally 
installed ahead of the screening equipment. These dryers are usu- 
ally counterflow rotary dryers that operate at 120°C to 150°C. Flu- 
idized-bed dryers may also be used and are particularly applicable 
where flash calcination of fines might be a problem. 

Limestone and dolomite processing for industrial and agricul- 
tural applications may also require airc _lassification and milling 
equipment, particularly when products are smaller than 10 mesh and 
must have a clean bottom cut (usually at 100 or 200 mesh). Air clas- 
sifiers are easily adjusted and have the flexibility to make a wide 
range of products. Cage mills, roller mills, and ball mills are used 
in the production of varying particle sizes ranging from 20 mesh to 
2um. W et processing is usuall y required to p roduce prod ucts 
smaller than 2 pm. 

Once processed, the stone pr oducts must be _ stored befor e 
shipment. Most crushed stone products are stored in open areas or 
in a combination of open ar eas and loading b ins. The v olume of 
material produced and the variety of products generally dictate the 
design of t he storage area. In m any larger aggregate operations, a 
series of radial stack ers distribute stone from the sc reening plant. 
Alternatively, a plant may have several stone bins to facilitate truck 
or rail loadou t. Storage o fi ndustrial and agricultural products 
requires enclosed silos and bins to protect them from moisture and 
contamination by other products. These bins and associated loadout 


devices requ ire positive dust con trol, including adequately sized 
baghouses. They may also include pneumatic conveying equipment 
or bucket elevators in the product-handling system. 

Programmable controllers or computers are finding increased 
use in the processing of limestone and dolomite. As process plants 
become larger and more co mplex, computer-controlled processing 
systems are an in valuable tool in achie ving improved production 
efficiencies and impro ved product quality. This equ ipment can be 
incorporated into the stat istical process- control program of the 
plant and can be interacti ve wi th lo adout and scale comp uters. 
Where interactive systems are used, they can provide on-line inven- 
tory control, bills of lading, and input directly from loadout scales 
to computer-generated invoicing. Several software packages avail- 
able today are particularly well adapted to aggregate operations. A 
useful reference is the NSSGA publication Guidelines for the Suc- 
cessful Automation in the C rushed Stone Industry, which can be 
supplemented with the proceedings from the NSSGA annual Auto- 
mation Conference (NSSGA 1990). The annual proceedings can be 
purchased through the NSSGA Web site (http://www.nssga.org). 


Transportation 


Transportation is a major f actor in the delivered price of limestone 
and dolomite products. In very general terms, the lower the value of 
the processed product, the shorter the distance it can be transported. 
Stated another way, construction aggregates are less likely to move 
long distances to the marketplace than are 2-nm carbonate filler/ 
extender materials. In many places, the cost of transportation equals 
or exceeds the free on board (f.0.b.) plant value of the stone. Thus, 
limestone and dolomite aggregates generally are marketed locally. 

In the limestone and dolomite chapter in the 6th edition of 
Industrial Minerals a nd Roc ks, it w as reported that trucking 
accounted for 82% of the transportation of limestone and dolomite 
products in the United States. The remainder of the material was 
transported about equally by rail or waterway. This distribution has 
not changed appreciably in the last 10 years; however, many factors 
related to the cost of transportation have changed. Both rail and 
trucking rates h ave been deregulated, and competition f unctions 
openly in the marketplace. As a consequence, it is frequently possi- 
ble for a stone processing company to negotiate rates for specific 
jobs or co ntracts. This competition also has fostered a number of 
unit train and intermodal transportation arrangements that have 
allowed aggre gate products to be delivered to mor e remote loca- 
tions than previously thought possible. 

Ine valuating the cost of _ trucking limest one and dolomite 
products, the trucking costs associ ated with aggre gate and crushed 
stone materials must be consider ed separately f rom the cost of 
transporting higher value industrial and agricultural products. The 
specifics of trucking vary from area to area; however, in very gen- 
eral terms, approximately half the trucking of crushed stone is done 
by a contractor purchasing and using the aggre gate as opposed to 
owner/operators or commercial haulers. Many state and local gov- 
ernments a Iso ha ve the iro wn trucking equipment and can be 
grouped with those co ntractors hauling for their own purposes or 
jobs. For them, the actual cost of trucking is extremely difficult to 
determine because each values and costs transportation some what 
differently. F or o wner/operators or contract haulers using open 
dump trucks for hauls of less than 40 km, a charge of $0.06 to $0.10 
per metric ton-k m is not uncom mon. These rates ar e subject to 
negotiation and may be cut significantly on very large construction 
projects; they also do not include fuel surcharges. 

In many places, trucking of industrial and agricultural prod- 
ucts is handled differently from the hauling of limestone and dolo- 
mite aggregates. The equipment normally used includes pneumatic 
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tankers, bo ttom-dump g rain tru cks, and vans an d f latbeds f or 
bagged products. Where bottom-dump grain haulers can b e used, 
back-haul freight rates may be possible, thus allowing the producer 
to reach customers whose geographical location is far more remote 
than would otherwise be economical with normal tariff rates. Con- 
tamination by foreign matter is a major concern for man y indus- 
trial customers; consequentl y, some carbonate producers operat e 
their own equipment or contract with a speci fic hauler for dedi- 
cated equipment. Even then, it may be ne cessary to use rigorous 
clean-out procedures to prevent contamination, particularly when 
bulk mic rometer-sized product is being trucked. Because of the 
specialized nature of equipment used for industrial and agricultural 
purposes, trucking rates tend to be slightly higher than those for 
aggregate products and may be in the $0.10 to $0.20/t-km range. 
These rates may also be subject to negotiation when a consistent 
haul can be establish ed and se veral units can be dedicated to a 
specific customer. 

Railroads continue to be a major factor in the transportation of 
limestone and d olomite products, whether a ggregate materials or 
industrial and agricultural products. For aggregates, rail movement 
may use intermodal facilities at the receiving end where the stone is 
either transferred to a stockpile or directly to a truck for delivery to 
the customer. Such facilities are used successfully in selected mar- 
kets and most recently were employed by on e Pennsylvania pro- 
ducer to m ove agg regates into the B altimore-Washington market 
area. On a single line haul with 60 to 90 car unit trains, it is possible 
to ship aggregate products at a cost of $0.02 to $0.06/t-km. In many 
places, agricultural and industrial customers are large-volume users 
and require the use of covered-hopper equipment. In these instances 
it is possible to negotiate very favorable rail freight rates if a single- 
line haul can be used. The negotiation of favorable rail rates, how- 
ever, becomes f ar more difficult when tw o or more rail lines ar e 
involved and when short _-line ra ilca rriersim pose switching 
charges. Nevertheless, even in multiline hauls, when t he competi- 
tion is a straight truck movement, the volumes of stone to be trans- 
ported may justify a v ery competitive bid fr om the comb ined rail 
effort. The downside to rail utilization is that the railroads have 
become quite aggressive in assessing service fees, including demur- 
rage, switching fees, and surcharges, which can greatly increase the 
cost of rail freight. 

Waterway transporta tion contin ues t o handle a bout the same 
volume of stone products that it has for the past 10 years. Most of the 
stone moved via waterway is either construction aggregate or chemi- 
cal-grade lime stone or dolomit e used in the production of li me or 
cement. Transportation by bar ge normally requires a shipment of 
1.4 kt per barge and generally is not attempted on movements shorter 
than 480 km. Freight quotations of $0.01/t-km are not uncommon. 
Barges are not the only me ans of w aterway tr ansportation. Self- 
unloading ore carriers on the Great Lakes, oce angoing bar ges, and 
27- to 54-kt bulk ship movements on the ocean are also being used to 
move crushed stone. Ocean freight and Grea t Lakes shipment ra tes 
can be very economical when this mode of transportation is feasible, 
but it is clearly restricted to large-volume movements. 


LEGISLATIVE AND ENVIRONMENTAL ISSUES 


Limestone and dolomite producers, along with the rest of the min- 

ing industry, are faced with an ever-increasing array of r egulatory 
and environmental legislation. The average U.S. citizen today is far 
more environmentally conscious than just 10 years ago. As a conse- 
quence, the public e xpects a positive and responsible commitment 
from the mining industry to environmental, health, and safety con- 
cerns. These concerns separate into two basic groups: local com- 

munity sensitivities, and state and federal mandates. 


At the local level, the limestone industry is faced with zoning 
and community relations requirements, the response to which will 
dictate the success or failure of each quarry or mine in the years 
ahead. The response by stone pr oducers must in clude long- and 
short-range reclamation plans, a ggressive dust and noise control, 
attention to the aesthetics of plant entrances and other street-appeal 
items, and a willingness to listen to community concerns. In some 
instances, restrictions may be imposed on the hours that blasting 
can take place or on the hours a quarry may operate. One __ of the 
major concerns of many communities is the traffic associated with 
quarry or mine operations. In some places, trucks mo ving to and 
from a limestone producer ’s operations must travel through neigh- 
boring residential areas. As a consequence, additional driver safety 
and courtesy training may be required, and speed restrictions must 
be aggressively enforced. 

State and fe deral re gulations include a num ber of ite ms of 
critical interest to the limestone and dolomite industry. As previ- 
ously noted, reclamation plans may be a critical part of the permit 
process and should be developed well in ad vance of mining. In 
years past, limestone pro ducers could view reclamation r equire- 
ments as a future issue not needing current planning or engineer- 
ing. Today, ma ny local comm unities, and some states, re quire 
long-range operating plans that include the reclamation of aban- 
doned areas concurrent with active mining or quarrying. Reclama- 
tion plans ne ed to speci fically address se veral items, including 
long-term land use decisions, health and safety of the community, 
and elimination of hazardous wastes and other potentially to xic 
discharges. 

State and f ederal le gislation under debate—such as the 
USACE and U.S. Environmental Protection Agency (EPA) federal 
wetlands regulations found in Section 404 of the Clean Water Act 
and associated legislation—will likely have a significant impact on 
the mining industry. Given the current federal guidelines of no net 
wetlands loss andthe location of many limestone and dolomite 
resources, conflict appears to be ine vitable, al though mitigation 
guidelines can be foun d at www.mitigationactionplan.gov. Indus- 
trial, environmental, and political factions are currently debating 
the definition of wetlands, and it may be some time before what is 
and what is nota regulated wetland can be clear ly defined. This 
issue is being litigated in the federal court system, along with ques- 
tions of jurisdiction between federal and state agencies. 

Other critical issues receiving public attention include respira- 
ble crystalline silica, storm-water runoff, underground fuel storage 
tanks, Phase II of the Clean Air Act Amendments of 1990, and 
potential revisions to the Endangered Species Act. The crystalline- 
silica issue is of particular concern since silica has been declared a 
carcinogen by the National Institut e for Occupational Safety and 
Health, and tort claims are being filed even though the specifics for 
updated Occupational Safety and Health Ad ministration and Mine 
Safety an d Health Ad ministration re gulationha ve yet to be 
adopted. Several environmental groups and labor unions have chal- 
lenged current re gulations on silica (30 CFR, part 71.01), saying 
that they are too low. This issue is being both debated and litigated. 

Storm-water run off is another environmental is sue t hat the 
quarry operator must address. Th e EPA requires storm-water dis- 
charge permits for all mining operations, and requires that the per- 
mit app licant consider poten tial ground water co ntamination 
resulting from quarry or mining ac tivities. The NSSGA is working 
extensively with stat e and federal re gulatory agencies and stone 
producers to assist in the development of and compliance with 
these regulations. The NSSGA Web site maintains regular updates 
on regulatory issues and governmental actions affecting the crushed 
stone industry (http://www.nssga.org). 
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Federal mandates to eliminate underground fuel storage tanks 
have been in place for man y years. These tanks could potentially 
contaminate groundwater as they age and develop leaks. Because it 
is extremely difficult to monitor the integrity of these underground 
tanks, their removal has been strongly encouraged. In addition, it is 
also necessary to pro vide adequate containment structures around 
surface tanks to mitigate potential environmental issues that could 
result from a spill. 


FUTURE TRENDS 

Looking ahead to the next decade, the demand for limestone and 
dolomite is e xpected to gro w at ana verage annual rate of about 
2.0% to 2. 5%. Limestone is the prima ry raw material for crushed 
stone, and its demand is expected to match the demand for new con- 
struction. In recent years, particular attention has been f ocused on 
the nation’s deteriorating infrastructure and the need for repair and 
replacement. Altho ugh the specifics of federal funding initiatives 
may change from year to year, the fact remains that the federal and 
state governments annually allocate hundreds of billions of d ollars 
to infrastructur repair and replacement. 

The de mand for chemic al-grade ca rbonate rock use din 
industrial and agri cultural applications is expected to equal, at a 
minimum, the growth of the U.S. population. In addition, Phase II 
of the Clean Air Act Amendments of 1990 could greatly expand 
the demand for both lime and limestone for utility stack-gas scrub- 
bing. Lime is a pri mary re agent material for both wet a_ nd dry 
scrubbing, and limestone is used in both wet scrubbing and fluid- 
ized-bed combustion. These uses are co vered in more deta il else- 
where in this volume. 

Although the demand for limestone and dol omite is expected 
to remain strong throughout the twenty-first century, the structure 
of the U.S. stone industry is changing. The most —_ pronounced 
changes relate to consolidation within the industry and the increas- 
ing role played by foreign owners. In the 1990s and continuing into 
the early years of the twenty-first century, foreign and domestic 
companies completed mergers, acquisitions, and joint ventures that 
have resulted in a continuing change in the names on the front gates 
of many limestone and dolomite operations. Data from the USGS 
(Tepordei 2002) lists the U.S. top 10 cru shed stone producers as 
follows 


1. Vulcan Materials, Birmingham, Alabama 

Martin Marietta Aggregates, Raleigh, North Carolina 
Hanson Building Materials-America, Neptune, New Jersey 
Oldcastle, Inc., Washington, D.C. 

Lafarge North America, Inc., Herndon, Virginia 


CSR, Ltd., dba Rink er Mate rials Corp., W est Palm Beach, 
Florida 


Cemex, Inc., Houston, Texas 


DN SP SD 


8. Rogers Group, Nashville, Tennessee 
9. Florida Rock Industries, Inc., Jacksonville, Florida 
10. APAC, Inc., Atlanta, Georgia 


A second trend having an increasing impact on U.S. limestone 
production is the role of imported crushed stone materials. Offshore 
limestone operations located in Canada, the Bahamas, and Mexico 
have been able to take advantage of low-cost ocean freight to reach 
markets along the east, west, and Gu If coasts of the Unite d States. 
Newfoundland Resources and Mining Company, Ltd., initiated its 
first shipments of limestone to the United States in May 1990, from 
a $30 million plant specifically designed for exporting crushed stone 
by ship along the eastern coast of the United States. Canada is only 
one of the countries e xporting crushed limestone to domestic U.S. 


markets. Martin Marietta’s quarry near Freeport, Bahamas, and Vul- 
can Materials’ Mexican imports from the Yucatan have had signifi- 
cant impact on aggregate markets in Florida and along the U.S. Gulf 
Coast. Martin Marietta’s Bahamian quarry ships more 1.4 Mt annu- 
ally, and V ulcan reports that their op erations near Cancun have a 
capacity of more than 3.6 Mt per year. The efforts of Vulcan Materi- 
als, Martin Mar ietta, and Ne wfoundland Resources and Mining 
Company have been directed at the importation of crushed stone for 
aggregate materials, but they are not the only operations bringing 
limestone into the United States. On am uch smaller scale, white , 
chemically pure, industrial-grade limestone has also been imported 
from the Caribbean and China for use in filler/extender materials. 
These products, however, have thus f ar represented o nly a fr action 
of 1% of t otal high-calc ium filler/extender m aterial produce d and 
sold in the United States. Additionally, both aggre gate and chemi- 
cal-grade limestone is exported from V ancouver Island, Briti sh 
Columbia, Canada, to Pacific coastal ports. 

In summary, limestone and dolomite have been and continue 
to be one of the most important raw materials in the United States. 
Demand will increase, albeit at a modest rate, and new uses and 
applications will be found. But limestone and dolomite will con- 
tinue to be commodities produced and sold in a highly competitive 
marketplace. Competitive pressure will dictate that limestone and 
dolomite producers be attentive to cost control and apply improve- 
ments in techno logy to increase productivity. Producers will also 
have to adapt to a social and political climate that will demand no 
deterioration in the environment, and thus costs for limestone and 
dolomite products will increase. 


ADDITIONAL RESOURCES 


The Web sites of t he geological surveys for each U.S. state and 
Canadian province offer a we alth of information abou t limestone 
and dolomite. The URLs are given in Table 11. 
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Table 11. Website addresses of U.S. state and Canadian provincial geological surveys 


State/Province 


Website 





State/Province Website 
United States 
National http: //www.usgs.gov 
Alabama http://www.gsa.state.al.us 
Alaska http://wwwdggs.dnr.state.ak.us 
Arizona http://www.azgs.az.gov 
Arkansas http://www.state.ar.us/agc/agc.htm 
California hitp://www.consrv.ca.gov/cgs 
Colorado http: //geosurvey.state.co.us 


Connecticut http://dep.state.ct.us/cgnhs/index.htm 


Delaware http://www.udel.edu/dgs/index.html 

Florida http://www.dep.state.fl.us/geology 

Georgia http://www.dnr.state.ga.us/dnr/environ/ 
aboutepd_files/branches_files/gsb.htm 

Hawaii hitp://www/state/hi.us/dinr/cwrm 

Idaho http://www. idahogeology.org 

Illinois http://www. isgs.uiuc.edu/isgshome.html 

Indiana hitp://igs.indiana.edu 


lowa http://www. igsb.uiowa.edu 


Kansas http://www.kgs.ku.edu/kgs. html 

Kentucky http://www.uky.edu/KGS/home. htm 

Louisiana hitp://www.lgs.lsu.edu 

Maine hitp://www.state.me.us/doc/nrimc/nrimc.htm 

Maryland http://www.mgs.md.gov 

Massachusetts hitp://www.geo.umass.edu/newsite/stategeologist 

Michigan http://www.michigan.gov/deq/0,1607,7-135- 
3306_28607---,00.html 

Minnesota http://www.geo.umn.edu/mgs/index.html 

Mississippi http://www.deq.state.ms.us/MDEQ.nsf/page/ 
Geology_home 

Missouri http://www.dnr.mo.gov/geology/homegsrad.htm 

Montana hitp://www.mbmg.mtech.edu 

Nebraska http://csd.unl.edu 

Nevada http://www.nbmg.unr.edu 


New Hampshire http://www.des.state.nh.us 


New Jersey http://www.state.nj.us/dep/njgs/index. html 


New Mexico http: //geoinfo.nmt.edu 





New York 
North Carolina 
North Dakota 
Ohio 
Oklahoma 
Oregon 
Pennsylvania 


Rhode Island 


South Carolina 

South Dakota 

Tennessee 

Texas 

Utah 

Vermont 

Virginia 

Washington 

West Virginia 

Wisconsin 

Wyoming 
Canada 

Alberta 

British Columbia 

Monitoba 

New Brunswick 

Newfoundland 

and Labrador 

Northwest Territories 

Nova Scotia 

Prince Edward Island 

Ontario 


Quebec 
Saskatchewan 
Yukon 


http://www.nysm.nysed.gov/research/geology 
http://www.geology.enr.state.nc.us 
http://www.state.nd.us/ndgs 
http://www.ohiodnr.com/geosurvey 
http://www.ou.edu/special/ogs-pttc 
http://www.oregongeology.com 
http://www.dcnr.state.pa.us/topogeo 
http://www.uri.edu/cels/gel_home/ri_geological_ 
survey.htm 
http://www.dnr.state.sc.us/geology 
http://www.sdgs.usd.edu 
http://www. state.tn.us/environment/tdg/index.html 
hitp://www.beg.utexas.edu 
http://geology.utah.gov 
http://www.anr.state.vt.us/dec/geo/vgs.htm 
http://www.mme.state.va.us/Dmr/home.dmr.html 
http://www.dnr.wa.gov/geology 
http: //www.wvgs.wvynet.edu 
http: //www.uwex.edu/wgnhs 
http://www.wsgs.uwyo.edu 


http://www.ags.gov.ab.ca 
http://www.em.gov.bc.ca/geology 
http://www.gov.mb.ca/itm/mrd/index.html 
http://www.gnb.ca/0078 


http://www.geosurv.gov.nf.ca 


http: //www.nwtgeoscience.ca 

http://www.gov.ns.ca/natr/meb 

hitp://www.gov.pe.ca/enveng/eam-info 

http://www.mndm.gov.on.ca/MNDM/MINES/ 
ogs/default_e.asp 

http://www. mrnfp.gouv.qc.ca/english/home.jsp 

http://www. ir.gov.sk.ca 

http://www. geology.gov.yk.ca 
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Lithium Resources 


lhor Kunasz 


INTRODUCTION 

The second half of the 20th ce ntury saw a dramatic shift in lithium 
carbonate (and some | ithium chloride) product ion from the usual 
pegmatite sources to brines. Today, all lithium carbonate, which is 
the basis of various downstream lithium chemicals, comes from the 
brines of the S alar de Atacama, Chile, and Clayton Valley, Nevada 
(United States). Lithium chloride is also produced from the Salar del 
Hombre Muerto, Argentina. Various other salars and playas such as 
those of China, Bolivia, Argentina, and Tibet are being evaluated for 
future lithium chemical production. The industry was once domi- 

nated by two major U.S. producers, until a third producer from Chile 
started production of various salts, including lithium carbonate. This 
shift in sources led t o the shutdown of both U.S. pe gmatite opera- 
tions. Australia, Cana da, and Zimbabwe ha ve continued to su pply 
lithium mineral concentrates for the ceramic and glass industry and 
other applications. Minor producers in Brazil, Portugal, Russia, and 
the People’s Republic of China mine v arious lithium minerals. One 
new U.S. supplier of lit htum chemicals came on stream using the 
depleted lithium hydroxide government stockpile. 

When it was first recogni zed, lithium was an oddit y t hat 
became an important commodity owing to its unusual properties. 
In 1854 in Germany, R. Bunsen and A. Mathiessen used an elec- 
trolytic process to prepare lithium as a free metal from molten lith- 
ium chloride. They pre pared 1ithium carbonate, lithium chloride, 
and then lithium metal from zinnwaldite, a lit hium-bearing mica. 
Lithium-bearing minerals were sometimes used as exotic additives 
to ceramic compositions. 

Not until World War II were the special properties of lithium 
compounds fully investigated a nd exploited. A compact, _ light- 
weight source of h ydrogen was needed for use in emer gency- 
signaling balloons. Lithium hydride was found to be ideal for this 
purpose. Lithium was also used in alkaline batteries in submarines. 
Later, greases containing lithium stearate were found to lubricate at 
both very high a nd very low temperatures. For the first time, the 
same grease could be used for multiple purposes over a wide range 
of operating conditions. 

With rocketry came the search for materials that could with- 
stand the e xtreme temperatures of high-speed tra vel through the 
atmosphere. A ceramic composition containin g lithium was devel- 
oped that e xpanded very little and resisted cracking du ring rapid 
extreme te mperature c hange. Thi s1 ithium-containing ma terial 
pyroceram was the forer unner of modern glass-ceramic coo kware 
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that resists thermal cracking. Perhaps the most recognized applica- 
tion is CorningWare, in which lithium imparts a ne gative c oeffi- 
cient of expansion when heated, which allo ws the cer amic to be 
used from refrigerator to oven without shattering. 

In 1953 , the Atomic Ener gy Commission ( AEC) required 
large amounts of lithium hydroxide from which the lithium-6 iso- 
tope was separated and reserved for use in producing the hydrogen 
bomb. For about 5 years, the government was the largest consumer 
of lithium. After th e AEC contracts expired in 1960, the lithium 
industry, f aced with vast o vercapacity, sought desperately _—_to 
develop some commercial mark ets. Though not an 0 vernight suc- 
cess, it soon became af irmly established supplier to basic indus- 
tries such asce_ ramics,1 ubrication, aluminum reduction , and 
pharmaceuticals. If certain technical issues are resolved, thermonu- 
clear fusion, which requires lithium as the primary fuel, could solve 
much of the world’s energy requirements. 

Today, e ven though lithium products are wid ely used in 
households, f actories, and laboratories, lith ium’s presence often 
goes unrecognized. Lithium may be as close to the a verage person 
as a medicine chest, a television, a swimming pool, or a calculator. 
Lithium is found in minerals, clays, and brines in various parts of 
the w orld. Hig h-grade 1 ithium ores and brines are t he p resent 
sources for al 1 commercial li thium ope rations. E conomical brine 
sources of lithium were rare until several salars in South America 
were discovered to contain significant deposits of lithium. 

Lithium was first produced from zinnw aldite in German y. 
This was fo llowed b y the production of spodumene from the 
Black Hills of South Dakota, where log-sized spodumene crystals 
were mined. The WWIle xploration for strate gic elements (t in, 
tantalum, and others) resulted in the discovery of the pe gmatite 
fields in North Carolina (K esler 1961), where two major lithium 
mineral and chemi cal production centers developed. During the 
1950s lepidolite from Sout hern Rhodesia (Zim babwe) w as 
imported for conversion to lithium hydroxide at a Texas plant for 
producing the hydrogen bomb. After the depletion of the lepidol- 
ite, a spodumene zone was outlined, resulting in the production of 
high-grade spodumene concentrates. Numerous lithium pe gma- 
tites were also discovered in Canada. Spodumene concentrates are 
produced at the Tanco mine in Manitoba. In the 1980s spodumene 
was identified during tantalum mining and exploration in Western 
Australia, resulting in the pro duction of spodumene concentrates 
at Greenbushes. 
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Lithium chemical production w as shifted when the Silv er 
Peak brine deposit, originally evaluated as a potash source, resulted 
in the unique prod uction of lithi um carbonate in 1966. Although 
lithium had been identif ied in 1936 in the brines of Searles Lake, 
California, the lithium d iphosphate scale generated during the 
boron recovery process was considered more of a hindrance than an 
economic product. Put into production in 1966, the Silver Peak 
brine was, for almost 20 years, the only brine source of lithium car- 
bonate production in the world. In 1969, the Chilean Instituto de 
Investigaciones Geologicas (IIG) identified unusually high concen- 
trations of potassium and lithium at the peri phery of the Salar de 
Atacama in Northern Chile (Moraga et al. 1974). After confirming 
the high concentrations, Foote Mineral initiated a fe asibility study 
in 1975, and the Sociedad Chilena de Litio (SCL) began producing 
lithium carbonate from the sou thern sector o f the salar in 1986. 
Several companies attempted to develop the northern portion of the 
salar. Eventually, Sociedad Quimica y Minera (Soquimich or SQM) 
developed the deposit and produced a number of chemicals, includ- 
ing potassium chloride, potassium sulfate, lithium carb onate, and 
boric acid. From a nonproducer before 1988, Chile has become the 
world’s major supplier of lithium carbonate (Ober 2002). 

The Lithium Division of FMC Corporation explored the Salar 
del Hombre Muerto in the Altiplano of Argentina and produces lith- 
ium chloride from the brine via a patented ionic exchange process. 

Asaresult ofe xtensivee xploration for brine deposits, 
prompted by lithium production de velopment in Chile, several 
chemical-rich deposits were identified and e xplored in Argentina, 
Bolivia, the People’s Republic of China, and Tibet. The shift in lith- 
ium carbonate production from pegmatites to brines closed the two 
unzoned pe gmatite operations of Chemetall Foote Min eral Com - 
pany and the Lithium Division of FMC in North C arolina. Zoned 
pegmatites, which contain high- grade spodumene, co ntinue to b e 
important sources of lithium mine ral concentrates for the various 
ceramic and glass industries. 


GEOCHEMISTRY OF LITHIUM 


Lithium is a silvery-white metal that is slightly harder than sodium 
but softer than lead. It is the lightest of all the metals, with a density 
of 0.534 g/cm, or about half that of water. It has an atomic weight 
of 6.938, an ionic radius of 0.68 A, and a charge of +1. Lithium is 
the third element in the periodic table and the first element in Group 
I, the alkali metals group. Lik e the other metals in the gr oup— 
sodium, potassium, rubidium, a nd cesium—it is so chemically 
active that it never occurs as a pure element in nature; it is always 
bound in stable minerals or salts. 

Some lithium compounds show a great resemblance to Group 
II, the alkaline earth metals. For example, the water solubility of 
lithium h ydroxide is su bstantially | ower than that of other al kali 
hydroxides. In general, lithium’s physical and chemical properties 
stem from its atomic structure. An atom o f lithium consists of a 
nucleus (three protons and either three or four neutrons) with three 
electrons orbiting in t wo shells. The inner shell (the helium shell) 
contains two electrons and is chemically inert. The outer shell con- 
tains only one electron. Lithium, more than any other alkali metal, 
tends to eject this electron from its outermost shell. The resulting 
lithium ion carries a positive charge (+1). In solid metal, individual 
lithium atoms are arranged geometrically in a cubic lattice and can 
transfer a negative charge from place to place. This electron move- 
ment makes lithium metal an excellent electrical conductor. 

A Swedish scientist, Johan August Arfwedson, discovered 
lithium in 1817 in the laboratories of Berzelius. He analyzed th e 
content of a mineral called petalite from Utoe Island, Sweden. The 
results of the analysis left a sizable percentage of the sample’s 


chemical mak e-up unaccounted for . Further work resulted in the 
extraction of a compound with chemical properties, suggesting that 
an unknown element was present. Since the new element had been 
found in chunks of petalite, Arfwedson called it “lithium,” from the 
Greek word lithos, meaning stone. 

The geochemistry of lithium has been extensively studied, and 
Goldschmidt (193 7), R ankama and Sahama (1 950), Hortsman 
(1957), and Cerny (1991) summarized the work. 

The distribution of lithium in igneous rocks is controlled by 
its size and its char ge, and by the (MgO+FeO) /Li2O ratio. In the 
early stages of crystallization of a magma, that ratio is very large. 
Consequently, both magnesium and iron are removed by ferromag- 
nesian minerals in preference to lithium, which is then concentrated 
in the residual magma. The result is an enrichment of lithium in 
silicic rocks and pegmatites (Strock 1936). 

Pegmatites are coarse-grained igneous rocks formed by the 
crystallization of postmagmatic fluids. Minerals within pegmatites 
can also form by metasomatism (J ahns 1955). Genetically the pe g- 
matites are associated with neighboring intrusives. Mineralogically, 
granitic pegmatites contain feldspar, quartz, and mica as the main 
constituents and a variety of exotic elements such as lithium, beryl- 
lium, tantalum, tin, and cesium, which may or may not occur in 
economically significant concentrations. 

Detailed studies b y numerous investigators (Cameron et al. 
1949, 1954; Hanley, Heinrich, and Page 1950; Jahns 1952, 1955; 
Page et al. 1953; Norton and Schlegel 1955; Cerny 1991) indicate 
that many pegmatites exhibit an internal zonal arrangement, with 
each zone containing a specific suite of minerals. The lithium min- 
erals are usually found in the intermediate zones, and, although as 
many as 13 zones have been reco gnized (Cameron et al. 19 49), a 
complete zonal arrangement is rarely found. Zoning of pegmatite 
bodies has also been observed regionally. The regionally zoned 
pegmatite sequences exhibit mineral assemblages and complexity 
according to their respective distance from t he granitic bodies to 
which they are genetically related. Various theories have been pro- 
posed for the genesis of pegmatites. Cerny (1991) offered convinc- 
ing evidence that rare me tal pe gmatites are essentially magmatic 
phenomena. A Ithough pegmatites e xhibit a br oad di versity of 
paragenetic, ge ochemical, and structural styles, pegmatites ha ve 
crystallized from a volatile-rich melt enriched to various degrees in 
lithophile elements. Fr omapr_ acticale xploration st andpoint, 
Cerny concluded th at Late Arch ean and Early Proterozoic fields 
are possibly the most product ive, and that lower amphibole facies 
of volcano-sedimentary rocks are the main hosts for pegmatites. 

Lithium is also found in small proportions in a variety of 
rocks. The average lithium content of igneous rocks is estimated at 
about 28 ppm Li. Sedimentary rocks contain an average of 53 ppm 
Li, and the highest concentrations are recorded in shale (Hortsman 
1957). Volcanic rocks, particu larly obsidian, contain high co ncen- 
trations of lithium (Shawe, Mountjoy and Duke, 1964; Price et al. 
2000). Unusual amounts of lithium are found in the clay mineral 
hectorite, which is expandable and belongs to the magnesian end 
member of the smectite (montmorillonite) group. 

Lithium is also present in significant amounts in waters associ- 
ated with geothermal areas (White 1957) in Iceland (Rejkavik), New 
Zealand (Waikarei), California (Imperial Valley), and Mexico (Agua 
Prieta geothermal field). Very high concentrations (up to 47 ppm Li) 
have been recorded in the El Tatio geothermal field, located north of 
the Salar de Atacama (Ide and K unasz 1989). It is also associated 
with certain oil well brines (Mayhew and Heylmun 1966). Lithium 
occurred in higher concentrations in certain desert basin brines of 
California (Searles Lake), Nevada (Clayton Valley), and Utah (Great 
Salt Lake), and in a number of salars in Chile (Atacama, Pedernales, 
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and others), of which the Sa lar de At acama is the riche st; Bolivia 
(Salar de Uyuni); Ar gentina (Salar del Hombre Muerto, El Rincon, 
and others); Tibet (Lake Zabuye), where natural lithium carbona te 
was discovered (Holland et al. 1991); and the People’s Republic of 
China (Qinghai Basin). 


LITHIUM MINERALS 


Although lithium occurs insome 145 minerals, only spodumene, 
lepidolite, petalite, and some oth er minerals such as ambly gonite 
and eucryptite have been commercial sources of lithium. Today, the 
principal sources of lithium ores and chemicals are spodumene and 
petalite. 


Spodumene 


Spodumene, a lithium alu minum silicate (LiAISi 206), is a mono- 
clinic member of the p yroxene group. It has avery pronounced 
cleavage plane (110), which result s in typically la th-shaped parti- 
cles on breaking. The color of spodumene is variable, being nearly 
white in the low-iron variety and dark green in iron-rich crystals. 
When clear, spodumene is considered a gemstone. Three varieties 
are kno wn: hidd enite, the green variety from Ale xander County , 
North Carolina, first discovered in Brazil; triphane, the yellow vari- 
ety also from Alexander County; and the lilac-colored kunzite from 
the Pala District in California, and in Brazil and Afghanistan. 

Spodumene undergoes pseudomorphic alteration to a variety of 
minerals. Norton and Schlegel (1955) described spodumene replace- 
ment by quartz, albite, perthite, muscovite, beryl, amblygonite, apa- 
tite, and tourmaline. Weathering commonly alt ers spodumene t o 
kaolinite and to montmorillonite. 

Spodumene constitutes the most abundant commercial source 
of lithium minerals. Theoretically it may contain up to 3.7% Li, but 
the actual lithium concentration ranges from 1.35% to 3.56%, prob- 
ably as aresult of sodium and potassium substitution for lithium. 
Spodumene concentrates typically contain 1.9% to 3.3% Li. Spo- 
dumene occurs in man y pegmatite belts around the world and was 
the conventional source of lithium concentrates and che micals in 
the United States (North Carolina) until the discovery of brines 
closed the only tw o spodumene mines in No rth Caro lina. Spo- 
dumene occursinman y countries: Sweden (Utoe), Austria 
(Koralpe), Brazil (Min as Ger ais), Argentina, Canada (Manitoba, 
Quebec, and Northwest Territories), Zimbabwe (Bikita), Demo- 
cratic Republic of the Co ngo (M anono and Kittolo), Australia 
(Greenbushes), the Russian Federation (Chita region), and the Peo- 
ple’s Republic of China (Altai Mountains). 


Lepidolite 

Lepidolite is a phyllosilica te with the general formula K >(Li,Al)5_6 
{Sig-7Alo-1020}(OH,F)4. The chemical variability expressed in the 
formula stems from a structural complexity attributed to a mixture 

of polymorphs, which include muscovite, 1 ithium musco vite, and 
polylithionite (Winchell 1942). On the other hand, Foster (1960) and 
Deer, Howie, and Zussman (1962) suggested that there is a co ntinu- 
ous series between muscovite with a 2M1 structure to lepidolite with 
1M, 2M2, and 3T structures. The structural transition tak es place 
when the lithium oxide content in the mica reaches 1.53%. 

The lithium concentration in lepidolite ranges from 1.53% to a 
possible theoretical maximum of 3.6%. In commercial deposits the 
concentrations are more norm ally 1.4% to 1.9% Li. In addition to 
lithium, le pidolites also carry substantial c oncentrations of rubid- 
ium and cesium (Deer, Howie, and Zussman 1962). 

The major commercial deposits of lepidolite are in Zimbabwe 
(Bikita), Namibia (Karibib), Canada (Bernic Lake, Manitoba), Bra- 
zil (Minas Gerais), Portugal, and Spain. 


Petalite 


Petalite, LiAlSi,Oj9, is a monoclinic mineral with a framework sil- 
icate structure. Its color is grayish white and more rarely pinkish. It 
has two cleavage directions, which form an an gle of 38.5°. The 
basal cleavage is perfect. 

The theoretical lithium content of p etalite is 2.27%. In com- 
mercial deposits it ranges from 1.6% to 2.1% Li. Sizable dep osits 
of pet alite occur with le pidolite in Zimbabwe (Bik ita), Nam ibia 
(Karibib), Brazil (Aracuai), Australia (Londonderry), the former 
U.S.S.R. (eastern Transbaikalia), Sweden (Utoe), and Canada (Ber- 
nic Lake). 

In certain pegmatites there is evidence that petalite alters to a 
mixture of spodumene and quartz. For the Bernic Lake pegmatites 
of Manitoba, Cerny and T urnock (1971) described pseudomorphs 
of spodumene and quartz after peta lite, commonly referred to as 
SQI, ac cording to the fol lowing reactio n: peta lite (spod umene + 
2quartz). 


Eucryptite 


Eucryptite is also a lithium aluminum silicate that is deficient in sil- 
ica. It has a formula LiAIJSiO 4 and can contain 5.53% Li. The only 
large deposit of eucryptite is found in Zimbabwe (Bikita), where its 
occurrence with q uartz suggests spodumene or igin (Westenberger 
1963). The grade of the eucryptite is 2.34% Li. Eucryptite has also 
been reported in Conne cticut (Branchville mica mine); New Mex- 
ico (Harding mine); Manitoba (T anco mine); Ontario (Nak ima 
mine); and North Carolina (Foote mine). 


Amblygonite 


Amblygonite, with the generalized formula Li Al(PO4)(F,OH), is the 
fluorine-rich end member of a phosphate series and montebrasite rep- 
resents the h ydroxyl-rich end member. It occurs in white to gray 
masses. Most clea vage planes ar epearly; others are vitreous. 
Amblygonite weathers to earthy apatite, wavellite, and other lithium- 
deficient phosphates. Although amblygonite may contain as much as 
4.74% Li, most commer cial ores carr y 3.5% to 4.2%. Ambly gonite 
has been mined in Canada, Braz _ il, Surinam, Zimbabwe, Rw _ anda, 
Mozambique, Namibia, and the Republic of South Africa. 


Hectorite 


Lithium also occurs in sign ificant c oncentrations in the m ineral 
hectorite, a trioctahedral smectite. The purest deposit is fou nd at 
Hector, California, where the white clay is exploited for its swelling 
characteristics in cosmetic applications. The lithium concentration 
in the hectorite is 0.53% Li. Hectorite has also been identified in 
Clayton Valley (Kunasz 1970) and McDermitt, Nevada (Glanzman, 
McCarthy, and Rytuba 1978). 


CONTINENTAL BRINES 


Lithium is fo und in commercial qua ntities in certain continental 
brine deposits. The brines, volcanic in origin, are present in desert 
areas and occur in playas and saline lakes where dilute lithium solu- 
tions have been concentrated by solar evaporation. In Searles Lake, 
where production of dilithium phosphate began in 1938, the lithium 
concentration is 70 ppm Li. In Clayton Valley, Nevada, the lithium 
concentration in brines varies from 100 to 300 ppm. Lesser concen- 
trations of lithium (28 to 60 ppm Li) are found in the Great Salt 
Lake of Utah. 

Following the discovery of lithium in the brines of the Clayton 
Valley, Nevada, exploration revealed the presence of lithium in other 
playas and salars in the world (Kunasz 1994). High concentration s 
of lithium have been recorded in several salars in Argentina (Salar 
del Hombre Muerto, 200 to 2,000 ppm Li); Bolivia (Salar de Uyuni, 
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Silver Peak, Nevada 


Figure 1. Idealized cross sections of three basins 


100 to 700 ppm Li); Chile (Salar de Atacama, 1,000 to 7,000 ppm 
Li); Tibet (Lake Zabuye, 700 to 1,000 ppm Li); and the People’s 
Republic of China (Qinghai, 100 ppm Li; Y iliping, 300 ppm; 
Tajiner, 350 to 400 ppm Li). 

Brines are the predominant sources of lithium carbonate in the 
world today. Much has been done on the chemistry of these brines, 
revealing that although playas and salars are similarin many 
respects, the yne verthelesse xhibit indi vidual characteristics 
(Kunasz 1980). Lithium-bearing salars or desert basins ha ve the 
following si milar characteristics: the y occur within T ertiary or 
Recent volcanic belts, they are closed structural depressions, and 
they occur within the desert areas of the earth. These may then be 
considered the fundamental requirements for the occurrence of eco- 
nomic lithium brines. 

The first requirement simply establishes the source of | ith- 
ium. The volcanic environment supplies the lithium either directly 
through hot springs or geothermal solutions or indirectly through 
the leaching of lithium-bearing volcanic or clastic sediments or by 
the recycling of trapped lithium-bearing solutions. This condition 
is met by all three major salars: Clayton Valley, Salar de Atacama, 
and Sal ar de U yunia ll occurinareas with abundant volcanic 
rocks. The second requirement provides the necessary mechanism 
for retaining the dilute solutions introduced into the basin. Strong 
structural control is evident in Clayton Valley, Nevada, and in the 
Atacama Area, Chile. Direct structural control is not obvious for 
the Salar de Uyuni. Final ly, all potentially commerci al li thium 
concentrations are the result of concentration by solar evaporation. 
With the exception of the Imperial Valley geothermal field and oil- 
field brines where lithium concentrations as high as 280 ppm have 
been recorded, high lithium con centrations are not prim ary but 
secondary phenomena, caused by concentratio n under proper cli- 
matological f actors. Although the fundamental character of the 
salars i s simi lar, cursory e xamination of the three | ithium-rich 
basins that are described in the following sections reveals great 
variability in size, surf ace character, stratigraphy, structure, a nd 
chemistry. 


The salars or pla yas fall within three general types, as il lus- 
trated in Figure 1. Clayton V alley is the smallest of the three. Its 
total surface area covers approximately 100 km?. The Salar de Ata- 
cama basin has an approximate surface area of 3,000 km, whereas 
the salt nucleus proper covers an area of approximately 1,400 km?. 
The Salar de Uyuni, on the other hand, occupies a very large sur- 
face area of approximately 10,000 km2, and thus represents the 
largest such desert basin in the world. The idealized stratigraphic 
column of each of the three basins indicates significant differences 
between them as well and re veals their individual historical evolu- 
tion. Clayton Valley underwent alternating dry—wet climatic cycles 
under conditions of structural instability. The Salar d e Atacama 
formed under an intense e vaporative cycle with associated major 
subsidence. The Salar de Uyuni appears to have undergone a single 
evaporitic cycle with little associated subsidence. When the basins 
surfaces are predominantly compos ed of silts and clays with some 
salt incrustation, they are referred to as playas. If the surface is pre- 
dominantly salt (with or without polygonal cracks), they are called 
salars (English) or salares (Spanish). 


Clayton Valley, Nevada 


The Silver Peak playa in Clayton Valley is known to be a com plex 
system (Zampirro 2004), possibly because it has been e xtensively 
studied, having produced lithium for some 35 years. It can be con- 
sidered an intermediate between the Salar de Uyuni and the Salar 
de Atacama because it incorporates the structural elements of t he 
Salar de Atacama b ut underwent fluctuating arid and wet climatic 
cycles. The basin con sists of in terbedded fine-grained sediments 
and halite, some volcanic ash layers, and some tufas. This is consis- 
tent with the paleo hydrologic re gimes in the southwestern Gr eat 
Basin, altho ugh ob vious breaks such as those reported by G.I. 
Smith (1966) at Searles Lak e have not yet been recognized. 
Although the halite layers inth e section contain large lithium 
reserves, production comes mainly from an unconsolid ated volca- 
nic ash aquifer and a dditional reservoirs identified by subsequent 
exploration. Structure maps of the main volcanic ash indicate that 
some portions of the basin subsided as much as 150 m during sedi- 
mentation. Several sources have been identified for the lithium con- 
tained in the Quaternary playa sediments (Figure 2) andin the 
lithium-bearing aquifers (Figure 3): 


¢ Geothermal fluids is suing from faults on the eastern side of 
the playa; sampling along a fault zone show a substantial lith- 
ium enrichment (Kunasz 1970) 


Increased lithium concentrations in the Tertiary lacustrine sed- 
iments exposed on the eastern side of the basin compared to 
the northern sediments (Kunasz 1970) 


Rhyolitic rocks with high lithium contents on the east side of 
the basin (Price et al. 2000) 


Concentration of li thium in th e Quaternary basin by natural 
solar evaporation 


These conditions resulted in the accumulation of lithium-rich 
sediments and enriched brine in the southeastern p ortion of the 
present playa. This sector is the principal source of the brine fed to 
the 4,000 acres of solare vaporation p onds in which the lithium 
chloride is concentrated (Zampirro 2004). 


Salar de Atacama, Chile 


The Salar de Atacama is in northern Chile at an elevation of 2,300 m, 
where it straddles the Tropic of Capricorn. The basin proper has a 
surface area of approximately 3,000 km2, and the salt nucleus proper 
covers approximately 1,100 km2. The salar is bounded on the eastern 
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Figure 2. Lithium content (ppm) of surface sediment samples, Clay- 
ton Valley, Nevada (A-B sampling location is in Figure 3) 


side by Andean Cordillera and on the western side by the Cordillera 
Domeyko (Figure 4). 

The salt nucleus consists almost exclusively of a halite facies 
with a development of very narrow marginal facies of sulfate and car- 
bonate. The surf ace of the sal ar is e xtremely rugged because of 
extensive development of polygonal cracks (Figure 5). It is similar in 
many respects to the Devils Golf Course in Death Valley, California. 

During the early exploration phase in 1975, access to the salar 
was limited to trails anda 37-km gra vel road,so much of the 
geochemical work was conducted by helicopter. Numerous roads 
have since been built for the two brine operations. The Salar d e 
Atacama basin is a graben ina tectonically quite active area with 
numerous fault scarps. The extensive thickness of salt in the basin 
indicates that saturation with respect to sodium chloride was pre- 
dominant during most of the subsidence history of the basin. No 
beaches or algal reef complexes are present, which sug gests desic- 
cation from a much larger body of water. The ancestral chemical 
system was probably very high in solutes. The source of the lithium 
in the basin is volcanic in origin (Ide and Kunasz 1989). It enters 
the basin from tw o principal di rections. One is from the nor th 
where the liquid from the El Tatio geothermal field (with li thium 
concentrations of 47 ppm) discharges via the San Pedro River. The 
other source is very likely from saline lakes in the Andean Cordil- 
lera east of the _ salar. Structural interpretations by Fruto s (1972) 
suggest the presence of numerous east—west lineaments, which are 
the conduits through which lithium-bearing solutions discharge into 
the salar. 
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Figure 3. Lithium enrichment along Fault Zone 1, Clayton Valley, 
Nevada 





Figure 4. Aerial photo of Salar de Atacama (Chile) salt nucleus 
and pond operating systems—SQL (southeast) and SQM (two pond 
systems) 











Figure 5. Surface crust of Salar de Atacama (Chile) 
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Figure 6. Aerial view of Salar de Uyuni (Bolivia) 








Figure 7. Surface of the Salar de Uyuni (Bolivia) 


The deltaic sediments of the San Pedro R iver bind the salt 
nucleus tot he north. The surf ace of t he salar is i naccessible 
because of extensive polygonal cracking. Preliminary drilling by 
CORFO (Corporacion de Fomento; a Chilean st ate de velopment 
agency) over various parts of the basin indicated a minimum thick- 
ness of 360 m of halite near the center of the basin, diminishing to 
about 40 mnear the southern margin. Drilling by the Hunt Oil 
Company indicates that the salt thickness may exceed 1,000 m . 
Salt cores sho w that only the near-surface p ortion of the h alite 
crust has high porosity and permeability. A 1 0-km-long seismic 
survey revealed that the highest porosity extends to a depth of 20 
to 25 m and that some additional lower-porosity halite may exist at 
depths from 25 to 35 m. Below this depth, salt co res show com- 
plete recrystallization of the halite into a solid mass, devoid of any 
pores. T he yi eld charact eristics of the upper halite layer were 
determined by drilling and testing shallow wells to 30 m and 60 m. 
The wells, pumped for 3 months at 64 L/sec, stabilized at dra w- 
downs of 20 cm/sec and7.9m, respectively, corroborating that 
only the upper 30 m have a high transmissivity. 


Salar de Uyuni, Bolivia 


The Salar de Uyuni is in south western Bolivia at an ele vation of 
3,653 m. The salar represents an immense body of salt, with a max- 





Table 1. Partial cation chemical analyses, wt % 





Silver Peak, Salar de Atacama, _— Salar de Uyuni, 
Cation Nevada Chile Bolivia 
Li 0.023 0.14 0.025 
K 0.53 1.87 0.62 
Na 4.43 6.92 9.1 
Mg 0.033 0.91 0.54 
Mg:Li io 6.6 21.5 





imum surface dimension reaching 120 km (Figure 6). The surface 
of the salar is smooth (Figure 7). 

Meager subsurface data suggest that the salt crust is about 15 
to 20 m thick. Ex tensive development of algal reefs some 75 m 
above the pre sent surface of the salar attests to the e xistence of a 
much lar ger andle ss saline a ncestral body of w ater—Lake 
Minchin (quite reminiscent of the ancestral Lake Lahontan and the 
present Great Salt Lake in Utah). The presence of several algal ter- 
races suggests lowering of the lake level in several stages. The ulti- 
mate sta ge repre sents saturation with re spect to sodi um chloride 
and resulted in the pre cipitation of present c rust. A sa mple col- 
lected from a depth of 15 cm beneath the surface of the salt crust 
by W.D. Carter (Ericksen, Vine, and Ballon 1978) gave a radiocar- 
bon date of 3 520 + 600 years, suggesting that salt pr ecipitation 
may have begun some 350,000 years ago. Comprehensive reports 
on the studies conducted on the Salar at the request of the Bolivian 
Government ha ve been prepared by Ericksen, Vine, and Ballon 
(1978) and by the Servicio Geologico de Bolivia (Bal livian and 
Risacher 1981). 

All three basins contain abnormal lithium concentrations. As 
mentioned pre viously, the lithium must be attributed dire ctly or 
indirectly to v olcanic geothermal activity of Recent or older age. 
There is no doubt, however, that the strength recorded today in the 
brine is the dire ct re sult of a n intense concen tration mechanism 
resulting from natural solar evaporation. 

Table 1 sho ws some partial chemical analyses of the major 
cations cont ained in the three br ines. All analyses repre sent the 
averages of se veral sam ples collected in each of t he basins and 
early production averages from the well field for Silver Peak. 

The Salar de Atacama contains the highest lithium, potassium, 
and magnesium concentr ations (T able 1). Concentrations up to 
7,000 ppm Li have been recorded in the Salar de Atacama brines. 
Several sources of lithium have been identified, but the most impor- 
tant was from the leaching of the v olcanic rocks su rrounding the 
salar. A second source was the weathering and leaching of exposed 
lacustrine sediments predating the formation of the salar. Geother- 
mal fluids such as those of the El Tatio (28 to 47 ppm Li) represent 
a third source (Ide and Kunasz 1989). Of the three basins, however, 
there is no que stion that the evaporation-concentration mechanism 
was most intense for the Atacama Basin. Table 1 also indicates that 
ratios between various cations in the brine are different between the 
three basins, which strongly argues for dif ferent compositional 
inputs. The chemistry, specifically the Mg:Li ratios, also illustrates 
one of the important aspects c ontrolling the production of lithium 
from different brines. In systems with high Mg:Li ratios, the phase 
chemistry prevents the formation of lithium chloride brine unless 
the magnesium is removed at the start of the process. This has been 
achieved in Clayton Valley (Barrett and O’Neill 1970) and at the 
Salar de Atacama. The exceedingly high Mg:Li ratio has prevented 
the development of the Salar de Uyuni (and the Great Salt lake) as 
an economic source of lithium. 
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PRODUCTION FROM BRINE DEPOSITS 


Historically, lithium chemicals an d mineral concentrates were pro- 
duced from pegmatites. The most important was the Kings Mountain 
Belt of North Caroli na, where th e two major producers (Cheme tall 
Foote Corporation and FMC Lithium Division) mined and produced 
lithium concentrates, min eral concentrate by-products, and lithium 
chemicals. 

In the early 1 960s, Foote Mineral Company started de velop- 
ing the Silver Peak, Ne vada, brine operation (Barr ett and O’Neill 
1970). Although the Amer ican Potash Corporation produced some 
lithium as a by-p roduct at Sear les Lake, California (1 938-1978), 
Silver Peak was unique because it represented a primary source of 
lithium carbonate from a brin e de posit. Its uniqueness led to th e 
investigation and identification of lithium in numerous other salars 
around the world and the e ventual ne w pr oduction from Chile 
(Salar de Atacama) and Argentina (Salar del Hombre Muerto). 


Clayton Valley, Nevada 

Foote Mineral Company traces it s origins to A.E.F oote, who 
founded the company in 1876 as a purv_ eyor of rare minerals. It 
became a major producer of lithium chemicals when it acquired the 
right to mine spodumene at Kings Mountain, North Carolina, in the 
early 1950s. In the 1960s, Foote pioneered the production of lith- 
ium carbonate from brine with the opening of the Silver Peak plant 
(Clayton Valley). It was acquire d by Cyprus Minerals Compan y, 
then by Chemetall of Ger many and more recently by Rockw ood 
Specialties. 

The Clayton Valley salt marsh was first investigated during 
the World War II effort to locate sources of strate gic minerals, one 
of which was potash. The salt marsh area was leased by the Ameri- 
can Potash Corp., which let the leases lapse. The leases were picked 
up by the Leprechaun Mining Company (Clyde Kegel), which con- 
ducted some e xploration on the s ubsurface br ines and identif ied 
lithium in addition to potassium. An agreement was later negotiated 
with Foote Mineral Co mpany, which developed the b rines of the 
basin as a source of lithium carbonate (Barrett and O’Neill 1970). 

In Clayton Valley, lithium-bearing brines occur in an asym- 
metric, undrained structural depression filled with Quaternary sedi- 
ments composed mainly of clay minerals, including hectorite, 
volcanic sands, and alluvial gravels, and saline minerals consisting 
of gypsum and halite (Kunasz 1970). The brine that saturates the 
sediments is chemically simple. It is a concentrated sodium chlo- 
ride solution containin g subordi nate amou nts of potassium and 
minor amounts of magnesium and calcium. The lithium concentra- 
tion is variable and decreases with pumping; the lithium concentra- 
tion in th e brine varies from 100 to 300 ppm Li. The dominant 
source of lithium has been a volcanic ash that extends across the 
basin. Exploration has identified additional aquifers and the y sup- 
ply additional volumes of lithium-bearing brine. 

An e xtensive wel 1 field sup plies the brine into some 
4,000 acres of solar evaporation ponds (Zampirro 2004). Over 12 to 
18 months, concentration of the brine increases to 6,000 ppm Li 
through sol ar e vaporation. When the lit hium chloride reaches 
optimum concentration, the liquid is pumped to a reco very plant 
and treated with soda ash, pr ecipitating lithium carbonate, which 
is then filtrated out, dried, an d shipped. Domestic production of 
lithium carbonate from brine is limited to Chemetall Foote’s oper- 
ation in Nevada. At this time, the Silver Peak operation is one of 
the w orld’s leading producers of lithium hydroxide. Chemetall 
Foote also produces normal and secondary b utyl-lithium at its 
New Johnsonville, Tennessee, facility anda number of do wn- 
stream products (1 ithium chlori de, bromide, and sulf ate; U.S. 
Pharmacopeia- [USP-] grade lithium carbonate and high-purity 
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Figure 8. Salar de Atacama—lithium, ppm 


lithium carbonate; lithium metal ingots and foils for the primary 
battery industry) at Kings Mountain, North Carolina. 


Salar de Atacama, Chile 


Two companies produce lithium carbonate and other salts from the 
brines of the Salar de Atacama: SCL, wholly owned by Chemetall 
Foote, and SQM. 

Inthe 1990s lar ge-scale production of lithium carbonate 
shifted from the United States to South America (Chile and Argen- 
tina). IIG m ade the first published reference on the occurrence of 
lithium in Chile in 1969 when it under took an extensive survey of 
the Salar de Atacama. The institute publishe d its findings in 1974 
(Moraga et al. 19 74). Subsequent studies by CORFO sho wed that 
the salt nucleus contains a resour ce of 4.3 Mt of lithium (Penner 
1978). In April 1974, Foote Mineral Company (Cyprus Foote Min- 
eral Company) verified the high lithium concentrations in the shal- 
low brines below the saline crust. In January 1975, an agreemen t 
was signed with CORFO to initiat e a 4-year feasibility study to 
assess the potential of producing lithium carbonate from the brine. 
The results of an exploration program based on test holes drilled on 
5-km centers revealed very high lithium concentrations (Figure 8) 
over most of the salar (1,000—7,000 ppm Li). 

SCL, a subsidiary of Che metall Foote, has b een exploiting 
the brines from the southern portion of the salar since 198 4. The 
saturated brine is found 50 cm below the salt crust ina porous 
upper salt l ayer that reachesa_ thickness of about 30 m.It is 
pumped via st andard wells to a se ries of e xtensive, plastic-lined, 
solar evaporation ponds (Figure 4). The initial p hase chemistry is 
controlled by mixing brines from separate sectors of the salar to 
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remove the magnesium and sulfate at the early stages of evapora- 
tion. The final brine, concentrated to about 6% LiCl, is then trans- 
ported by rail to the port city of Antofagasta, where it is converted 
to LizCO3 by reaction with sodium carbonate. The combined SCL 
production between the Silver Peak, Nevada, and the Salar de Ata- 
cama operations is ap proximately 20,500 tpy. SCL also harvests 
KCl as a by-product at the salar. 

Exploration by a number of companies over the northern por- 
tion of the Salar de Atacama led to its de velopment as a second 
chemical pr oduction center. SQM, the Chilean nitr ate producer , 
acquired the d evelopment right s and started the production of 
potassium chloride, potassiu m su Ifate, and li thium ca rbonate in 
1997. 

SQM is t he world leader in specialty fertilizers, iodine, and 
lithium carbonate. Created in 1968 as_ part of a plan to reor ganize 
the Chilean caliche (sodium nitrat e) industry, SQM is today th e 
lowest cost producer worldwide of potassium chloride, lithium car- 
bonate, potassium sulfate, and boric acid. Between 1994 and 1998 
the company developed the largest nonmetallic project in Chile: the 
Salar de Atacama project. The three stages of the project required 
an investment of US$300 million. The first stage was to b uilda 
300,000-tpy potassium chloride plant, which currently produces 
about 170,000 tpy KCl. The entire output is consum ed internally, 
supplying raw material to SQM’s potassium nitrate production. The 
second stage was to produce lithium carbonate with a design capac- 
ity of 23,000 tpy from brines obtained from the potassium chloride 
production process. Th e last stage, be gun in 1998, w as the con- 
struction of a potassium sulfate plant that no w also produces boric 
acid as a by-product. The company also produces boron chemicals. 
SQM avoided the issue of the high magnesium concentration by 
mixing brines of different compositions, resulting in a phase chem- 
istry that led to the precipitation and subsequent harvesting of vari- 
ous salts (sylvinite, potassium sulfate, and boric acid). The excess 
residual brines are reinjected into the salar. Trucks carry the satu- 
rated solution of lithium chloride from the Salar de Atacama to the 
plant at the Salar del Carmen, east of Antofagasta, where it is puri- 
fied by remo ving the remaining bo ron and magnesiu m th rough 
extraction and filtering processes. Finally, the purified lithium brine 
is reacted with sodium carbon ate to produce lithium carbonate, 
which is filtered, washed, dried, and packed into different kinds of 
products. The production of lithium carbonate started at 22,000 tpy. 
SQM now produ ces 40% of the world’s lithium carbonate. Th e 
company has also started production of butyl-lithium at its Bayport, 
Texas, plant and has acquired LithChem, a producer of lithium car- 
bonate and lithium hydroxide. 


Salar del Hombre Muerto, Argentina 


Several lithium occurrences have been documented in the Argentin- 
ian Altiplano (Poppi 1981) . Disco vered as a result of an Ear th 
Resources T echnology Satellite (ER TS) co Iaborative project 

(Nicolli et al. 1980), several salares (Hombre Muerto, Rincon, Pas- 
tos Grandes, and o thers) were explored. In 199 5, FMC Lithiu m 
purchased the rights to the Salar del Hombre Muerto, a salar con- 
taining high, uniform concentrations of lithium with low levels of 
other contaminants. The Salar del Homb re Muerto is in the high 
Andes at about 4,025 m above sea level, about 1,400 km northwest 
of Buenos Aires. The location is convenient to major rail lines and 
seaports. Covering a smaller area than most salars of the region, it 
contains lithium brines at depths much greater than its neighbors. 
The site investigation involved core drilling, testing, sampling, and 
hydrological studies. Reserves were estimated using geostatistical 
techniques and a three-dimensional flow model with coupled solute 
transport, which indicate a reserve of 75 years. The concentrations 


of lithium in these brine deposits range from 200 to 2,000 ppm and 
can be further concentrated using solar evaporation. Contributing to 
efficient solar evaporation and concentration of the brines are the 
low rainfall and humidity, high winds and elevations, and relatively 
warm days in the area of the salars. When such conditions are 
present, highly concentrated brines can be produced at reasonable 
cost and used as feedstock for a lithium carbonate plant. 

While mining spodumene in No rth Carolina, FMC perfected 
and com mercialized a sel ective puri fication proc ess e xtracting 
nearly pure lithium chloride from the salar brine with minimal pro- 
cessing (North American Mineral News 1995). The Salar del Hom- 
bre Muerto area also contains plentiful fresh w ater needed by the 
selective purification process. Selective purification uses lo w-cost 
raw materials housed in modular units. FMC has installed produc- 
tion facilities for both lithium chloride and lithium carbonate from 
the Salar del Hombre Muerto. Between 1999 and 2003, FMC pro- 
duced ana verage of 4,800 tp y (Ober 2003), well sh ort of the 
planned production capacity. With its market position in soda ash, 
FMC planned to produce lithium carbonate at a comp etitive cost. 
The company recently announced, however, that it will source its 
carbonate requ irements from C hile under a supply contract with 
SQM (Ober 2000). FMC also produces downstream lithium prod- 
ucts at Bessemer City, North Carolina, and at Bayport, Texas. 


Potential Brine-Producing Districts 
Argentina—Salar del Rincon and Others 


Equity-1 Resources of Australia has been involved in developing 
Salar del Rincon. In addition to si gnificant lithium, the brin e con- 
tains high concentrations of sulfates, resulting in a comple x phase 
chemistry that must be resolved before lithium can be economically 
recovered. 


Qinghai Basin, People’s Republic of China 


As a result of the shift of lithium carbonate production from pegma- 
tite source to brines, the Chinese spent much effort to identify and 
exploit brine deposits in the Qaidam Basin of northwestern China. 
A number of playas (salt lakes) have been identified. In the Golmud 
Area, brines have been exploited for potash and Chinese research- 
ers have undertaken rene wed efforts to prod uce lithium from the 
salt lakes of T ajinar and Y iliping, where high lithium concentra- 
tions have been recorded. The Mg :Li ratio is, however, very high 
and thus isak ey to solving the process flo wsheet (Peihua and 
Pengxi 2000). 

The Qaidam Basin is in north western China’s Qinghai Prov- 
ince. Several playas have been explored, and some could quite pos- 
sibly become centers of lithium chemical production. A group of 
scientists from the Qinghai I nstitute of Salt Lak es of the Chinese 
Academy of Sciences has successfully solved the problem of sepa- 
rating lithium from the brine solution, which contains a high con- 
centration of magnesium. The pr ovince will set up acom pany 
capable of producing 100 tpy of lithium chloride, near the Dong 
Taijnar Lake. The Qaidam Basin has about 33 salt lakes with a 
reported resource estimated at nearly 14 Mt of lithium chloride. At 
present, the basin is China’s largest production base for potash fer- 
tilizer (People’s Daily 2000). 


Tibet 


Lake Zab uye ison e of 35 2 salt lakes on the Qinghai-Xizang 

(Tibetan) Plateau. The lake lies in a closed ba sin at an el evation of 
4,421 m. The e vaporation of these alkalin e chloride-sulfate waters 
has led to a complex set of evaporitic minerals. Of importance is the 
occurrence of zabuyelite, which precipitates from the lake waters as 
natural lith ium carbon ate. The source of the rathere xtraordinary 
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high levels of lithium (800 ppm) is most likely of geothermal origin, 
because the springs that feed the lake are abnormally high in lithium 
(Holland et al. 1991). A recent an nouncement (China News 2005) 
indicated that 240 million yuans (US$29 million) have been invested 
in 2003 to build the Baiyin lithium carbonate plant in Lake Zabuye. 
The plant capacity is reported to be 5,000 tpy of lithium carbonate. 


PRODUCTION FROM PEGMATITE DISTRICTS 


Following the shift to | ithium carbonate to Chile, the p egmatite- 
mining district of North Carolina was no long er able to compete 

economically. The tw o mining ope rations clo sed do wn, although 
the sites continue to produce do wnstream lithium chemicals. Simi- 
larly, the tw o major producers no longer pr oduce spodumene and 
other mineral concentrates. The slack was picked up by the three 
dominant producers in Canada (T anco), Australia (Greenbushes), 
and Zimbabwe (Bikita). 


Australia 


Spodumene is mined fro m a zoned pegmatite in the southwest of 
Western Australia, approximately 300 km south of Perth and 80 km 
east of the Port of Bunbury. Sons of Gwalia acquired a 100% inter- 
est in the Greenbushes mine in 1998. 

The Greenbushes pegmatite is the lar gest hard-rock tantalum 
resource and the largest and highest-grade lithium mineral resource 
in the world. The deposit is a zoned pegmatite with a strike length 
of more than3 km. It contains zones of tantalite, spodumene, 
sodium, and potassium feldspars with some overburden of v ery 
white, high-grade kaolin. 

Mining in the area has continue d almost uninterrupted since 
tin was first discovered in 1888. The spodumene deposit was identi- 
fied in 1980 during the extensive drilling program for tantalum. By 
1983, initial development of the spodumene ore body commenced 
and, by 1985, a 30,000-tp y spodumene concentrator w as commis- 
sioned. This was later increased to 10 0,000 tpy capacity in 1993- 
1994 and again to 150,000 tpy capacity in 1996-1997. The ore 
reserve and resource are >13 Mt, th at is, sufficient to supply high- 
grade products for several decades. 

The Minerals Processing Plant, constructed in 1980 as a tan- 
talum pilot plant, was converted to the Lithium Minerals Process- 
ing Plant in 1983. The plant was expanded several times, the latest 
in 1995, to meet increased demand for spodumene. This plant lib- 
erates and recovers the spodumene into several spodumene miner- 
als by mil ling, screening, flotation, gravity, and magnetic 
separation processes to meet the requirements of the various prod- 
uct applications. 

The Greenbushes operation produces about 60,000 tpy of spo- 
dumene concentrates. It sup plies about 60% of the world market. 
The highest quality concentrate has a grade of 7.5% Li20. The 
company also produces several other concentrates. A chemical 
plant was constructed but was mothballed after a fall in the world 
price of lithium (ACTED 1997). 


Canada 


Tantalum Mining Corporation of Canada is part of Cabot Specialty 
Fluids, a division of Cabot Corporation, Boston, Massachusetts. It 
produces spodumene from a zoned pegmatite and operates a con- 
centrating plant at Bernic Lake, Manito ba, C anada. The site is 
about 130 km northeast of Winnipeg. 

The Bernic Lake pegmatite is one of a number of subhorizon- 
tal pe gmatite sheets in the Bird River greenstone belt within the 
Superior geological province in the Canadian Shield. It was formed 
during the Kenoran Orogen y of the Late Archean age an d is 
approximately 2.5 billion years old. Internally, the pe gmatite is 


composed of eigh t discrete mineralogical zones comp rising eco- 
nomic minerals containi ng tantalum, lithium, cesium, and rubid- 
ium, each occurring in separate zones. The v arious minerals are 
spodumene, montebrasite, w odgonite, microlite, pollucite, lepidol- 
ite, and feldspar. Jack McNutt discovered Bernic Lake in 1929, and 
the area was first exploited for tin (Vanstone et al. 2000). Commer- 
cial production be gan in 1969 with tantalum concentrates as the 
major mineral. In 1984, Tanco be gan producing spodumene con- 
centrates, supplying Corning. Pollucite was also sold to the Soviets. 
Currently, the mine produces tantalum, cesium, and lithium. 
Access is through both a decline and a shaft. Mining is carried 
out using the room-and-pillar method. Processing consists of crush- 
ing to —12 mm, with tantalu m and lithium ores stored separately, 
and pollucite and rubidium are collected into direct-sale stockpiles. 
Tantalum is recovered via gravity separation and the concentrate is 
sent directly to Cabot’ s Bo yertown, Pennsylv ania, plant. Spo- 
dumene is sen tto adense medi um ci rcuit whe re fel dspari s 
removed. Further cleaning is achieved through a series of flotation 
and gravity separations that remove tantalum, phosphates, mica, 
feldspars, and quartz. Separation pr oduces an additional lithium 
concentrate, montebrasite, a lithium aluminum phosphate and spod- 
ulite, obtained as the coarse fraction from the spodumene reject cir- 
cuit. The spodulite concentrateco ntains 5% Li 20. Magnetic 
separation removes any extraneous iron. Pollucite is further pro- 
cessed by leaching to produce cesium chemicals (Hilliard 2002). 


Zimbabwe 


The | argest lit htum-bearing ar ea in Zimbabwe is the Bi kita tin 
fields, which is about 60 km east of Masvin go. Important mineral- 
ized zones are in the Al Hayat, Bikita, and Sou thern sectors. The 
pegmatite is about 1,700 m long, and its width varies from 30 to 
70 m. It strikes north-northeast and dips from 14° to 45° east. The 
pegmatite is asymmetrically zone d and contains a variety of com- 
mercially important lithium minerals as well as beryl and pollucite. 
Bikita Minerals (controlled by AMZIM Minerals, a company in the 
United Kingdom) produces stan dard petalite, lo w-alkali petalite, 
container-glass petalite, and spodumene concentrate. 

Other minor lithium-b earing occurrences are in the Wankie, 
Salisbury, Umtali, Mtok 0, Insizi a, Matobo, and Mazoe districts 
(Toombs 1962). 

Production of lithium miner als increased from 18,064 t in 
1993 to 49,883 t in 1997 (Mobbs 1998) but declined to 33,000 t in 
2002 (Cockley 2002). 


Other Producing Regions 
Russian Federation 


The R ussian Federation prod uces spodumene and _ other mineral 
concentrates at the Pervomaisky mine, southeast of Chita. The spo- 
dumene occurs in unzoned pe gmatites th at intrude amphibolites, 
reminiscent of the Kings Mountain system. The narrower veins are 
not mined selectively, whic h requires be It sorting to re move the 
host rock before processing and production of spodumene concen- 
trates and other minerals reco vered. The conc entrates are railed 
more than 2,000 km to processing facilities in Krasnoyarsk, where 
the s podumene is converted to lithium h ydroxide and metal and 
then further transported to Novosibirsk, where lithium carbon ate 
and o ther chemicals are produced (pro duction data una vailable). 
Low-cost carbonate production from Chile shut down the plant. 
Historically, the former Soviet Union obtained its spodumene 
concentrates from the People’s Republic of China from a mine in 
the Altai Moun tains (near Fuyun) in Sinkiang Province. When the 
Soviets realized that they were going to be ou sted, they began an 
intensive de velopment progr am of the pe gmatite field id entified 
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southeast of Chita and built a self-contained infrastructure at Pervo- 
maisky. After the 1959 e vents, China took co ntrol of the Sinkiang 
region, and the Soviets were left to their own means. Pervomaisky 
became the source of the spodumene for the Soviet military-indus- 
trial complex. 


People’s Republic of China 


The People’s Republic of China produces lithium and other mineral 
concentrates (beryl, lepidolite, high-purity quartz) from a mine in 
the Altai Mountains in north western China. The lithium concen- 
trates are trucked some 600 km to Urumai, the capitol of Sinkiang 
Province, where a processing plant produced lithium h ydroxide 
using the old F oote Mineral lime—spodumene process. With the 
recent information on the productio n of lithium carbonate, it must 
be assumed that the plant has been partially converted to the acid- 
roast pr ocess. Lo w-cost lith ium car bonate from Chile may ha ve 
shut the plant down (Ober 2000). 


Minor Producing Districts 
Argentina 


In Argentina, lithium-bearing pegmatites occur in the western part 
of the Sierras Pampaneas region, which includes the productive dis- 
tricts of San Luis, Cordob a, and Catamarca. The pe gmatites are 
zoned and contain spodumen e. The reserv es, con sidered tob e 
small, total about 18 kt as spodumene (Angelleli and Rinaldi 1963, 
1965). 


Brazil 


In Brazil, lithium-bearing pegmatites occur in the Minas Gerais and 
in the northeastern part of the country, which includes the states of 
Paraiba, Rio Grande do Norte, and Ceara (Afghouni 1978). 

In the state of Minas Gerais, near Aracuai, several pegmatites 
have been exploited on a sporadic basis. The pe gmatites, which 
carry spodumene, amblygonite, peta lite, and lepidolite, have been 
traditionally mined for cassiterite, tantalite, and beryl, and lithium 
minerals ha ve been sporadically reco vered.As aresult of an 
increase inde mand f orl ithium minerals (petalite), e xploration 
activities resulted in the discovery of important petalite pegmatites, 
reported to contain 100 kt of pe talite grading 2% Li. Spodumene 
reserves have been estimated at 300 kt, whereas lepidolite reserves 
are considered to be nearly exhausted. 

The most important producer of lithium minerals is Arqueana 
de Minerios e Metais (Sao Paulo). The company mines spodumene, 
petalite, lepidolite, amblygonite, beryl, and cassiterite from the peg- 
matite bodies near Aracuai in Minas Gerais. The company also sup- 
plies spod umene concen trates to Companhia Bra sileira do L itio 
(CBL), a small producer of lithium carbonate and lithium hy drox- 
ide (Ober 2003). The processing facilities have been constructed in 
an economically depressed region several hundred kilometers north 
of the mining district to benefit from government incentives. The 
plant is estimated to produce about 1,500 t of lithium carbonate 
(K. Afghouni, personal communication). 


Other Areas 
Lithium minerals are also pr oduced in Portugal (lepidolite), Spain 


(lepidolite), and Argentina (spodumene and amblygonite). 


NEW PRODUCERS 
Toxco 


Toxco, a California co mpany, offers any organization wi thin t he 
U.S. federal government a preapproved battery recycling contract. 


It is a company certified in the recycling of various lithium battery 
types as well as other metal types (Toxco 2003). 

In 1995, Toxco won a contract for the purchase of 68 million 
pounds of depleted lithium h ydroxide monoh ydrate, used in the 
1950s and 1960s at Oak Ridg e, Tennessee, for the production of 
lithium isotopes for use in the production of thermonuclear weap- 
ons (Frank 199 5). LithChem International, a sub sidiary of T oxco 
that prod uces lithium carbonate and lithiu m h ydroxide in Balti- 
more, Maryland, was purchased by Soquimich, the Chilean fertil- 
izer and lithium producer. Another subsidiar y, Ozark Fluorine 
Specialties, produces hydrofluoric acid, which is converted to lith- 
ium he xafluorophosphate, high-purity lithium flu oride, and other 
electrolytes used in lithium batteries at its Tulsa, Oklahoma, plant. 


Potential Producing Districts 
People’s Republic of China 


The Jiajika pegmatite in Sichuan Province was discovered in 1959 
and explored in the period 1959-1992. It is the largest lithium min- 
eral deposit in Asia, with reserves, as defined by China, of 1.03 Mt 
of 1 .28% Li2O. The de posit is easily accessible by e xisting 
infrastructure. 

The Lushi pegmatite field, in Henan Province, extends more 
than 100 km2, and numerous veins have been discovered. 

Sterling Group Ventures of Australia, through a holding sub- 
sidiary, has signed two agreements to develop the Jiajika and Lushi 
deposits. The joint venture is expected to operate the Jiajika deposit 
with an initial capacity of 240,000 tpy and produce 47,3 20 tpy of 
concentrates (6.09% LizO). 

On April 10, 2004, Sterling entered into a formal joint-venture 
agreement with Lushi Guanpo Minerals De velopment (Lushi) of 
Henan Province of China to bring the project into production and 
earn 90% of the interest of the project. Accordin g to Chinese 
geological brig ades, the property is esti mated to con tain abou t 
200,000 t Li2O grading 1%. The concession covers about 100 km? 
and has large potential to increase the resources of lithium. 


Democratic Republic of the Congo 


Probably the largest hard-rock lithium resources in the world are in 
the Manono and Kittolo in the Democratic Republic of the Congo. 
Currently Congo-Etain mines only cassiterite and columbite from 
the Manono pegmatite, which is 5 km long and from 120 to 425 m 
wide. The adjoining Kittolo pe gmatite has similar dim ensions. 
Although the pe gmatites are apparently zoned (Varlamoff 1954), 
their dimensions imply spodumene reserv es that d warf the cur- 
rently known world reserves. The deposit may no t have an eco- 
nomic value for years, however, because of very poor transportation 
facilities. The deposit is about 2,200 km from the Angolan port of 
Lobito. 


Canada 


Avalon Ventures was developing the Separation Rapids rare-metals 
project in northwe stern Ontario not far from the Tanco operation. 
Avalon was increasing the capacity of its flotation pilot plant to be 
able to produce large enough volumes to provide potential custom- 
ers with enough high-grade petalite concentrate for sampling. 
AMZIM Minerals, the offshore holding compan y of Bikita 
Minerals, the Zimbabwe petalite producer, planned to produce pet- 
alite at a site owned by Emerald Fields Resource Corp., a Canadian 
company, from the same pe gmatite body between the Tanco and 
Avalon operations. This operation was named the Big Mack. If all 
the tests turned out as expected, construction of a plant with an ini- 
tial production capacity of 15,000 tpy of petalite concentrate was to 
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begin by the spring of 2001. Resources at the Big Mack are conser- 
vatively estimated at 300,000 t, but only a small portion of Emerald 
Field’s 18,200 ha (45,000 acres) has been drilled (ndustrial Miner- 
als 2000). 

Lithium Metal Technologies ( Limtech), a subsidiary of 
Lithos, both Canadian companies, evaluated options for expanding 
its high-purity lithium carbonate plant to produce more than its cur- 
rent 300 tp y for sale to sp ecialty-glass manu facturers. Limtech 
purifies technical-grade lithium carbonate from about 99.3% purity 
to a hig h-purity 99.999% product that can sell for $50 to $70/kg. 
The company was considering an additional production line with 
capacity of 1,000 tpy (North American Mineral News 2000). 

Raymor Industries announced the successful development of a 
process to produce lithium metal directly from spodumene (North 
American Miner als News 1999). The process w as developed and 
tested at McGill University’s Department of Mining and Metallur- 
gical Engineering under contract with Raymor Industries. The com- 
pany asserted that th ene wpro cess w ouldha vethelo west 
production costs and highest pur ity for lithium metal production. 
The company was granted exclusive rights to the ne w technology 
that was to be patented. For feedstock, Raymor Industries intended 
to use spodumene mined from its La Motte deposit in Quebec and 
purchased spodumene (Raymor Industries 2000). A drilling project 
at the La Motte deposit estimated reserves at 4.55 Mt at 1.07% 
Li20 from the surface to a depth of 100 m with an additional 2.5 Mt 
below 100 m. 


FUTURE RAW MATERIALS 


Several areas of the world carry potential lithium raw materials in 
the form of brines, geothermal brines, oil-well brines, and clays. 

Among the e xisting brine deposits, the Great Salt Lake of 
Utah constitutes an important potential source of lithium chemicals. 
The lake holds brine formed as a result of concentration by solar 
evaporation of waters contained in the much larger and more dilute 
Lake Bonneville (Pleistocene). In the Bear River basin, Great Salt 
Lake Minerals and Chemicals constructed 5.7 km? of ponds and is 
producing sodium chloride and potassium and sodium sulfates. The 
recoverable lithium resources are estimated at 286 kt (Evans 1978). 

Lithium is also present in several other salares in Chile (e.g., 
Punta Negra, Pedernales), in the Altiplano of Argentina (e.g., Pas- 
tos Grandes, Rincon), in the People’s Republic of China (Qinghai 
Basin), and in Tibet (Lake Zabuye). Lithium has also been reported 
in underground brines in Israel (Ober 2000). 

A potential geothermal area lies within the Imperial Valley of 
Southern California. The chemically complex brine contains large 
concentrations of sodium, calcium, and potassium. It also carries 
about 0.020% Li. K oenig (1970) indicated that the volume on the 
brine under an area of 31 to 62 km is >4 km*. This suggests a 
potential reserve >840 kt Li. Lithium is also present in significant 
concentrations in the flashed brin es of the Cerro Prieto geothermal 
field in Baja California, Mexico. The potential exploitation of lith- 
ium will depend, however, on whether or not some complex chemi- 
cal engineering problems are solved. 

Other geothermal areas include the Reykanes Field of Iceland, 
where the visible active sector covers about 5 km2. Feasibility stud- 
ies (Ludviksson and Hermannsson 1970) indicate that a yearly pro- 
duction of 500 t of lithiu © m com pounds is possible. Th _ e brin e 
contains 8 ppm Li. Additional thermal areas are known at Reykir, 
Hveragardi, and Drysuvik (Karlsson 1961; Prast 1972). 

A similar potential source of lithium is the geothermal waters 
at Wairakei, New Zealand. Po tential production from bore waters 
containing 13 ppm Li are estimated at 2,400 tpy as LizCO3, assum- 
ing a discharge rate of 3,785,000 L/hr (Kennedy 1964). 


Lithium-bearing clays are known to occur in several localities 
in the United States. The highest lithium value of 0.53% has been 
recorded at Hector, Ca lifornia, where the Baroid Division of 
National Lead Co. mine s hectorite for its swelling characteristics 
(Ames, Sand, and Goldich 1958). He ctorite has been identif ied in 
Clayton Valley, where it occurs as an alteration product of volcanic 
ash along a fault zone and is one of the clay minerals in Tertiary and 
Quaternary lake sediments (K unasz 1970). The h ectorite contains 
0.24% to 0.35% Li. At Sp or Mountain, Utah, 0.1 1% Li has been 
reported in ber yllium-bearing tu ffs (Sha we 1968 ), where lithium 
probably also occurs in hectorite. An important discovery of lithium- 
bearing clays has been made in the McDermitt caldera in northern 
Nevada. The occurrence of li thium-bearing clays is also re ported 
(Norton 1965) in Yavapai County, Arizona (0.10% Li), in Tertiary 
clays at Kramer, California (0.19% Li; Muessig 1966), and in the 
Turilari playa (0.14% Li) in Argentina (Muessig 1966). An exten- 
sive survey by the Lithium Exploration Group of the U.S. Geologi- 
cal Survey (USGS) indicated that vast resources of lithium lie in a 
great number of sedimentary clays (Vine 1976). The U.S. Bureau of 
Mines conducted e xtensive research on the e xtraction of lithium 
from clay. Extraction of lithium from clays associated with boron 
deposits at Begadic in T urkey was recently e valuated (A. Buyuk- 
burc and G. Koksal, 2005). Although clays contain lithium concen- 
trations on the same order of magnitude as commercial pegmatites, 
they are not likely to bec ome lithium sources in the near future 
because of technological problems associated with the extraction of 
lithium from the crystal lattice, and also because they cannot com- 
pete with the low-cost brine operations in the Unit ed States and 
Chile. 


RESERVES 


In the 1970s, an accelerated research effort in the field of secondary 
batteries and thermonuclear p ower generation prompted the 
National Research Council to create the Lithium Subpanel charged 
with e valuating a vailable li thium reserves and resources in _ the 
world. The resulting study (Table 2) concluded that the reserves and 
resources of all classes of lithium occurrences were 10.6 Mt (Evans 
1978). At that time the brin es of the Salar de Atac ama were esti- 
mated to contain 4.3 Mt of li thium. Today these reserves are the 
most significant because they supply the two operations, which pro- 
duce a substantial amount of the world’s lithium carbonate. 

According to estimates published by the USGS, Chile holds 
approximately 73% of the world’s lithium resources; followed by 
China, 13%; Canada, 4.5%; and Au stralia, wit h justo ver 4%. 
Resource data are not available for some important producing 
countries, includ ing Ar gentina, China, and Russia. Lithium 
resources occur int wo distinct categories: | ithium minerals and 
lithium-rich b rines. L ithium br ine resourc es, no w the domi nant 
feedstock for lithium carbonate production, are produced mainly by 
Chile. Canada and Australia have the most signif icant hard-rock 
lithium resources (Ober 2003). 


WORLD MARKETS FOR LITHIUM 


The world lithium production has grown from 6,300 t Li equivalent 
in 1994 to 11,900 t Li equi valent in 2 000. Chile, because of the 
expansion in brine production by SQM in 1996 became the w orld 
leader of lithium carbonate (Roskill Information Services 2004). 

In descending order of production, the world’s largest lithium 
chemical producers in 19 99 were Chile, China, the United States, 
Russia, and Ar gentina. Austra lia, Canada, and Zimbab we were 
major producers of lithium ore concentrates. 

The United States remains the leading consumer of lithium 
minerals and com pounds. It also led production of value-added 
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Table 2. World lithium resources 








Lithium, f° 

Class United States Other Western Countries 
Class At 

From pegmatites 329,100 366,400 

From brines 40,500 1,290,000 

From stockpile+ 6,100 na’ 
Class B 

From pegmatites 47,300 456,800 

From brines na na 
Class C 

From pegmatites 2,780,900 1,969,000 

From brines 77 ,300 3,000,000 
Class D 

From brines 283,700 na 
Total, Class A 375,700 1,656,400 
Total, Classes A and B 423,000 2,113,200 
Total, Classes A, B, and C 3,281,200 7,082,200 
Total, Classes A, B, C, and D 3,564,900 7,082,200 
Combined Totals 

Class A na 2,032,100 

Classes A and B na 2,536,200 

Classes A, B, and C na 10,363,400 

Classes A, B, C, and D na 10,647,100 





* Tonnages to beneficiation and process. 

t Classification system: 
A: Reserves proved by systematic exploration 
B: Reserves indicated by limited exposures and/or exploration 
C: Resources inferred on geological evidence 
D: Quantities largely known but economic lithium extraction probably 
dependent on marketing of coproducts 

t Approximate lithium content of lithium hydroxide currently available for 
purchase from U.S. government stockpile. 

§ na = not available. 


lithium materials. Be cause only tw o companies produced lithiu m 
compounds for domestic consumption and for export to other coun- 
tries, reported production and value of production data could not be 
published by USGS. 

In 1999, the only active lithium carbonate plant in the United 
States was at a brine operation in Nevada. Two other mines in North 
Carolina closed in 1986 and 1998. Subsurface brines have become 
the primary raw material for lithium carbonate because of lower 
production costs com pared to hard -rock ore s. Ore conc entrates 
rather than lithium carbonate and compound feedstock accounted 
for the majority of mined lithium minerals consumption. 

U.S. imports of lithium carbonate from 1999 through 2002 
included Chile, 90%; Argentina, 9%; and others, 1%. In 2003, th e 
respective percentages were Chile, 73%, and Argentina, 27% (Ober 
2003). 


USES 


Lithium is marketed in numerous applications. It is used in three 
basic forms: ore and concentrate, metal, and manufactured chemi- 
cal compounds. 

Ores and concentrates are consumed by the glass, ceramic, 
and porcelain enamel industries. Petalite, lepidolite, and amblygo- 
nite can be used without prior beneficiation, except hand-cobbing, 
whereas spodumene must be beneficiated by grinding and flotation, 


leaching, and magnetic separation. Lithium is useful because it cre- 
ates f avorable i nternal nucl eation co nditions. By comparison, 
sodium favors external crystallization. Bec ause of its sm all ionic 
radius and high field strength , lithium im parts high m echanical 
strength and th ermal s hock resistance, as we ll as good c hemical 
resistance ( Fishwick 19 66). In these applications, lithium is a Iso 
introduced in the form of lithium carbonate. 

In metal form, lithium is the lightest solid element, having an 
atomic weight of 6.94 and a specific gravity of 0.5 34 (at 20°C). 
Lithium metal is used in the synt hesis of butyl lithium. In nonfer- 
rous metallurgy, the high reactivity of lithium with gases is used for 
scavenging o xygen and sulfur, converting them into stable com- 
pounds. Lithium is also used in lithium aluminum and lithium mag- 
nesium allo ys, wher eit imparts high- temperature strength, 
improves elasticity, and increases the tensile strength. Demand for 
aluminum lithium alloys in commercial and military aircraft indus- 
tries, although encouraging, has not met earlier gro wth forecasts 
(Alexander 1992). 

Lithium carbonate, in addition to itsco nsumption by the 
ceramic industry, is being used at an increasing rate in t he alumi- 
num reduction cells, where it improves the conductivity of the mol- 
ten bath, red uces operating te mperature, a ndresultsin higher 
production. It is also very effective in reducing fluorine emissions 
by re taining the f luorine as lithium fluoride in t he bath. Lithium 
carbonate consumption has fallen steadily since its peak in the late 
1970s, and, although the rate of decline has slowed in recent years, 
consumption in the aluminum sector is still forecast to decrease fur- 
ther in the next few years (Roskill Information Services 2004). 

In purified form, lithium carbonate is being used in the che- 
motherapeutic treatment of bipolar disorder (Caldwell et al. 1971). 

In the United States, Japan , and Europe, de velopment p ro- 
grams have been initiated on molten carbonate fuel cells. Because 
of the energy efficiency and environmental cleanliness of all ty pes 
of fuel cells, w orldwide financial support for the de velopment of 
this technolog y h as increased. Molten carbo nate fuel cells are 
expected to use various lithium compounds, principally lithium alu- 
minates and lithium carbonate (Alexander 1992), Lithium carbon- 
ate rather than lithium metal has been the focus of recent research 
for use in batteries for electric vehicles. 

In addition to being the lightest metal, lithium is also the most 
electronegative metal and, therefore, is ideal for use in many battery 
applications. L ithium battery characteristics include high ene rgy 
density, high operating voltage, wide operating temperature range, 
and long shelf life (Grady 1980). Present applications include heart 
pacemakers, mi litary ha rdware,ca meras,c omputerm emory 
backup, w atches, and measur ing equipment in the oil-drilling 
industry. Future growth in this area may include use in rechargeable 
lithium batteries for handheld power tools and electronic and com- 
munications equipment ande ven asa power supply for electric 
vehicles and the total artificial heart. In fact, double-digit growth is 
forecast for demand for lithium in secondary batteries to 2006— 
2007 (Roskill Information Services 2004). The highest value appli- 
cation for lithium batteries rema ins secondary portable consumer 
products, especially po rtable computers and cellular phon es. This 
U.S. market was $500 million in 1997 and should top $860 million 
in 2005. Rechar geable, portable, consumer lithium batteries are 
expected to grow to a $3.2 billion market in 10 years. 

Lithium hydroxide w as first em ployed as an ingredient in 
alkaline storage batteries where its presence increased the life of the 
cells (Bach et al. 1981). In the 1940s, Clarence Earl, who developed 
special grease by re acting lithium hyd roxide with fatty acids, dis- 
covered a new application. The resulting grease was found to retain 
its viscosity over a wide temperature range and remain stable in the 
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presence of water. Lithium-based greases have become a standard 
product in military, industrial, and automotive lubrication fields. 

Anhydrous lithium h ydroxide can absorb large quantities of 
carbon dioxide, a property that has been used in the air regeneration 
system of the Apollo command and lunar modules, an dinne w 
applications in the mining industry for rescue breathing apparatus. 

Lithium chloride and lithium bromide brines have low vapor 
pressures and are used in absorption refrigeration systems. Lithium 
chloride also constitutes the feed material for the production of lith- 
ium metal. Lithium fluoride is used ma inly asa flux in enamels, 
glasses, and glazes, and in welding and brazing. 

The most important or ganic comp ound is b utyl lithiu m. It 
serves asa catalyst in the polymerization of butadiene, isoprene, 
and styrene to produce polymers with special properties. Butyl lith- 
ium has applications in the synthesis of pharmaceutical and agricul- 
tural intermediates. 

Numerous miscellane ous applications of 1 ithium chemicals 
include sanitation and bleaching, hydrogen generation, oxygen gen- 
eration, catalysis, and vitamin synthesis. 


PRICES 


The prices (Undustrial Minerals 2004) of various lithium ores (in 
dollars per short ton) are 


Ceramic 7.25% Lix0 $330 to $350 (free on board 
spodumene: [f.o.b.] West Virginia) 
Glass-grade 5% Li2O $195 to $200 

spodumene: (f.0.b. Amsterdam) 
Petalite: 4.2% Lix0 $165 to $260 


(f.0.b. Durban) 


The most dramatic change in pricing occurred in lithium car- 
bonate as result o f the ne w production at the Salar de At acama, 
Chile. Lithium carbonate co mmanded prices of nearly $ 2/lb into 
1997; the large production capacity brought on line by SQM led to 
a nearly 5 0% decrease in the world price of lithium carbonate. 
SQM offered lithium carbonate at 90 cents/lb, forcing the two other 
major producers to follow suit (Ober 2002). W orld oversupply has 
kept lithium carbonate prices depressed for the past 3 years (Ober 
2003). 
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INTRODUCTION 


Magnesium is the eighth most abundant element and constitutes 
about 2% of the earth’s crust. It is the third most plentiful element 
dissolved in sea water, wit h a concentration a veraging 0.13%. 
Although magnesium is found in more than 60 minerals, only a few 
are of commercial importance. In addition to minerals, seawater and 
well and lake brines are also important sources of magnesium. One 
of the more important magnesium minerals is magnesite (MgCO3), 
with a theoretical maximum ma gnesia (MgO) content of 47.6%; 
this carbonate form represents the world’s largest source of magne- 
sia. Other co mmercially important m agnesium-bearing mi nerals 
are dolomite, which serves the aggregate industry as well as the 
chemical industry; brucite, which is used in the production of both 
caustic-calcined and d ead-burned magnesia; olivine, which serv es 
the refractory and heat storage industries; talc, which serves several 
industries as a filler and as an ingredient in cosmetics; and serpen- 
tine. Olivine and talc are discussed in separate chapters of this book. 
Table 1 shows the composition of these magnesium-containing min- 
erals. 

These minerals are the starting raw materials for a wide range 
of products. These include magnesium metal and several grades of 
magnesia used for the production of both dead- burned magnesia 
for refractory manufacture and lighter fired caustic-calcined mag- 
nesia. The latter is used in a v ariety of agric ultural, construction, 
environmental, and industrial applications. 

The word magnesite literally refers only to the natural min- 
eral, but common usage applies th is name to tw o other typ es of 
materials, dead-burned magnesite and caustic-calcined magnesite. 
For the most part, these are comm ercial products of magnesia, dif- 
fering mainly in density and cry stal development that results from 
different levels of heat application. When magnesia produced from 
seawater or brines first made it s appearance on the w orld market, 
the products also were called dead-burned or caustic-calcined mag- 
nesite, but more recently the te chnical literature has increasingly 
referred to the materials as refractory magnesia or refractory-grade 
magnesia and caustic-calcined magnesia, respectively. These terms 
are no w also increasing ly be ing app lied to magnesia products 
derived from the natural min eral magnesite, especially for those 
materials with high MgO content. The older terms, however, persist 
in the trade. 

The terms dead-burned magnesite or refractory magnesia refer 
to the granular product produced by firing magnesite, magnesium 
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hydroxide, or another material reducible to magnesia at tempera- 
tures exceeding 1,450°C. The heat treatment must be of _ sufficient 
duration to produce a dense, reasonably weather-stable granule for 
use in manufacturing refractory materials. 

The use of the terms describi ng magnesia pr oducts is some- 
what confusing to those not closely connected with the industry . 
The vagueness of the terminology can lead to misreading of statis- 
tics to such a degree that simultaneous shortage and surplus of cer- 
tain magnesia products is indicated. Confu sion has been f urther 
amplified by use of such terms as high-purity or super high-purity 
magnesia; in most cases thes e terms have been used for magnesia 
supplied to the refractory industry. They usually refer to the content 
and relationship of the accessory oxides and density of the material 
as they affect the refractoriness of the final product rather than any 
specific MgO content (Duncan and McCracken 1994). 

The terms high grade and high purity generally refer to a 
refractory magnesia con taining more than 96% MgO, a density 
greater than 3.30 g/cm2, preferably 3.40 g/cm, and a proper rela- 
tionship of auxiliary oxides. 

Caustic-calcined ma gnesia re sults from 800°C to 1,00 0°C 
heat being applied, frequently in a rotary kiln, to magnesite or other 
material reducible by heat to magne sia. It is hea ted until less than 
10% ignition loss remains and the prod uct disp lays ab sorptive 
capacity or activity. Caustic-calcined magnesia readily absorbs 


Table 1. Chemical composition of selected magnesium-containing 
minerals 





Common Name Chemical Composition 





Brucite Mg(OH)2 

Carnallite KMgCl3#6H2O0 
Dolomite CaMg(COs3}2 

Epsomite MgSO4*7H2O0 

Kainite MgSO4eKCle3H20 
Kieserite MgSO4*H20 
Magnesite MgCO3 

Olivine (MgFe)2SiO2 

Schoenite MgSO4*K2SO4°6H20 
Serpentine Mg3(OH)4Si205 
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water vapor or carbon dioxide (COz2), an action that is referred to as 
activity. This activity feature then facilitates the production of high- 
density periclase. This is generally done through briquetting and 
the application of additional high-temperature heat. The production 
of caustic magnesia involves less energy than is required to produce 
dead-burned magnesite. 

Fused magnesia is produced by heating high-grade magnesite 
to a molten state for up to 6 hours in electric arc furnaces to approx- 
imately 3,000°C. The resulting product, at 96% to 98% MgO, has a 
high density of 3.50 g/cm? and relatively high chemical stability, 
strength, and resistance to abra sion. World production is approx i- 
mately 160 ktp y, which is used in refractories and in electrical 
products. 


PRODUCTION, TRADE, RESERVES, AND RESOURCES 


The lar gest magnesite production facilities in the w_ orld are in 
China, North K orea, and Russia. Together, thes e three countries 
account for about two thirds of world magnesite production capac- 
ity. Japan and the United States account for one half of the world’s 
magnesia production capacity from seawater or brines. Fused mag- 
nesia is produced in Australia, Brazil, Canada, China, Israel, Japan, 
the Republic of Korea, Mexico, Russia, the United Kingd om, and 
the United States. 


United States 
Production and Trade 


Figures 1 and 2 g_ ive ahistor ical perspecti ve of th e supply and 
demand of dead-burned and cau sstic-calcined magnesia i n th e 
United S tates. Histor ically, o verall U.S. consumption of magne- 
sium compou nds has _ declined, mainly be cause of a decrease in 
demand from the refractor ies industry, the lar gest consumer of 
magnesium compounds. U.S. produ ction actually decreased faster 
than the dro p in consu mption because imports of lo w-cost, dead- 
burned magnesia from China replaced part of the U.S. production. 
This can be seen in the significant increase in import reliance that 
occurred be ginning in th e 1980s. W ith the recovery inthe U.S. 
economy in the late 199 Os, 0 verall consumption of magnesia 
increased as steel productio n increased, but this trend was short- 
lived. The quantity of refract ory magnesia consumed per ton of 
steel produced continued to decl ine. F or example, in the mid- 
1970s, the electric arc furnace used about 20 kg of refractories 
per metric ton of steel produced; this quantity has declined to 
about 4 kg/t (Pearson 2000). 

The United States has one pro ducer of dead-burned magne- 
sia—Martin Marietta Magnesia Specialties LLC (Manistee, Michi- 
gan). In 2002, the United States pro duced 123 kt of dead-burned 
magnesia. Imports totaled 394 kt, of which 73% w as from China, 
and exports were 73 kt, 75% of which was shipped to Canada. 

Caustic-calcined and specialty magnesias were produced by 
Premier Chemicals LLC (Port St. Joe, Florida) from magnesite in 
Nevada and from seawater in Florida, and by Martin Marietta and 
Rohm & Haas Co. (both in Manistee, Michigan) from underground 
brines in Michig an. U.S. production of cau stic-calcined magnesia 
in 2002 w as 127 kt; this w as the f irst year that caustic-calcined 
magnesia production was greater than dead-burned magnesia pro- 
duction. Imports of caustic-ca Icined ands _ pecialty ma gnesias 
totaled 166 kt; Chin a (56%) and Canada (31%) were the pr imary 
import sources. Exports were 37 kt, distributed among several 
countries 

Magnesium hydroxide [Mg(OH) 2] is found as __ the naturally 
occurring mineral brucite. In add ition, it is produced synthetically 
from seawater or brines. Small quantities of brucite are recovered in 


the United States by on e firm, Premier Chemicals, as a by -product 
of magnesite mining in Gabbs, Nevada. Applied Chemical Magne- 
sias Corp. (Fort Collins, Colorado) recovers brucite from a deposit 
in Bullhead City, Arizona. The de posit is es timated to c ontain 
450 kt of ore grading 90% brucite (Anon. 1998). The company pro- 
cesses this ore and other materials at a 30-ktpy mill in Arizona into 
products for us e in flame retardants, in animal feed, and for ac id 
neutralization. 

Several companies in th e United States produce magnesium 
hydroxide synthetically. SPI Phar ma Inc. (Le wes, Dela ware) and 
Premier Che micals recover magnesium hydroxide from sea water. 
Martin Marietta Magnesia Specialties and Rohm and Haas recover 
magnesium hydroxide from underground brines. In add ition to its 
Michigan plant, Martin Marietta operates a 30-ktpy plant near Pitts- 
burgh, Pennsylv ania, that pr oduces magnesium h ydroxide from 
imported magn esite. Until Sep tember 2003, Do w Chemical Co. 
(Midland, Michigan) produced magnesium hydroxide from under- 
ground brines in Manistee. In addition to selling the magnesium 
hydroxide for water treatment applications, a magnesium hydroxide 
slurry was supplied to ANH Refractories Inc.’s (Ludington, Michi- 
gan) nearby plant for conversion to dead-b urned mag nesia; this 
plant closed in September 2003, leaving the United States with one 
producer of dead- burned magnesi a—Martin M arietta Magnesia 
Specialties. U.S. magnesium h ydroxide production in 20 02 was 
218 kt; this includes some magnesium hydroxide that was used to 
make dead-b urned magn esia. Im ports of magnesium hydroxide 
were only 4 kt, and exports were 14 kt. 

In the United States , magnesium chloride is produced and 
used in tw o forms—magnesium chloride brine s, which are about 
30% magnesium chloride in con centration, and magnesium chlo- 
ride he xahydrate (MgCl 2°6H20). Grea t S alt L ake Minerals Inc. 
(Ogden, Utah) produces both the brines and he xahydrate. Reilly 
Industries Inc. (W endover, Utah) and Western Salt Inc. (Chula 
Vista, California) produce magnesium chloride brines. Great Salt 
Lake Minerals and R eilly Industries reco ver magnesium chloride 
from brines of the Great Salt Lake, and Western Salt produces mag- 
nesium chloride brines from sea water as a by-pr oduct of salt p ro- 
duction. Magnesium chloride is recovered from either brines or 
seawater by solar evaporation and sequential prec ipitation of the 
dissolved salts. Because there are only two producers, U.S. magne- 
sium chloride production data are withheld by the U.S. Geological 
Survey. Imports of magnesium chloride in 2002 were 20 kt—90% 
from Israel—and exports were 5 kt. 

Magnesium sulfate can be found as a naturally occurring min- 
eral or it can be produced sy nthetically. The two most commonly 
occurring magnesium sulfate minerals are epsomite (MgSO4°7H20) 
and kieserite (MgSO4*H20). Although these minerals occur in the 
western United States, they are not mined. 

The three U.S. producers of magnesium sulfate are PQ Corp., 
Giles Chemical Corp., and Southern Ionics Inc. PQ operates a facil- 
ity in Utica, Illinois, where it produces a magnesium sulfate solu- 
tion (25% solids) and MgSO4°7H20 crystal. Giles has tw o plants 
that produce magnesium sulf ate solutions and magn esium sulfate 
crystal—in Greendale, Indiana, and Rouses Point, Ne_ w Y ork. 
Southern Ionics operates two plants producing 18% to 25% magne- 
sium sulfate solutions in Chickasaw, Alabama, and Baton R ouge, 
Louisiana. 

In 2002, magnesium sulfate production in all forms was 38 kt. 
Imports of natural kieserite were 13 kt, and imp orts of synthetic 
magnesium sulfate were 31 kt. Most of these sulf ates were from 
Germany. Exports of magnesium sulfate in all fo rms were 18 kt, 
mainly to Canada. 
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Figure 1. U.S. dead-burned magnesia supply and demand, 1970-2002 
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Figure 2. U.S. caustic-calcined magnesia supply and demand, 1970-2002 


Reserves and Resources 


The reported estimate of 65 Mt of magnesite (15 Mt magnesium) 
reserve base in the United States is divided as follows: in Ne vada, 
88%, including 27 Mt of magnesite containing less than 5% cal- 
cium oxide (CaO); in Washington, 11 %; and in Califo rnia, the 
remaining 1%. Magnesite also occurs in Idaho, Maryland, Massa- 
chusetts, Ne w Jers ey, Ne w Me xico, Ne w Y ork, Pennsylvania, 
Texas, and Utah, b ut reserv es have not been estimated in these 
states (Davis 1957). 

Brucite reserves are estimated to total 3 Mt in Nevada, associ- 
ated with the Gabbs magnesite deposit. Walper (1964) reported bru- 
cite reserv es of more than2 Mtinth e Mar ble Can yon ar ea, 


Culberson County, Texas. This de posit is being mined by App lied 
Chemical Magnesias. 

Reserves of mag nesium salts 0 btained as brines f rom under- 
ground evaporite deposits are difficult to estima te. Available infor- 
mation on ma gnesium salts in surf ace e vaporites is i nsufficient to 
estimate reserves. The Great Salt Lake contains an estimated 630 Mt 
of magnesium chloride. 


World 


Total production of magnesite in 2002 was estimated to be 11.2 Mt, 
with China, Turkey, North Korea, and Russia as the largest pro- 
ducers, together accounting for about two thirds of total world 
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Figure 3. World magnesite production by region 


production. Figure 3 shows the regional changes in world produc- 
tion since 1970. In 1970, Europe was the lar gest magne site- 
producing area, accounting for 43% of the total. After 1970, how- 
ever, production in Europe began to decline, and Asia became the 
leading producing region. By 2000, Asia represented 65% of the 
total world production of magn esite. China became the 1 eading 
producing country and accounted for nearly one t hird of worl d 
production. Some of this reported increase in production in China 
might result from additional kn owledge of production facilities 
that has been developed in the past 10 years and may not represent 
as large of an increase as it appears. Specific details of individual 
producers throughout the world are detailed in the next section. 

World reserves and reserv e base estimates for magnesite are 
shown in Table 2. The largest reserves occur in the countries with 
the largest production—China, North Korea, and Russia. Reserves 
of evaporite minerals and brines are virtually unlimited. The exist- 
ing quantities of evaporites and brines provide theoretical resources 
that are much larger than the quantities that are likely to e ver be 
used. 


GEOLOGY 


Magnesite, when pure, contains 47.8% MgO and 52.2 % CO2. The 
pure mineral is found occasionally as tran sparent crystals resem- 
bling calcite. Impurities in magnesite ore are mainly varying quan- 
tities of the carbonate s, oxides, and silica tes of iron, calcium, 
manganese, and aluminum. 

Magnesite dissociates on heating to form magnesia and carbon 
dioxide. When heated suf ficiently, the magnesia develops a crystal 
structure identified with that of the natural mineral periclase. Peri - 
clase occurs only rarely inna_ ture and notinany commercially 
workable deposit. 

Although the genesis of natural magnesite deposits can be 
complex, it is distinguished in nature in two distinct physical forms, 
namely crystalline, with a wide range of visible c rystal sizes, and 
cryptocrystalline, sometimes referred to as amorphous, whe re crys- 
tals are not detectable to the eye and range from 1 to 10 um. The two 
types not only dif fer in crystal size b ut in the sizes of the deposit s 
and in modes of formation. 

The crystalline form of magnesite has a Mohs hardness of 3.5 
to 4.0. The color ranges from white to black with shades of yellow, 
blue, red, or gray. The color is not a significant indicator of purity, 
but in a given deposit, an experienced person can often rough ly 





DI Africa 


El Former Soviet Union 
Europe 

i South America 

1 North America 











Table 2. Magnesite reserves and reserve base (Mt of magnesite) 
Location Reserves Reserve Base 
Australia 366 A423 
Austria 50 75 
Brazil 160 630 
Canada 100 140 
China 1,310 3,000 
Greece 100 120 
India 50 245 
North Korea 1,500 3,000 
Russia 2,200 2,500 
Slovakia 150 1,100 
Spain 35 100 
Turkey 225 550 
United States 35 65 
Other countries 1,250 1,400 
Total (rounded) 7,500 _ 13,300 _ 





grade magnesite ore by observing color and crystallinity. Mac ro- 
crystalline deposit s occur in re latively fe w, b ut gen erally large, 
deposits on the order of several million tons. The ore shows marble- 
like crystalline texture and has sedimentary or metasomatic origin. 
The specific gravity of cryptocrystalline magnesite ranges between 
2.90 and 3.00 g/cm, whereas the value of pure crystalline magnes- 
ite is 3.02 g/cm2. In actuality, the specific gravity of magnesite is 
typically higher than 3.02 g/cm 2 because of the presence of iron 

carbonate. 

The cryptocrystalline variety of magnesite typically occurs in 
many small deposits, althoug h there ar ee xceptions. Crypto- 
crystalline magnesite is typi cally massive with no clea vage and is 
sometimes descriptively called “bone” magne site. The fracture 
is usually conchoidal, with a har dness of 3.5 to 5.0. The color is 
mainly white, but it can have tints of yellow, orange, or buff. Acces- 
sory siliceous minerals such as serpentine, quartz, or chalcedon y 
are generally present. Calcium mi nerals are normally absent or in 
low concentration; this contrasts with macrocrystalline ore in which 
calcite and dolomite are the main impurities. 
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Magnesite occurs mainly in four types of deposits—as crystal- 
line masses replacing dolomite, as impure crystalline masses replac- 
ing ultramafic rocks, as cryptocrystalline masses in ultramafic rocks, 
and as sedimentary beds and lenses. 

Crystalline magnesite deposits in dolomite range in size from 
pockets containing a fe w tens of t housands of tons to ir regular or 
lenticular bodies cont aining greater than 100 Mt. Impur ities may 
range from 2% to 20%. In determining _ the value of this ty pe of 
deposit, grade is as critical as size, particularly for the magnesite 
that will be used to manufacture high-purity refractories. 

Deposits of cryptocrystalline magnesite are generally smaller 
than crystalline magnesite deposits . They occur as nodules, veins, 
and stockworks in serpentinized zones of ultramafic rocks and also 
can be found as small deposits in tuffs. Magnesite mixed with talc 
and with or without quartz occurs as lenses replacing dunite or ser- 
pentinized dunite. Deposits of this type are as variable in size as 
those that occur in dolomite. 

Sedimentary magnesite is a brown to gray carbonate rock that 
probably formed by evaporation. Individual beds can cover tens of 
acres and can range from se veral centimeters to several meters in 
thickness. This type of magnesite is interb edded with dolomite, 
clastic rocks, or strata of volcanic origin. Even though some sedi- 
mentary deposits contain high grad es of magnesite, the thin beds 
cannot be mined economically. 

Most carbon dioxide that w as needed to form mag nesite 
deposits was probably derived from deep-seated igneous sources, 
although some may have been supplied through thermal dissocia- 
tion of underlying carbonate rocks. A very small quantity may have 
been carried by groundwater. Ultramafic rocks supplied the magne- 
sia that is found in their contained magnesite deposits. The source 
of magnesium in crystalline depos its in dolomite is less certain. 
One hypothesis suggests that the magnesia was produced during 
thermal dissociation of underlying dolomite. A second theory sug- 
gests that crystalline magnesi te deposits ar e metamorphosed, 
recrystallized le nses of sedim entary magnesite; ho wever, this 
hypothesis does not explain the replacement nature of many, if not 
most, crystalline deposits (Bodenlos and Thayer 1973). 

Brucite has been e xploited in the p ast for the production of 
magnesia but is no longer an important source b ecause minable 
concentrations of bru cite are ra rely found . Theore tically, brucite 
contains 69.1% MgO and 20.9% H20. The mineral is often associ- 
ated with limestone as well as magnesite, is translucent, and is rela- 
tively soft and lightweight. Its ha rdness is 2.5 and specif ic gravity 
about 2.4. The color may be wh ite, but blue or green with a gray 
cast is a more common coloration. 

The br ine deposits from w hich magnesium is recovered are 
brines derived from sea water, wells, and inland salt lakes. The geo- 
logic processes that resul t in these brines are not well understood 
because they come from different geologic settings. Some of these 
brines are pore waters in oil fields, some are deep-well brines from 
marine salines or peripheral rocks, some are from thermal springs or 
wells, and some are surface or subsurface brines that were associated 
with Quaternary salt lakes or seas (Smith et al. 1973). 


U.S. MAGNESIA DEPOSITS AND RESOURCES 
Magnesite 


In the United States, the only large deposits of crystalline magnes- 
ite are in Gabbs, Ne vada, a nd Stevens Coun ty, W ashington 
(Vitaliano and Callaghan 1956; Bennett 1943; Campbell and Loof- 
bourow 1936; Schilling 1968). The only known deposits of crystal- 
line magnesite replacing ultram afic rock a rei nnort h-central 
Vermont. These deposits consist of gray to faintly greenish-gray 


rock in which the magnesite occurs as grains or clusters of grains 
that range from 0.01 to 30.0 mmin a matrix of f ine-grained talc 
(Bodenlos and Thayer 1973). The largest group of cryptocrystalline 
magnesite d eposits occurs at Red Mountai _n, Califor nia; these 

deposits originally contained about 1 Mt of magnesite. Additional 
deposits occur in ultramafic rocks in California, with smaller occur- 
rences in Ore gon and Pennsylvania (Bodenlos 1950; Davis 1957). 
Sedimentary magnesite de posits are limited to a fe w states in the 
southwest (Rubey and Callaghan 1936; Vitaliano 1950, 1951). Sed- 
imentary mag nesite in California and Ne vada is thoug ht to h ave 
formed in closed basins (Rubey and Callaghan 1936) and therefore 
is of evaporite origin. 


Brucite 


Deposits of brucite are asso ciated with the magnesite de posits in 
Gabbs, Nevada. The mineral occurs as lenses of massive white to 
light-brown material that is soft enough to scratch with a fingernail. 
Impurities include veinlets and grains of magnesite, dolomite, talc, 
forsterite, and pericl ase. Because the bruc ite deposition postdated 
magnesite de position, it is likely that the ass ociated intrusions of 
granodiorite drove off the carbon dioxide in magnesite and formed 
magnesium hydroxide (Schilling 1968). 

In addition to the brucite in Nevada, there is a brucitic marble 
deposit in the Marble Can yon areain Culberson C ounty, Texas, 
reportedly containing more than 2 Mt with an average brucite con- 
tent of 38%. Samples of this ore have shown brucite proportions 
ranging from 23% to 100%. 

Brucite was also associated w ith magnesite in the St evens 
County, Washington, deposit. A len s of translucent g ray-green 
brucite about 6 m by 45 m w as mined for a short ti me (from the 
1880s until 1905) and = =manufactured into ornamental objects. 
These objects, however, tended to develop a white powdery coat- 
ing of hydromagnesite, and this was most likely one rea son that 
led to the closing of quarrying operations at the deposit (Campbell 
and Loofbourow 1936). 


Brines and Evaporates 


Underground brines in Michigan are a source of much of the mag- 

nesium compounds produced in the United States. Magnesium-rich 
brines are found in the Michigan Basin, a structural basin formed of 
sedimentary rocks of Paleozoic and Jurassic ages. Interstitial natu- 
ral brin es wi th solubl e sal ts of magnesium, bromine, ca Icium, 
potassium, and sodium are confined within the Detroit River Group 
substrata. The rocks of this group are mainly sandstones and car- 
bonates, often with anhydrite and/or salt lenses. The group is found 
below lower Michigan, with outcrops or subcrops at the extreme 
ends of Michigan’s lower peninsula (Landes 195 1). In the Luding- 
ton area, the principal prod ucing aquifer is ab out 30 m thick and 

lies about 650 m belo w the surface. In Manistee, the thickness of 
the aquifer is estimated to be the same, but it is about 850 m below 
the surface. 


MAJOR DEPOSITS AND RESOURCES 
OUTSIDE THE UNITED STATES 


Australia 


Australia has cryptocrystalline ma gnesite deposits in Queensland, 

New South Wales (at Fifield, and Young), and in western Australia at 
Ravensthorpe. In the Kunwarara deposit, 60 km northwest of Rock- 
hampton, Queensland, low iron nodules of cryptocrystalline magnes- 
ite cover an area of approximately 63 km? that is entirely overlain by 
black clay up to 12 m thick. The deposit is thought to have formed by 
lacustrine deposition of magnesium bicarbonate deri ved from the 
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alteration of serpentinite rock. Evaporation caused hydrated magne- 
sium carbonate to precipitate. Deposition of mud over the magnesite 
caused further e vaporation and the formation of har d no dules of 
dehydrated magnesite (Minerals Council of Australi a20 03). 
Reserves are reported to be in excess of 122.3 Mt containing 34.8 Mt 
of magnesite, with approximately one half as low iron reserves (Aus- 
tralian Magnesium Cor poration 2000). Australian Magnesium Cor- 
poration mines this deposit to produce 180 ktpy of dead-burned and 
caustic-calcined magnesia and 25 ktpy of fused magnesia. 

At Thud dungra, northwest of Young in Ne w South Wales, 
magnesite occurs as veins and nodules formed by the alteration of 
mafic rocks by magnesium-rich fluids. The magnesite ore contains 
95%—-99% MgCOs3 and varies in thickness from 2 to 10 m (Miner- 
als Council of Australia 2003). The Thuddungra mine has been in 
operation since 1935. C ausmag International (Young, New South 
Wales) produces about 18 ktpy of caustic-calcined magnesite from 
magnesite from this deposit. 

At ano w inactive magnesite mine near Fif ield, about 30 km 
northwest o f C ondobolin, th e or e co nsists of n odules of mass ive 
magnesite that occurs as pock ets or veins in decomposed ultramaf ic 
rock. In western Australia, hard magnesite nodules in dark clay ey 
material crop out 30 km east of Ravensthorpe. Magnesite also occurs 
in the Kalgoorlie region (Minerals Council of Australia 2003). 


Austria 


Austria, one of the oldest magnesite producers in western Europe, 
has a narrow belt of breunnerite magnesite ([Mg,Fe]CO3) extend- 
ing westward from Semmering. The most important deposits are 
located at Breit enau, Dientin, Radentheim, Semmer ing, Trieben, 
and Veitsch. RHI AG (Vienna) operates two dead-burned magnesia 
plants at Breitenau and Hochfilzen that have a combined capacity 
of 300 ktpy. About 800 ktpy of magnesite are mined from the com- 
pany’s deposits as feed material (Kendall 1996). 


Brazil 


Brazil has sub stantial reserves of cry stalline ma gnesite. The t wo 
major areas are located in the Iguatu area of Ceara Province and in 
the Eguas range near the town of Brumado in southwestern Bahia. 
Resources are reported to be in excess of 500 Mt (Bodenlos 1954). 
Magnesita SA (Contagem, Brazil) is the largest producer of dead- 
burned magnesite in Brazil, with an annual production of approxi- 
mately 3 Mt of crude magnesite, 285 kt of dead-b urned magnesia, 
67 kt of caustic-calcined magnesia, and 12 kt of fused magnesia. It 
produces three chemically similar grades, M-10, M-20, and M-30B, 
with MgO contents of 94%, 95%, and 98%, respectively, depending 
on the degree of sinter. The company increased capacity by 65 ktpy 
in 2004 with the instal lation of a new kiln for the production of 
M-30B grade material (O’Driscoll 2003a) 


Canada 


There are se veral magnesite depo sits in British Colum bia (Grant 
1987), but the on ly one bei ng commercially operated is the Moun t 
Brussilof deposit. This open-pit mine is operated by Baymag (Cal- 
gary, Alberta) with a capacity to produce 150 ktpy of caustic-calcined 
magnesite in two rotary kilns and 14 ktpy of fused magnesia in two 
electric arc furnaces. Minimum grade of the magnesia is maintained 
at 96.5% MgO. Because the markets to which Baymag sells do not 
give a premium for product exceeding this grade, the company mines 
the ore selecti vely and blends the varying grades to e xtend the ore 
life. Other deposits in Brit ish Columbia are beds of crystall ine mag- 
nesite interlayered wit h sedimentary rocks in the Kootenays re gion, 


the cryptocrystalline magnesite in the Clinton and Bridge River areas 
of central British Columbia, and the vein deposits in the fault zones 
along the Yalakom River and the Pinchi Mountains. 


China 


The explored magnesite resources in China comprise about 30 Gt in 
28 mining areas (Bo and Yuilan 1998). About 85% of these resources 
are concentrated in the eastern Li aoning Province. The majority of 
Chinese magnesite ores are macrocrystalline, with a crystal grain size 
from 5 to 50 mm. In the Haicheng area of Li aoning, the magnesite 
deposits occur as conformabl e in termediate strata between 40 and 
500 m thick in host rocks of dolomite and schist; the color of the ore 
ranges from pink to gray. The main accompanying minerals are dolo- 
mite, talc, chlorite, graphite, and p yrite, of which dolomite and talc 
are the mostcommon. There are also cryptocrystalline magnesite 
deposits in Inner Mongolia, where the main accessory mineral is opal 
(Schmid 1984; Bo and Yuilan 1998). 

Magnesite mining in Liaoning began in 1913, and Ch ina has 
become the lar gest producer of ma gnesite in the world. There are 
Six or seven major producers of dead-burned magnesite in Liaon- 
ing, with a total production capacity of 3.5 Mtpy. The Chinese mar- 
ket for dead -burned mag nesia, mainly for its steel industry , was 
estimated to be about 1.5 Mtpy; the remainder is exported primarily 
to the United States an d Europe. China also has about 100 ktp y of 
capacity to produce caustic-calcined magnesia. 


Greece 


Greece has deposits of cryptoc rystalline magn esite. A deposit 
located at Vavdos in Khalkidiki region in the southwest Thessalon- 
ika was first worked in 1957 and operated until 1987. Other depos- 
its, which have been mined commercially, are located on the island 
of Euboea and in Ormylia in Khalkidiki. The Euboea op erations, 
which once produced 300 ktpy, have been closed. 

The Greek deposits are low in iron and boron and produce a 
grade of sinter suitable for refr actories used in basic oxygen _fur- 
naces (BOFs). The magnesite is of high quality b ut tends to be 
mixed with some siliceous gangue; beneficiation of all ore is neces- 
sary for the production of commercial sinter. Most of the magnesite 
occurs as veins or small lenses, resulting in high mining costs. The 
removal of about 80 t of waste and overburden is required to obtain 
1 t of magnesite (Hatjilazaridou, Chalkiopoulou, and Grossou-Valta 
1998) 

Grecian Magnesite SA (Athens) operates mines and plants at 
Gerakini and Kalives, Khalkidiki: three rotary and three shaft kilns at 
Gerakini that produce caustic-calcined magnesia; anda__ refractory 
plant at Kalives. Production capacity is 120 ktp y of caustic-calcined 
magnesite, grading between 88% and 95% MgO, and 100 ktpy of 
dead-burned magnesite, grading from 85% to 96% MgO. 


India 


India, a traditional supplier of crude and caustic-calcined magnesite, 
now produces mainly dead-b urned magnesia for its own refractory 
industry, although small quantities of caustic-calcined magnesia are 
still produced. Deposits in the so uthern Salem district of Madras 
State are cryptocrystalline. The magnesite is of high quality but is 
mixed with serpentine and requires beneficiation to obtain optimum 
purity. Deposits in northern India inthe Almora distri ct, Uttar 
Pradesh, are crystalline. Here the ore is white to yellowish in color 
and produces a sinter in the range of 90% MgO. The Almora depos- 
its are becoming depleted and ben eficiation has become more nec- 
essary; hand sorting alone does not produce commercial tonnages 
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or quality (Clark e 1983) . Appr oximately 10 companies operate 
magnesite mining and c alcining facilities in Indi a with a total 
capacity of 270 ktp y; most of this is dead-burned magnesia, but it 
includes 25 ktpy of caustic-calcined production capacity. 


lran 


In eastern Iran, more than 1 Mt of cryptocrystalline magnesite has 
been reportedly identif ied in a2 0-km-long series of deposits 
located 50 km southeast of Birj and. Iranian Refractories Procure- 
ment and Production Co. operates a 30-ktpy dead-burned magnesia 
plant in Sarbisheh. T otal reserves of magnesite in Iran ha ve been 
estimated at 5 Mt (Sargheini 2003). 


Nepal 


According to the Nepal Dep artment o f Mines an d Geol ogy, o re 
reserves at the Kharidhunga deposit in Dolkha District, about 110 km 
northeast of Kathmandu, the national capital, were estimated at 
180 Mt, of which 66 Mt was refractory-grade magnesite. Of this 
66 Mt, 25 Mt was high-grade recoverable reserves. The Kharidhunga 
deposit is a crystall ine type. The MgO content of ore a verages 88% 
with a maximum 4.5% each for silicon dioxide (SiO2) and ferric 
oxide (Fe203), and 1% each for aluminum oxide (Al203) and CaO. 
Mining at Kharidhunga stopped in 199 0 because of technical prob- 
lems at a processing plant producing dead-burned magnesite. 


North Korea 


Little information is available about the geology of North Korean 
magnesite depo sits, but an nual production of cru de magn esite has 
been reported to be in excess of 1 Mt. The principal magnesite depos- 
its are located in Hamgy6ng-namdo and average, on a cr ude basis, 
45% MgO. K orea Magnesia Clinker Industry Group operates three 
mines and plants in Hamgy6ng-namdo that produce primarily dead- 
burned magnesia, although small quantities of caustic-calcined mag- 
nesia are produced. An open-pit mine has a capacity of 1.3 Mtpy, and 
two underground mines have a combined capacity of 1.2 Mtpy. The 
combined capacity of the three plants is estimated to be 1.15 Mtp y. 
The company produces four grades of dead-burned magnesia. The 
Grade A product contains a minimum of 90% MgO and maximums 
of 4.5 % SiOz and2% CaO (Anon. 20 03b). A small portion is 
exported, but the majority is used by the country’s steel industry. 


Russia 


Russia has the largest share of magnesite in the Commonwealth of 
Independent States (CIS), estimated to be about 90% of the total. 
Resources for the CIS have been estimated to be 800 Mt. The larg- 
est magnesite deposits are in the Irkutsk area—the Savinsk deposit 
and the Onotsk deposit. The Savinsk deposit is unmined, and the 
Onotsk deposit, which consists of talc-altered magnesite, is cur- 
rently being mined for talc. The Satkinsk group of deposits, con- 
sisting of the Satkinsk, Nik ol’sk, and Berezovsk deposits in the 
Chelabinsk re gion, is being mined by the lar gest magne site- 
producing compan y in Russia—JSC Kombinat Magne zit. This 
company has the cap acity to produce 2.4 Mtp y of dead- burned 
magnesite, most of wh ich is con sumed in house for refractories 
production; 100 ktpy of caustic-calcined magnesite; and 24 ktpy of 
fused magnesia. There are three si gnificant deposits of magnesite 
in the Krasnoyarsk region—the Talsk, Verkhoturovsk, and Karda- 
kansk de posits. Also in th e Krasn oyarsk r egion, th e Se vero- 
Angarsk periclase plant is consuming about 30 ktpy of magnesite 
from the Kirgiteisk deposit (Troitsky 1997) 

In addition to magnesite, the Kul’durskoe brucite deposit in 
Khabarovsk re gion contains about 4 Mt of brucite. It has been 
mined since 1971 and produces about 50 ktpy of ore (Anon. 1996). 


Besides Russia, Ukraine a nd Kazakhstan ha ve magnesite 
deposits. The Pravdinsk d eposit in the Dnepropetrovsk region, 
Ukraine, contains abou t 70 Mt of magnesite. This material, how- 
ever, is talc altered, and preliminary concentration is needed to pro- 
duce mater ial suitable for the refractory industr y. Geological 
exploration has not been completed at the Mar’yanovsk magnesite 
deposit in eastern Kazakhstan, so no resource data are available for 
this deposit. 


Serbia and Montenegro 


Deposits of magnesite in Serbia and Montenegro extend into Bosnia 
and Herzogovina. The material is mined in both underground opera- 
tions and in open-pit quarries; limited production precludes signifi- 
cant exports. These magnesite deposits are hydrothermal sedimentary 
and hydrot hermal v ein types. V ein-type deposits are located in 
Sumadija, Goles, Dubovac, and Ibar. All the ore requires beneficia- 
tion—in this case, hea vy media separation—in _ order to produce 
commercial qual ity concentrate (Petrovetal. 1980). Magnesite 
resources in Kosovo are estimated to be 4.5 Mt, of which 1.7 Mt is 
calculated reserves. 

The principal magnesite mines, operated by Magnohrom 
Kraljevo, are underground mines at Uzice and Catak in Serbia and 
Montenegro, respectively. Magnesite is shipped to a magnesia plant 
in Kraljevo with a capacity of 160 ktp y of dead-b urned magnesia 
and 40 ktp y of caustic-calcined magnesia. Because of the conflict 
in the 1990s, production at this pl ant has been sig nificantly below 
annual capacity. 


Slovakia 


Slovakia has deposits of magnesite in K oSice, JelSava, and Lovi- 
nobafia. In JelSava, magnesite is associated with carbonate rocks in 
an irregularly shaped deposit about 4,000 m long by 1,000 m thick 
(Grend 1994). Slo venské Magnesitové Zavody a.s. JelSava (SMZ) 
operates mines in Dubrava, JelSava, and Mutnik, Haéava. Material 
from the se mines, along with im ported ma gnesite, fe eds SMZ’s 
375-ktpy dead-burned magnesia plant in JelSava. Slovmag a.s. Lub- 
énik operates a mine and a 90-ktpy captive dead-burned magnesia 
plant in Lubénik . 


South Africa 


South Africa has been a producer of magnesite for more than 
20 years, but the output has been some what irregular. The problem 
is with the mining; the ore occurs in pockets at irregular intervals. 
South Africa’s economically viable deposits of magnesite occur as 
weathering products of rocks with high magnesium contents. The 
main magnesite depo sits are in Mpumalanga and Limpopo pro v- 
inces—the Malelane area, in the vicinity of Lydenburg, and an area 
to the north of the Soutpansberg and in the Burgersfort and Giyani 
districts. South Africa has two operating magnesite mines, Strath- 
more (owned by Chamotte Holdings [Pty] Ltd.) at Malelane, Mpu- 
malanga and Syferfontein (o wned by Syf erfontein Calcite [Pty] 
Ltd.) in Soutpansberg district, Limpopo. Most of the magnesite is 
sold as crude material to local farmers for fertilizer applications, but 
the two operations can produce 12 ktpy of caustic-calcined magne- 
sia (Ratlabala 2003). The reserves of magnesite in South Africa are 
estimated at 2.5 Mt, and total resources are estimated at 18 Mt 
(Agnello 2003). 


Spain 

Spain’s magnesite deposits are prin cipally located in Navarra Prov- 
ince, near the French border. The magnesite rocks are composed of 

lens-shaped crystals arranged in black and white bands (Lug! i et al. 
2000). There are also smaller depos its in northwest Spain. The total 
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production capacit y is approximate ly 600 ktpy of crude magnesite 
(Harris 200 1). Mag nesita Na varras SA mines magnesite froma 

deposit at Eugui and has the capacity to produce about 100 ktpy of 
caustic-calcined magnesia and 70 ktp-_y of dead-b urned magnesia 

(82%—90% MgO). Magnesitas de Rubian SA produces about 80 ktpy 
of caustic-calcined magnesia from a magnesite deposit in Lugo. The 
majority of both producers’ caustic-calcined magnesia is destined for 
the agricultural market. 


Turkey 


Turkey has both crystalline and cr yptocrystalline deposits of mag- 
nesite. The principal crystalline deposit is in the Black Sea re gion. 
The more important cryptocrystalli ne deposits, which are in the 
Eskisehir and Kutaya regions, are of the vein-filling type (Zedef et 
al. 2000). Another cryptocrystalline magnesite deposit is at Salda 
Lake in southern T urkey, approximately 150 km northwest of the 
port of Antalia and near the to wn of Yesilova. Here, magnesite is 
mixed with mud and o ccurs as dunes and as lumps on _ the lake- 
shore. The magnesite generally is not compacted and has a specific 
gravity of 1.60 to 1.80 g/cm3 (Schmid 1989). 

Kiimas-Kiitahaya Magnesite W orks Cor poration 0 perates a 
350-ktpy mine at Kiitahaya that feeds a 180-ktpy dead-burned mag- 
nesia plant. Magnesit AS (in th e Eskisehir re gion) can produce 
about 140 ktpy of dead-burned magnesia from magnesite from its 
own mines and from imported material. A third compan § y, Konyu 
Selguklu Krom Magnezyt Tugla Sanayi AS, mines magnesite at 
Cayirbagi, Helv acibaba, and K onya, and produces dead-b urned 
magnesia for its internal production of refractories. 


Other Locations 


Two locations in Saudi Arabia c ontaining magnesite deposits have 
been identified. The first, located in the Zarghat area, about 400 km 
northeast of Madinah, contains an estimated 1.6 Mt of magnesite. 
The other major magnesite site is in Jabal Rukman, about 180 km 
southeast of Madinah (U.S. Saudi Arabian Business Council 
2000). The country is in vestigating the production of 20 ktp y of 
fused magnesia from the Zarghat deposit. 
Other, apparently mi nor,m agnesite de posits ha ve been 

reported to occur in Bolivia, Bulgaria, Colombia, Egypt, Guatemala, 
Kenya, Pakistan, the Philippines, and Zimbabwe. 


SYNTHETIC MAGNESIA 


Before 1938, the naturally occurring mineral magnesite was essen- 
tially the source of all refractory magnesia. Since that time, th e 
manufacture o f refractory -grade ma gnesia a nd ca ustic-calcined 
magnesia from sources other than natural magnesite has steadily 
increased in importance. Today, approximately two thirds of refrac- 
tory-grade magnesia used in the western economic countries comes 
from synthetic magnesite sources. Several basically different meth- 
ods for production of magnesia from nonmagnesite sources have 
been studied, and at least four have operated commercially. All 
involve the calcination of ei ther magnesium h ydroxide or magne- 
sium chloride. Magnesium hydroxide may be obtained as a precipi- 
tate from magnesium-rich solutions or as a residue remaining after 
the lime fraction of calcined dolomite is removed as a soluble com- 
pound by reaction with solutions of ammonium chloride or hydro- 
gen sulfide. Magnesium chloride may also be obtained as an end 
liquor after solar concentration of solutions of natural brines for 
production of salt or potash, or from well brines. 

The choice of suitable sites for seawater magnesia plants is lim- 
ited. Large land masses can cause the seawater to be diluted because 
of freshwater runoff and tidal action. Other factors, such as coastal 
topography, availability of hi gh-purity limestone or dolomit e, fuel 


source, and mark et location, are closely stud ied befo rea sit e is 
selected. 

There are more than 20 plants ar ound the w orld producing 
refractory magnesia and caustic- calcined magnesia fr om magne- 
sium hydroxide. In these plants, magnesium hydroxide is obtained 
by precipitation from solutions such as seawater, seawater bitterns, 
inland well brines, or en d liquors from other chemical pr ocesses. 
The following discussion highlights the larger foreign operations. 


Ireland 


Premier Periclase Ltd. operates a 90-ktpy plant in Drogheda to pro- 
duce caustic-calcined an d de ad-burned magnesia fro m sea water. 
The company also produces magnesium hydroxide, and with recent 
capital investment has begun broadening the markets that it serves, 
adding the rubber and plastics industries to its traditional chemical 
and agricultural markets. 


Israel 


In 196 9, Dead Sea Periclase Lt d. be gan producing dead-b urned 
magnesia from Dead Sea brine, using the Aman process at a plant 
in Mishor Rotem. The Aman process uses concentrated magnesium 
chloride from the Dead Sea as a feedstock and does not use lime or 
dolomite as a reagent. As a result, the magnesia is 99.5% pure and 
does not include impurities such as SiO2, Fe 203, and Al 203 that 
lime or dolomite leaves in the product. The purity of the product 
has al lowed Dead Sea Periclase to ente r the spec ialty ma gnesia 
market in addition to traditional a pplications. The plant has the 
capacity to produce 70 ktpy of magnesia—60 ktpy of dead-burned 
and 10 ktp y of caustic-calcined . The plant also produces fu sed 
magnesia, magnesium hydroxide, and magnesium chloride. 


Italy 


Two seawater magnesia operations in Italy have closed in rec ent 
years. The most recent closure was Cogema SpA’s 85-ktpy opera- 
tion in Priolo, Iracusa, Sicily, which shut down in March 2003; it is 
unclear if the plant will reopen. 


Japan 


Ube Material Industries Ltd. can produce 50 ktpy of cau stic- 
calcined magnesia and 250 ktpy of dead-burned magnesia from 
seawater at its plant in Ube City. The company also recovers mag- 
nesium hydroxide and ships magnesia to Tateho Dead Sea Fused 
Magnesia (Mishor Rotem, Israel) for fused magnesia production. 


Mexico 


Quimica del Re y SA de CV produces caustic-calcined and dead- 
burned magnesia from natural subsurface brines, which are pumped 
from ad epthof 10 to 20m through wells at Lagunadel Rey, 
Coahuila. Total production capacity is 15 ktpy of caustic-calcined 
magnesia and 95 ktpy of dead-burned magnesia. 


Netherlands 


Nedmag Industries Mining and Ma nufacturing BV r ecovers mag- 
nesium chloride brine from a bischofite salt formation at a depth of 
about 1,500 m in the northern part of the Netherlands. The magne- 
sium chloride is used to pro duce 150 ktpy of dead-burned magne- 
sia, 8 ktpy of caustic-calcined magnesia, and magnesium hydroxide 
at the company’s Veendam plant. 


Other Locations 


In addition to the plants described previously, small seawater mag- 
nesia plants exist in France, the Republic of K orea, Ukraine, and 
the United Kingdom. 
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TECHNOLOGY 
Exploration 


The search for deposits of any type of magnesite is based on consid- 
erations involving the probable origin of different types of magnesite. 
In the case of crystalline magnesite, possible locations of deposits are 
areas of | imestone or dolomite terrain that ha ve been subj ected to 
folding or igneous activity. In the case of cryptocrystalline magnesite, 
possible locations are areas of ultrabasi c rocks that sho w extensive 
alteration to serpentine. Thus, in either case, the search can be con- 
fined within the boundaries of areas that show evidence of structural 
or igneous acti vity; for instance, an area such as the midwestern 
United States would not be favorable for the occurrence of magnesite 
despite its large deposits of limestone and dolomite. 

Magnesite formations are generally more resistant to weather- 
ing than associated formations; bold outcrops frequently character- 
ize magnesite deposits. This is very evident in the Baja California 
peninsula where the magnesite stands out as caps on the mountains. 
Outcrops are sampled by surface chipping and shallo w trenching. 
Sedimentary magnesite is dif ficult to recognize because it has no 
clearly distinguishin g ph ysical features or ch aracteristic geologic 
associations. 

Following preliminary investigations, a diamond drill program 
may be carried out to assess the commercial potential of the deposit. 
The formal final evaluation is based on the size and location of the 
deposit and the quantity and distribution of undesired minerals con- 
taining silica , lime , iron oxide, and alumina. T ests t o det ermine 
whether the impurities can be removed by ore dressing must be part 
of the evaluation. To be commercially acceptable, magnesite should 
contain at least 95% magnesium carbonate, an amount that, depend- 
ing on the accessory oxides, would result in a dead-burned product 
containing 90%-— 94% MgO. Refractory-gr ade magnesia of that 
quality would have some demand at the lower end of the price scale. 
The growing demand is for even higher MgO con tent, and th is 
places increased emphasis on the need to beneficiate the ore. 
Mining 
Magnesite minin g and pro cessing pr actices of varying forms and 
complexity are found in man y places around the w orld. The type of 
the deposit dictates the method of mining. Lar ge, massive, near- 
surface deposits are usuall y worked by open-pit methods. Narrow 
and deep deposits are worked by underground drifts and stopes. The 
mined ore is rarely shipped or used in crude form. It is processed near 


the mine site to yield magnesia pr oducts. Invariably some de gree of 
sorting or beneficiation is applied to the ore prior to heat treatment. 


Processing 
Dead-Burned and Caustic-Calcined Magnesia 


In the production of refractory magnesia and caustic-calcined magne- 
sia, magnesite is delivered from the mine to a crushing plant where it 
is crushed in three st ages. Depending on the grade of the ore, _ the 
crushed material is conveyed to one of three storage piles. Each stor- 
age pile feeds a separate productio n circuit—the flotation plant, the 
heavy-medium separation plant, and the rotary kiln plant. Concen- 
trates from the flo tation and heavy-medium separation circuits also 
feed the rotary kiln plant. 

The kiln plant feed goes into two separate circuits for calcina- 
tion. One, for the production of dead-burned magnesite, uses either 
rotary kilns or shaft furnaces; the other, for caustic-calcined magne- 
site, uses hearth furnaces or rota ry kilns. Some of the raw feed is 
mixed with flue dust and briquetted before being dead-burned in 
the rotary kiln. Two classes of refractory magnesia are made: brick 
grade and maintenance grade. 


Table 3. Typical composition of Michigan brine and seawater 
(grams per liter) 








Component Michigan Brine Seawater 
Magnesium chloride (MgCl) 8.2 4.176 
Magnesium sulfate (MgSO4) 0 1.668 
Magnesium bromide (MgBra) 0 0.076 
Calcium chloride (CaClg) 13.64 0 
Calcium sulfate (CaSO4) 0 1.268 
Sodium chloride (NaCl) 5.45 27.319 
Potassium chloride (KCl) 0.48 0 
Potassium sulfate (K2SO4) 0 0.869 
Bromine gas (Br) 0.2134 0 
Specific gravity 1.264 1.024 





Dolomite and brucite are proce ssed in a similar manner. After 
primary crushing, raw, crushed dolomite is delivered to iron and steel 
plants, where it is calcined and used as dead-burned dolomite. Bru- 
cite is beneficiated in a heavy-medium plant for use as a refractory 
material. 

When seawater or well brine is used as the feed for producing 
magnesia, dissolv ed carb onate and sulf ate levels are re duced so 
insoluble calcium compound s do not precipitate with the magne- 
sium hydroxide. To accomplish this reduction, the brine or seawater 
is either treated with slaked lime or acid to precipitate the carbon- 
ates and sulfates as calcium compounds. The filtered, treated solu- 
tion is the n mixed with either dry or slaked lime to pre cipitate 
magnesium hydroxide. The result ing magnesium h ydroxide slurry 
is concentrated with t hickeners and washed with fresh w ater in a 
countercurrent system, thenf iltered. The filter cak e is either 
directly calcined to produce refractory or caustic-calcined magne- 
sia, or itis ca Icined and pell etized befo re dead-b urning to gi ve 
proper size and density characteristics. 


Magnesium Hydroxide 


Magnesium hydroxide is recovered from seawater or brines by pre- 
cipitating the dissolved magnesium as magnesium hydroxide with 
the add ition of dolime (CaO*Mg O). Because the composition of 
seawater is slightly different from that of Michigan brine (Table 3), 
removal of impurities or salable by-products is slightly different. 

Michigan brine is pumped from 850 m below the earth’s sur- 
face. Bromine is remo ved from the brin e by heating f ollowed by 
chlorination with chlor ine gas, which replaces the dissolv ed. bro- 
mine with chlorine, produ cing bromine gas (Br 2). The debromi- 
nated solution is mixed with preheated, slaked dolime to precipitate 
the magnesium hydroxide in settling tanks. The remaining calcium 
chloride solution is concentrated and can then be sold as a 32% to 
45% liquor for a variety of applications. 

To recover magnesium hydroxide from seawater, the seawater 
is first screened to remove any de bris be fore be ing treated with 
dolime to remo ve any dissolved carbonate as calcium carbonate. 
After calcium carbonate is precipitated, the solution is treated fur- 
ther with sulfuric acid to remove any remaining calcium bicarbon- 
ate as calcium sulfate. The solution is then seeded with magnesium 
hydroxide and pumped to thickeners where the magnesium hydrox- 
ide slurry is concentrated. The slurry is filtered to produce a filter 
cake containing about 50% solids. This material can be soldasa 
hydroxide or calcined to produce either dead-burned or caustic- 
calcined magnesia. 
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Table 4. Magnesium chloride brine chemical composition and 
characteristics 


Magnesium chloride (MgCl) 28.0-35.0 wt % 


Chlorine (Cl) 19.8-27.0 wt % 
Magnesium (Mg) 6.8-9.2 wt % 
Sulfate ion (SO4) 1.2-3.5 wt % 
Sodium (Na) 0.2-1.0 wt % 
Potassium (K) 0.1-0.8 wt % 
Lithium (Li) 0.1-0.2 wt % 
Bromine (Br) 0.1-0.2 wt % 
Iron (Fe) 5-10 ppm 
Specific gravity 1.27-1.36 g/L 
Bulk density 11 |b/gal 





Adapted from Reilly Industries, Inc. 1997. 


Magnesium Chloride 


To reco ver magnesium chloride fr om brines, using the Great Salt 
Lake brines as an e xample, the water is pumped to a series of solar 
evaporation ponds where water evaporates to concentrate the brine. 
The first salt to precipitate as the water evaporates is sodium chlo- 
ride. The ne xt group of salts to precipitate is a mix of double salts 
containing potassium and magnesium. Depending on brine concen- 
tration, temperature, and other factors, kainite (MgSO4*KCl*3H20), 
schoenite (MgSO 4*K2SO4°6H20), and c arnallite (KMgCl3*6H20) 
may be precipitated. Sodium sulf ate is t hen precipitated from the 
cooled brine in the winter (even though it is no longer harvested for 
sale). The final product remaining dissolved in the brine is magne- 
sium chloride. In general, equilibrium is reached at about 35% mag- 
nesium ch loride (MgClz) concentrat ion by weight in the _ brine. 
Although most of the sodium a nd potassium ha ve been remo ved 
from the brine at this st age, it still contains some dissolved sulfate. 
The purity of this brine is sufficient for some applications, but if nec- 
essary, it may be purified further. Purified brine then may be further 
processed to produce th e he xahydrate solid formula. The o verall 
production cycle takes about 2 y ears tocomplete (Anon. 1984). 
Table 4 gives a typical analysis of Great Salt Lake brine. 


Magnesium Sulfate 


Synthetic magnesium sulfate in the United States is normally pro- 
duced by reacting magnesium oxide, hydroxide, or carbonate with 
sulfuric ac id foll owed by crys tallization. Anh ydrous magnesium 
sulfate can be manufactured only by de hydration of a hyd rate; 
crystallization from an aqueous solution is not possible. 


MARKETING 
Uses 
Dead-Burned Magnesia 


Refractory magnesia represents the largest tonnage use of magne- 
sium in compounds. The iron and steel industry is the largest con- 
sumer of t hese products in the United States and most — other 
magnesia-consuming countries. Dead -burned magn esia fr om 
magnesite, sea water, or well and la ke brines is used as a major 
constituent in metallurgical furnace refractory products. Steel fur- 
naces, which use 70% _ of the tot al, are the largest consumers of 
refractory products. Furnaces us ed for cement and lim e (7%), 
ceramics (6%), glass (4%), chemicals (4%), and nonferrous met- 
als production (3%) are other consumers of magnesia-based 
refractories. Other applications account forthe remaining 6% 
(Kandianis and Kandianis 2002). 


Although magnesia refractories can be formed into a variety of 
shapes, bricks are the most common. Magnesia can be combined 
with other materi als to form bricks with specific characteristics that 
are used in specif ic areas of a furnace or as ladle li nings. The most 
common use for magnesia brick is as wear and permanent linings in 
electric arc furnaces (EAFs) and asa permanent lining in BOF s. 
Magnesia-carbon brick and MgO-CaO brick are used as wear linings 
in BOFs, EAFs, and steel casting ladles. Directly bonded magnesia- 
chrome brick is used in secondary steelmaking furnaces. 


Caustic-Calcined Magnesia 


Caustic-calcined magnesia has uses in many market se gments. In 
water treatment, magnesia is used to remove silica and heavy met- 
als from industrial wastewater. It is also used as a neutralizing agent 
for some wastewater streams. Caustic-calcined magnesia is used for 
removal of su Ifur diox ide (SO 2) from industrial flue gases; the 
magnesium oxide reacts with the SO2 to form magnesium sulfate. 
Magnesia competes with calciu m compounds in th is application. 
Annually, en vironmental applications a verage between 35% and 
40% of U.S. shipments of caustic-calcined magnesia. 

Magnesia is also use d in agricultural applications for animal 
feed and fertilizer; in the United States, these applications represent 
about 20%-—25% of the total annual caustic-calcined magnesia ship- 
ment. Magnesium serves as a structural part of the chlorophyll mol- 
ecule,a compound necessary for plan t photosy nthesis. W ithout 
sufficient magnesium, either from the soil or from fertilizer applica- 
tion, plants can die. Grazing ruminants, such as cattle and sheep, 
require magnesium in their diet to guard ag ainst h ypomagnesia, 
also known as grass tetany, a potentially fatal disease. 

Caustic-calcined ma gnesia is us ed as a precursor to other 
magnesia chemicals, including chlorides, nitrates, and epsom salts. 
The accounts for about 35% of annual U.S. magnesia shipments. 

An important use of caustic-calcined magnesia is in the produc- 
tion of magnesium oxychlori de and oxysulfate cements, which are 
used primarily as flooring in indu strial and insti tutional buildings. 
Fused and boron-free magnesia or periclase are used for insulation of 
heating elements in electric furnaces and appliances. 

Caustic-calcined magnesia is used in the p roduction of rayon, 
fuel additives, and rubber. Caustic-calcined magnesia is used to pro- 
duce magnesium acetate, which is used for neutralization purposes in 
producing rayon fiber. Caustic-calcined magnesia is a starting mate- 
rial for the production of magnesium-overbased sulfonates, which are 
used as acid accept ors and sludge dispersants in crankcase lubricat- 
ing oils and as a fuel additive. Magnesium oxide also may be injected 
into oil-fired utility boilers wher e it reacts with vanadium salts to 
form a magn esium vanadate; this alle viates sl agging and corrosion 
problems enco untered when usin g high-vanadium fuels. In w_ater- 
based oil-well drilling muds, magnesia is used as a buffer, for viscos- 
ity control, and as a corrosion inhi bitor. In the rubber industry, caus- 
tic-calcined magnesia is used as a vulcanizing agent in the curing of 
rubbers and elastomers. 

In the food industr y, caustic-calcined magnesi ais used in 
sugar refining for neutralization of raw cane and beet juices and to 
reduce scaling in juice heaters, e vaporators, juice lines, and other 
equipment. U.S. Pharmaco _ poeia (USP)-grade caustic-calcined 
magnesia can be used in pharmaceutical applications. 


Magnesium Hydroxide 


After discounting the portion of ma gnesium hydroxide that is used 
to produce dead-burned mag nesia, the lar gest use for magnesium 
hydroxide in the United States is for en vironmental applications. 
This portion of the market, which includes industrial w ater treat- 
ment, heavy metals removal, and flue-gas desulfurization, accounts 
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for about 60% of the total U.S. consumption. For water treatment, 
magnesium hydroxide is supplied as a suspension containing about 
58% solids, and it primarily is used to lower the pH of acidic solu- 
tions. In this market, it competes with other acid-neutralizing com- 
pounds, the most common being lime and caustic soda (NaOH). 
Magnesium h ydroxide has adv antages and disadvantages when 
compared to the other materials in this use. One of the advantages 
is that it isa pH buffer, and was tewater tre ated wi th it will not 
exceed a pH of 9. 5 even if excess magnesium hydroxide is added. 
In contr ast, excess addition of | ime can raise the pH to 12, and 
excess caustic soda addition can raise the pH to 14. In these cases, 
back additions of acid are necessary to lo wer the pH. Magnesium 
hydroxide also has a higher basicity per unit added than either lime 
or caustic soda; for equivalent neutralization, 0.72 t of magnesium 
hydroxide can replace 1 t of lime . Magnesium hydroxide is better 
than lime or caustic soda at removing some metals such as lead and 
trivalent chromium. Me tal hydroxides t hat are precipitated wi th 
magnesium hydroxide rather than caustic soda or lime tend to form 
larger crystals, resulting in lower sludge volumes and, hence, lower 
disposal costs. The s olids formed through precipitation by magne- 
sium hydroxide have a cakelike consistency, rather than the gel-like 
consistency of solids formed by caustic soda precipitation; the cake 
is easier to handle (Wajer 1994). 

One p rincipal disadvantage o f m agnesium hyd roxide is its 
higher cost compared to that of | other w ater treatment mat erials. 
Another disadvantage is its slo wer reaction rate, particularly when 
precipitating high concentrations of metals (greater than 2,000 ppm) 
or neutralizing weak or ganic acids. Most tr eatment systems in use 
today were originally designed to use lime or caustic soda, and as a 
result of magnesium hydroxide’s slower reaction time, there may not 
be enough residence time in the sy stem. In some cases, users must 
reconfigure their systems when switching to magnesium hydroxide. 

Magnesium hydroxide slurry also competes with magnesium 
oxide where there are large neutralization require ments. Magne- 
sium oxide has about 2.5 times as much neut ralizing capability as 
magnesium hydroxide per unit volume, and transportation costs for 
the oxide are generally lower than those for the hydroxide slurry. In 
addition, existing lime neutralization systems may be more easily 
converted to use the magnesium o xide po wder rather than the 
hydroxide slurry. 

In flue-gas desulfurization, magnesium hydroxide is used in 
place of lime in a few applications. Most of the processes designed 
for industrial g as scrubbing use lim e orcalciumin some form. 
Scrubbing with lime produces gypsum products, which need to be 
landfilled in m ost cases. The volume of these w aste products may 
be grea ter than t he origi nal w aste v olume, so li me may not be 
appropriate for all scrubbing applications. In these instances, mag- 
nesium hydroxide may be used. Landfilling, however, may not be 
as much of a problem inthe future for lime scrubber wastes because 
the by-product gypsum can be used in wallboard. 

The second largest use for magnesium hydroxide is as a precur- 
sor for other magnesium chemicals, which accounts for about 2 0% 
of annual U.S. consumption. About 5% of magnesium hydroxide is 
used in pharmaceuticals. The pharmaceutical grades of ma gnesium 
hydroxide include a 100% Mg(OH)2 powder used in antacid tablets 
and a 30 % Mg(OH)? paste used in liquid antacids such as milk of 
magnesia. 

Flame retardants represent about 3% of t he total magnesium 
hydroxide consumption in the United States. Like magnesium car- 
bonate, magnesium h ydroxide can replace al umina tri hydrate in 
some flame re tardants. Both a lumina t rihydrate and magnesium 
hydroxide function as flame retardants by releasing water vapor in 
an endothermic reaction that diverts the heat away from the flame, 


thereby reducing the fo rmation of combustible gases. Alumina or 
magnesia remaining after the water is released is believed to have a 
high surface areaa vailable for absorbin g smok e. Although the 
properties of alumina trihydrate and magnesium hydroxide are sim- 
ilar, magnesium hydroxide has higher temperature stability. Magne- 
sium h ydroxide begins to deco mpose at about 330°C, compared 
with about 200°C f or alumina trih ydrate. This hig her temperature 
stability makes magnesium hydroxide more attractive for specific 
flame retardant applications. Some thermoplastics, such as polypro- 
pylene or nylon-vinyl, require temperatures in processing that are 
high enough to be gin alumina trihydrate decomposition. In addi- 
tion, the high processing speed of lin es that produce plastic insula- 
tion for wire and cable generates enough friction to begin alumina 
trihydrate decomposition. In these cases, magnesi um hydroxide is 
the flame retardant of choice. 


Magnesium Chloride 


The largest use for magnesium chloride brine is as a suppressant for 
dust on dirt roads, construction sites, unpaved parking lots, mines, 
and quarries. A corrosion inhibitor may be added to the brine to 
reduce corrosion on structures, such as steel surfaces, that are asso- 
ciated with the sites where the brine is used. The inhibitor forms a 
protective coating so that the brine will not corrode metal surfaces. 
Magnesium chloride brine may also be used to melt ice on road sur- 
faces, sometimes in conjunction with an abr asive such as sand. 
Brines may be used to mak e oxychloride flooring cements, known 
as Sorel cements. These are vermin-resistant flooring cements that 
are used in industrial buildings. Brines also have applications in oil- 
well completion fluids, as a component of some herbicides, and in 
regeneration of ion-exchange resins. 

Magnesium chloride hexahydrate is almost exclusively used for 
melting ice. It is used in conjunc tion with, or in place of, salt for 
removal of ice and sno w from sidewalks and roadways. Magnesium 
chloride has a lower freezing point than salt and is generally less cor- 
rosive to asphalt and cement, but it is significantly more expensive. In 
most cases, salt is used as the major melting agent for ice and snow, 
but if the surf ace that is be ing treated is e xpensive to maintain, the 
additional cost for magnesium chloride can be justified. 


Magnesium Sulfate 


Natural and synthetic magnesium sulfates have a wide array of end 
uses. The largest use for magnesium sulfate in all forms is for con- 
sumer goods. About 30% of mag nesium sulfate is used in food 
additives and pharmaceuticals. Magnesium sulfate heptahydrate— 
epsom sa lts—is used for mine ral baths and in medici neas a 
cathartic and analgesic soaking agent for bruises, sprains, local- 
ized inflammations, and insect bites. Magnesium sulfate is used 
as a micr onutrient in so me food products, and it is used in the 
production of high-fructose corn syrup. 

Industrial uses account for about 25% of U.S. magnesium sul- 
fate demand. The primary component of industrial applications is 
the use of magnesium sulfate as a precursor to other chemicals. It 
also is used in drying and floccu lation applications and in catalyst 
preparation. 

Animal feeds and fertilizers repr esent about 20% of the U.S. 
market for magnesium sulfate. Most end uses for magnesium sulfate 
use synthetically produced materi al because of i ts higher purit y. 
Purity requirements for animal feeds and fertili zers are not as strin- 
gent, so they mainly contain the natural minerals, which are imported 
into the United States. The most effective way of preventing grass 
tetany is to pro vide magnesium to the pasture through fert ilization. 
Magnesium may al so be su pplied in the f orm of epsom salts o r 
kieserite that is added to the feed or drinking water. 
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Pulp and paper processing accounts for about 15% of magne- 
sium sulfate use in the United States. Magnesium sulfate is used by 
kraft pulp mills that use oxygen delignification on soft woods, but it 
is also used in conjunction with sodium silicate to increase the life 
of hydrogen peroxide in oxygen- based bleaching processes. Mis- 
cellaneous uses, which represent about 10% of magnesium sulfate 
demand, include adhesives, textiles, matches, metal plating, photo- 
graphic solutions, rubber coagulation, refractory bonding agents in 
bricks, and oxysulfate cements. 


Grades and Specifications 


Specifications for magnesia, including chemical composition, bulk 
density, particle size, and loss on ignition, are generally set by the 
consumer for a specific application. Refractory magnesia composi- 
tion depends on the area of the furnace in which the material is to 
be used. Magnesia pro duced from magnesite can contain between 
88% and 98 % magnesia, with varying quantities of alumina, cal- 
cium, iron, and silica im purities. Synthetic magne sia is norma lly 
purer than natural magnesia, containing between 92.0% and 99.5% 
magnesia, with smaller quantities of the same impur ities found in 
natural magnesia. Sy nthetic magnesia may also contain boron 
impurities. Most fused magnesia contains greater than 94% magne- 
sia. Some individual specifications are shown in Table 5. As a gen- 
eral rule, dead-burned magnesia containing greater than 97% MgO, 
with a bulk density of 3.40 g/cm®, and a periclase crystal size that is 
greater than 120 m, is called high-purity magnesia. Countries that 
supply this grade include Australia, Ireland, Is rael, Japan, Mexico, 
the Netherlands, andthe United States. Dead-burned magnesia 
from China, Greece, Slovakia, Spain, and Turkey supplies the low- 
to medium-purity market. 


Prices 


Magnesia pricing is relati vely st able; quoted prices change infre- 
quently. Table 6 shows year-end 2003 prices as quoted in Chemical 
Market Reporter. Prices for Chinese- and European-produced mag- 
nesia, as quoted in /ndustrial Minerals, are also shown. These prices 
are producer list prices, and large customers may receive discounts 
from these price levels. Because of the variety of grades a vailable, 
caustic-calcined magnesia prices v ary significantly dep ending on 
application. Natural caustic-calcined magnesia in bags is quoted at 
about $400/t, whereas the high-end rubber and _ plastic grades of 
caustic-calcined magnesia were priced at about $700/t. Recent wide 
swings in natural gas prices have caused producers to increase pric- 
ing for th eir magnesia products to compensate for higher ener gy 
costs. Buyi ng de cisions for caustic-calcined magnesia a re price- 
based be cause of competit ion from competing mineral product  s 
such as caustic soda or dolomite and are significantly influenced by 
transportation costs. 


ECONOMIC OR COMPETITIVE FACTORS 
Tariffs and Depletion Provisions 


The tariffs on magnesia and ma_ gnesium comp ounds f or co untries 
with which the Unit ed States has normal trade relations (NTR) are 
shown in T able 7. In addition, because of trade agreements, some 
countries have special tariff rates; these are also gi ven in the table. 
Tariff rates have been establishe d for countries with non-NTR with 
the United S tates; in 2003, these co untries were Afghanistan, Cuba, 
Laos, North Korea, and Vietnam. Because there is no appreciable 
trade between the United States an d these countries, the non-NTR 
tariff rates are not shown. 

Depletion allowances have been established for some domes- 
tic and foreign ores of magnesium and its compounds. Magnesium 


chloride from brines, wells, or saline pere nnial la kes wit hin the 
United S tates has adepl etion allowance of 5%. The d epletion 
allowance for both domestic and foreign ores of dolomite and mag- 
nesium carbonate is 14%. Depletion allowances for other ores are 
as follows: brucite, 10% (domestic and foreign); and olivine, 22% 
(domestic) and 14% (foreign). 


By-products and Coproducts 


Because a si gnificant percentage of magnesiumc ompounds is 
extracted from saline solutions and evaporites, salt and bromine are 
major coproducts recovered during magnesium compound recovery. 
In add ition, potassium comp ounds and g ypsum can b e e xtracted 
from sedime nts of sea water e vaporite de posits. Sodium, | ithium, 
iodine, and strontium compounds can be obtained from sediments 
and near-surface brines formed by inla nd bodies of water. Iodine 
and calcium compounds are generally extracted from well and lake 
brines. Bromine is recovered as a by-product of processing Michi- 
gan brines. 


Costs 


Because of the diverse nature of the processes used to produce 
magnesia and the v ariety of raw materials that can be used, costs 
vary widely from operation to operation. W ilburn (1986) provided 
estimates o f costs to produce ca ustic-calcined and dead-b urned 
magnesia. Although some what dated, th e report gi ves some basic 
information about the relative costs of each raw material source. In 
general, seawater was the highest cost source for magnesia reco v- 
ery, which is not surprising consid ering that it has the lowest mag- 
nesium concentration of any of the most commonly used sources. 
Production costs for caustic-calci ned mag nesia we re gener ally 
lower than those for dead-burned magnesia, regardless of the 

source material, mainly because of lower energy costs associated 
with the lower calcining temperature. For dead-burned magnesia, 
energy costs represent 58% to 71% of the total operating cost, com- 
pared with 37% to 59% for caustic-calcined magnesia. Sale of by- 
product materials that can be re covered from a seawater or brine 

operation helps to offset some of the production costs. 


Substitutes 


There are few substitutes for dead-b urned magnesia in refractory 

applications. In some cases, alumina, chromite, and kyanite may 
substitute, but with a loss of performance. Caustic-calcined magne- 
sia competes with a variety of materials, depending on the applica- 
tion. In some c ases, caustic-calcined magnesia has entered m arkets 
that have been d ominated by other materials, so it is considered a 
substitute. In environmental applic ations, it competes mainly with 
lime and caustic soda in wastewater treatment, and with lime and 

limestone for stack-gas scrubbing. It also competes with magnesium 
hydroxide in these applications. In fire-retardant applications, mag- 
nesium hydroxide is a competitor to alumina trihydrate. 


REGULATORY AND ENVIRONMENTAL CONSIDERATIONS 


Magnesite and dolomite can normally be mined with minimal inter- 
ference with other land use. Mine drainage from open-pit or under- 
ground o perations doesn ot contribute signi ficantly to stre am 
pollution because the drained areas usually contain no sig nificant 
amounts of soluble materials. Dust collectors and wet scrubbers are 
used to control stack-gas dust emissions from plants calcining and 
dead-burning dolomite, magnesite, and magnesium hydroxide. 

In magnesia plants based on se awater, the water is returned to 
the ocean after the magnesia is re moved. Recent inno vations have 
decreased the turbidity of the effluent, resulting in minimal changes 
to the ocean environment. None of the discharges from either natural 
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Table 5. Grades and specifications for selected caustic-calcined, dead-burned, and fused magnesias 
Chemical Composition, % 
Magnesia Silicon Dioxide Calcium Oxide — Ferric Oxide Aluminum Oxide _ Boric Oxide Density, 
Material and Source Country (MgO) (SiOz) (CaO) (Fe203) (Alz03) (B203) g/cm3 
Caustic-calcined magnesia 
Canada 96.3 0.4 27 0.5 0.1 na” Nat 
Slovakia 78.0 1.0 2.5 7.0 0 na NA 
Spain 85.0 3.6 7.0 2.5 0.4 na NA 
United States (brine) 97.0 0.5 1.0 0.3 0.2 na NA 
United States (seawater) 97.2 0.4 0.9 0.24 0.28 NA NA 
Dead-burned magnesia 
Australia 97.0 0.5 2.3 0.1 0.1 na 3.42 
Brazil 94.88-98.40 0.25-1.29 0.43-0.77 0.41-2.11 0.05-0.35 0.007 3.07-3.34 
China (DBM90 10) 91.3 4.0 2.3 1.2 1.2 na 3.2 
China (DBM95) 95.4 2.2 1.6 1.0 1.0 na 3.2 
China (DBM97) 97.3 0.7 1.4 0.8 0.2 na 3.3 
Greece 85-96 1.10-9.0 1.5-3.5 0.15-0.70 NA na 3.15-3.40 
India >93 4.5 1.2 1.0 0.8 na 3.2 
Iran 96.0 1.70 1.1 0.25 0.45 na 3.40 
Ireland 97.2 0.25 2.1 0.2 0.07 0.01-0.02 3.43 
Israel 99.3 0.03 0.63 0.04-0.07 0.03 0.005 3.43-3.45 
Italy 97.3 0.50 2.1 0.1 0.15 0.060 3.46 
Japan 98.1 0.36 1.3 0.05 0.06 na 3.48 
Mexico 98.7 0.20 0.87 0.12 0.15 0.01 3.43 
Netherlands 98.5 0.12 0.74 0.44 0.07 0.01 3.40 
North Korea 91.9 4.0 1.8 LS 0.7 na 3.2 
Serbia and Montenegro 85-96 1.0-5.0 2.0-5.5 0.6-3.5 0.3-1.3 na 3.51-3.55 
Slovakia 87-90 0.7-3.5 2.0-2.5 4.7-7.5 0.3-0.8 na 3.20-3.35 
Turkey 89-97 0.60-6.0 1.70-3.0 0.40-1.20 0.10-0.20 na 3.30-3.45 
United States 97.9-98.4 0.25-0.85 0.85-1.05 0.14-0.20 0.12-0.19 0.024-0.064 3.15-3.38 
Fused magnesiat 
UCMS Electromag 22SR 94.4 3.2 1.4 0.15 na <0.01 2.36-2.39 
UCM Electromag 3L 95.0 2.5 1.4 0.15 na <0.01 2.35-2.39 
UCM Electromag CB 80.6 9.0 1.2 0.15 na <0.01 2.20-2.30 





Adapted from O'Driscoll 1994, 2003a, b, c; Kendall 1996; Martin Marietta Magnesia Specialties 2003. 


* na = not applicable. 
t NA = not available. 


+t For fused magnesia, source country is immaterial; the manufacturer and trade name is shown instead. 
§ UCM = UCM Group plc, Stafford, United Kingdom. 


Table 6. Magnesia prices, year-end 2003 (per metric ton) 





Country and Material USS 
China 
Caustic-calcined, 90%-92% MgO 92-98 
Dead-burned 
90% MgO 90-92 
92% MgO 92-94 
9A%-95% MgO 122-130 
Europe, caustic-calcined” 
Agricultural 138-180 
Industrial, natural 241-465 
United States 
Caustic-calcined, agricultural grade, 98% MgO 538 
Dead-burned 400-406 





Adapted from Anon. 2003b; Anon. 2004. 
* Converted from British pounds and Euros. 


or synthetic magnesia plants has a noxious quality, and their appear- 
ance can be made acceptable with modern treatment methods. 

Most magnesium compounds are treated as nuisance-causing 
dusts in the workplace. The American Conference of Governmental 
Industrial Hygienists has estab lished threshold limit v alues (TLVs) 
for magnesium oxide fumes and magnesium carbonate. The TLV for 
both substances has been established at 10 mg/m?. TLVs for magne- 
sium chloride and magnesium sulfate have not been established. The 
Occupational Safety and Health Ad ministration has set permissible 
exposure limits (PELs) for magne sium carbonate and magnesium 
oxide fumes. The PEL for magnesium oxide fumes was established 
at 15 mg/m? (total particulate), with a PEL of 5 mg/m? for the respi- 
rable partic ulate (International P rogramme on Chem ical S afety 
1994b). The PEL for magnesium carbonate (magnesite) has been set 
at 15 mg/m? (International Programme on Chemical Safety 1994a). 
If magnesite contains more than 1% crystalline silica, the TLV and 
PEL for t he material can be much lo wer because of the potenti al 
danger in long-term exposure to crystalline silica. 
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Table 7. U.S. tariff rate 





Harmonized Tariff Normal Trade Beginning Ending 
Schedule No. Description Relations Special! Effective Date Effective Date 
2519.10.00 Natural magnesium carbonate (magnesite) Free 1/1/89 12/31/20 
2519.90.10 Fused magnesia and dead-burned magnesia 1/1/99 12/31/20 
2519.90.20 Caustic-calcined magnesia Free 1/1/99 12/31/20 
2519.90.50 Other magnesia Free 1/1/89 12/31/20 
2530.20.10 Kieserite (natural) Free 1/1/89 12/31/20 
2530.20.20 Epsom salts (natural) Free 1/1/99 12/31/20 
2816.10.00 Magnesium hydroxide or peroxide 3.1% ad valorem Free (A*, CA, E, IL, J, JO, MX) 1/1/02 12/31/20 
2833.21.00 Magnesium sulfate (synthetic) 3.7% ad valorem Free (A*, CA, E, IL, J, JO, MX) 1/1/02 12/31/20 





Source: U.S. International Trade Administration. 


1A*—Generalized System of Preferences; CA and MX—North American Free Trade Agreement; E—Caribbean Basin Economic Recovery Act; lL—United States— 
Israel Free Trade Area; J—Andean Trade Preference Act; and JO—Jordan Free Trade Agreement. 


Because of the chromium conten tint he material, magnesi a- 
chrome bricks must be disposed of as a hazardous waste if an extract 
from a representative sample contains total chromium at a concentra- 
tion greater than or equal to 5.0 mg/L. The waste can be treated by 
chemical leaching or washing to dilute the concent ration, but these 
options are costly, and if w ashing is used, the wastewater must also 
be treated. Another alternative for treatment is high-temperature 
reprocessing, but few firms have the treatment facilities necessary for 
this operation (Kendall 1994). 


OUTLOOK AND FUTURE TRENDS 


Overall, worldwide refractory magnesia consumption is influenced 
by several trends: 


* Consolidation within the refractories industry 


¢ Decreasing consumption because of technologic development 
in the steelmaking industry 


¢ Production of h igher quality refractory materials, leading to 
longer furnace-lining lives 


¢ A shift from using BOFs to using EAFs in steelmaking, lead- 
ing to increased use of basic refractories 


¢ A greater demand for high-purity dead-burned magnesia with 
a bulk den sity greater than 3.40 g/cm? and acrystal size 
greater than 120 pm 


China has become the dominant w orld supplier of dead- 
burned magnesia in the low- to medium-grade markets. As a result, 
many producers of these grades have closed because they cannot 
compete with the lower priced Chinese material (Table 6). 

Int he United States, th e de ad-burned m agnesia market is 
likely to continue to be dominated by imports, especially of magne- 
sia from China. Within the past 5 years, the United States has lost 
three producers of dead-burned magnesia and is left with only one. 
In addition, the steel production industry has contracted, lea ving 
fewer mark ets for dead-b urned magnesia. F or ca ustic-calcined 
magnesia, however, the future appears to be a little brighter. Water 
treatment usage of magnesia and magnesium hydroxide is growing, 
reflecting increased environmental concerns and increased accep- 
tance of magnesium hydroxide for caustic soda. Animal feed mar- 
kets are ste ady, b ut imports of caustic-calcined ma gnesia fro m 
China are increasingly being barged up the Mississippi River to the 
major f arming states for use inagricultu re. This increase in 
imported material is likely to continue, mainly because of its lower 
cost compared to U.S.-produced magnesia. 

In Europe, the caustic-calcined magnesia market is estimated 
to be 150 to 200 ktpy, with the majority used for cattle feed. Out- 
breaks of mad cow disease and hoof and mouth disease in Europe 


have had an adverse effect on this market. Animal feed markets are 
likely to become more difficult to supply with the potential imple- 
mentation of product certification to prove that there is no contami- 
nation of feed ingredients thr oughout the European Union (EU) ; 
this certification is already in place in the Netherlands. 

The EU water treatment and flue-gas desulfurization markets 
have not developed to the extent that the y have in North America, 
and without additional EU legislation that would force a change in 
practices, these markets are not likely to develop. As with the 
United States, the EU is facing increased competition from imports 
of dead-burned magnesia from Chin a. Although the quality is not 
as high as that of material produced in Europe, the Chinese magne- 
sia can be blend ed with small qua ntities of hig h-purity European 
material to produce a satisfactory product (Harris 2002). 

In Asia, steel production is in creasing, and the market for 
dead-burned magnesia is increasing as well. China’s steel produc- 
tion ise xpanding r apidly, and pr oduction in so utheast Asia is 
expected to increase. China supplies its internal needs, and, as with 
North America and Eur ope, supplies a signif icant portion of the 
Asian market. 
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DE A 





A I 1 


Manganese 


L.A. Corathers and J.F. Machamer 


INTRODUCTION 


Manganese (Mn), atomic number 25, is a black, brittle, metallic ele- 
ment. Its most widespread uses are in the steel industry and as a 
component of dry cells. In the metallurgical industry, manganese is 
used as a deoxidizin g and desulfurizing agent, and as an alloying 
element in certain steel, copper, and aluminum alloys. Nonmetallur- 
gical applications of mang anese include battery cathod es (manga- 
nese dioxid e), soft ferrites (manganese-zinc ferrites) used in 
electronics, micr onutrients fou nd in fer tilizers and animal feed 
(manganese sulfate and manganous oxide), a water treatment chem- 
ical (potassium perman ganate), a colorant for bric ks and ce ramics, 
and others (see also Weiss 1977; Harben, Raleigh, and Harris 1998). 

From antiquity until the latter part of the eighteenth century, 
the mi neral p yrolusite (MnOz; from the Gree k w ords me aning 
“fire” and “t o wash” ) w as c onsidered ani ron mineral. Anci ent 
Egyptians and Romans used pyrolusite to control the color of glass. 
Adding small amounts of pyrolusite removed the greenish yellow 
discoloration caused by iron impurities in glass, while further addi- 
tions colored the glass pink, purple, or black (Wellbeloved, Craven, 
and Waudby 1990). In 1740, J.H. Pott showed that pyrolusite does 
not contain iron. In 1774, Swedish chemist and apothecary Carl 
Wilhelm Scheele recognized manganese as an element, and his fel- 
low countryman, Johan Gottlieb Gahn, isolated manganese metal 
by reducing manganese dioxide with carbon. Until about that time, 
manganese was used principally as a colorant in glass and pottery . 
Manganese ore was first mined in the United States in Virginia and 
Tennessee in the 1830s apparently for this purpose (Jones 1985). 

Specific use of mang anese in the steel industr y dates from 
1839, when the element was shown to improve malleability of fer- 
rous articles. In 1856 , Robert F orester Mushet demonstrated that 
steel could be mass-produced by the Bessemer process if man ga- 
nese was added (W illiams 1981). No t many years later , the b ulk 
manganese ferroalloy industry was established, and, by the 1870s, 
cheap fe rromanganese containing 75% or more manganese was 
available. Since then, manganese has been essential to the commer- 
cial production of almost all steels. 

The chemical properties of manganese have been utilized for 
centuries. Umber, a mixture of manganese and ir on oxides, was 
used as a paint drier by the mid-1600s. By the eighteenth century, 
the oxidizing power of certain mang anese chemicals was recog- 
nized. Manganese ores were used extensively to produce ch lorine 
until about 1855. 
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Manganese use as a sig nificant component of batteries dates 
from 1866, the year that Georges Leclanché filed the master patent 
for the zinc-carbon dry cell that bears his name. The Leclanché bat- 
teries used natural battery-grade mang anese ore (g amma Mn Oy). 
Since the early 19 60s, ho wever, the Leclanché bat tery has bee n 
replaced by the alkaline battery, which uses electrolytic manganese 
dioxide (EMD) as the dominant system in the primary (disposable) 
battery market. Since the 1970s, ma nganese also has been used in 
lithium battery technologies. One of the earliest commercially 
available and now most widely used primary lithium batteries is the 
lithium-manganese dioxide battery. Today lithium-ion batteries uti- 
lizing lithium ma nganese oxides also are used in the secondary 
(rechargeable) battery market. 


PRODUCTION AND RESOURCES 


Although mang anese is th e 12th mo st ab undant element in the 
earth’s crust (Parker 1967), minable deposits of manganese ore are 
uncommon. Excluding China, India, Kazakhstan, and Russia, sig- 
nificant production currently is limited to 13 deposits in se ven 
countries (Table 1). Known manganese reserves are limited to those 
same countries (Table 2). 


GEOLOGY 


Geochemistry 


In na ture, m anganese occurs in thre e v alence st ates: di valent 
(Mn?*), trivalent (Mn3*), and quadri valent (Mn‘*+). Common min- 
erals containing Mn** include rhodochrosite (MnCO 3), rhodo nite 
(MnSiO3), alabandite (MnS) ,a nd spessartite g arnet (Mn 3Al 
(SiO4)3). (Mineral formulae are from Kr aus, Hunt, and Ramsdell 
1951; Hurlbut 1959; and Cairncross, Beukes, and Gutzmer 1997.) 
Mn?* also is common in the carbona te component of man y sedi- 
mentary rocks in amounts ranging from trace to a few percent. Min- 
erals containing bo thMn 7+ and Mn 3+ include _ braunite 
(MnMn¢6SiO12) and hau smannite (MnMn 04). Minerals with only 
Mn?* are uncommon and include bixbyite ((Mn,Fe)03) and man- 
ganite (Mn O(OH)). Minera Is that contain both Mn 3+ and Mn 4+ 
include the ma nyv ariationswi thin thec ryptomelane 
(KMnMn70j6)-psilomelane (BaMn2Mng0j6) group. Minerals hav- 
ing only Mn** include the — several polymorphs of _ pyrolusite 
(MnO). Minerals containing only Mn?*, such as rhodochrosite and 
rhodonite, are frequently very colorful and, thus, readily identified. 
Otherwise, manganese oxides are brownish-black (hence, braunite) 
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Table 1. Manganese ore production, gross weight, Mt 





Country 1995° = 1999t ~—- 2003 Deposits 

Australia 2.2 1.9 2.6 Groote Eylandt, Woodie 
Woodie 

Brazil 2.4 1.6 2.6 Azul, Morro da Mina, Urucum 

China 6.9 3.2 4.0 nat 

Gabon 1.9 1.9 2.0 Bangombe 

Ghana 0.2 0.6 1.2 N'suta 

India 1.8 L5 1.7 na 

Kazakhstan 0.4 1.0 2.4 na 

Mexico 0.5 0.5 0.3 Molango 

South Africa 3.2 3.1 3.5 Mamatwan, N’chwaning, 
Wessels 

Ukraine 3.2 2.0 2.6 Nikopol’, Ordzhonikidze 

Other 0.6 0.5 0.5 na 

Total 23.3 178 23.2 





* Jones 2000. 

t Corathers 2005a. 

tna =not available (detailed information about all the deposits is not publicly 
available). 

§ Data have been rounded and may not add to totals shown. 


Table 2. Known manganese ore resources, Mt contained 
manganese 





Country Resources 
Australia 32 
Brazil 23 
Burkina Faso 8 
China 4O 
Gabon 20 
India 93 
Mexico 4 
South Africa 32 
Ukraine 140 
Other countries” Small 





Adapted from Corathers 2005b. 
* Including Ghana. 


to black; their luster is depend ent on grain size and crystallinity. 
Manganese ores composed primarily of rhodochrosite tend to be a 
“dirty gray” color and are distinguished from impure limestones by 
their high density (heft) and tendency to darken (oxidize) rapidly on 
exposed surfaces. 

Some polymorphs of manganese dioxide are electrochemically 
active, particularly the gamma form (nsutite), and are important con- 
stituents of Leclanché dry cells. 


Deposits 


Geochemically, manganese resembles iron in that the lower valence 
forms are highly soluble (mobile) and highly reactive, whereas the 
higher valence forms are highly insoluble (immobile) and bo th 
physically and chemically resistant. Thus, in solution, manganese is 
transportable in reducing en vironments a nd is prec ipitated and 
thereby fixed ino xidizing environments. Rocks with signif icant 
manganese content tend to develop a manganese crust (called cui- 
rasse), which is highly resistant to erosion. The y generally form 
bold outcrops and prominent topographic features. Iron and manga- 


nese react similarly in oxidizing environments, but iron oxidizes to 
its insolu ble (ferric) state at much lo wer oxy gen concentrations 
than manganese does to its insoluble (manganic) state. This differ- 
ence in respective insolubilities is the principal cause for the sepa- 
ration of the two elements in natural systems (Krauskopf 1957). 

Most economic manganese deposits originated as sedimentary 
rocks with high primary manganese content. W ith tw o notable 
exceptions, these deposits can be gro uped into three major ty pes 
(Machamer 1987). The f irst group (Type JD is lenticular bodies 
(actually clusters of lenticular bodies) of bedded rhodochrosite with 
lesser braunite within belts of early Precambrian (Archean) basic 
volcanic rocks (“greenstone belts” ). Type I depo sits are clu stered 
around the South Atlantic Ocean an d include Morro da Mina and 
Serra do Na vio in Brazil, Matt hews Ridg e in Guyana, Grande 
Lahou in Iv ory Coast, N’ suta in Ghana, Tambao in Burkina Faso, 
and Kisenge in Congo. These deposits were or are capped by high- 
grade supergene manganese oxides; the underlying primary manga- 
nese carbonate protores associated with these deposits can also be 
mined. Some younger manganese deposits can also be of this type, 
including the San Francisco deposit near Autlan, Estado de Jalisco, 
Mexico; the occurrences in the Franciscan Complex of California; 
and those of the Olympic Peninsula of Washington. 

With the exception of the undeveloped Tambao deposit and 
the idle Kisenge deposit, the h igh-grade supergene ores developed 
on primary Type I deposits are substantially depleted, as may be the 
primary carbonate ore at Serrado Navio. Primary carbonate o res 
are being mined at N’suta, Ghana, and Morro da Mina, Brazil. 

The second group (Type II) is composed o f distinct and later- 
ally extensive beds of braunite, braunite and manganese-bearing car- 
bonate minerals, or cryp tomelane with in some _ particular and 
unique, highly oxidized, i ron- and silica -rich sedimentary rocks of 
Proterozoic age. The tw o prominent examples of Type II deposits 
are the Hota zel Formation in the Kalahari region of South Africa 
and the Band’Alta Formation near Corumba, Mato Grosso do Sul, 
Brazil, and Puerto Suarez, B olivia. These beds, although not every- 
where minable, underlie hundreds of sq uare kilometers and proba- 
bly constitute the most important manganese resources in the world. 

The third group (Type III) is com posed of laterally extensive 
beds of shaly mang anese oxides, manganiferous shale, shaly man- 
ganiferous car bonate, and/or braunite-rich shale, which were 
deposited in shelf areas of large epicontinental basins. Prominent 
examples of Type III deposits are those of the Francevillien Series 
of Gabon (Bangombe and adjoining plateaus of the Moanda Area); 
the deposits surrounding the Black Sea (Nikopol’, Ukraine; Tchia- 
tura, Georgia; and others); and the Azul deposit associated with the 
Rio Fresco Series in the Amazon Basin of Brazil. 

Among the sedimentary manganese deposits that do not fit an 
established p attern are the young __ pisolitic deposits of | Groote 
Eylandt in the Gulf of Carpe ntaria, Australia, and the unique 
manganese-rich c arbonate bed at the base of the Jura ssic Taman 
Formation in the Molango Area, Estado de Hidalgo, Mexico. 
Deposits that may be similar to the Molango deposit occur along 
the eastern slope of the northern Ural Mountains __ in Siberia 
(Smirnov 1977). Russia mined the oxidized (enriched) portions of 
these deposits during World War II. The economic potential of the 
remaining primary carbonate protore is currently being studied. 

The famous deposits of the Mansar Schist Belt in the state of 
Madhya Pradesh, India (Balaghat, Kandri, Mansar, Tirodi, and oth- 
ers) occur in high-g rade metamorph ic terrane. The deposits are 
composed mainly of manganese silicate minerals that were capped 
by high-grade manganese oxides, which by now have been substan- 
tially depleted. These may have been Type III deposits that had 
undergone a phase of supergene weathering and enrichment before 
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burial and t hen were subjected to on e or mo re phases of intense 
metamorphism. 

High-value battery-active ores have been pr oduced from th e 
enriched portions o f the following: the Bangombe (Moanda) 
deposit in Gabon; the N’suta deposit in Ghana; the Morro da Mina 
and Azul deposits in Brazil; and the Mo lango Area d eposits in 
Mexico. The Imini deposit in Morocco is a bed or beds of friable 
manganese ox ides ina dolomite formation from which ore is 
obtained for chemicals and ceramics (co loring). In th e Unite d 
States and else where, residual deposits of nodu lar mang anese 
oxides (d erived b y the weathering of mang aniferous dolo mites) 
were mined for ceramics, where color rather than chemistry was the 
important factor. 

The importance of oxidation and weathering effects on manga- 
nese deposits, and the importance of recognizing those effects, can- 
not be overstated. Weathering effects can extend for a vertical range 
of at least 100 m deep and, in nearly horizontal beds, can extend 
inward from the outcrop for several tens of meters. The hard manga- 
nese oxide crust, which often develops, makes deposits rel atively 
easy to find and protects them from erosion. Weathering and oxida- 
tion can change the mineral composition of the ores, concentrate the 
manganese, and remo ve impurities, thus rendering the ore more 
valuable for certain chemical and metallurgical uses. If weathering 
results in the development of cryp tomelane with a corresponding 
increase in potash content, or it increases the phosphor us con tent, 
the metallurgical value of the ore can be significantly diminished. 

Large volumes of manganese nodules occur on the floor of por- 
tions of the P acific Ocean and other oceanic basins. These nodules 
apparently gro w by reducti on/solution belo w the sediment-w_ ater 
interface and oxidat ion/precipitation abo ve it. Inthe oxidation/ 
precipitation process, the no dules sequester si gnificant amounts of 
nickel, copper, and other metals, making the nodules a significant 
resource o f th ese m etals. Reco very an d pr ocessing of manganese 
nodules was tested b y several consortia in the 1970s, but develop- 
ment was discontinued for technical, economic, and legal reasons. 


TECHNOLOGY 


Exploration 

Prospecting ande xploration for terrestrial deposits ha ve re lied 
mostly on interpretation of regional geology, followed by physical 
examination of selected areas. Dep osits that crop out are located 
readily, but there is no reliable guide to “hidden” deposits. Special- 
ized equipment and vessels are us ed in e xploring for and testing 
possible development of marine deposits. 


Mining and Beneficiation 


Metallurgical-grade manganese ore is produced mostly by mecha- 
nized operations, b ut small-scale hand mining and sorting is still 
practiced in India. Virtually all the lar ger op erations around th e 
world are o pen-pit mines using standard equip ment and methods 
for overburden removal and or e extraction. Bucket -wheel e xcava- 
tors have been used to re move overburden at the Mamatwan mine 
in South Africa and in the Nikopol’ Basin in Ukraine. Haul trucks 
and/or con veyors tra nsport this material for further processing. 
South Africa and Ukraine currently account for the largest propor- 
tion of or e extracted from underground mines. Most under ground 
mining commonly is done by room-and-pillar methods. Longwall 
techniques have been used in Bulgaria, and possibly Ukraine, but 
overburden pressure made these operations impractical. 

Battery- or chemical-grade ores have been produced by selec- 
tive mining of favorable portions of large deposits mined for metal- 
lurgical-grade ore or from relati vely small mines operated sole ly 
for these specialty ores. 


Table 3. Manganese alloy specifications 





Alloy %Mn %Cimax.) % Sifmax.) % P(max.) % S{max.) 
Ferromanganese 
Standard 
Grade A 78-82 7.5 1.2 0.35 0.05 
Grade B 76-78 7.5 1.2 0.35 0.05 
Grade C 74-76 7.5 1.2 0.35 0.05 
Medium-carbon 
Grade A 80-85 1.5 1.5 0.30 0.02 
Grade B 80-85 1.5 1.0 0.30 0.02 
Grade C 80-85 1.5 0.70 030 0.02 
Grade D 80-85 1.5 0.35 030 0.02 
Nitrided 75-80 1:3 1.5 0.30 0.02 
medium-carbon 
low-carbon 
Grade A 85-90 0.75 2.0 0.20 0.02 
Grade B 80-85 0.75 5.0-7.0 0.30 0.02 
Silicomanganese 
Grade A 65-68 1.5 18.5-21.0 0.20 0.04 
Grade B 65-68 2.0 16.0-18.5 0.20 0.04 
Grade C 65-68 3.0 12.5-16.0 0.20 0.04 
Ferromanganese-silicon 65-68 0.8 28.5-32.0 0.05 0.05 





Adapted from ASTM 1998. 


Virtually all manganese ores ar e subjected to some fo rm of 
beneficiation to achie ve greate r mang anese content and/or to 
remove undesirable impurities. Beneficiation technology as applied 
to manganese ores is sim ilar to t hat for iron ores. Most or es are 
crushed and screened, with the lump product (+6 mm) gener ally 
being smelted and the fine product (-6 mm) used as feed for chem- 
ical and/or electrolytic processing. Sink-float (heavy liquid media), 
jigging, tabling, f lotation, and hig h-intensity magnetic separation 
are among the methods used to upgrade fine manganese ore. In the 
late 1990s, Humphrey spirals were used to recover manganese fines 
from tailings at the N’ suta mine in Ghana (B ruder 1999). Pneu- 
matic concentration has been used in Moroc co and possibly else- 
where. S ome ma nganese ore s, particularly in South Africa and, 
more recently, Gabon, are sintered to raise the manganese content 
and recover high-grade fines for metallurgical use. 

Physical separation technologies, such as flotation and roast- 
ing, and chemical separation processes, such as leaching, have been 
developed fo r benef iciating lo wer grade and _— more refractory 
resources, such as those of the United States and the lo wer grade 
ores of Ukraine. Generally, these processes are relatively costly and 
give poor recoveries. Bioleaching also has been proposed for recov- 
ering manganese from low-grade ores (Rusin and Ehrlich 1995). 


Smelting 


Manganese ores for use in the st eel industry are smelted to produce 
three basic alloys: ferromanganese, silicomanganese, and ferroman- 
ganese-silicon. Specifications for t hese alloys are given in Table 3. 
Ferromanganese can be produced in blast furnaces or in electric-arc 
furnaces, although blast furnace production of ferromang anese is 
relatively energy inefficient and has been phased out in many coun- 
tries. Because manganese losses to slag are relatively high, slag from 
ferromanganese production is often used as feedstock for silicoman- 
ganese production. Manganese alloys, particularly those emplo yed 
in the production of stainless and other specialty steels, are refined 
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by blowing the liquid alloy with oxygen in a controlled atmosphere 
to produce medium-carbon or low-carbon alloys. 


Chemical and Electrolytic Processes 


Manganese chemicals, synthetic manganese dioxide, and man ga- 
nese metal are produced by a number of chemical processes. Feed- 
stock for these processes is either manganese carbonate, manganese 
oxide ore in which the mang anese oxide has been reduced to the 
manganous (divalent) state, or manganiferous slag from the smelt- 
ing process. The feedstock is leached with su Ifuric acid, and the 
resultant m anganese sulf ate 1 eachate i se ither e lectrolyzed or 

treated chemically to produce manganese metal (EMM and CMM, 
respectively), manganese dioxide (EMD and CMD, respectively), 
manganese sulfate, potassium permanganate, and other manganese 
chemicals (Dean 1952; Deane 1985; Preisler 1991; Gr otheer and 
Clapper 1993). 


PRICES 


Manganese ore pric es are customarily negotiated between buyers 
and sellers rather th an det ermined through a ce ntral e xchange. 
Price is dependent on a number of factors such as chemical analy- 
sis (particularly manganese content) and physical character of the 
ore. The larger year-to-year users of manganese ore have tended to 
make their purchases by means of annual contract, rather than by 
spot market purchases. With the decline in smelting of manganese 
ferroalloys in the United States, the Japanese ha ve been the k ey 
factor in setting annual prices since the early 1990s. After the price 
to Japanese consume rs is set (this is kno wn as the inte rational 
benchmark pri ce), annual sett lements usua lly fol low el sewhere. 
When required, purchases of manganese ore on the spot market are 
typically higher than those negotiated by contract. 

Because manganese ore prices are normally set via annual 
contracts between purchas ers and sellers, very little information 
about manganese ore prices is publicly available. Ryan’s Notes or 
other industry trade publications usually publish the annual negoti- 
ated benchmark prices. The U.S. Geological Survey (USGS) esti- 
mates annual U.S. manga nese ore prices base d on fluctuations in 
the benchmark prices. Ryan’s Notes started publishing spot market 
prices for manganese ore traded in North America, on a dollar-per- 
metric-ton basis, in January 2005. 


SPECIFICATIONS 


By far, the great bulk of manganese ore used in the metallurgical 
industry is to make ferroalloys in the iron and steel industry. Lump 
ores (+6 mm) are preferred for this use. Metallurgical ores are gen- 
erally expected to meet the following criteria: 

* Contain 45% to 48% manganese 

¢ Have a manganese to iron ratio of at least 8:1 

* Contain less than 0.15% phosphorus 

¢ Have trace metals content of no more than a few tens of parts 

per million 

¢ Have low alumina content 
These ores are sold in b ulk on the basis of an agreed price per dry 
metric ton unit (one unit is 1% manganese per dry metric ton). Price 
can be f.o.b. (free on board vessel at port of loading) or CIF (cost, 
insurance, and freight unloaded at receiving port), depending on 
whether the buyer or the seller arranges and pays for shipping and 
delivery. The purchase agreement will specify the maximum allow- 
able content of fines at the point where the buyer takes possession 
of the ore. A nominal price per dry metric ton unit was published in 
industry journals, but such publication appears to h ave been sus- 
pended after 2002. 


Manganese ore for use as feedstock for c hemical or el ectro- 
lytic processing will have specifications similar to those for metal- 
lurgical ore, except that alumina and ph osphorus content may not 
be as critical as in the metallurgical industry. Because buyers can 
have dif ferent specif ications for ore chemistry and mineralogy , 
some plants are designed to process carbonate ores; others can pro- 
cess oxide ores. As discussed in the section on Prices, the price of 
ore is usually negotiated on individual bases. Because ore usually is 
ground prior to digestion, fine ore is preferred to coarse ore. 

For use in batteries, feed supplements, or other specialty uses, 
natural mang anese dioxide ore ha s rigid specif ications, the most 
important of which are minimum content of manganese dioxide and 
maximum content of trace metals and other impurities. These ores 
are dried, ground, and bagged at the mine. Ores for ceramics must 
be uniform and consistent within and between shipments, respec- 
tively. Prices for these ores are usually ne gotiated on indi vidual 
bases, as discussed in the section on Prices. 


HEALTH, REGULATORY, AND 
ENVIRONMENTAL CONSIDERATIONS 


Because there are no known deposits in the United States or Canada 
that are potentially economic sources of manganese, there is noth- 
ing in the regulatory or environmental codes of either country that 
affect manganese mining operations specifically. Manganese mines 
in Mexico are not known to be subject to any unusual or site- 
specific regulation. In Ukraine, manganese mines operate with very 
high waste-to-ore ratios, and mi ne land reclamatio n is important. 
Australia and Brazil are among the countries where particular atten- 
tion also is paid to restoration of lands mined for manganese. 

Manganese is an essential nutrient, and reco mmended “ade- 
quate intake levels” and “tolerable upper intake levels” have been 
established (Institute of Medicine 200 1). Small quantities of man- 
ganese may be added to li vestock feed and to fertilizers; ho wever, 
ingestion of too much manganese or inhalation of excessive manga- 
nese dust may have adverse health consequences (Agency for Toxic 
Substances and Disease Registry 2000). 

Some manganese ores can contain relatively high base metal 
concentrations; one o verseas smelte r ha s be en investigated as a 
potential source of mercury emissions. 

The widespread and growing use of port able electronic and 
communications devices that operate on dry cells or rechar geable 
batteries may lead to restrictions on the disposal of batteries contain- 
ing manganese. Some imported EMM has been reported to contain 
relatively high levels of selentum (Ryan’s Notes 2003). 

A complex organic manganese compound (methylcyclopenta- 
dienyl manganese tricarbonyl or MMT) has been used in the United 
States and Canada as an antiknock additive in gasolines, but regula- 
tory authorities dif fer as to it s environmental impact (EPA 1994; 
Environment Canada 2003). 


Strategic Concerns 


In the early 20th cen tury, the U.S. government and major steel- 
producing companies in the United States took steps to ensure that 
adequate supplies of mang anese ore would be available in case of 
emergencies because of 


¢ The critical role of manganese in steel production 
¢ The past importance of natural battery-acti ve mang anese 
dioxide as a component of dry cells 
¢ No known manganese deposits of commercial importance in 
the United States and Canada 
Steel and ferroalloy companies explored for and acquired man- 
ganese deposits an d maintained signi ficant equity i nterests in the 
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companies established to de velop those deposits. Following World 
War II, the U.S. government, through its Defense Logistics Agency, 
acquired large stockpiles of manganese ore of various grades, man- 
ganese alloys, and other downstream manganese products. 

With the end of the Cold War and the economic difficulties in 
the steel industry in the last tw o decades, the need to maintain 
stockpiles and strate gic reserves of manganese ore is diminished. 
To maintain domestic ferromanganese production capability and to 
reduce its inventories, the Defense Logistics Agency has contracted 
with one compan y to con vert manganese ore in the stockpile into 
high-carbon ferromang anese. Other manganese materials deemed 
ine xcess of stockpile r equirements ha ve been so Id gradually . 
Inventories of manganese materials in Defense Logistics Agency 
stockpiles at the end of 2002 are given in Table 4. Steel and ferroal- 
loy companies ha ve curtailede xploration forn ew mang anese 
deposits, and several depleted mines have been closed. The remain- 
ing equity interests have been sold so no significant U.S. interests 
are involved in the international manganese ore business. 


OUTLOOK 


World steel production has been gro wing at an average rate of 1% 
per year forman y years, and this ra te ce rtainly is e xpected to 
increase with the explosive growth in steel production in China and 
India. Although mang anese u sage in the steel industry h_ as been 
increasingly efficient, the net demand for ma nganese in the steel 
industry has grown because of the increase in steel production itself 
(Machamer 2002). Also, the demand for manganese in batteries of 
all sorts will increase, as will the demand for manganese in other 
chemicals. All sectors of the mang anese industry, theref ore, can 
look forw ard to continued gro wth. Mang anese ore prod uction 
capacity, however, has decreased because exploration and develop- 
ment of new mines have not kept pace with the depletion of exist- 
ing mines. The overall ou tlook for mang anese or e demand is 
strong, with upward pressure on prices in all sectors of the industry 
already taking place (Trelut 2004). 
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Mica 


John W. Schlanz and James T. Tanner Jr. 


INTRODUCTION 


Mica is a mineral that has a rich history of industrial applications. 
Dating back to as early as 2000 BC, the ancien t Hindus belie ved 
mica was a mystical medicinal cure. Over the centuries, mica uses 
have evolved from decorati ve ornaments, mirrors, stove windows, 
and shock- resistant materials in ea rly military applications to its 
more high-tech applications today in construction materials, paper, 
plastics, paints, electronics, and others. 

The term mica is derived from the Latin micare, meaning to 
shine or glitter. Today, it is a generic term that applies to a group of 
aluminosilicate minerals t hat posse ss a sheet-like st ructure. T he 
most common commercial micas are 


Muscovite, a potassium-based mica, usually colorless to pale 
green 


Phlogopite, a magnesium-based mi ca thatis yellow to dark 
brown 


Vermiculite, a hydrated biotite found as bronze-yellow flakes 
Lepidolite, a lithium-based mica with a purplish hue 


Other micas with less commercial value include zinnwaldite, 
a lithium/iron—based mica that is gray to brown; biotite, a magne- 
sium/iron—based black mica; and roscoelite, a vanadium/potassium/ 
magnesium mica that can be green or brown. 

Muscovite mica enjoys the most di verse market applications, 
followed by phlogopite and v ermiculite. Muscovite and phlogopite 
possess unique characteristics and are highly valued because of their 
physical, chemic al, electrical, thermal, and mechanical properties. 
These properties include high dielectric strength, low coefficients of 
expansion, cold and heat resistan ce, and high tensile strength, mak- 
ing these minerals e xcellent raw materials for electrical insulators, 
reinforcing materials, and high-temperature applications. 

Color plays ak ey role in identifying mark ets for these tw o 
micas: muscovite is lighter and us ed in more color-sensitive appli- 
cations. Phlogopite, ho wever, will typically give superior aspect 
ratios after grinding, adding to its value as a reinforcement additive. 

Commercially, mica is marketed in several forms: 


¢ Sheet mica refers to books of mica mined from pegmatite or 
loosely consolidated clay deposits. The books can be readily 
split into thin sheets with specific thicknesses ranging from 
0.003 to 0.1 Omm. The quali ty of sheet micais graded 
according to 10 quality classifications. Flawed books (excess 
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Table 1. United States production of scrap, flake, and ground mica, 
1999-2003, ¢ 





Production 1999 2000 2001 2002 2003 

Mine 95,000 101,000 98,000 81,000 98,000 
Ground products 111,000 112,000 89,000 98,000 107,000 
Imports 21,000 29,000 32,000 38,000 14,000 
Exports 11,000 10,000 9,000 10,000 7,000 





inclusions, cracks, etc.) are termed scrap mica and may find 
use in ground products. 


Built-up mica was developed in the late 1800s because of the 
scarcity and cost of sheet mica, and served as a ready substi- 
tute for electrical parts. Formed by layering pieces of m ica 
splittings and binding them with inorganic or organic binders, 
the constituted sheets are pressed under high temperature. 


Reconstituted mica is mic a paper matted from thi n delami- 
nated flakes of scra p mica. The mat is usually impre gnated 
with an or ganic binder an d dried at 110°C. Feedstock _ for 
reconstituted mica is typica Ily trimmings from she et mi ca 
operations. 


Flake mica is finer mica recovered from scrap or t rimmings 
produced during the processing of sheet mica, or can be benefi- 
ciated mica recovered from feldspar, clay, and sand operations. 


Ground mica is produced by wet or dry grinding and sizing of 
scrap or flake mica. It is by far the largest use of mica, both 
quantitatively and by application. 


Synthetic mica is produced by crystal growth in slowly cooled 
melts of various chemical oxides. Coo ling periods at con- 
trolled visc osities dic tate the size of the crystals; e xtended 
cooling times result in larger crystals. 


PRODUCTION AND TRADE 
Scrap and Flake Mica 


The data given in this section are from the U.S. Geological Survey’s 
(USGS) Mineral Commodity Summaries 2004 (Hedrick 2004). 

The USGS estimates domestic production of scrap and flak e 
mica at 98,000t in 2003, as sho wninT able 1. Nor th Carolina 
accounted for approximately 40% of this production from four main 
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mica producers, three of whom recover mica as a by-product from 
feldspar operations mining pegmatites known as alaskite. This mica 
is sold to dry-grind producers for the wall board and joint compound 
markets. The fo urth company recovers mica as a pr imary product 
from more weathered deposits and produces feldsp ar, quartz, and 

kaolin. The company has in-h ouse capabilities for producing both 
wet- and dry-ground products. 

Remaining U.S. production came from five operations in Ari- 
zona, Geor gia, New Mexico, South Carolina, and South Dakota, 
primarily from kaolin, feldspar, and sand operations. The majority 
of all U.S. production served as feedstock for wet- and dry-ground 
products, with an estimated value of $20.2 million on flake produc- 
tion in 2003. Value-added ground product sales contributed another 
$29.6 million in the same year. 

U.S. production of flake mica for 2003 represents a significant 
increase of more than 20 % from 2 002, wh ereas gr ound pr oducts 
increased ata lesser rate of 9%. However, both f igures indic ate a 
near-static industry using the past 5-year average, because 2002 was 
a down year due to economic conditions. Imports of flake mica were 
small at an estimated 7% of total domestic consumption, with Can- 
ada, India, China, and Argentina listed as leading exporters of flake 
and scrap mica into the United States. 

World pro duction of flak e and scrap mica for 2003 is esti- 
mated at 300,000 t, with Russia the leader at one third of produc- 
tion (Table 2). The United States fell slightly behind at 98,000 t. 
World resources of scrap and flake mica are produced from granite, 
pegmatites, schist, and clay deposits. Reserves are considered more 
than adequate to meet anticipated world demand for the foreseeable 
future. 

Sheet mica presents an entirely different domestic p icture. 
U.S. production has been virtually nonexistent for many years, with 
U.S. consumers dependent on impor ts or shipments from govern- 
ment stockpile excesses, as indicated by the USGS figures summa- 
rized in Table 3. A small amount of sheet mica was produced from 
a pegmatite in Virginia, but is insignificant to w orldwide produc- 
tion. U.S. production is prohibitive because of high costs associated 
with mining and processing, which is labor intensive. 

Although demand for sheet mica decreased in 2003 and has 
dropped dramatically in the last 5 years, high-quality material 
remains in short supply. In 2003, an estimated 130 t of unworked 
mica, split block, and mica splittings valued at $348,000 was con- 
sumed by 5 companies in the United States. Most of this tonnage 
was fabricated into electrical components. An estimated 1,010 t of 
imported worked mica valued at $11.1 million was also consumed. 

Imports remained a principal source of sheet mica for domes- 
tic supply. Stocks of mica remaining in the National Defense Stock- 
pile (NDS) have declined, and fu ture supplies are expected to be 
increasingly served by imports, primarily from India, which will 
certainly lead to increased pricing. 

India is the leading exporter of sheet mica into the United 
States, followed by Belgium, China, and Germany. Table 4 contains 
estimates of major w orld production and kno wn reserves. No for- 
mal evaluation of world resources of sheet mica has been conducted 
because of the sporadic occurrence of this material. Large deposits 
are known to exist in Brazil, India, and Madagascar. 

Russia, the United States, and Korea were the world leaders in 
the production of all types of mica through 2002. Table 5 lists world 
mica production by country from 1998 through 2002. 


GEOLOGY AND MINEROLOGY 


All micaceous minerals have similar structures and properties and 
belong to the phyllosilicate class, referring to leaf-like structures 
characterized by layer s of si licon—oxygen tetrahed rons. The mica 


Table 2. World production and reserves of flake and scrap mica in 
2002 and 2003° 


Mine Production, t 








Country 2002 2003 
Brazil 4,000 4,000 
Canada 17,000 17,000 
India 2,000 2,000 
Korea, Republic of 40,000 40,000 
Russia 100,000 100,000 
United States 81,000 98,000 
Others 35,000 35,000 
Total "280,000 "300,000 





* Reserves and reserve base for all listed are considered large. 


Table 3. U.S. sources of sheet mica, t 


Type 1999 2000 2001 2002 2003 





U.S. roductjon 0 0 0 0 0 
Imports, plates, sheets, strips, 4,550 5,430 4,290 1,580 1,140 
worked mica, split blocks, 

splittings 

Exports, plates, sheets, strips, 1,290 1,150 1,160 723 1,030 
worked mica, crude and rifted 

into sheet or splittings 

U.S. government stockpile excess 708 1,230 1,860 894 1,280 
Apparent consumption 3,980 5,500 4,990 1,750 1,390 





Table 4. World production and reserves of sheet mica 


Mine Production, t 








Country 2002 2003 Reserves Reserve Base 
India 3,500 3,500 Very large Very large 
Russia 1,500 1,500 Moderate Moderate 
United States 0 0 Very small Small 
Others 200 200 Moderate Moderate 
Total “5,200 5,200 Large Large 





layers are bound by opp ositely char ged surf aces, with positively 
charged alkali io ns linking the ne gatively charged silicon—oxygen 
layers. The y are easily id entified be cause of t heir cryst al sha pe, 
elasticity, and near-perfect basal cleavage; and, bec ause of their 
molecular structure, they can be readily split into thin films. 

Dana (1932), Sinkankas (1964), Baile y (1984), and oth ers 
classify the various micas into four groups: (1) mica, (2) clintonite 
(brittle micas), (3) chlorite, and (4) vermiculites. These micas have 
the following general chemical formula: 


X2Y4-6Zg020(OH,F)4 


where 
X =mainly potassium (K), sodium (Na), or calcium (Ca) 
Y =mainly aluminum (Al), magnesium (Mg), iron (Fe), or 
lithium (Li) 
Z =mainly silicon (Si) or Al 
Given the nature of this writing and its indu strial importance, 


focus is placed on the mica group. Tables 6 and 7 list various prop- 
erties of selected micas. 
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Table 5. World mica production by country, t 
Country 1998 1999 2000 2001 2002 
Argentina (all grades) 3,480 3,097 3,100 2,772 2,357 
Brazil 4,000 3,000 5,000 5,000 5,000 
Canada 17,500 17,500 17,500 17,500 17,500 
France 10,000 10,000 10,000 10,000 10,000 
India 
Crude 1,489 1,500 1,500 1,300 1,500 
Scrap/waste 966 1,000 950 1,100 2,000 
Total 2,455 2,500 2,450 2,400 3,500 
Iran 1,084 1,425 2,000 2,000 2,000 
Korea, Republic of (all grades) 38,459 24,733 65,249 109,339 100,000 
Madagascar (phlogopite) 1,232 54 66 90 45 
Malaysia 3,642 3,675 3,835 4,107 4,200 
Mexico (all grades) 890 971 1,658 648 700 
Morocco 600 210 1,897 na” na 
Norway (flake) 2,500 2,500 2,500 2,500 2,600 
Russia 100,000 100,000 100,000 100,000 100,000 
Serbia and Montenegro 150 50 100 100 100 
South Africa (ground and scrap) 1,558 1,010 676 950 383 
Spain 2,500 2,500 2,500 2,500 2,500 
Sri Lanka (scrap) 2,800 1,425 1,491 1,161 1,100 
Taiwan 7,750 6,966 6,862 9,733 6,595 
United States (scrap and flake) 87,000 95,400 101,000 97,800 81,100 
Zimbabwe 1,309 1,300 na na na 
World total ~ 289,000, ~278,000° ~328,000° ~ 369,000 ~340,000° 
*na = not available. 
Table 6. Mineralogical properties of selected micas 
Property Muscovite Biotite Lepidolite Phlogopite 
Hardness 2-2.25 2.5-3 2.5-4 2-3 
Specific gravity 2.7-3 2.7-3.1 2.8-3.3 2.8-2.9 
Luster Vitreous to pearly Splendent to submetallic Pearly Pearly 
Optical sign Negative Negative Negative Negative 
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic 
Crystal symmetry Rhombic/hexagonal Pseudo-rhombohedral Hexagonal Hexagonal 
Color Gray, brown, pale green, Green, black, yellow Rose-red, violet-gray, lilac, Yellow white gray to green, 
violet, yellow, ruby yellow, white pearly 
Streak Colorless Colorless Colorless Colorless 
Others Transparent to translucent Transparent to opaque Twinning common, translucent 





Adapted from Dana 1932; Chesterman 1989. 


Mica Group 
Elemental substitution takes place within the various micas quite 
readily. The mica group includes the more common and most 
widely used mica species such as muscovite, paragonite, and phlo- 
gopite. Other micas in this group are biotite and lepidolite. Musco- 
vite and paragonite (both are commonly referred to as musco vite) 
enjoy the most industrial uses and subsequent exploitation. Musco- 
vite is the most c ommon of all the micas, having a c hemical for- 
mula KAI 2(OH)2(AISi30;9) with athe oretical co mposition of 
11.8% K20, 45.2% SiOo, 38.5% AljO3, and 4.5% H2O. Paragonite 
is similar in composition, with the potassium replaced by sodium. 
Muscovite is commonly found in granites and pegmatites as 
an original constituent of crys talline rocks high in potash and alu- 
mina. Although rare in v olcanic rocks, it is commonly associated 
with mica schists along with bi otite. Othe rh ost roc ks in clude 
gneiss, and itis also found in contact zones surrounding ig neous 


intrusions. The largest and best formed crystals are found in pegma- 
tite dikes associated wi th granite. Most com mercial de posits are 
derived from pe gmatites, both we athered an d unweathered, con- 
taining 2% to 10% by weight muscovite. 

Phlogopite, its name derived from the Greek phlogopos, mean- 
ing fire-like, ranks second in commercial value and is sought for its 
thermal and reinforcing properties. It has the inherent ability to 
delaminate easily, resulting in high aspect ratios and low bulk densi- 
ties. The chemical formula for phlogopite is KMg3(OH)2(AI1Si30 19), 
showing substitution of ma gnesium for alumi num, and ha ving an 
estimated t heoretical composition of 11% K 20, 43% SiO 2, 16% 
AlyO3, and 29% MgO. Phlogopite is associated with ultrabasic rock 
and metamorphosed limestone and dolomite, and more rarely as a 
constituent of igneous rocks rich in magnesium. It isa product of 
both re gional and contact metamorphism and is often associated 
with pyroxene, amphibole, and serpentine. 
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Table 7. Chemistry and selected properties of three micas 














Chemical Constituents Muscovite Biotite Phlogopite 
SiOz (silicon dioxide) 46.5 37.0 40.0 
Al2O3 (aluminum oxide) 34.0 18.0 17.0 
K2O (potassium oxide) 10.0 9.0 10.0 
NazO (sodium oxide) 0.8 1.0 0.5 
MgO (magnesium oxide) 0.5 8.0 26.0 
CaO (calcium oxide 0.3 na* na 
Fe2O3 (iron oxide) 25 2.0 0.2 
FeO (reduced iron oxide) 1.0 21.0 2.8 
Minor elements na 1.0 0.5 
Loss on ignition A.5 3.0 3.0 

Total “100.0 “100.0 “100.0 
Properties Muscovite Biotite Phlogopite 
Specific gravity 2.77-2.88 2.70-3.30 2.76-2.90 
Mohs hardness 2.8-3.2 2.5-4.0 2.5-3.0 
Shore hardness 80-150 na 70-100 
Specific heat, af 25°C 0.207 na 0.207 
Volume resistivity, ohm/cm? 2x 10!3-1 x 10!7 na na 
Modulus of elasticity, Pa 172 x 10% na 172 x 10? 
Compressive strength, Pa 221 x 10° na 221 x 10° 
Volume resistivity, ohm/cm? at 25°C 5x 1018 na na 
Optical axial angle, 2 V 38°-47° 0°-25° 0°-10° 
Temperature of decomposition, °C 400-500 na 850-1,000 
Dielectric constant 6.5-9.0 na 5.0-6.0 
Linear coefficient of expansion x 10 cm/°C; range 20° to 600°C 58-79 na 79-97 
Coefficient of expansion/°C perpendicular to cleavage; range 20° to 100°C (10 15-25 na 1-1 x 10°3 
Coefficient of expansion/°C parallel to cleavage; range 0° to 200°C (10-) 8-9 na 13-4.5 
Tensile strength (Pa x 10°) 225-297 na 255-297 
Modulus of elasticity (Pa x 109) 172 na 172 
Dielectric strength (0.025 to 0.030 mm thick) Volts/cm x 10° 2.4-11.2 na 1.7-0.8 
Resistivity, ohm/cm 1012-1915 na 10'©1918 
Thermal conductivity perpendicular to cleavage at 100°C (K cal/m2/hr/°C) 0.57 na 0.57 
Source: Tanner 1994. 

*na = not available. 

Biotite constitutes a series with phlogopite, having a similar Chlorite Group 


chemical formula with iron subs titution for magnesium. The high 
iron c ontent, whic h im parts dark c olors, will t ypically e liminate 
biotite from any industrial uses. However, because biotite is abun- 
dant in granitic rocks, pegmatites, and sc hists that are also associ- 
ated with the more de sirable m uscovites, t he mineral is oft en a 
factor in exploitation efforts. 

Lepidolite is a lithium-base d mica with a chemi cal formula 
showing substitution of lithium for aluminum—KLi,Al(OH)2 
(AISi3019)—and is not pursued industrially e xcept asa source of 
lithium. It is conf ined to granitic pe gmatites associated with other 
lithium-bearing minerals such as tourmaline, beryl, and spodumene. 
Other lithium-based mic as include zinnw aldite, cryophyllite, and 
manandonite. 


Clintonite Group 


The clintonite micas are also referred to as the brittle micas, hav- 
ing cleavage similar to the muscovites, but they are distinct in the 
brittleness of their laminae and chemically by the ir character. In 
many respects, they form a transition of the true micas to the chlo- 
rites. Examples from the clintonite group include margarite, a cal- 
cium-based mica; seyberite, wit hca Iciuma ndma gnesium 
substitution; and chloritoid, which has an iron/calcium base. 


The chlorite group gets its name from the Greek chloros (green) in 
reference to the common green color associated with these miner- 
als, mainly because of their association with ferrous iron. They are 
closely related to the true micas in the sense that they exhibit mica- 
like cleavage, but the laminae are tough and inelastic. Because of 
the extensive elemental substitution within the series, many names 
have been applied to a variety of identified species, but for practical 
purposes, only two are commonly employed. The first, penninite, 
has thick prismatic crystals and is normally dark green, whereas the 
second, clinochlore, bears a greater resemblance to true micas, with 
thin, tubular crystals. 


Vermiculites 


The vermiculites include numerous micaceous minerals, and in part 
are closely related to the chlorites, b ut the y vary widely in 
composition. They are mainly alteration products of the muscovite, 
biotite, and phlogopite that are highly hydrated. They maintain the 
micaceous cleavage, but the laminae are generally soft, pliable, and 
inelastic. 

The vermiculites get their commercial value from their high 
degree of hydration, which gives them the unique quality of exfoli- 
ation, or the ability toe xpand to se veral times t heir v olume on 
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exposure to heat and the subsequent e volution of the contained 
water. Because of this unique quali ty, the vermiculites service dif- 
ferent markets than the micas and are covered in a separate chapter 
of this book. 


THE MICA INDUSTRY 


The mica industry can be divided into two distinct but interdepen- 
dent industries: those that produce sheet mica, and those that pro- 
duce flake mica. Each industry , although some what dependent on 
the other, produces different end products. 


Sheet Mica 


The sheet mica industry produces relatively small tonnage as com- 
pared to flake—5,200 t versus 300,000 t in 2003 (Hedrick 2004)— 
which is driven in part by the markets but is also influenced by the 
high costs of minin g and proce ssing sheet mica, the scarcity of 
these reserves, and the depletion of high-quality material. Because 
of exacting specifications placed on sheet mica, mining and __ pro- 
cessing consist of hand cobbing and p reparation, resulting in 
extremely high labor costs. This limits production to countries with 
cheap labor and, together with low reserves, has greatly influenced 
U.S. production. 

Sheet m ica is typi cally recovered froma large number of 
small mines that use only basic mechanical equipment, if any. Prep- 
aration relies almost exclusively on hand labor to recover the maxi- 
mum area of usable crystal. Commercial qualities must include flat 
sheets that are relatively free of defects andf laws, with quality 
based on comple x visual determinat ions, as indicated in Tables 8 
and 9 (a and b). Th e quality is dictated by size, thickness, visual 
appearance, electrical and thermal properties, and the degree of 
preparation. 

Commercially, she et m icaisma rketedinse veral form s, 
depending on the application and quality: 

¢ Block mica, also kno wn as mica block, con sists of sorted 
blocks of mica with an area of 6.5 to 91 cm? (1 in.? to 14 in.?) 
or greater. The minimum thickness is typically 7 mils; it is 
available in natural form or split and cut into sizes and shapes 
specified by the customer. Mica blocks are classified into dif- 
ferent categories depending on the extent of staining and other 
flaws. The average sheet thickness can vary from 7 to 16 mils 
or greater. Sections having holes, cracks, and cross grains are 
removed by hand. 

¢ Mica thins consist of block mica dressed to a thickness of 2 to 

7 mils. Fabricated mica is made from mica thins for the elec- 

trical and other industries. 


¢ Mica films consist of block mica dressed to a thickness of 0.8 
to 4 mils and are generally made from high-quality block. 


Mica splittings are layers split from mica blocks and are spec- 
ified as 10 layers being less than 12 mils thick. Splittings are 
typically processed by hand with sharp knives to the required 
thickness. The splittings are classified into three forms: loose- 
form splittings, book-form splittings, and wrapper splittings. 
Book-form mica splittings consist of individual books of mica 
from the same block or mica thins, with each book containing 
4 to 10 sheets. Lo ose mica sp littings consist of irre gular 
shapes and sizes that are supplied in a loose form. 
¢ Mica scrap is the irre gular pieces of mica from run-of -mine 
ore that is smaller than the mica blocks with surface areas of 
3.25 to 9.75 cm? (% in.” to 1% in.”). 
Figure 1 depicts a typical proc ess flowsheet for shee t mica. 
Care must be exercised in the mining process to not damage the 
sheets while maintaining large surface areas. Therefore, much is 


Table 8. Quality of mica based on size (ASTM D351) 





ASTM Size, Area of Minimum Dimension of 

ASTM Grade Rectangle, cm? One Side, cm 
A-1 special 232-310 8.89 

] 155-232 7.62 

2 97-155 5.08 

3 65-97 5.08 

4 39-65 3.81 

5 19-39 2.54 

5% 14-19 2.22 

6 6-15 1.91 





Adapted from Mica Manufacturing Co. Pvt. Ltd. 


done via hand cobbing after initial blasting (if used). The hand- 
cobbed books of mica are trimmed and cut manually to remo ve 
rough edges and any large flaws or impurities, and sorted by size. 

The smaller books report as mica scrap; the larger books are 
subjected to additional cutting and trimming and classified as mica 
block. This product may undergo additional hand cutting and trim- 
ming before being sorted by size and quality. Quality is determined 
visually by the workers according to the criteria listed in Table 8, 
and is therefore highly subjective and dependent on the experience 
level of the labor force. After classifying the mica block, the work- 
ers split the layers by hand and sort them according to thi ckness 
into mica thins, mica films, and mica splittings. 

Mica scrap is produced from the small books sorted from the 
run-of-mine ore and may contain the cuttings and trimmings from 
the mica blocks. The mica scrap is used to manufacture mica paper, 
or can under go primary crushing in hammer mills or similar type 
impact crushers to produce sized mica flake. The mica flake may be 
used for micanite products or sold to grinding facilities to produce 
mica powders. 


Micanite/Mica Paper 


Micanite, or built-up mica, is a sheet product made from thin lami- 
nates of mica splittings and, in some cases, mica flake. The pieces 
of splittings are bon ded with various a gents such as shellac, 
epoxies, silicone, or other binders. Variations in the quality of mica 
and type of bonding ag ent can imp art specific proper ties to the 

micanite, prod ucing thick or thin, or stif fo r fle xible pro ducts, 
which can be manufactured into sheets, ribbons, or other forms. 

Mica paper, or re constituted mica, is similar but is generally 
produced from flake mica or scrap, and is typically of lower quality. 
The actual process is similar to making paper: the scrap or flake is 
pulped with various binders and pressed into paper-like sheets. 

Because of sheet mica’s unique electrical and thermal proper- 
ties, most sheet mica products are used in the electronics industries. 
Its mechanical properties allow cutting, punching, stamping, and 
machining to exacting tolerances. 

Micanite and mica p aper, which serve simi lar markets, are 
used primarily as electrical insulators. Mica paper is a conventional 
insulating material and finds many applications for general p ur- 
poses, but particularly as insulation for bus bars. Both products are 
used to produce mica tape, an essential insulator for large rotating 
machines, although the hig her gr ade micanite is desired when 
greater flexibility is required, such as f or end windings of turbine 
generators and high- voltage cable. Both products may have cloth, 
glass, plastic, or other backings applied to enhance flexibility. 

Other major micanite products are essentially bonding materi- 
als, including flexible sheet, heat-resistant sheet, molding mica, and 
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Figure 1. Typical flowsheet for sheet mica 


segment plates. Molding mica ha s found the highest use o ver the 
past several years for V-rings, end caps, tubes, and bushings for use 
as insulators in tra nsformers, armatures, commutators, and motor 
starters. Washers can be cut or die-stamped from molding sheets for 
use in electromagnets and control gears. 

Flexible sheet, which will typically contain special backings, 
is used in electrical motor and generator armatures, coil insulation, 
electric furnaces, and magnet and commutator core insulation. The 
flexible shee ts can be cut to spec ific sizes and shape s to pe rmit 
winding or wrapping without heating. 

Heat-resistant sheets are used where high-temperature insula- 
tion is required and are produced from both muscovite and phlo go- 
pite splittings. The phlogopite is used when w orking temperatures 
are maximized at 900°C, and musco vite splittings are used belo w 
600°C. Examples of use include electric iron elements, w ound 
heater elements, resistance heaters, and other industrial applications. 

Segment plates are prepared by pasting together splittings with 
av arnish and pressing at high — temperature and pressure. These 
plates, cut or ground to specific shapes, are used as insulators in the 
copper commutat or se gments of di rect current motors and genera- 
tors. Phlogopite is the desired ra w material because it tends to wear 
more evenly with the copper elements. Although muscovite is more 
wear resistant, it may create uneven wear that could affect the opera- 
tion of the motors. 

Table 10 lists estimates of micanite/built-up mica sold or used 
in the United States by product in 2001 and 2002 (Hedrick 2004). 


Fabricated Mica 


Owing to excellent natural structural stability and dielectric proper- 
ties, shee t mica can be fabricated into a wide v ariety of specific 
shapes and sizes by hand cutting, stamping, or die-punching. Fabri- 
cated mica finds uses in thermionic valve bridges, condenser plates, 
cathode tube assemblies, optical filters, retardation plates in lasers, 
and stove and k erosene heater windows. Specialized applications 
are found in missile systems, medical electronics, and radar sys- 
tems, and more common applications can b e fo und in domestic 
uses such as heating elements for irons, toasters, and hair dryers. 
Fabricated mica products are t ypically available in standard 
shapes and sizes, o r can be cu stom made according to spec ifica- 
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Table 10. Built-up mica (by product) used or sold in the United 
States 


2001 2002 

Product Tons Value, $ Tons Value, $ 
Flexible plate (cold) 77 693,000 73 363,000 
Heater plate WwW" Ww WwW WwW 
Molding plate 195 1,700,000 194 1,510,000 
Segment plate 48 1,780,000 7 1,000,000 
Tape Ww Ww Ww WwW 
Other 71 1,150,000 66 398,000 

Total “All 5,678,000 354 3,420,000 


* Withheld as propriety data, but included in totals. 


tions by the manufacturer. Die-punched washers are used in transis- 
tors and diodes as insulators to protect against excessive heat. Small 
discs can be used as spacers in thermionic v acuum tubes, holding 
the tube elements in position while insulating the elements from 
each other. Condenser plates are die cut and coated with silver ink 
for electrodes in mica capacitors. 

Lathe-cut discs are used in liquid le vel in dicators, breathing 
apparatus, communication devices, and fuses. Because of tempera- 
ture and pressure resistance, thin-cut sheets provide excellent optical 
mediums for measuring liquid levels and steam pressure in boilers. 


Mica Capacitors 


Mica capacitors are produced from mica films. The highest quality 
films are used in the manufacture of capacitors for calibration stan- 
dards. Lower quality films are used in transmitting capacitors, and 
the lowest grades go into the production of receiving transmitters. 
The films are cut, cleaned, and sil vered on each side bya 

screen-printing process. The thickness of the mica film dictates the 
capacitance of the plates, and variations in the thickness of the sil- 
ver coatings control dissipation. The capacitors can consist of sin- 
gle or multiple layers of mica film for st acked units. The stacked 
units may be interlaced with silver foil, and capacitance is predeter- 
mined so the pr oper number of plat es can be use d. The plates are 
generally stamped with multiple patterns and teste d for electrical 
properties. Finished pr oducts can be dipped in varnish and treated 
under heat and pressure to achieve compactness. 


Flake Mica 


World production of flake mica far out-distances the production of 
sheet mica (Tables 2 and 4; Hedrick 2004). Although scrap and cut- 
tings from sheet mica production are a source o f mica flak e, the 
majority is produced by more co nventional means, either from 
mines operated solely for mica recovery or as a by- product from 
clay, quartz, and feldspar operations. Some of the mica flake is sold 
as-is for manufacture of micanite, mica paper, and others, b ut the 
majority of flake production is used to produce mica po wder via 
wet and dry grinding. 

Flake mica from scrap typically does not need an y type of 
beneficiation, being the result of cautious mining techniques and 
hand cobbing. Mica flake from scrap can go directly into a product 
or to grinding mills. 

Mica flake recovered from more conventional mining (i.e., by- 
product from feldspar, mined from pe gmatites, etc.) will require 
some method of extraction from run-of-mine ore. Common methods 
of extraction, after crushing and grinding, include gravity separation 
and flotation. 
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Exploration—Sheet Mica 


The spotty occurrence of sheet mica in pe gmatites and the unpre- 
dictable nature of the size, shape, and attitudes o f pegmatites pre- 
clude the de velopmentofasy — stematice xploratory drilling 
program. Drilling can only deline ate the pe gmatite and will not 
yield much information about the size, quality, or amount of mica 
present because sheet mica occu rs in rand omly scattered pock ets 
within the pe gmatite, making it difficult to detect its presence and 
establish any pattern of occurrence. The common method of sheet 
mica exploration is to sink a test pit in an effort to locate the mica, 
but this is costly and results are problematic at best. The quality of 
mica present, however, can be determined with enough certainty to 
give the miner reason to continue or abort the exploration program. 
The size, shape, and attitude of the pegmatite are often determined 
by stripping and trenching. Test pits can be selected in this fashion 
or information can be obtained to supplement the data from test 
pits. Another common method of exploring for sheet mica is to sink 
a shaft along the dip of the v ein or sink a v ertical shaft to cut th e 
vein at the desired depth. Experienced workers examine any large 
mica crystals found for quality (Chapman 1983). 


Exploration—Flake Mica 


Mica ranging from thumbnail to subs ieve size is found in weath- 
ered pegmatites, alaskites, schist (weathered and hard rock), gneiss, 
and clay deposits. The amount and quality of this mica are e valu- 
ated by conventional techniques, us ually involving core drilling at 
61-m intervals to establish the extent of the deposit. Once the possi- 
bility of a viable deposit is dete rmined, a closer drilling pattern is 
used. In pe gmatites, it is necessary to drillon 7.6-mcenters to 
determine the presence of x enoliths or roof pendan ts, more accu- 
rately defining the actual size of the ore body . Drill cores are usu- 
ally 3.8 to 7.6 cm in diameter and 15 to31 m long. The cores or 
drill cuttings are normally removed in 1.5-m segments. Auger drill- 
ing is sometimes used in soft material. However, it is very difficult 
to obtain a representative sample of a particular section when using 
this procedure because of the pr obability of intermixing foreign 
material with the vein material. 

Evaluating the cores is difficult and time consuming. Determin- 
ing the mica content by chemical analysis is of little help because the 
accessory minerals have the same elements. X-ray diffraction (XRD) 
can be used but is time consuming and expensive. Petrographic anal- 
ysis is also time consuming and its accuracy is questionable. A com- 
bination of flotatio n, mag netic separatio n, an d v anning has been 
found to be the most effective and least time-consuming method for 
determining mica content. 


Mining—Sheet Mica 

Sheet mica is recovered by either sinking a shaft along the st rike 
and dip of a pegmatite or by open-pit surface mining of semihard 
pegmatite ore. In either case, it is a very economically risky min- 
ing procedure because of the cost involved in locat ing the vein 
and the unpredict ability of the quality and quanti ty of the mica 

that might be reco vered once the vein is located and w orked 
(Chapman 1983). 

In underground mining, the main shaft is dri ven through the 
pegmatite at suitable angles to the dip and strik e using air drills, 
hoists, and explosives. Crosscuts and raises are developed to follow 
promising exposures of mica. When a pocket of micais found, 
extreme care is exercised in the removal to minimize damage to the 
crystals. Small explosive charges of 40% to 60% strength are care- 
fully placed around the pocket and care is exercised with the drill- 
ing procedure so the mica will not be penetrated. The charge is just 
sufficient to shake the mica free from the host rock. After blasting, 


the mica is hand- picked and placed in boxes or bags for transport- 
ing to the trimming shed where it is graded, split, and cut to various 
specified sizes for sale. 

Sheet mica is no longer mined in the United States because 
of the high cost of mining, the small market, and the high capital 
risk. Most sheet mica is mined in India, where labor costs are 
comparatively low and where there are rel atively fe w en viron- 
mental regulations. 


Mining—Flake Mica 


At the present time, flake mica is recovered in the United States 
from weathered pe gmatites, we athered a laskites, weathered mica 
schist, and unweathered alaskite and pegmatites. Flake mica is also 
recovered from sedimentary sources associated with kaolin depos- 
its in Georgia (Avant and Pick ering 2000). It is mined by conven- 
tional open-pit methods. In soft re sidual material, dozers, shovels, 
scrapers, and front-end loaders are used in the mining process. 
Trucks transport the ore to the processing plant. Often kao lin, 
quartz, and feldspar are recovered along with the mica. 

Hard-rock mining of mica-beari ng ore requ ires drilling and 
blasting. After blasting, the ore is reduced in size with drop balls 
and loaded on the trucks with shovels for transport to the process- 
ing plant, where mica, quartz, and feldspar are extracted. 

In earlier times, hydraulic mining w as common. Numerous 
mica washing plants or jigs dot ted the sides of the mountains in 
western North Carolina, Geor gia, and Ala bama. The soft, weath- 
ered mica ore was pushed into a pile with a dozer and washed with 
hydraulic hoses into the processing plant. 


Evaluation and Product Development 


As with all industrial minerals, several factors determine the te st 
program implemented in any evaluation project. The material to be 
tested could be from a new, unexplored deposit or from an existing 
operation seeking to develop a new market or create a value-added 
product. 

In developing a new or value-added product, much is already 
known about the material, an d the evaluation may be as simple as 
characterizing the product to determine if it can meet imposed spec- 
ifications for the targeted market. Some process development may 
be necessary if the material re quires modifications to conform to 
the specifications. 

For an unexplored deposit, the evaluation becomes more com- 
plex. Often, not much, if anything, is known about the deposit, and 
the development could require a mu Itistage project, including sev- 
eral stages of bench testing, foll owed by pilot-plant testing, and 
eventually flowsheet design and plant construction. 

Bench testing of a pre viously unexploited ore body begins 
with a preliminary program in which the feed is characterized and 
initial beneficiation tests are conducted. Caution must be exercised 
in obtaining a representative sample for any development program. 
Mica content and quality should be determined early in the de vel- 
opment phase so the process can be desig ned accor dingly (i.e., 
whether the mica is suitable for wet- or dry-ground products, which 
will influence the beneficiation approach). 

It isne vertoo early to begin investigating markets f or any 
potential p roducts, shipping options, and associated pricing. Good 
efforts in this area early in the development program can pay tremen- 
dous dividends | ater, particularly in establishing good relationships 
with possible consumers. 

Feed characterization includes chemical analysis, mineralogi- 
cal examination, and particle-size distribution of either the feed as 
received or cru shed ore, depen ding on the nature of the deposit. 
Chemical anal ysis and mineralogical da ta al low identification of 
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the minerals present, leading to identifying potential markets. The 
size distribution gives an idea to grindability and e xamining the 
size fractions will indicate liberation size. The latter is critical; as 
in most industrial mineral appli cations, mesh of grind is defined 
by product specifications and not ore properties, alt hough this is 
less critical with mica, especially those targeted for wet or dry 
grinding. 

Preliminary benef iciation tests identify the primary product, 
determine how the material will respond to various processing tech- 
niques, give some insight to possible mark ets, allow the process 
engineer to bec ome f amiliar with the mate rial, and manuf acture 
products ona small scale at relatively low cost. In most c ases, the 
focus is to produce the highest grade product possible, and yields are 
secondary. Obviously, a working knowledge of the markets and pric- 
ing, product specifications, and process costs is essential to properly 
assess resultant data, draw accurate conclusions, and make appropri- 
ate recommendations. 

Assuming t he pre liminary te sting has been successful (i.e., 
suitable product can be made, processing is reasonable from a cost 
standpoint, product yields are acceptable or can be improved, etc.), 
follow-up bench testing is recommend ed. The objecti ve of this 
phase should be optimizing product grades, recoveries, and costs. A 
small amount o f concentrate may be produced and submitted to 
potential customers for feedback. The possibility of producing sec- 
ondary products, or by-prod ucts, is studied in detail, although an 
experienced engineer will have a good feel for by-products from the 
initial testing. 

Although the preliminary and follow-up testing can b e per- 
formed in a single stage, the resu Itant data should be accurate and 
complete enough to begin a reasonable economic feasibility study. 
This should include both operating and capital costs, current prod- 
uct pricing, and other incidentals such as environmental permitting, 
tailings disposal, and air and water treatment when applicable. 

Pilot-plant testing is the next step in the development process. 
This stage proves the bench process on a continuous basis and pro- 
vides important scale-up data such as more exact equipment and 
water re quirements (percent solids, retention times, etc.). Process 
variables can be investigated, allowing the optimiz ation of operat- 
ing parameters an d product g rades and reco veries. Tailings and 
water treatment, becoming ever more important in new operations, 
can be thoroughly investigated, allowing these treatment circuits to 
be properly designed. 

The pilot plant can produce tonnage of pr oduct for the mor e 
stringent mark et e valuations of ten required by the e ventual con- 
sumers of the product. It is not uncommon for a new raw material to 
go through a qualification process performed by the consumer. This 
evaluation can range from the c onsumer determining k ey product 
characteristics in their own laboratory to actually using the product 
on a trial basis in their manufacturing facility. For the latter, several 
tons of product may be requested. 

Sufficient tonnage for market evaluations is especially critical 
for industrial minerals and, in particular, mica products. Although 
market specifications may be defined, performance can often be the 
determining factor. Producing concentrate for thorough market test- 
ing will allow a full evaluation of performance before costly plant 
design and construction. 

The pilot plant can provide an excellent training grou nd for 
future operators. In industrial mineral plants, particularly if flota- 
tion is involved, variations in the operating parameters can signifi- 
cantly af fect produ ct quality . Because prod uct consisten cy is 
critical, operators should be aware of the key parameters, ho w to 
maintain them, and ho w to reco gnize cause-and-effect disruptions 
so they can be corrected without major loss of production. 
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Figure 2. Typical flowsheet for mica flotation 


Because finances will be the f inal justification for proc eeding 
with an y development, all bench, pilot-plant, and econo mic data 
must be reliable, and a lack of experience or proper information can 
be fatal to the investors. This again stresses the importance of match- 
ing the raw material to proper markets and processes based on prod- 
uct specifications, ore characteristics, and all associated costs. 

Figure 2 d epicts aco mmon flo wsheet fo r reco vering mica 
from hard alaskite ores and weathered pegmatites via flotation. The 
run-of-mine ore is subjected to primary crushing using jaw crush- 
ers, followed by secondary cone crushing. The cone is typically 
operated in closed circuit with a screen at 14 mm (4 in.) to ensure a 
constant feed size to the stockpile. Stockpili ng of the crushed ore 
allows the mine and crushing circuit to operate on an 8-hour day, 
5 days per week schedule while maintaining the plant’s capability 
of operating 24 hours per day, 7 days per week. 

The 14-mm ore is fed at controlled rates into rod mills for pri- 
mary grinding. Rod mill discharge reports to screens, or more com- 
monly hydrosizers, to classify the ground slurry at 20 mesh. The 
oversize, or +20 mesh, reports to secondary grinding in ball mills 
and returns to the h ydrosizer to close down the circuit. The under- 
size, or —20 mesh, serves as process feed. 

Sizer overflow is pumped through cyclones to wash out fines 
(—200 mesh), which is essential to maintain product specifications 
on downstream products. The cyclone underflow is thickened and 
subjected to attrition scrubbing at 65% to 75% solids, preparing the 
feed for flotation. 

Scrubbing serves multiple purposes, including removing sur- 
face staining and dispersing an y clays or slimes that may be 
present, andcr eates fresh partic le surfaces for the flotation 
reagents. Flotation of mica, lik e most nonmetallic minerals, relies 
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on the creation of specific surface charges, making surface prepara- 
tion of the particles via attrition scrubbing essential for ef ficient 
performance. 

The scrubbed pulp go es through a second c yclone step to 
remove additional f ines and clays freed by scrubbing and to 
rethicken the pulp for conditioning. Figure 2 shows acid circuit flo- 
tation using sulfuric acid to decr ease pH to 3.0 or less. An amine- 
type reagent is used as the primary collector, and #2 fuel oil may be 
used as an additive. These primary reagents are added to a mixing 
tank, or conditioner, to ensure complete exposure of the minerals to 
the reagents. 

An alternative reagent scheme allows flotation in basic circuit 
(pH = 7.5 to 8.0 ), although it is not as selective as the acid circuit 
flotation. This reagent schedule requires a second conditioning step 
and uses caustic soda in the first conditioner as the pH regulator. A 
highly refined tall oil (DRL) is also added in the f irst conditioner 
along with an amine collector. Calcium lignin sulfate (Goulac) is 
added as a depressant in the second conditioner. 

A frother is added to the conditioned pulp on entering the flo- 
tation cells. The frother is typically an alcohol-based surfactant that 
reduces the surface tension between the particles and air b ubbles, 
aiding the attachment efficiency. 

Flotation of mica is typically a rougher and cleaner step, with 
the rougher flotation product (froth product) reporting to a second 
set of cleaner cells to remove additional gangue minerals. The final 
cleaner froth product, or mica concentrate, will pass across a f ine 
screen (80 to 100 mesh) to r emove any sands that may ha ve been 
entrapped in the froth. Rougher tailings can be further processed to 
recover other mineral values. 

The screened mica product can be filtered and dried, or simply 
pumped to drain bins to lo wer the m oisture cont ent. F lake mica 
recovered via flotation, either acid or basic circuit, is used primarily 
as feedstock for dry grinding. Although consu mers of wet-ground 
mica prefer products void of any chemical additions, floated flake 
has been used as f eed for wet-ground mica in the absence of suffi- 
cient scrap supplies. 

Figure 3 shows a typical flowsheet for recovery of mica flake 
via gr avity sep aration. Spir al separators are the equipment of 
choice; they take advantage of shape factor and density differences 
between the mica and sand. 

Feed preparation is similar to the flotation process, involving 
primary and secondary crushing and grinding followed by classify- 
ing toa pr edetermined size (8 to 20 mesh). The ground pulp is 
pumped to a bank of rougher spirals to produce a preliminary mica 
concentrate. The rougher product is pumped or gravity fed to a sec- 
ond bank of cleaner spirals to remove additional sands, p roducing 
the final mica product. This final product is dewatered in drain bins 
and used as feed for wet ground or high-quality dry- ground mica 
powder. The spiral tails may report to flotation processing for th e 
recovery of additional mica and other mineral values. 

Spiral concentration offers several advantages to the mica flake 
producer. No chemi cals are used i n the process, thus pr oducing a 
concentrate suitable for wet grinding if the mica properties are com- 
patible. The spirals, using shape and density, also produce a coarser, 
more delami nated product, lea ving the “book y” mica flak es in t he 
tailings for flotation recovery. Recovery of the coarser, highly delam- 
inated flake produces an excellent feed for the grinding process. 

A third and less used p rocess for flake recovery is pneumatic 
concentration. The U.S. Bureau of Mines developed the Zig Zag 
concentrator using air flow to separate the mica from sands. It con- 
tains both a rougher and cleaner zone, each with separate air flows, 
and the final concentrate is collected from cyclones. Figure 4 pre- 
sents a conceptual schematic of a Zig Zag installation. 
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Figure 3. Typical flowsheet for gravity concentration 


The Zig Zag separator is essentially an air classifier for coarse 
particles. The shape and density of the mica as co mpared to sands 
allow the mica to act asa smaller particle than equivalently sized 
sand when introduced into an elutriation type of environment. There- 
fore, in closely sized fractions of mica-bearing ore, the mica particles 
will react as a finer particle, thus allowing it to report as an overflow 
product and the heavier sands drop out as an underflow product. 

The Zig Zag concentrator has the advantage of operating dry, 
thus no water or chemicals are required, and can produce flake suit- 
able for wet grinding if the mica properties are applicable. Because 
it performs on ane lutriation principle, it c oncentrates mica that 
already possesses a high de gree of delamination at a coarse size, 
which is advantageous to producing high-grade ground products. 

To be effective, the Zig Zag separator requires a feedstock that 
is relatively high grade, containing coarse mica that is already some- 
what delaminated. Any “booky” flake will react as a larger particle 
and report with the sands, thus limit ing recovery. The fee dstock 
must also be cl assified into narrow size fractions before separation 
for the elutriation principle to be effective. This requires not only 
multiple screens but also multiple Zig Zag units to treat the various 
size fractions. 

The United States is one of the w orld’s leading producers of 
flake m ica, u sing al | th ree bene ficiation processes pre viously 
described in some capacity. Table 11 shows estimates for U.S. pro- 
duction and value by state for 2001 and 2002 (Hedrick 2002). 

Whatever beneficiation process is used to reco ver the flak e 
mica, it is vital that the mica pr operties be d efined early in the 
design phase. If the mica is suitable only for dry grinding, then 
any of the processes can be used. However, if the mica is targeted 
for wet-grinding appli cations, using surf ace-altering chemicals 
should be avoided and process options should be defined accord- 
ingly (i.e., gra vity or p neumatic separati on). Man y op erating 
plants use spiral separation on coarser ore and flotation to recover 
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Figure 4. Conceptual schematic of a Zig Zag installation 


Table 11. Flake mica production in the United States 


2001 2002 
State Quantity, t Value, $ Quantity, t Value, $ 
North Carolina 51,000 3,890,000 40,000 3,130,000 
Others” 47,000 4,100,000 41,000 4,240,000 
Total “98,000 7,990,000 —81,000_—7,370,000 


* Includes production for Arizona, Georgia, New Mexico, South Carolina, 
and South Dakota. 


finer mica, producing flake for both wet and dry grinding. Table 
12 shows a general classification of ground mica by size and use. 


Dry-Ground Mica 


Dry-ground mica is pro duced from flak e and scrap mica by size 
reduction in hammer mills and fluid-energy mills. Each produces a 
size-specific product for different markets. A micron ized product, 
produced in specialized fluid-ener gy mills, is an extremely fine- 
sized powder. 

Hammer mills produce a relatively coarse product. Mica flake 
or scrap is fed to the hammer mill, followed by classification. The 
mill can be run in cl osed circuit with an air classifier, but screens 
are used more often because of the coarse product sizes. 

A first scalping screen returns coarse mica back to the mill for 
additional grinding. It is not uncommon for the hammer mill to 
contain graded sieves to repl ace the scalping screen, which allows 
the mica to remain in the mill until it reaches a specific size. The 
undersize reports to a series of screens to produce sized products 
for various applications. Figure 5 shows a typical hammer mill 
setup. 

Hammer-milled mica has typical top sizes of 2 to 30 mesh and 
is suitable for coarser applications such as drilling muds, welding 
rods, roofing shingles, constructio n fillers, auto components, and 
some pe arlescent pigment ap plications. Be neficiated fl ake mi ca 
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Table 12. General classification of ground mica products 


Grade Mesh Size Typical Use 

Coarse flake 6 Oilwell drilling, artificial snow 

Medium coarse flake 10 Decorative, Christmas decorations, 
display materials 

Fine to coarse flake 16 Concrete block fillers, refractory brick, 
gypsum board, asphalt roofing, shingles 

Coarse to fine powder 30 Metal annealing, absorbent in 
explosives, disinfectants 

Medium fine powder 60 Welding electrodes, cables and wire, 
foundry works, pipeline enamel, 
lubricants, adhesives 

Fine powder 100 Textured paints, acoustical plasters, 
ceiling tiles 

Superfine powder 325 Paints, plastics, rubber, paper 


Source: Skillen 1992. 
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Figure 5. Typical hammer mill setup 


(flotation concentrates, gravity se parated) can also serve some of 
these markets without requiring additional grinding. 

Fine-powdered dry-ground mica and “superfine” micronized 
mica are produc ed in flui d-energy mills. These mills use a st ream 
of high-velocity gas to force collision of the mica flakes, resulting 
in breakage and grin ding through p article-to-particle impact and 
attrition to sizesf inerthan 100mesh. Commercial units are 
equipped with air classifiers to return coarse mica back to the grind- 
ing chamber. 
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Figure 6. Cross-section view of a typical fluid-energy mill 


Controlling temp erature, com position, and humidity of th e 
gas stream allows other functions to be incorporated into the size- 
reduction process, includin g drying. Many dry -ground producers 
prefer to feed the mica flake at moisture contents of 10% to 15%. 
Using superheated steam allows for very fine particle size reduction 
and is used to produce micronize d mica. Figure 6 sh ows a cross- 
section view of a typical fluid-energy mill for grinding mica flake. 


Dry-Ground Products 


The largest consumption of dry-ground mica (—100 mesh) is in joint 
compounds for w allboard. This in dustry consumed ab out 59% of 

U.S. dry- ground products in 2002 (Hedrick 2002). The mica is a 
cost-effective filler and surface agent in the cement, which fills the 
joints between panels and is used as a finish coat on ceilings. It acts 
as a reinforcing pigment that reduces penetration into poro us sur- 

faces and enhances the mixing and troweling properties of the com- 
pounds. Mica’ s natural heat re sistance, m echanical and t hermal 
strength, and lo w moist ure absorption make it an ide al filler for 

joint compound applications. 

Dry-ground mica’s low bulk density and nonabrasive, noncom- 
bustible properties mak e it ane xcellent filler in gypsum w _allboard 
panels, and an ef fective replacement for asbestos. It provides good 
thermal insulation and sound absorption as well as fire resistance— 
all desirable properties in wallboard panels. 

Coarse, ha mmer-milled m ica and be neficiated flake is an 
additive in drilling muds that prevents loss of circulation and seep- 
age in] oose-rock forma tions. It se rves as anef fective se alant 
because of its plate structure, facilitating the overlapping of parti- 
cles to bridge openings. It also aids in keeping solids in suspension, 
critical to maintaining or regaining circulation. Various particle-size 
distributions are used to pre vent specific types of circulation loss 
associated with different rock formations. 

About 15% of d ry-ground micais consumed in the paint 
industry, which is the second largest market (Hedrick 2002). The 
micais a pigment e xtender t hat enhances susp ension, reduces 
chalking, prevents shrinkage and shearing of the paint film, bright- 
ens color tones, and increases resi stance to w ater penetration and 
weathering. It also increases the paint’s adherence to all types of 
surfaces. Dry-ground products are used extensively in te xture and 
traffic paints where slip and sheen are not as important as in high- 
quality paints. 

High-quality flake (low iron content) is used in pearlescent 
pigments, providing luster in paints and other decorative products. 


It imparts excellent reflective and refractive effects because of its 
high index of refraction, creating a “mother -of-pearl” appearance 
that can range from white to silver to a multitude of colors, varying 
in texture from a silky luster to a glittering sparkle. 

In 2002, the plastics industry consumed more than 5% of dry- 
ground mica production (Hedrick 2002). Mica in plastics serves as an 
inert filler and extender, especially in automobile parts such as fend- 
ers. It acts as a reinforcing material, providing improved mechanical 
properties and increased strength, stiffness, and dimensional stability 
while su ppressing sou nd and_ vibration. Mica-r einforced plastics 
exhibit reduced warpage and superior surface properties when com- 
pared to other fillers and have proved to be effective replacements for 
more expensive fiberglass in many plastics. 

Both hammer-milled powder and ground powder are used in 
the manufacture of rutile-based welding rods. The mica is added as 
a flux to prevent slag formation and increase arc stabilization. The 
mica helps form a fu sible slag and produces a goo d seal at the 
fusion zone of the arc. It also provides resistance to the harmful 
effects of oxidation from heat and other gases. The properties con- 
tributed by the mica to the flux coating will influence the quality of 
the welding rod. 

Mica is used as an asbestos-free substitute to enhance sound- 
proofing of acoustical tiles and automobile floors and f ire-wall 
mats. The mica offers multiple advantages in these applications by 
not only reducing noise b ut also se rving as a vibr ation absorbent 
and flame retardant. 

The natural properties of mica make it an ideal substitute for 
asbestos-free friction materials used in applicat ions such as brake 
shoes and clutch plates. Because mica is not br ittle like other inert 
materials and is stronger than iron, it will reinforc e, stiffen, and 
harden the products, imparting strength to pr event ruptures and 
reduce warping. Its plate structure allows the mica to lock together 
under compression in all types of conditions. 

Dry-ground mica is used in asphalt roofing shingles and rolled 
roofing, as a surf ace coating to prevent sticking of adjacent layers. 
Dusting the products with mica powder during fabrication improves 
venting of gases during vulcanization. In a related market, mica is 
used as a mold lubricant in the manufacture of auto tires. It retains 
sulfur while permitting air and mo isture to escape during curing, 
creating auniform pore stru cture that impro ves resiliency and 
reduces shrinkage. 

Other uses of dry-ground mica include decorative coatings on 
wallpaper and UV protection in concrete, stucco, and tile surfaces. 
It is used in fire extinguishers to keep the powder free-flowing and 
prevent packing inside the container. When added to certain gas- 
kets, mica powder can reduce shrinkage and increase resistance to 
swelling from organic liquids and oils. 


Wet-Ground Mica 


Almost all industrial applications of mica benef it from the grinding 
process, which enhances its phys ical properties. These properties 
improve pr oportionally to the de gree of del amination that occurs. 
Because wet grinding produces superior delamination as opposed to 
dry grinding (more breakage), wet- ground products possess signifi- 
cantly better properties and thus higher pricing than dry-ground prod- 
ucts. Although economics of wet versus dry grinding can dictate the 
use of the lower priced dry-ground products, as requirements in com- 
posite reinforcement, cosmetics, and paints become more stringent, 
wet-ground products will become more essential. 

The majority of wet-grou nd mica is produced in chaser-type, 
or Muller, mills. Although some producers claim proprietary grind- 
ing methods that produce good wet-ground products, the Muller 
mill has proven itself over time to create superb delamination, and 
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remains a popular choice for wet-ground mica. Figure 7 sh ows a 
typical wet-grinding flowsheet using the Muller mill. 

Muller milling of mica is a batch proc ess in which the mil 1 is 
charged with a predetermined tonnage of mica flake. Water is added 
to the mill to forma paste consistency of 25% to 30% moisture. 
Grinding periods, which are determined thro ugh extensive labora- 
tory tests, can range from 6 to 10 hours. Additional w ater may be 
required throughout the grinding period because heat from friction 
and grinding energy will evaporate the moisture from the batch. 

Following the grinding, the mica is flushed from the mill into 
a sluice box t hat removes coarse grit or sand. Depending on the 
mica feed grade, this step may not be required. 

The slu ice box dischar ge is pu mped to a series of settling 
tanks to recover the ground mica. Initial settling may last only a few 
hours, with the overflow reporting to a se cond settling tank that 
could have a retention time of up to 24 hours. Underflows are com- 
bined and treated for additional dewatering with f ilter presses or 
centrifuges. The final overflow is typically lost as waste. 

The filter cake, or centrifuged product, is conveyed to a dryer. 
Indirect heat dryers, such as stea m tube dryers, are usually used to 
minimize losses of fine mica and prevent discoloration. Direct heat 
dryers, or air-swept dryers, result in e xcessive losses of the finest 
product. 

The dried mica normally passes through a hammer mill, sand 
mill, or other type of attritioner to break up any clumps that form 
during dying. It is then screened to remove coarse mica, which can 
be returned to the mill for the ne xt grind ing period. The screen 
undersize is packaged for market, or reports to further classification 
or chemical treatment to produce specific products. 

A major challenge in producing wet-ground mica is the dewa- 
tering and recovery of the finest mica, which more often than not is 
the best product. It is not unusual for fine losses to range between 
15% and 20 % by weight of the f inal product. Because the use of 
surfactants and flocculants is avoided to prevent altering the mica’s 
surface properties, much of this fine mica is lost in the settling tank 
overflows. This has resulted in the use of long settling times. 


Wet-Ground Products 


Uses of wet-ground mica o verlap some dry-ground mark ets, and 
include paint, rubber , coatings, plastics, se alants, and so forth. 
Some exclusive uses of wet-ground mica are in cosmetics, pig- 
ments, powder coatings, and wallpaper. 

The largest use of wet-ground mica is the paint industry, partic- 
ularly automotive paints. Asaf iller inc oating formulations, the 
plate structure of mica adds beneficial rheological properties, rein- 
forcing the paint film during drying and reducin g oxidation effects, 
as well as thermal expansion and contraction. Adding mica to paints 
also increases flexibility, reduces cracking, and improves adhesion. 
The mica is compati ble with all pigments and is easily wetted with 
oils, thinners, w ater,orem ulsions, becoming e venly di spersed 
throughout the paint film. In exterior paints and roof coatings, mica 
provides UV protection by reducing light penetration, and improves 
weathering by controlling moisture and gas permeability. 

In paints and coatings, wet- ground mica can be used as- is for 
filler and extender, or can be coated to be a substrate for pigments, 
creating a variety of special ef fects from high lusters to pearles- 
cence to two-tone metallic finishes. The high aspect ratios created 
via the wet-grinding process enhances these special effects. 

The ability to highly delaminate produces near -transparent 
plates that are ideal for the adherence of coatings and light refrac- 
tion. The mica brightens the tone of color ed pigments while trans- 
mitting and reflect ing light, imparting decorative ef fects and 
increasing gloss mo reef fectively than irregular o rsp herically 
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Figure 7. Typical wet-grinding flowsheet using the Muller mill 


shaped particles. Controlling the plate thickness can impart different 
effects. Thin mic a plates enhance the pearlescent e ffects, whereas 
thicker particles add to luster finishes by creating interference colors 
and adding depth to the finish. 

Coating mic a with me tal oxides creates nacreous pigments, 
imparting a high index of refra ction that e nhances pearlescent or 
metallic effects. Coating the mic a with TiO2 produces white nacre- 
ous pigments. The color effects can be supplemented by overcoating 
the titanium-c oated mica with other colorants suc h as iron oxide 
(yellow), ferrocyanide (blue), chromium oxide (green), and carmine 
(red). Specialty coatings combined with the natural enhancem ent 
properties of the wet- ground mica allow for the spectacular colors 
seen on many of today’s automobiles, and also find uses in leather 
coatings, powder coatin gs for applian ces and outdoor furn iture, 
printing inks, and marine paints. 

Mica that is surf ace modified with silane can improve its 
performance in paints and plastics. The silane acts as a coupling 
agent to form a molecular bridge across the or ganic binders and 
inorganic fillers of composites to create stronger and more stable 
bonds. Th ese bo nds, whic h are water and chemical resist ant, 
improve the adhesion properties, prevent moisture penetration for 
improved durability, and transfer strength from t he mica to the 
resins for better strength and stiffness. Altering the surface from a 
hydrophilic to hydrophobic state impr oves dispersion properties, 
making the mica more compatible with a wider variety of binders 
and resins. 

Wet-ground mica is widely used in the cosmetics ind ustry to 
produce lipsticks, eyeshadows, nail po lish, fo undation make-up, 
soaps, and other bath and bo dy products. Cosmetic grades require 
Food and Drug Administration (FDA) approval under the Code of 
Federal Regulations (CFR 2002). Because it is inert, nontoxic, and 
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noncarcinogenic while imparting spec tacular decorative effects, it 
is an ideal additive to skin-care products. 

Mica can be added as-is or surface coated, much the same as 
in paints and plastics. Mica coated with titanium dioxide, iron and 
zinc oxides, bismuth oxychloride, and o ther colorants serv es as 
brilliant pigments in cosmetic formulas. Coatings with iron oxide to 
absorb light, and a furth er coating of interference color to reflect 
light c reates tw o-tone ef fects th at appear to cha nge color as the 
angle of light changes. 

Particle size of the mica plays a role in the appearance of cos- 
metics. Smaller sizes create a sm ooth sheen, medi um-sized parti- 
cles impart a satin finish, and la rger particles gi ve a sparkling 
effect. The mica’s relatively low coefficient of friction improves the 
spreadability and hiding power, and will disperse readily in most 
dry formulations. 


Mica Powder Quality 


Whether ground wet or dry, the quality of mica powders are deter- 
mined by the following criteria and test procedures: 


¢ Percentage retained on 200 and 325 mesh is measured as fol- 
lows: with a combination of wet and dry screening, a weighed 
amount of mica powder is wet screened through a 325-mesh 
sieve and the +325 mesh is dried and weighed. The residue is 
placed on a rack of 200- and 325-mesh sieves and ro-tapped 
for 20 min. The amount of mica _ retained is weighed and 
recorded. Results are presented in weight percent retained and 
cumulative p ercent passing. The total —32 5 mesh includes 
both the wet- and dry-screened fines. 


¢ Bulk density of mica powder is measured using a Scott-White 
volumeter with a 2.54-cc cube. For coarser micas such as oil- 
well grades, a 7.6-cc cube, 12.7 cm on a side, is employed. 


¢ True specific gravity is measured with an air comparison pyc- 
nometer. Accepted values can also be measured with conven- 
tional glass p ycnometers usi ng distilled w aterasth e 
displacement liquid. 

¢ Chemical analysis can be determined by any reliable method, 
including atomic absorption, x-ray fluo rescence, or wet 
chemistry. 


Free crystalline silica is determined down to 1% using XRD. 


Moisture is d etermined on a_ weighed 50-g sample dried at 
110°C. After drying, the samp le is reweighed and moistur e 
content—reported as weight pe rcent—is calculated from the 
difference. 


% moisture = [(wet wt. — dry wt.)/wet wt.)] x 100 


¢ The inde x of refractionis determined using petrographic 
microscopy and immersion oils of known refractive indices. 

¢ Oil absorption is determined according to ASTM Test D-28 
(Gardner rub-out method). A 5-g sample of mica is placed on 
a smooth glass plate and linseed oil is added drop-wise from a 
burette with constant mixing with a spat ula. When the mica 
becomes saturated with oil toapoint where the mixture 
begins to curl when the spatula is scraped across the mica, the 
end point has been reached. The amount o f oil is recorded, 
and results are reported as grams of oil per 100 Ib of mica. 

oil absorption = 
(20x mm of oil x oil specific gravity)/45.45 


The brightness of the mica _is determin ed by a photo volt 
reflectance meter (manufactured by the Photovolt Company, a 
division of Soragen) or other suitable reflectance meters using 
a green filter (550 pm). The mica powder is prepared by press- 
ing it into a smooth layer, avoiding any cracks or voids. 


¢ The surface area can be measured with any of several surface 
area analyzers on the market. 


The grit content is an indicator of the amount of “sands” con- 
tained in a flak e or p owder mica product. Altho ugh used to 
evaluate the grade of ground products, it is also used to deter- 
mine the mica content of beneficiated concentrates. 


Grit content of fine mica powder is determined by se t- 
tling and decan tation. A weighed amount of mica ( 50 g) is 
mixed in 1 L of water and allowed to settle for 15 sec, fol- 
lowed by decantation of one half of the suspended solids. The 
mixture is diluted again to a volume of | L and is d ecantated 
after 15 sec. The procedure is repeated until the decanted 
slurry begins to become transparent. The procedure proceeds 
using 10-sec settling times until clear water is decanted. The 
settled residue, or grit, is co llected, d ried, weighed, and 
reported as percent grit. The collected grit may be screened on 
70 mesh to report the size of the grit. 


Another meth oduses a Frant z Isodynamic sep arator, 
which is a high-intensity electromagnet capable of multiple set- 
tings. Used primarily on benef iciated concentrates between 16 
and 140 mesh, ithas pro venef fective in separating mica, 
biotite, and sand, allowing an accurate measurement of concen- 
trates grades. 


Grit content of coarse micas can be determined by v an- 
ning methods. A 25-g sample of mica is placed on a vanning 
plaque or a 21.6 x 28 cm piece of rough cardboard. The mica 
is vanned, allowing the sand to roll a way from the mica via 
shape f actors, and the separation is judg ed visually. Both 
products are collected and wei ghed to determine the weight 
percent of grit. 


The aspect ratio, or the width- to-thickness ratio, can be mea- 
sured with electron microscope image analysis, although this 
method is often not reproducible. Laser diffraction techniques 
are providing more reliable and repeatable measurements. 


Table 13 p resents estimates on U.S. production of wet- and 
dry-ground mica powder by use for 2001 and 2002 (Hedrick 2002). 
Approximate values are included. 

The information in T able 1 3 sho ws th at wet-ground mica 
enjoys significantly higher pricing in the marketplace compared to 
dry-ground powders. The 2002 pricing shows wet-ground products 
selling at an average price of $960/t, whereas dry- ground averaged 
$180/t. Average pricing for 2003 (not shown in Table 13) increased 
slightly to $1,000/t for wet-ground mica and $200/t for dry-ground 
products. It is also noteworthy that other uses, which accounted for 
21% of sales, contributed 44% of the t otal value. T hese sma ller 
markets averaged significantly higher unit pricing than all others at 
$627/t. Table 14 reports 2002 pricing. 

Comparatively, Industrial Minerals magazine reports October 
2004 pricing as follows (Anon. 2004a; in U.S. dollars): 


¢ Indian micronized—300 to 545/t 

¢ Indian wet ground—500 to 1,000/t 
¢ India dry ground—200 to 430/t 

¢ U.S. dry ground—210 to 400/t 

¢ U.S. wet ground—S535 to 1,300/t 

¢ U.S. micronized—535 to 930/t 

¢ U.S. flake—250 to 480/t 


Transportation 


Mica is shipped by truck or railroad. Maximum truckload shipments 
are considered to be 20.4 t; maximum rail shipments are 27.2 t. Bulk 
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Mica 


Table 13. Amount and value of ground mica produced in the United States in 2001 and 2002 


Joint compound 


2001 
End Use Tons Value, $ Unit, $” 
46,000 8,100,000 178 
Paint 20,000 8,030,000 407 
Plastics 3,000 947,000 290 
Drilling muds 4,000 422,000 102 
Othert 17,000 10,600,000 629 
Total “89,000 “28,100,000 “314 
Grinding Method 
Dry Ww Ww 147 
Wet Ww Ww 77\ 
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2002 

Tons Value, $ Unit, $ 
58,000 10,600,000 183 
15,000 3,880,000 266 
5,000 2,270,000 465 
wt WwW 209 
21,000 12,900,000 627 
98,000 29,400,000 302 
Ww Ww 180 
Ww Ww 960 


* Represents average price per ton. 


t Data withheld to avoid disclosure of proprietary data. 


+ Other uses include electrical insulation, roofing, rubber, textile and decorative coatings, welding rods, and miscellaneous uses. 


Table 14. Mica pricing in 2002 by type 


Type Price, US$ 
North Carolina dry ground 230-400/t" 
North Carolina wet ground 535-1,300/t" 
North Carolina micronized 535-930/1" 
North Carolina flake 250-480/t" 
U.K. dry ground 350-465/t 
U.K. wet ground 900-1,050/t 
U.K. micronized 450-610/t 
Indian dry ground 230-432/t 
Indian wet ground 400-1,000/t 
Indian micronized 362-545/t 
India mine scrap for mica paper 245-365/tt 
South Africa dry ground 325-355/t, 20-60 mesht 
South Africa muscovite sheet 9-80/kg8 
Phlogopite block 14.95/kg 
Phlogopite splittings 4.89/kg 


Adapted from Harben 2002. 
* free on board (f.0.b.) plant 
Tt f.0.b. Chennai 
$ f.0.b. Durban 
§ f.0.b. port 


truckloads and bulk rail shipments are also made to avoid extra costs 
for palletizing, bagging, and shrink wrapping. Mica is usually pal- 
letized and shrink wrapped for shipment. 


Future Trends 


Many mica mark ets are dri ven by construction, housing starts 
(wallboard, joint compounds, paints), and consumer durable goods 
and thus depend ono verall econom ic conditions anda __ healthy 
gross national product (GNP). U.S. Census statistics (a vailable at 
http://www.census.gov) indicate ano verall i ncrease i nh ousing 
starts in the United States for 2002, 2003, and 2004, but an increase 
in U.S. mica production has not been reflected because of foreign 
imports. Recent natural disasters in the United States in 2004 and 
2005 may provide a boost in rebuilding and damage repair. 

An informal survey of mica producers and consumers sho ws 
an optimism for wet-ground mica because inroads have been made 
into the plastics and pigments markets, providing a good profit mar- 


gin, anda_ solid mark et is antic ipated for the near future. Less 
enthusiasm is sho wn fo r dry- ground mica because pricing has 
become stagnant. 

An aggressive campaign for U.S. energy independence could 
result in increased demand for drilling mica related to oil and g as 
exploration, but this would largely be tied to pending decisions of 
current political administrations, both domestically and internation- 
ally. Of f-shore exploration and access to protected wildlife and 
environmental preserves could increase demand. 


Alternative Products 


Substitutions for flake and mica powder are not possible in applica- 
tions that tak e adv antage of th e unique properties that the mica 
imparts to the end product. In certain applications where the mica 
acts primarily as a filler, some lightweight aggregates such as diato- 
mite, vermiculite, or perlite might be used. Sand and talc have been 
used as a substitute in roof ing shingles because of lower pricing, 
but the shingle quality suffers. Talc can also be used in place of 
mica in some lower quality paints as well as mold releases. Boron 
nitrate, a relatively new cosmetic additive, can replace mica and 
provide many of the same qualities. 

Sheet mica substitutes are numerous, particularly in electrical 
and insulation uses. These substitute materials include acrylics, cel- 
lulose acetate, fiberglass, nylon, phenolics, polyester, styrene, and 
vulcanized fiber. Trade name products that might be used in place 
of the sheet mica include Benelex, Delrin, Duranel, Kapton, Kydex, 
Lexan, Lucite, Mylar, Plexiglass, and Teflon. 


GOVERNMENT AND LEGISLATION 


Allowance of Deduction for Depletion 

The U.S. Internal Re venue Code (1997) allows a deduction based 
on the depletion of natural resources for most mining op erations. 
According to the code, th e depletion allowance for mica is quoted 
at 22% for operations within the United States. The allowance for 
depletion under Section 611 is applied to the gross income from the 
property, e xcluding an amounte qual toan yro yalties paid or 
incurred by the taxpayer, although such allowances must not exceed 
50% of the taxable income from the property computed before the 
allowance for depletion. 

Mining, as defined in Section 613 of the same code, includes 
not only the extraction of the ores from the ground but also depos- 
its of waste and r esidue th at are re claimed for mineral v alues. 
Also included are the treatment processes and transportation of 
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the minerals from the point of extraction from the ground to the 
plants and m ills thati snot greater than 80.5km(50 miles). 
Exceptions for transports greater than 80.5 kmcan_ be grant ed 
under special circumstances. 


Environmental Regulations 


Mica mining, like any mining operati on, is subjec t to | ocal, state, 
and federal regulations. The Mine Safety and Health Administration 
(MSHA) moni tors mica minin g operations for con formance to 
safety standards. Most states have labor departments that mirror the 
function of MSHA. Both state air and water environmental agencies 
together with the U.S. En vironmental Prote ction Agenc y (EP A) 
oversee air and water quality issues associated with mica mining. 

Most states have land management departments that regulate 
dam safety, erosion, sedimentation, andr eclamation. All mines 
must control ero sion and sedime ntation and are responsible for 
restoring mined-out areas. Most rec lamation is ac complished 
through backfilling, contouring, and seeding operations. In cases 
where this is impractical or undesirable, lakes for water recreation 
may be built. The U.S. Army C orps of Engineers has jurisdiction 
over any lands that are designated as wetlands. 


Code of Federal Regulations 


Mica po wders as color additi ves have been included in the CFR. 
Section 7 3.1496 (2002) lists specifications for mica powder as a 
color additive in drugs. Although exempt from certification, the stat- 
ute lists limits on particle size at 100% passing 10 0 mesh; loss on 
ignition (at 600° to 650°C) at less than 2%; lead at less than 20 ppm; 
arsenic at less than 3 ppm; and mercury at less than 1 ppm. 

Section 73.249 6 (2 002) of the same code addresses cos- 
metic-grade mica. Although no specifications are listed, cosmetic- 
grade mica po wder as acolor additi ve is appro ved and e xempt 
from certification. Effective November 26, 2002, Subpart D of the 
same code (Medical De vices), the FD A amended color a dditive 
regulations to pro vide for the sa fe use of mic a-based pearlescent 
pigments in contact lenses. 


Government Stockpiles 


The U.S. go vernment maintain sa National Defense Stockpile 
(NDS) of strategic minerals that includes muscovite block, film, and 
splittings. The National Defen se Act for fiscal year 2 003 ( Public 
Law 107-314), enacted into law in December 2002, reauthorized the 
transfer of funds from the NDS Transaction Fund for operation and 
maintenance of the NDS. 

The bill authorized the disposal of 22,880 kg of all mica types 
classified as excess to goal. Stocks of mica classified as excess to 
goal at the end of fiscal year 2002 were not subjected to disposal 
limits. Excess fiscal year 2002 NDS mica stocks were 10,144 kg of 
muscovite block, 506 kg of mica film, and 12,230 kg of phlogopite 
splittings. 
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Nepheline Syenite 


Virginia T. McLemore 


INTRODUCTION 
Nepheline sye nite is a light-colored, medium- to coarse-gr ained 
holocrystalline, silica-deficient, feldspathic, plutonic igneous rock 
largely made up of nepheline, sodium feldspar (albite), and alkali 
feldspar (orthoclase, microcline), but no quartz. Nepheline syenites 
are essentially syenites that are unde rsaturated in silica. Crystalliz- 
ing from magma undersaturated in silica results in the formation of 
nepheline instead of albite feldspar (Harben 2002). Trace minerals 
include sodalite, augite, ae girine, biotite, hornblende, sphene, zir- 
con, iron oxides (magnetite), apatite, garnet, muscovite, corundum, 
and other minerals rich in alkalis or in rare earth elements (REEs). 
Commercial nepheline syen ites typically are highinalumin a 
(>23%), low in silica (<60%), low in iron (<2% Fe203), and high in 
alkalis (NazO + K20 >15%). 

As a raw material, nepheline syenite is used in manufacturing 
glass, ceramics, and flatware (Allen and Charsley 1968; O’ Driscoll 


Table 1. Major worldwide nepheline syenite mines and deposits 


1990; Potter 1990; Bourne 1994; Guillet 1994). The major com- 
mercial deposits for glass and ceramics use are in Ontario, Canada, 
and North Cape, Norway (Tables 1 and 2; Figure 1). The lar gest 
production of nepheline syenite, however, is from four operations in 
Russia for manufacture of alumina with by-products of s odium, 
potassium, and portland cement (Table 3). Russian deposits are gen- 
erally too high in iron for use in glass and ceramics. Deposits else- 
where in the world have been min ed for predominantly local use 
(Tables 1 and 2; Figure 1), but little information is available about 
these operations. 

Phonolite, the fine-grained equi valent of nephe line sy enite, 
has been e xploited in France, Germany, and the Czech Repu blic 
(Bolger 1995). Because of its fine grain size, however, phonolite is 
difficult to upgrade to a high comm ercial standard. Material con- 
taining 2% to 5% Fe 03 can be used in the manufacture of colored 
glass and some ceramics. 





Mine Company Mining Method Startup Date Capacity, tpy Comments 
Khibiny, Kola, Russia Apatit Production 3 open pit, 1929 1,500,000 Apatite with by-product nepheline syenite 
Association 2 underground produced 
Lovozero massif, Kola, na” na na na By-product of REEs production from syenite, 
Russia urtite 
Kiya-Shaltyr and na na na na Aluminum production from urtite and ijolite 
Goryachegorsk, Siberia 
Blue Mountain, Havelock, | Unimin Corporation Open pit 1955 700,000 Crush, magnetic separation, sizing, fine 
Ontario grinding 
Blue Mountain, Nephton, — Unimin Corporation Open pit 1936 Included Crush, magnetic separation, sizing, fine 
Ontario with Havelock grinding 
Mine 
North Cape, Stjernoya, North Cape Minerals AS — Underground 1961 330,000 Nepheline syenite 
Norway (owned by Unimin) 
Fourche Mountain, 3M Company Open pit 1947 Roofing granules, construction aggregates 
Arkansas, United States 
Canaan, Rio de Janeiro, Unimin Corporation 1980 134,000 Litchfieldite 
Brazil 
Sichuan, Shuiye, Anyang, — Fineton Industrial Minerals | Under development 1994 35,000 100,000 t of ore 
Henan Province, China Ltd. 
Bursa Orhaneli, Turkey Matel Hammade Open pit na na AO Mt of nepheline syenite 
San ve Tic AS 
South Africa Quarries na na Crushed stone, nepheline syenite 





Adapted from Woolley 1987; Industrial Minerals 2003. 


* na = not available. 
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Table 2. Potential nepheline syenite deposits worldwide 


Deposit 


Predominant Lithology Comments 





French River, Ontario, Canada 
York River, Ontario 
East Road, Ontario 


Nepheline syenite gneiss 
Nepheline pegmatites 


Nepheline syenite gneiss 


Examined in 1980-1984 
Small quarries 


No development 


Coldwell, Ontario 

Ice River, British Columbia, Canada 

Trident Mountain, British Columbia 

Mount Copeland, British Columbia 

Obedjiwan, Gouin Reservation, Quebec, Canada 
Wind Mountain, New Mexico, United States 
Table Mountain, Oregon, United States 

Gardar (llimaussag, Gronnedallka, Igaliko), southern Greenland 
Loch Borolan, Scotland 

livaara Complex, Finland 

Koga, Pakistan 

Pouzac, Pyrenees, France 

Norra Karr, Sweden 

Brenk, Eifel, Germany 

Foya, Sierra de Monchique, Portugal 

Zelenice, Mast, Czech Republic 

Kaleiber, Azerbaijan, and northern Iran 

Jabal Sawda, Saudi Arabia 

Jabal Abu Khurug, Egypt 

Arroya Grande, San Carlos Mountains, Mexico 
Meponda, Mozambique 

Australia 

Cameroon 

Congo 

Angola 


Nepheline syenite 
Nepheline syenite 


Nepheline syenite gneiss 


Nepheline syenite 
Nepheline syenite 
Nepheline syenite 
Nepheline syenite 
Nepheline syenite 
Nepheline syenite 
ljolite, melteigite 
Nepheline syenite 
Pyroxene foyaite 
Nepheline syenite 
Phonolite 

Foyaites 

Phonolite 
Nepheline syenite 
Nepheline syenite 
Nepheline syenite 
Nepheline syenite 
Nepheline syenite 
Nepheline syenite 
Nepheline syenite 
Nepheline syenite 
Nepheline syenite 


Examined for nepheline syenite 
43 Mt delineated 

None 

None 

Preliminary tests 

Underground mine proposed; property is for sale 
None 

Exploration for REEs 

None 

No development 

Planned capacity of 28,571 t 
None 

Exploration 

Mined for colored glass 
Development 

Minor production 

Ceramics and glass production 
Exploration 

26 Mt 

Exploration 

4.3 billion t 

None 

None 

None 


None 





Adapted from Woolley 1987; Industrial Minerals 2003. 


Nepheline syenite is used in products other than glass and 
ceramics. Its high-str ength and weather-resistant properties allow 
for uses as roof ing granules, ro ad m aterials, rip rap, as well as 
asphalt and concrete aggregate (Allen and Charsley 1968; McLem- 
ore and Guilinger 1993, 1996; Guillet 1994; McLemore, Guilinger, 
and Oumiette 1994; McLemore et al. 1996a). Because nepheline 
syenite has high brightness, inertne ss, and easy wetting an d disper- 
sion in parent formulations, it is desired in pigment s and fillers. Its 
UV attenuation characteristics and resistanc e to weat hering make it 
suitable for use as roofing granules by blocking sunlight and prevent- 
ing degradation of an asphalt roof. Fines are used as a colorizing and 
fluxing agent in the manufacture of brick and as compaction fill. 
For local needs, nepheline syenite is used as dimension and crushed 
stone. Its lack of quartz, or free silica, and relative hardness enables 
nepheline syenite to be used as a _silica-free abrasive. Other potential 
uses include as fertilizer, ingredients in refractory cement, and paper 
(Allen and Charsley 1968). 


PRODUCTION AND TRADE, RESOURCES, AND RESERVES 


Nepheline syenites ar e found throug hout the world (Figure 1, 
Tables 1,2, and3 ; Allen and Charsley 1968; Woolley 19 87; Platt 
1996), but only a fe w deposits are suf ficiently low in iron, or have 
iron in a form that could be inexpensively removed, for use in glass 
or ceramic manufacture. Magnetic separation, however, after drying 
and crushing can reduce the dark iron -mineral content. Production 
of nepheline syenite for glass and ceramic use is mostly from mines 


at Blue Mountain, Havelock, an d Nephton, Ontario; and North 
Cape, Norway, where resources are adequate to meet future needs 
(Table 1). The world’s lar gest nepheline syenite deposit is on the 
Kola Peninsula in Russia and is mined for alumina. Other deposits in 
the world, some of which have had test shipments or minor local 
production, have been explored (Tables 1 and 2), but no known sig- 
nificant production has occu rred, except for uses other than glass 
and ceramics. Other uses are typically included in aggregate produc- 
tion, and se parate figures are not readily a vailable. Because com- 
mercial nepheli ne syenite isahigh-b  ulk, lo w-cost mat erial, it 
typically needs to be located near appropriate transportatio n and 
within reasonable distance of potential markets. 


GEOLOGY 

Mineralogy 

In North America, typical nepheline syenite consists of approxi- 
mately 25% nepheline, 55% sodium _ feldspar (alb ite), and 20% 
potassium feldspar (microcline). In No rway, typical nepheline 
syenite co nsists of 34 % nepheline, 5 6% potassium feldspar , and 
10% biotite and pyroxenes. The most common of the feldspathoid 
minerals, nepheline is nominally a sodium aluminosilicate with the 
formula NaAlSiO4, but potassium invariably substitutes for a por- 
tion of the so dium. The amount of potassiu m (K 20) in natural 
nepheline ranges from 2.5% to 10% (3% to 12% K2O) by weight. 
In an alkali-rich magma deficient in silica, nepheline will crystal- 
lize, instead of albite and quartz. Accessory or trace ir on minerals 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 









































Nepheline Syenite 655 
: : ° EF Ga Lovozero Qs 
Trident Mountain Xx ° cS North Cape, massif 
Stjernoya . 
°o fivacra Kiya-Shaltyr, pecs 
le ; eo 
oc ‘arr ichuan, Shui 
Gardar —_Borolan P, Ve : sthoen ones 
Mount Copeland Coldwe 0 
Table Mountain [© Ice River Blue Mountain o 
Foya 2) 
Wind Mountain 
Arroya Grande 
— 
Canaan, 
Rio de Janeiro 
South Africa KRustralia = 
O Prospect Z| 
@ Producer, past producer 
Figure 1. Nepheline syenite mines and deposits worldwide 
such as corundum, zircon, or other refractory minerals are undesir- Table 3. Production of nepheline syenite, by country, t 
able. Other feldspathoid minerals in nepheline syenite include leu- South 
cite, sodalite, and crancrinite. Year Russia Canada Norway Turkey Africa’ 
Chemical Properties 1980 nat 599,699 217,000 na na 
Like feldspar, nepheline syenite provides alkalis that act as a flux to ee) oe 587,565 223,000 a nm 
lower the mel ting temperature of a glass or ceramic mixture, which 1982 ne 952,838 224,000 na na 
prompts f aster mel ting and sa ves fuel (Allen an d Ch arsley 1 968; 1983 na 523,249 219,565 na na 
O’Driscoll 1990; Potter 1990; Bourne 1994; Guillet 1994), It also 1984 na 520,640 225,731 na na 
improves the workability of the glass batch by lowering the viscosity, 1985 na 467,186 227,465 na na 
and it imparts a unique quality of toughness to the glass, which 1986 iG 467,491 218,421 a na 
makes it more resistant to breakage. The alumina in nepheline syen- 1987 Aa 506,415 240,000 Fes ne 
ite hanes seis to taco = oe sales thermal 1988 Pe 539,835 287,000 na ay 
endurance, and increases chemical durability. The low iron content 1989 be 555,728 na 6,000 e 
provides the necessary white ness of the po wdered material utili zed 
ji : 1990 na na 306,000 6,000 na 
for clear glass and o ther end uses, such as fiberglass, extender pig- 
ments, and fillers. 1991 na 486,000 292,000 6,000 20,966 
Nepheline sy enite has ahigher alumina/alkali ratio (37%, 1992 1,500,000 = 566,000 340,000 6,000 ng 
compared to 30% in so dium feldspar and 32% in potassium feld- 1993 1,390,000 549,000 315,000 6,000 _ 
spar), which means less material is required to a chieve the same 1994 1,500,000 602,000 279,000 18,000 98,667 
fluxing action (Saller 1999) . With rising temperature, the alkalis 1995 1,500,000 616,000 294,000 35,000 145,459 
become more active and first dissolve the clay particles and then the 1996 1,300,000 606,000 300,000 na 137,706 
free silica (Saller 1999). 1997 940,000 647,000 += 310,000-S-114,201_—-:114,201 
= Minor amounts of iron are observed in the alkali feldspars 1998 889,000 636,000 319,835 11,500 104,000 
a ae sy et a eer ae con Peet are 1999 772,000 676,000 304,592 He 82,000 
quently higher in sanadine than in orthoclase and microcline, whic 2000 814,000 717,000 330,000 * “ 
typically contain <0.2% Fe. The ir on content is related to magma 
2001 na 734,000 330,362 na na 
temperature. 
2002 na 724,000 330,461 na na 


Structure 


Nepheline belongs to the hexagonal crystal system, and the structure 
is based on six-member rings of silica tetrahedra, with apices alter- 
nating in directio n, forming hexagonal and polygo nal voids. Al** 
replaces Si** in som e of the tet rahedra and therefore c ompensates 





Adapted from Guillet 1994; Bolger 1995; Levine 1995, 1996; Minister of 
Industry 1999, 2001; Levine and Wallace 2000; British Geological 
Survey 2002; Gurmendi 2002; Kuo 2002; Natural Resources of Canada 
2003; Taylor et al. 2003; Chapman et al. 2004. 

* Production from South Africa was for crushed and broken stone. 


tna = not available. 
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Figure 2. Petrographic classification diagram 


Table 4. Physical and chemical properties of feldspars and 
nepheline 





Chemical Refractive Specific Mohs 
Mineral Formula Index Gravity Hardness 
Orthoclase KAISi3Og 1.52 257 6 
Microcline KAISi3Og 1.53 2.54-2.57 6 
Albite NaAlSi30g 1,53 2.62 6 
Anorthite CaAl2Si2Og 1.58 275 6 
Nepheline (Na, K)AISiO4 1.54 2.6-2.65 5.5-6 





Adapted from Ciullo and Robinson 2003. 


the charge balance prod uced by Na * and K * substitution. Unlike 
feldspars, Na* can be e xchanged with a H * ion, making nepheline 
syenite less acid stable than feldspar. 


Physical Properties 


Nepheline syenite has a high stre ngth and excellent weather-resis- 
tant properties, which are usef ulintheconstru ction industry . 
Whiteness and brigh tness are considered to be some of it s be st 
properties for c eramics. Table 4 summarizes other properties of 
nepheline and feldspar. 


Origin of Deposits and Modes of Geologic Occurrence 


Most nepheline syenites are alkaline igneous rocks with a magmatic 
origin. The volcanic equivalent is phonolites. Some of the Canadian 
deposits were metamor phosed du ring v arious regional tectonic 
events. A metasomatic origin also has been suggested for older 
deposits (for example, the Iivaara deposit in Finland; Kramm 1994). 
Nepheline syenites typically occur as components of relati vely 
shallow complexes in well-defined rift-related continental pro vinces 
(Platt 1996). Some oceanic-plume nepheline syenites are found in the 
Atlantic, Indian, and Pacific oceans. Like most feldspathoidal rocks, 
nepheline syenites are associat ed with undersaturated plutonic and 


volcanic rocks (Woolley 1987; Guillet 1994). They are found in dif- 
ferentiated alka line-ring comple xes associated with carbonatites, 
kimberlites, alkaline gabbros, and miaskitic syenites, and character- 
ized by a_ specific met asomatic alteration of the adjacent country 
rocks called fenitization. In some areas, layered agpaitic (peralkaline) 
syenite intrusions are common. Nepheline syenites can form the bor- 
ders of satellitic stacks associated with syenites or granites. In Can- 
ada, nepheline syenit e gneisses, usually associated with nephel ine 
pegmatites, are com mon. Alkaline comple xes containing nephel ine 
syenites are generally small and discordant and were emplaced by 
simple stoping along ring fractures or ot her weak zones in the host 
rocks (Platt 1996). 


Terminology 


Alkaline rocks seem to have as many specific names as there are geo- 
graphic occurrences. This extensive and comple x terminology has 
led to some confusion in the literature as to what might constitute a 
potential economic nepheline _ syenite deposit . The International 
Union of Geological Sci ences (I(UGS) Subcommision (Le Mai tre 
1989), ho wever, establ ished th e termin ology o f alk aline r ocks 
according to the QAPF (Quartz, Al kali feldspars, Plagioclase feld- 
spars, Feldspathoid minerals) diagram (Figure 2) as the following: 


Foid-bearing alkali feldspar syenite 


Foid-bearing syenite 


Foid syenite 


Foyaite—nepheline syenite composed of equal amounts of 
nepheline and potash feldspar and ha ving a fo yaitic or tra- 
chytic texture produced by the platy feldspars (other terms are 
used locally [Currie 1976; Le Maitre 1989; Guillet 1994]) 
Ditroite—which contains nepheline, microcline, biotite, aegir- 
ine, and soda amphibole 


Litchfieldite—a c oarse-grained, slightly fo liated nepheline 
monzonite composed mainly of nepheline, albite, and potash 
feldspar with minor biotite 


Theralite—an oli vine nepheline g 
andesine, nepheline, and pyroxene 


abbro compo _ sed of 


Urtite—a plutonic rock containing more than 70% nepheline 
with some ae girine—augite but no feldspar; urtite has a col or 
index of less than 30 (out of a possible 100) 
Melteigite—which contains ae girine an d1 ess th an50 % 
nepheline 


Tjolite—a plutonic rock containing less than 70 % nepheline 
with an equal amount of pyroxene 


Jacupirangite—a nepheline g abbro or alkali p yroxenite com- 
posed of titanium-rich aegirine—augite, biotite, magnetite, and 
subordinant nepheline 


Phonolite—a f ine-grained volcanic rock consisting of 
nepheline and alkali feldspar. 


Nepheline syenite gneisses—found in metamorph ic terranes; 
show true gneissosity and mi neral layering with granoblastic 
texture 


Agpaitic—used to describe peralkaline nepheline syenites that 
contain com plex Zr- and Ti-minerals suc h as eudi alyte and 
mosandrite, also known as lujavrites (Le Maitre 1989) 


DISTRIBUTION OF MAJOR DEPOSITS 


Typically associated withal kaline or carbonatite comple _ xes, 
nepheline syenites receive a great deal of academic and economic 
interest w orldwide. Th ey can be fo und wi th ph osphate (apati te), 
REEs, niobium-tantalum, uranium— thorium, co rundum, and _ other 
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Table 5. Comparison of chemical compositions of nepheline syenite, % 

York River Mount 
(Nepheline Copeland, livaara Loch Jabal Jabal 

Khibiny, Gneiss), Obedjiwan, British (Ijolite), Borolan, Norra Karr, Sawda, Abu Khuruq, 

Oxide Russia Ontario Quebec Columbia Finland Scotland Sweden _— Saudi Arabia Egypt 
SiO2 54.01 41.73 54.65 56.9 46.15 48.19 56.37 50.3 63.49 
TiO2 1.20 0.29 1.07 0.55 0.38 1.75 0.01 0.07 0.03 
Al2O3 21.05 27.48 20.91 21.0 15.7 18.52 24.95 25.8 20.56 
Fe2O3 2.60 1.84 2.38 2.6 6.59 4.51 0.31 1.39 1.2 
FeO 1.80 4.52 3.79 2.6 na* 1.68 0.20 0.46 na 
MgO 0.77 1.24 Ta 0.7 5.52 1.12 0.07 0.18 0.18 
CaO 1.80 6.78 0.56 1.6 14.16 10.29 0.25 1.46 0.64 
K20 5.30 3.16 7.2) 6.1 2.61 8.05 5.20 4.48 5.99 
Na2O 9.50 11.05 6.25 7.9 7.24 3.44 11.73 9.38 7.48 
MnO 0.17 trace 0.06 0.24 0.18 na 0.05 0.06 0.24 
P2O5 0.09 0.14 0.05 0.02 0.77 na 0.01 0.03 0.04 
CO? na 0.93 0.64 0.2 na na na na na 
Loss on ignition (LOI) 1.14 0.52 1.14 ‘0:5 0.93 3.45 0.1 5.93 na 
Total 99.43 99.68 99.82 100.51 100.23 101.00 99.25 99.54 99.85 





Adapted from Shand 1939; Baragar 1953; Tilley 1953; Lehijarvi 1960; Currie 1976; Liddicoat, Ramsay, and Hedge 1985; Hosterman, Patterson, and Good 1990; 


Landoll, Foland, and Henderson 1994; Industrial Minerals 2003. 
* na = not available. 


types of economic deposits. Economic nepheline syenite deposits for 
glass and ceramic use, however, are rare because few are low enough 
in iron content and refractories. In addition, these deposits are not 
typically found in the vicinity of other types of economic deposits. 
Nepheline syenite from the Khibiny Complex on the Kola Peninsula 
in Russia is recovered for the manufacture of aluminum, a by-product 
of apatite production. Some nepheline syenite deposits that are poten- 
tially suitable for glass and ceramic use are not currently economic 
because they are too far from potential markets or the available trans- 
portation facilities are inadequate. The major deposits that have pro- 
duced or are producing nepheline syenite are listed in Table 1; other 
deposits are listed in Table 2, many of which have had minor produc- 
tion. Many additional deposi ts are found in the w orld (Allen and 
Charsley 1968; Woolley 1987), but they are remote from markets or 
little information is available at the current time. 


Major Deposits 
Russia 


In Russia, Apatit Production Asso ciation produces ap atite and 
nepheline syenite from the Khibiny Complex, the w orld’s lar gest 
phosphate deposit and the largest agpaitic nepheline syenite com- 
plex. Annual capacity is 1,500,000 t of nepheline syenite (Le vine 
and Wallace 2000). The unique apatite—nepheline deposits of the 
Khibiny Complex, discovered in 1924 and mined since 1929, are a 
major source of v ery high-grade phosphate, aluminum, and por t- 
land cement using nepheline concentrates from the apatite tailings. 
The 362- to 377-Ma domed comple x is approximately 40 km 
in diameter (Figure 3; Kramm et al. 1993) and composed of several 
intrusive phases emplaced in the following succession: (1) alkaline- 
ultrabasic rocks, represented by relics of ultrabasic rocks and early 
ijolite; (2) la rge int rusions of agp aitic nepheline syeni te (a lso 
known as khibinites) in the outer arc and the core; (3) la te ijolite 
and urtite; and (4) carbonate stock. Apatite-nepheline deposits are 
associated with the ijolite—urtite that forms an arc approximately 
100 m thick and 11 km long within the agpaitic ne pheline syenite 
(Guillet 1994; Dudkin and Tyapina 1997). The deposits consist of 
10% to 80% nepheline; 15% to 75% apatite; 1% to 25% ae girine; 
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Adapted from Atzamastsev 1994. 
Figure 3. Geology of Khibiny Complex, Russia 


and 5% to 12% sphene, titanoma gnetite, and f eldspar (Notholt 
1979; see Table 5 for a chemical analysis of nepheline syenite from 
various areas of the world). 

Mining operations consistof four facilities, an apati te— 
nepheline beneficiation complex consisting of two plants, and auxil- 
iary facilities. The Apatit Production Association has 11 e xplored 
deposits of apatite-nepheline ore, with total ore reserves of more than 
3.6 billion t. The deposit s are developed by tw o open-pit and three 
underground mi nes at Y ukspor, Kiro vsk Saami, R udnik Rasvu m- 
chorr, and Tsent ralny (Figure 3) . Production from two additional 
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Adapted from Hewitt 1961. 
Figure 4. Geologic map of the Blue Mountain nepheline syenite 
deposit, Ontario 














open pits, Koashva and Ny orkpakh, has occurred in the past. Pilot 
tests to produce ti tanium-silicon pigment from sphene concentrate 
have been successful (Dudkin and Tyapina 1997). 

Nepheline syenite is a by-product of REEs production from the 
Lovozero massif on the Kola Peninsula. The massif, 351 to 371 Ma, 
is a layered suite consisting of eudialytic syenite and alternating lay- 
ers of fo yaite, urtite, luja vrite,and associated rocks (Vla_ sov, 
Kuz’menko, and Yes’kova 1966; Kramm et al. 1993). Loparite is the 
predominant REE mineral mined. 

At Kiya-Shaltyr and Goryac hegorsk mines in Siberia, 
nepheline is recovered from urtites and ijolites and used for produc- 


ing alumina (Levine and Wallace 2000; Kuzbass Chamber of Com- 
merce and Industry 2002). 


Ontario 


Blue Mountain, Havelock, and Nephton in Ontario are the lar gest 
nepheline syenite deposits f or glass and ceramics i ndustries in the 
western hemisph ere. Appro ximately 5 8 km no rtheast of Peter- 
borough in Methuen Township, they are reachable by both highway 
and railroad andare probably the f irst operations mined for 

nepheline syenite in North America, with production beginning in 
1935. When Unimin Cor poration p urchased the deposit from 

Indusmin Di vision of Falconbridge Ltd. in 19 90, it became the 
world’s largest supplier of nepheline syenite and feldspar. Reserves 
are estimated at 19 Mt wi th large resources available for future 
exploration (Dawson 1961; Turek and MacGregor 1984). 

The Blue Mountain and Nephton nepheline syenites are part 
of an 1,280-km belt of nepheline syenite gneisses in the Grenville 
Province of southern Ontario. The origins of this belt are controver- 
sial, with theories ranging from primary alkaline igneous origin to 
metamorphic to metasomatism (Payne 1968; Currie 1976). 

The Blue Mountain nepheline syenite gneiss, 1,285 Ma, is a 
very homogeneous body forming a teardrop-shaped mass approxi- 
mately 2,130 m long and 1 ,000 m w ide (Figure 4) (Krough and 
Hurley 1968). Epidote-amphibolite—grade metasedimentary rocks 
surround the deposit. The nepheline syenite is zoned with a core of 
hornblende nepheline syenit e su rrounded by biotite neph eline 
syenite and m arginal outer zones of nep heline-poor musco vite 
syenite. Typically, the nepheli ne syenite is foli ated to ma ssive, 
coarse- to medium-grained white rock with a gra nitic texture that 
consists of albite (50% to 54 %), micr ocline ( 20%), neph eline 
(22% to 30%), 4% mafic minerals, and other accessory minerals, 
including ae girine—augite, a ndradite, bioti te, calcite, cancrinite, 
corundum, hastingsite, hornblende, magnetite, muscovite, riebeck- 
ite, and zi rcon. Because of it s homogeneity, medium- to coarse- 
grain size, and low iron content, the deposit is economic (Table 6). 


Norway 


At North Cape, Stjernoya, Norway, 10 Mt of nepheline syenite have 
been produced on Stjernoya Island since 1961 when Norsk Nefelin, 


Table 6. Chemical composition of unprocessed, raw nepheline syenite from Blue Mountain, Ontario, % 





Muscovite Nepheline Hastingsite-Biotite Biotite Andradite- Muscovite-Biotite | Nepheline-Biotite- Nepheline 
Syenite Gneiss  Nepheline Syenite Nepheline Nepheline Syenite Nepheline Syenite Muscovite Gneiss,  Syenite Gneiss 
Oxide (Quarry) Gneiss Syenite Gneiss Gneiss Stony Lake (Quarry) 
SiO2 58.4 58.72 58.57 58.69 59.68 58.79 58.84 
TiO2 0 0.01 0.05 0.01 0 0.03 0 
Al2O3 24.8 23.07 23.68 22.70 23.48 23.77 23.26 
Fe2O3 0.75 0.93 0.66 1.31 0.59 1.06 1.43 
FeO 0.46 0.91 0.90 0.67 0.37 0.81 0.53 
MnO 0.01 0.04 0.02 0.04 0 0.04 0.05 
MgO 0.14 0.03 0 0.07 0.21 0.04 0.03 
CaO 0.59 0.53 0.35 0.56 0.26 0.41 0.66 
K2O 4.34 9:23 5.82 4.61 4.68 4.42 4.75 
Na2O 10.48 10.20 9.57 10.51 9.52 10.69 10.09 
H20 0.42 0.42 0.31 0.19 0.66 0.28 0.19 
P205 0.01 0.01 0.07 0.01 0 0.02 0.01 
CO2 0.10 0.14 0 0 0.04 0.05 0.13 
Total “100.50 “100.24 “100.00 - ~99.37— 99.49 “100.41 99.97 





Adapted from Hewitt 1961; Currie 1976. 
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Adapted from Guillet 1994. 
Figure 5. Geologic map of the North Cape nepheline syenite, 
Stjernoya, Norway 


a division of Elk em-Spigerveket AS, began min ing underground 
(Geis 1979) on Stjernoya Island. A series of mer gers and acqu isi- 
tions resulted in Unimin Corporation acquiring the property in 1993 
from North Cape Minerals Co. (which had bought it from Norsk 
Nefelin). Even though Stjernoya is 400 km above the Arctic Circle, 
the warm waters of the Atlantic Gulf Stream keeps the ports free of 
ice all year. The nepheline syenite is used in glass and ceramics. 

The deposit is lens shaped, 1,700 m by 300 m in size (Figure 5), 
and consists of weakl y foliated biotite— and hornblende—pyroxene— 
nepheline syenites, which cont ain feldspar (56%); nepheline and 
minor plagioclase (34%); hornblende (0.3% to 2.5%); biotite (2.5% 
to 6%); ae girine (1.3% to 3.8%); calcite, clinop yroxene, titanite 
(trace to 1.2%); and magnetite (Geis 1979). Associated rocks include 
alkaline pyroxenites, carbonatites, and fenites. Chemical analyses are 
given in Table 7. Reserves exceed 300 Mt (Geis 1979). 


Other Deposits in North America 


French River, Ontario. Also known as B_ igwood-Rutter or 
Bigwood, this deposit lies near the northeast corner of Georgian Bay 
straddling the French River and consists of nepheline syenite gneiss 
within an alkaline syenite complex that is 975 Ma (Hewitt 1961). 
The more northerly Rutter ne pheline syenite is coarse to medium 
grained, granoblastic, moderately foliated to massive and consists of 
salmon pink nepheline (12% to 49%); white albite (16% to 40%); 
pink microcline (6% to 22%); perthite (3% to 56%); and hastingsite 
(1% to 24%); with ae girine—augite, apatite, biotite, titanite, zircon, 
magnetite, and opaque minerals. Ap proximately 5,000 m by 500 m 
in size, it contains numerous small pegmatitic segregations. 

The southern French R iver nepheline syenite is similar b ut 
contains only 12% to 25% nepheline; 40% white albite; 30% white 
microcline; 10% biotite; and less hastingsite, with minor graphite, 
zircon, p yrite, and ma gnetite (He witt 1961). Itis approximately 
4,000 m by 700 m in size and strongly foliated. Syenite completely 
surrounds both nepheline syenites. Chemical analyses are given in 
Table 8. The nepheline syenite is intruded by pegmatites containing 
sodalite, cancrinite, and molybdenite. 

When Steep Rock Resources Inc. examined the deposits dur- 
ing 1980 to 1984, it found flotation methods to be most effective in 


Table 7. Chemical composition of raw and processed nepheline 
syenite from North Cape, Stjernoya, % 








Stjernoya, Stjernoya, Glass Grade Ceramic Grade 

Norway Norway after after 
Oxide (Pyroxene) (Biotite) Processing Processing 
SiOz §2.73 52.37 57.0) 57.0 
TiO2 0.51 1.14 na” na 
Al2O3 23:7 | na 23.8 23:8 
Fe2O3 1.90 na 0.10 0.12 
FeO 1.89 1.10 na na 
MgO 0.24 3.11 na na 
CaO 2.54 8.30 1.3 1.1 
K2O0 8.08 6.87 na na 
Na2O 7.78 0.61 7.9 7.8 
MnO 0.06 0.25 9.0 9.1 
P2O05 0.01 0.05 na na 
CO2 0.77 1.88 na na 
LOl 0.26 0.26 na na 

Total 100.48 75.74 99.10 98.92 





Adapted from Guillet 1994. 
* na = not available. 


Table 8. Chemical composition of nepheline syenite deposits from 
French River, Ontario, % 








French River _ French River Rutter Rutter 
Oxide Raw Product Raw Product 
SiOz 56.35 62.2 59.03 61.7 
TiO2 0.16 0.01 0.03 0.01 
Al2O3 20.31 22.0 21.81 22.2 
Fe2O3 2.66 0.08 2.34 0.18 
FeO 4.09 na* 1.34 na 
MnO 0.18 0.00 0.03 0.00 
MgO O.11 0.08 0.06 0.07 
CaO 1.69 0.33 0.53 0.44 
K2O0 4.86 4.45 4.36 4.42 
Na2O 8.31 10.2 10.78 10.5 
H2O 0.69 na 0.15 na 
P2005 0.04 na 0.02 na 
CO2 0.67 na 0 na 
Total 100.02 99.35 100.48 99.52 





Adapted from Hewitt 1961; Guillet 1994. 
* na = not available. 


removing the iron minerals. Since 1991, SGS Lak efield Research 
has tested some of the material. 

York River, Ontario. Nepheline gneiss w as quarr ied in se v- 
eral areas for ceramic or aluminum use, but the high calcium proba- 
bly makes it undesira ble f or ceramic manuf acture (Currie 1976). 
The 903-Ma gneisses form thin east-dipping sheets in between gra- 
nitic and gabbroic rocks. The upper portion of the layered bodies is 
leucocratic. Table 5 gives chemical analyses. 

East Road, Ontario. East of Bancroft, this deposit c onsists 
of two broad bands of nepheline gneiss within hybrid syenite. 
The 900-Ma nepheline gneiss cont ains nephelin e, plagioclase, 
biotite, and corundum, and a scapolite nepheline gneiss is present 
(Currie 1976). Nepheline-bearing pegmatites with minor biotite, 
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Table 9. Chemical composition of unprocessed, raw nepheline 
syenite from the Ice River Complex, British Columbia, % 








Nepheline Sodalite 
Oxide Ijolite Urite Syenite Syenite 
SiOz 43.7 43.5 53.9 54.4 
TiO2 1.2 0.19 0.11 0.20 
AlzO3 25.8 26.2 23.1 21.9 
Fe2O3 1.6 1.1 0.8 2.0 
FeO 3.7 2.1 0.8 0.9 
MnO 0.15 0.5 0.05 0.11 
MgO 2.7 0.4 0.1 0.8 
CaO 5.4 97 1.6 1.3 
K20 4.5 49 8.8 6.3 
Na2O 99 10.4 7.8 10.7 
P2O5 0.09 0.05 0.00 0.01 
CO2 0.8 0.3 0.1 0.2 
Total 99.54 99.34 97.16 98.82 





Adapted from Pell 1987. 


Table 10. Chemical composition of raw and processed nepheline 
syenite from Fourche Mountain, Arkansas, % 








Blue Syenite Gray Syenite 
Blue Syenite, | Gray Syenite, after after 
Oxide Hornblende Biotite Processing Processing 
SiO» 60.3 60.8 61.2 61.9 
TiO2 1.1 1.2 0.3 0.2 
Al2O3 19.9 19.6 21,5 21.1 
Fe2O3 47 4.3 0.9 0.2 
MgO 1.2 0.9 na” na 
CaO 13 0.8 na na 
K2O 5.3 5.9 na na 
Naz2O 6.3 6.7 na na 
LOl 0.1 1.3 na na 
Total 100.2 101.5 83.9 83.4 





Adapted from Guillet 1994. 
* na = not available. 


hornblende, calcite, garnet, zircon, galena, apatite, and molyb- 
denite were prospected for nepheline and corundum. No eco- 
nomic development has occurred. 

Coldwell Complex, Ontario. About 375 km northeast of Sault 
Ste. Marie near Lake Superior, this deposit is 25 km in diameter 
and was examined for nepheline (Woolley 1987). The rock types 
that make up this complex are 1,108 Ma and consist of gabbro, fer- 
roaugite syenite, syenite to sye nodiorite, biotite g abbro, nepheline 
syenite, granite and quartz syenite, as well as hybrid syenites (Shaw 
1997). The complex consists of three o verlapping ring complexes 
that become progressively younger to the southwest. The 
nepheline-bearing rocks, including nepheline syenite, form a ring in 
the western part of the complex and vary in texture from allotrio- 
morphic granular to porph _yroclastic t o mosa ic gra nuloblastic 
(Mitchell and Platt 1982). 

Ice River, British Columbia. An alkaline ultramafic complex 
approximately 23 km south of Field, this deposit is located near and 
in the Yoho and Kootenay national p arks. This deposit was origi- 
nally closed to mineral prospecting because of its location , b ut 
recent “right to access” legislation introduced in British Columbia 


has redefined the area as “Special Management,” and, with careful 
planning, economic de velopment within property boun daries is 
allowed (Currie 1976; Termuende and Geo 1998). 

In the 18-km-long U-shaped Ice River complex, two distinct 
suites are present: (1) an early, rhythmically layered, jacupirangite 
(feldspar free), ijolite, and urtite, cored by acarbonatite plug and 
crosscut by carbonatite dikes rich in mafic silicates and oxides; and 
(2) a later zoned and crosscu tting syenitic series, associated with a 
zeolite and feldspar-bearing carbonatite. Graded layers are 10 to 
200 m thick and nepheline increases toward the top of each layer 
and with dif ferentiation, e xcept for the last carbonatite intru sion 
(Currie 1976; Termuende and Geo 1998). Ijolites predominate and 
consist of clinopyroxene, n epheline, phlogopite, magnetite, and 
sphene. Urt ites a re coarse grained, foliated, and consist of 
nepheline with lesser aegirine and minor amounts of wollastonite, 
kaersutite, melanite, albite, sphene, calcite, and apatite. 

A thin rim of saturated fine-grained leucosyeni te in c ontact 
with the country rocks surrounds the comple x. The syenites are 
unlayered, forming an elliptica 1 pipe-like mass, zoned from a 
greenish sodalite syenite core through pale gray nepheline syenite 
to darker-colored mafic-rich rocks at the margin. Chemical compo- 
sitions are in Table 9. App roximately 43 Mt of nepheline syenite 
have been delineated (Termuende and Geo 19 98). The area has 
potential for magnetite, lead—zinc, and sodalite. 

Trident Mountain, British Columbia. About 83 km north of 
Revelstoke in t he Big Bend o f the Colum bia River, a len ticular 
nepheline syenite gneiss forms the core of the mountain range and 
contains nepheline (10% to 40%); white to pink microcline (25% to 
50%); white albite (10% to 30%); biotite (trace to 30%); and aegir- 
ine (Currie 1976). 

Mount Copeland, British Columbia. On t he sout heast fl ank 
of Frenchman’s Cap Dome, 25 km north west of Revelstoke, three 
main alkaline rocks are exposed: a basal nepheline syenite gn eiss 
overlain by alkaline amphibolites and syenites. The nepheline syen- 
ite is zoned and consis ts of nepheline, K-feldspar , and albite with 
minor aegirine and sphene. A chemical analysis is in Table 5. 

Obedjiwan, Quebec. On the north shore of the Gou in Reser- 
vation, approximately 150 km north of Chiboug amau, this deposit 
is 8 km in diameter and is zoned from a core of nepheline syenite to 
aegirine syenitetoarim of gabbro (Currie 1976). The central 
nepheline syenite is 1,050 Ma, lineated to foliated, coarse-grained, 
and consists of albite , microcline, perthite, nepheline, and biotite. 
An ijolite plug, 199 m in diameter, lies within the nepheline syenite. 
Although the area is remote, preliminary tests were made to recover 
nepheline and nepheline syenite, but the results of these tests are 
unknown. A chemical analysis is given in Table 5. 

Fourche Mountain, Arkansas. Since 1947, F ourche Mo un- 
tain nepheline syenite, in Pulaski County, has been quarried and 
crushed for use as roof ing granul es, roa d ma terial, ri prap, and 
asphalt and concrete aggregate by 3M Co. Fines are used as a col- 
orizing and fluxing agent in the manufacture of bricks and as com- 
paction fill. Impurities within feldspars are too fine to re move for 
use in glass and ceramics. Bauxite derived from weathering of the 
nepheline syenite was first mined in 1895 for alumina. Two types of 
syenite, a blue nepheline syenite with hornblende and a gray biotite 
nepheline syenite, are found. Chemical analyses are in T able 10. 
Other nepheline syenites are found in Hot Spring and Saline coun- 
ties, Arkansas. 

Wind Mountain, New Mexico. This is one of se veral plutons 
that form the Cornudas Mountains in the northern Cenozoic T rans- 
Pecos alkaline magmatic province. With an approximate diameter of 
2.5 km, Wind Mountain is one of the largest exposed intrusions in this 
belt (McLemore et al. 199 6a, 1996b). There has been no production 
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Table 11. Chemical composition of nepheline syenite from Cornudas Mountains, New Mexico, % 
Range of Wind Processed Wind Processed Wind 
Average Wind Mountain TNSP2 Mountain TNSP2 Mountain TNSP2 
Oxide Mountain TNSP2" Samples” Deer Mountaint (Pit 1) (Pit 2) 
SiO2 59.84 56.3-63.3 57.3 64.70 63.80 
TiO2 0.12 0.03-0.14 0.48 <0.01 <0.01 
Al2O3 18.84 17.6-20.8 19.6 20.50 20.90 
Fe2O3+ 4.90 1.54-6.48 6.85 0.52 0.40 
MgO 0.73 0.07-1.80 0.44 <0.05 <0.05 
CaO 1.23 0.68-1.40 1.52 0.23 0.20 
K2O 5.35 4.80-6.32 5.46 6.74 6.73 
Naz2O 7.82 7 .20-8.80 7.03 7.62 8.23 
MnO 0.27 0.14-0.35 0.38 Not available Not available 
P205 0.11 <0.05-0.11 0.13 <0.05 <0.05 
LOI 2.24 1.02-2.91 2.62 Not available Not available 
Total 101.45 Not available 101.81 100.31 100.26 





Adapted from Barker et al. 1977; McLemore and Guilinger 1993; Schreiner 1994; McLemore et al. 1996a, 1996b. 
* Adapted from McLemore and Guilinger (1993) and McLemore et al. (1996a, 1996b); unaltered surface and drill core samples (n = 5). 


t Average from Barker et al. 1977 (n = 4) and Schreiner 1994 (n = 2). 
$ Total iron as Fe2O3. 


except for test shipments in 1995 of nepheline syenite for use as sand- 
blasting material. 

From 1991 to 1995 , Addwest Minerals, In c., began explora- 
tion and development of the Wind Mountain nepheline syenite for 
use in manufacturing amber-colored beverage containers, flatware, 
andc eramics for use asanab rasive andas roof ing granules 
(McLemore et al. 1996a). The company is presently for sale, and 
the future of mining at Wind Mountain is unknown. 

The W ind Mountain laccolith cons ists of six mineralogical 
and textural zones (Table 11; Fi gure 6; McLemore and Guilinger 
1996; McLemore et al. 1996 a, 1996b). The laccolith is typically 
gray to cre am col ored and we athers to darker c olors. Ac cessory 
minerals form dar k-colored ag gregates dispersed throughout th e 
rock. Chemical v ariations among the indi vidual map un its within 
the laccolith cannot be readily discerned by utilizing major element 
analyses (McLemore et al. 1996a , 1996b). The syenites, however, 
contain more barium and strontium than do the nepheline syenites 
(McLemore et al. 1996 a, 1996b). These chemical analyses of the 
Wind Mountain laccolith suggest that the zonation appears to b e 
controlled by crystal fractionation, volatile separation, and cooling 
history, not different pulses of magma (McLemore et al. 1996b). 
Differential cooling of the magma resulted in the textural variations 
at Wind Mountain. 

The outer zone o fthe Wind Mountain nep heline sye nite 
(TNSP2) was developed as a constituent in glass, ceramics, and flat- 
ware, and for use a s an abrasive. Com pared to other com mercial 
sources of nepheline syenite, the Wind Mountain nepheline syenite 
contains high iron (Table 11). When the Wind Mountain nepheline 
syenite is crushed and passed through a specialized rare-earth mag- 
net, however, the resulting product is similar in co mposition to a 
Grade B product specif ied by Uni min Canada Ltd. and has been 
certified by C oors Inc. as being suitable for amber -colored glass 
and ceramics. Physical and chemical test results of W ind Mountain 
nepheline syenite meet or e xceed standards for use as roof ing gran- 
ules, dimension stone, aggregate, and abra sives (M cLemore a nd 
Guilinger 1996). 

Mining is projected to be by underground, room-and-pillar 
methods, and planned processing methods are crush ing, grinding, 
magnetic separation, and screening. At full production, W ind 


Mountain is expected to process 3,000 tpd or 700,000 tpy. Current 
proven, probable, and inferred reserves total 200 Mt for a mine life 
of more than 100 years (industrial Minerals 1995). 

Additional mineral resource potential in the Cornudas Mo un- 
tains is limited. Although the nepheline syenite of nearby Deer and 
San Antonio mountains may ha ve potential for g lass or ceramic 
use, the other laccoliths, dikes, plugs, and sills ar e not suitable for 
glass or ceramic use because of high iron co ntents and heteroge- 
neous composition (Table 11). 

Table Mountain, Oregon. Located in Lincoln Coun _ ty, this 
deposit is approximately 1 km 7 and 100 m thick an d contains an 
estimated 700 Mt of nepheline syenite of 33.6 Ma. Light to medium 
gray (with a blue tint), it takes a go od polish and contains 
nepheline, albite, anaclime, aegirine—augite, olivine, riebeckite, and 
opaque minerals (Tatsumato and Snavely 1969). 


Other Deposits in the Rest of the World 


Canaan, Brazil. About 40 km from the city of Rio de Janeiro 
is a 20-k m‘ circ ular litchf ieldite stoc k that intruded Prec ambrian 
quartzofeldspathic gnei ss and m igmatites and is surrounded by 
alkali syenite . The litc hfieldite contains 55% m_icrocline and per- 
thite, 20% nepheline, 15% albite, and 10% biotite, | and minor 
amounts of cancrinite, sodalite, corundum, zircon, pyrite, magnetite, 
and accessory minerals (Woolley 1987; Guillet 1994). Chemical 
analyses are in Table 12. In 1978, Austral Mineracao and Servic os 
Ltd. tested nepheline sye nite in a pil ot plant, but it did not go into 
production even though nearby markets were identified. Companhia 
Baiana de Pesquisa Mineral (CBPM) developed the deposit, which 
consists of 8.4 Mt of reserves that have to be magnetically separated, 
and then sold it to Unimin Corporation for production. 

Gardar Alkaline Province, Greenland. This contains thr ee 
nepheline syenite comple xes: Ilimaussaq, 1,130 Ma (Paslick et al. 
1993), Gronnedal-Ika, 1,300 Ma ( Blaxland et al. 1978), and Igalik o 
bodies. Currently, mining companies are examining the potential for 
REEs, U, Zr, Y, and Nb (Steenfelt 1991). Ilimaussaq is an oval com- 
plex that shows an extensive fractionation trend from alkaline augite 
syenite to peralkaline agpaitic nepheline sy enites (Markl 2001). 
Gronnedal-Ika consists of foyaites, which are overlain by a variety 
of alkaline rocks, including nephe line syenite. Ig aliko consi sts of 
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Adapted from McLemore et al. 1996a, 1996b. 
Figure 6. Geologic map of Wind Mountain, New Mexico 
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Table 12. Chemical composition of raw and processed nepheline 
syenite from Canaan, Brazil, % 











Oxide Raw After Processing 
SiO2 55.6 58.8 
Al2O3 22.9 23.0 
Fe2O3 3.5 0.1 
CaO 0.8 0.6 
K2O 6.7 6.3 
Naz2O 9.1 10.3 
LOI 1.0 0.9 
Total 99.2 100.0 





Adapted from Guillet 1994. 


four intrusions, each co ntaining nepheline syenite: No rth Qorogq, 
1,270 Ma (Blaxland et al. 1978), South Qorogq, 1,160 Ma (Blaxland 
et al. 1978), Motzfeldt, 1,350 Ma (Paslick et al. 1993), and Igdler- 
figssalik, 1,170 Ma (Blaxland et al. 1978). 

Loch Borolan (Borralan), Scotland. Near Led mur, Suther- 
land County, a 26-km 7, 300-m thick laccolith con sists of qu artz 
syenite, nepheline syenite (also ca Iled boro lanite), and ultrabasic 
rocks (Shand 1939; Notholt 1979; Waters 2003). Typical borolanite 
in the southeastern end of the laccolith, which is about 430 Ma, is 
dark gray. A chemical analysis is given in Table 5. 

livaara Complex, Finland. An intrusi ve cor e, 8.8 km 2 of 
melteigites, urtites, and ijolites, is surrounded by 100 to 300m of 
fenite (Figure 7). The complex, 367 to 373 Ma in age (Kramm et al. 
1993), can be di vided into three zones: (1) outer fenite; (2) transi- 
tional rocks; and (3) the main alkaline intrusion, which consists of 
mixed and interlayered nephelin _e—clinopyroxene rocks: urtite 
(>70% nepheline); ijolite (50% to 70% nepheline); and melteigite 
(<50% nep heline). Economic de velopment is hampered by _ the 
remoteness of the deposit and high iron content. 

Koga Complex, Pakistan. Local glass and ceramic companies 
in Pakistan are expected to replace feldspar with nepheline syenite 
from the Koga, Buner District, Sw at Himalayas, North West Fron- 
tier Province (NWFP) (Bolger 1995). The Koga Complex, 300 Ma 
old, consists ofa —_carbonatite plug within anepheline — syenite 
(including ijolite) intrusion that is surround ed by fenite (Tilton, 
Bryce, and Mateen 1998). Sarhad Development Authority be gan 
pilot mining ab out 1993 and plan sacapacityo f 28,571 tp y of 
enriched nepheline syenite. Approximately 8,571 tp y of high-iron 
nepheline syenite could be produced for use by the steel, foundries, 
and refractory industries in Pakistan. 

Sichuan, China. The Sichuan n epheline syenite in Shuiy e 
town, An yang, Hen an Pro vince, contains more than 100 Mt of 
homogeneous material developed by Finet on Ind ustrial Minerals 
Ltd. of Hong Kong. Sichuan Nanjiang Nonmetal Industry Co., cur- 
rently the only company mining nepheline syenite in China (Bolger 
1995), has b uilt a 35,00 0-tpy mod ular plant and is ab le to mak e 
products suitable for the gl ass and ceramic industries ( Industrial 
Minerals 2003). Twenty-two other nepheline syenite deposits have 
been found in China; the more important ones ar e at Nanjiang, 
Guangdong Fogang, and Yunnan Gejiu (Bolger 1995). 

Uludag Deposit, Turkey. Matel Hammade San ve Tic AS pro- 
duces nepheline syenite from th e Uludag depositn ear Bursa 
Orhaneli for making flo or tile (Crossley 2003). A mine opened in 
1989 that continued production into 1995 (Bolger 1995). Reserves 
are estimated at more than 40 Mt. The Hamit nepheline syenite plu- 
ton, central Anatolia, Turkey, is dark gray-green, medium-grained, 
and occasionally porphyritic with alkali feldspar. 
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Adapted from Kramm 1994. 
Figure 7. Geology of livaara, Finland 


Norra Karr, Sweden. Examined for de velopment of nephe- 
line syenite, this complex consists of a variety of lithologies, includ- 
ing grennaite (fine grained, alkali feldspar, neph eline, ae girine, 
eudialyte, catapleite), lakarpite (arfvedsonite—albite-nepheline syen- 
ite), pul askite, and kaxtorpite — (pectolite-eckermannite—aegirine— 
nepheline syenite) (Blaxland 1977). A chemical analysis is given in 
Table 5. 

Elsewhere in Europe. Several deposits are scattered throu gh- 
out Europe, but little information is kno wn about them. Pyroxene 
foyaite is found at Pouzac, Pyrenees, France. Phon olite at Brenk, 
Eifel, in Germany has been mined for colored glass by Solv ay 
Alkali GmbH ( Bolger 1995). The Monchique nep heline syenite 
deposit in southwest Portugal was examined by Empresa de Desen- 
volvimento Mineiro SA in 1993. Because the deposit is high in 
iron, it w ould have to be ma gnetically separated ( Bolger 1995). 
Keramost AS produces phon olite as a feldspar substitute from the 
Zelenice deposit in Mast, Czech Republic (Crossley 2003). 

Iran. Kaleiber and Sarab nepheline syenite in the Alps and 
Himalayas in northern Iran is used for ceramics and glass and alu- 
mina (National Geoscience Database of Iran 2004). 

Jabal Sawda, Saudi Arabia. Deposits ran ge in com position 
from alkali-feldspar syenite to nepheline syenite and consist of per- 
thitic alkali fe ldspar (60% to 90%) and nepheline (0% to 40%), 
with sodalite, v ery minor plagioclase, fe rro-hastingsite, ae girine, 
augite, biotite, and opaque minerals. The KO content of the pluton 
ranges from 4% to 6%; the Na2O content from 6% to 8%; and the 
FeO + Fe203+MnO+MgO + TiO2 content from 2% to 13% 
(Table 5; Liddicoat, Ramsay, and Hedge 1985). The deposits have 
undergone some bulk testing by Saudi ceramics companies and are 
currently under an exploration license granted to Maaden, the state 
mining company. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


664 Industrial Minerals and Rocks 




















Hil Nepheline Syenite | 
EQJAlkali Syenite 

[-] Quartz Syenite 

[1 Gabbro 

EA Volcanics 







- 24°38' 


ivy > 
DAvY 








Adapted from Landoll, Foland, and Henderson 1994. 
Figure 8. Geology of Jabal Abu Khuruq (JAK), Egypt 


Jabal Abu Khurugq (Khruq), Egypt. This neph eline syeni te, 
approximately 130 km northeast of Aswan, was first studied from 
1966 to 1969. It consists of an oval complex of ring dikes of alkalic 
syenite surrounding stocklik e intrusions of nepheline syenite that 
were emplaced about 89 to 90 Ma (Figure 8; Hosterman, Patterson, 
and Good 1990; Landoll, F oland, and Henderson 1994). The 
nepheline sy enites ar e di vided into v arious types, including 
nepheline-bearing alkaline syenite, fo yaites, and d_ itroite (f ine- 
grained, granular te xtured rock similar in composition to foyaite) 
(Landoll, Foland, and Henderson 1994). 

The main deposit contains 26 Mt of nepheline syenite with an 
additional 40 to 50 Mt in other parts of the massif. Th e Russian 
National Aluminum-Magnesium Institute (VAMI) determined that 
the nepheline syenite, with an ann ual production of 100,000 t of 
alumina, w ould also yield 1.5 to 1.6 Mtof soda and 30,000 to 
35,000 to f potash ( Hosterman, P atterson, and Good 1990). A 
chemical analysis is given in Table 5. 

Arroya Grande, Mexico. The Industria Penoles SA examined 
the Arroya Grande nepheline syenite near San Jose in the San Car- 
los Mountains for alumina. The nepheline syenite contains 60% 
orthoclase; 25% nepheline; 5% plagioclase; 1% augite; 8% magne- 
tite; and 0 .7% sphene (Hosterman, P atterson, and Goo d 1990). 
Associated rocks include d_ iorite, pulaskite, p honolite dik es, and 
lamprophyres. The age is 27 to 29 Ma (Bloomfield and Cepeda- 
Davila 1973). Industria Penoles SA also in vestigated nepheline 
syenite for alumina at Cuid ad V ictoria, T amaulipas (Minne s, 
Lefond, and Blair 1983). 

Africa and Elsewhere. Several deposits are found in Africa, 
but little is kno wnabout them. Approximately 4.3 billion t of 
nepheline syen ite, 538 Ma, have beenestimate dto occur in 
Meponda, Mozambique (Lulin et al. 1985). Several small, iron-rich 
nepheline syenite deposits ha ve been mined for road mater ial in 
South Africa. Deposits are also known to occur in Australia, Came- 
roon, Kirumba, Congo, Angola, and Lulwe Hill, Malawi. 


TECHNOLOGY 


Exploration Techniques 

Because most nepheline syenite deposits are found in relatively 
shallow complexes of subvolcanic origin in well-defined rift-related 
continental provinces, and are as sociated with alkaline or carbon- 
atite complexes, these areas are favorable exploration targets. Many 


nepheline syenite complexes form circular, zoned pl utons, locally 
surrounded by fenite. Lik e many industrial mineral deposits, how- 
ever, other factors must be cons idered in] ocating a com mercial 
deposit, especially the proximity to potential markets and available 
inexpensive transportation. 

Mineral exploration ty pically is expensive and can require 
10 years or more of study before a decision is mad e to develop the 
deposit. Satellite images, remote sensing, geologic maps, geophysi- 
cal studies, such a s airborne gamma-ray spec trometry (Steen felt 
1991), magnetics, and gr avity are us eful in identifying regional 
alkaline provinces. Once the mineralized areas are identified, the 
explorationist cond ucts field examinations of the ar ea. De tailed 
geologic maps are prepared to help characterize the rocks at the sur- 
face and to predict the types of rocks in the s ubsurface. Surface 
sampling, stripping, drilling and trenching, bulk sampling, and even 
panning are still used in the beginning phases of exploration. Sam- 
ples are examined for favorable lithology and mineralogy and sub- 
mitted to laboratories for ch emical analyses. Petrographic studies 
are important in locating commercial nep heline syenite de posits. 
For instance, the use of cathodoluminescence can be used to iden- 
tify the Fe*? in feldspar, which typically characterizes an uneco- 
nomic deposit. 

Despite the numerous e xploration techniques a vailable, ulti- 
mately the deposit must be drilled. Several drilling techniques are 
available that provide samples from depth of the potential deposit. 
In some cases, test or e xploration pits or adits are dug in order to 
provide enough material for metallurgical testing or other purposes. 
Mining 
Nepheline syenite is normally extracted through standard open-pit 
or quarrying methods. The deposit s are drilled and blasted and 
loaded on trucks with fr ont-end loaders (Harben 2002). Mines in 
Norway and Russia also use under ground methods. In Norway, 
underground room-and-pillar mining is employed, while, in Russia, 
block caving is used at a depth of 600 to 700 m. Rock mechanics 
research has shown that the optimum room size in Norway is 50 m 


long and 25 m wide. The underground deposits are drilled, blasted, 
crushed, and trucked via a spiral ramp (Harben 2002). 


Processing 


After the nepheline syenite is quarried, it is crushed, dried in rotary 
kilns, passed through flotation circuits and magnetic separators, and 
bagged or shipped in bulk (Moll 1996). Any iron must be removed 
from the finished product, especially for glass and ceramics use, by 
high-intensity ma gnetic se paration. Fi ne-particle-size gr ades are 
separated by air classif ication. The raw material must have lo w 
moisture content for glass and ceramics use. A flow sheet is shown 
in Figure 9. Other uses of nepheline syenite can tolerate more iron 
in the finished product and typically require only crushing, screen- 
ing, and sizing. In addition to the mines and processing facilities at 
Blue Mountain and Neph ton, Unimin Canada has tw o plants near 
Toronto, which produce 15to20 grades of nepheline sy enite. 
Chemical compositions of selected grades are shown in Tables 13 
and 14. Of the 15 grades that North Cape Minerals (Unimin Corpo- 
ration) produces in Norway, the three more popular products are 
glass-grade Al tafloat, ceramics-grade Altaflux, and amber - and 
filler-grade Minex 10, 20, and 30 (Karlsen 1998). Glass grades are 
usually crushed to 6 00 um, whereas ceramic and filler grades are 
finer than 75 pm (Moll 1996). 

In Russia, nepheline syenite isusedto produce aluminum 
(Figure 10). Where Al2O3 in nepheli ne syenite is more than 20%, 
Na 2O + KO are less than 10%, and SiOz does not exceed 55%, 
nepheline syenite can be processed by sintering to produce alumina, 
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Figure 9. Production flow sheets for two milling plants at Blue Mountain, Ontario 
Table 13. Typical glass-grade compositions of nepheline syenite, Table 14. Chemical analyses and physical properties of products from 
wt % Nephton, Ontario 
Chemical Unimin Canada ~—-Unimin Canada MATRIX MATRIX 
Composition A Grade B Grade North Cape Glassy Phase Glassy Phase 
; Promoters Promoters 
SiO2 60.2 60.1 55.9 (Fiberglass) (Fiberglass) SPECTRUM 
AlzO3 23.5 23.4 24.2 Properties 131 134 Ceramic Fluxes 
eas oon pe os SiOo, wt % 60.00 59.70 60.20 
MgO trace trace trace 5 
CaO 03 03 13 Al2O3, wt % 23.40 23.40 23.60 
K2O 5.1 49 9.0 Fe2O3, wt % 0.1 0.34 0.08 
Na2O 10.6 10.5 7.9 CaO, wt % 0.44 0.56 0.35 
P205 0.1 MgO, wt % 0.02 0.03 0.02 
eI os a Mia Na2O, wt % 10.30 10.30 10.50 
Sieve U.S. U.S. Tyler : 

Analyses, % Sieve No. Sieve No. Sieve No., % K20, wt % 5.20 5.10 4.80 
On 25 mesh 0.0 0.0 On28mesh 0.0 101% vol Gel oe 
30 0.1 0.1 32 0.1 Free-silica content <0.1% <0.1% <0.1% 
40 14.5 14.0 53 49 pH 10.1 10.1 10.1 
a nia on anne Melting point 1,868°F/1,020°C  1,868°F/1,020°C 1,868°F/1,020°C 
100 86.0 84.0 65 52.0 ee Ib/#2 tb/f3 Ib/f3 
200 98.0 97.2 200 39.0 Bulk density, loose 83-87 |b/ft 83-87 lb/ft 38-55 lb/ft 
Pan 2.0 28 Pan 11.0 Specific gravity 2.61 g/cm 2.61 g/cm 2.61 g/cm 

Adapted from Minnes, Lefond, and Blair 1983; Guillet 1994. Adapted from Unimin Corp. 
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Figure 10. Generalized flow sheet for the production of alumina 
and coproducts from nepheline 


portland cement, and other chemi cal products. Flotation methods 

remove the nepheline sy enite from the apatite tailings (Moll 1996). 
The nepheline syenite is calcined with limestone, producing a mix- 
ture of CaSiO3 and Na2O*Al203. Leaching by caustic so da and 
treatment with CO produces the aluminum and by-products. 


USES AND SPECIFICATIONS 
Glass 


Nepheline syenite is one of more than 20 industrial minerals and 
rocks that are utilized in the manufacture of various forms of glass 
(O’ Driscoll 1990). Container glass is the single lar gest application 
for nepheline syenite, although it can be used in float glass, fiber- 
glass, opal glass, sheet glass, electrical glass, borosilicate glass, and 
tableware glass. The amount of nepheline syenite content for glass 
ranges from 0% to 0.5% in flat gl ass and textile fiberglass; 8% in 
container glass; 11% in specialty glasses; and 18% in insulation 
fiberglass (Harben 2002). Nepheline syenite can be an ine xpensive 
source of essential alumina, s oda, and ash required to manufacture 
glass, thereby lowering the cost of required raw materials. Coarsely 
ground nepheline sy enite, typi cally -40+200 mesh with <0.1% 
Fe203, >23% Al 203, and >14% total Na2O + KO, with no refrac- 
tory minerals, is used in glassmaking (Ciullo 1996). Chemical com- 
positions of selected grades are shown in Table 13. A higher iron 
grade i sac ceptable foram ber and dark glass andf _iberglass 
(<0.35% Fe2O3). The alkalis act as a fluxing agent. 

Nepheline sye nite is v aluable in glass batches because it 
achieves the lowest melting temperature while acting as a source of 
alumina. By lowering the viscosity, nepheline syenite improves the 
workability of the glass batch and imparts aun ique quality of 


toughness, which mak es the glass more resistant to breakage. 
Because nepheline syenite fluxes, forming silicates with a vailable 
free silica in bodies without contributing any free silica itself, it sta- 
bilizes the expansion curve of the fired body. By offering a higher 
alumina and alkali content p er unit weight, it competes with feld- 
spar and aplite. 


Ceramics 


Nepheline syenite is used in sanitary ware, tiles, electrical porce- 
lain, tableware, and glazes, where it acts as a flux in the ceramics to 
lower firing temperatures and allo w faster firing schedules. The 
amount of nepheline syenite content for ceramics ranges from 10% 
to 55% in floor and wall tiles; 15% to 30% in whit eware, chemical 
porcelain, and chin a; 25% to 35% in sanitary ware; and 30% to 
50% in electrical porcelain. Grades for ceramics are finely ground 
(200, 270, or 400 mesh), free of dark minerals, and have the ability 
to white-fire without specking (Ciullo 1996). Floor and w all tile 
bodies benefit from nepheline syenite because it has lo wer absorp- 
tion and moisture expansion, better mechanical strength, and lower 
thermal expansion than other alumina sources. Nepheline syenite is 
prized in the ceramic industry for its whiteness. For example, it is 
possible to make a very white vitreous medium-temperature porce- 
lain by mixing a plastic k aolin with nepheline syenite and silica. 
High-nepheline syenite glazes tend to craze due to its sodium con- 
tent (because of the high thermal expansion of Na2O). 


Fillers, Extender Pigments, Paint, Coatings, Roofing Granules 


Nepheline syenite is used in fillers, extender pigments, paint, coat- 
ings, and roofing granules (Allen and Charsley 1968; McLemore 
and Guilinger 1993, 1996; Guillet 1994; McLemore et al. 19 96a). 
Filler grades are f inely ground (325 mesh to 1,250 mesh) with a 
high brightness (>93). Because of nepheline syenite’s low vehicle 
demand, high dry brightness with low tint strength, nearly lamellar 
shape, and resistance to abras ion and chemical de gradation, it is 
used as a filler in plastics, rubber, and adhesives. Its inertness, easy 
wetting, good dispersability, stable pH, resistance to abrasion, and 
dispersion in parent formulations make nepheline syenite desirable 
for pigments andf illers where it is typically gr ound to 2 pm. 
Unimin Corp. produces Minex filler from nepheline syenite that has 
an exceptionally high brightness and whiteness without any pink, 
cream, or bluff undertones. Mine x is ideal for white, pastel, and 
deep t one trade pa ints; semitransparent st ains; po wder c oatings; 
and OEM finishes. 

Because nepheline syenite is silica free and is an ef fective 
alkaline in-can buffer, it is favored over feldspar for paints and coat- 
ings. Performance criteria are s ummarized in Table 15. N epheline 
syenite isl ow cost and pro vides high brightness with low tint 
strength, abrasion resi stance, and go od film durability. Over sur- 
faces with varying porosity and texture, it provides flattening with 
uniformity of gloss and sheen and improves the weatherability of 
exterior paints (Phillips 1989). Ne pheline syenite also is used in 
interior latex paints for improved scrub resistance (Ciullo 1996). If 
an exterior latex coating is permeable, the nepheline component is 
subject to de gradation by acid attack, and feldspar is preferred 
(Ciullo and Robinson 2003). 

Nepheline syenite is used in roofing granules, because its UV 
attenuation characteristics help block sunlight and its resistance to 
weathering protects an asphalt roof from degradation. 

The lack of quartz, or free silica, and relative hardness also 
enables its use as_ a silica-free abrasive. Nepheline syenites have 
been examined for potential sources of alumina and alkalis (Allen 
and Charsley 1968). Other potential us es are as fertilizers, in gredi- 
ents in refractory cement, portland cement, concrete, pap er, road 
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materials, riprap, and asphalt (Allen and Charsley 1968). Fines are 
used as a colorizing and flu xing agent in the manufacture of brick 
and as compaction fill. 


Dimension Stone, Abrasive, Aggregate, and Other Uses 


Nepheline syenites that have a pleasing appearance, can take a pol- 
ish, and are relati vely homogeneous without fractures can be used 
as a dimension stone. Many places u se crushed nep heline syenite 
for aggregates. Other uses are as a mild abrasive for sand blasting, 
as welding fluxes in welding electrodes, and for extrusion and bind- 
ing of coating fluxes. 


Alumina 


A significant amount of nepheline syenite is used in the manufac- 
ture of alumina and aluminum me tal. Russia produces most of _ its 
aluminum needs from nepheline sy enite because of the high alu- 
mina content in nepheline syenites. S everal other countries also 
have examined nepheline syenite deposits for the purpose of manu- 
facturing alumina and aluminum metal, but none have obtained the 
success of the Russians. 


MARKETING 


Consumption 

Glassmaking i s the ma jor use for Can adian and Norwegian 
nepheline syenite, consuming a pproximately 70% of both coun- 
tries’ production. In addition, 28% of Norwe gian output went to 
ceramics and 2 % to f iller. The Canadian mines supply approx i- 
mately 15% of their additional output for ceramics and the balance 
for filler applications (Ciullo 1996). Most of the Russian produc- 
tion is for local manufacture of aluminum. 


Exports 


Canada and Norw ay are majore xporters of nepheline syenite 
(Table 16), while the Unite d States is one of — the predominant 
importers (Table 17). Most of the remaining nepheline syenite pro- 
duction in the world is for local use. There are no reported exports 
of nepheline syenite from Russia. 


Prices 


Comparative price information is not readily available in today’ s 
competitive market for ra w materials. Canadian ne pheline syenite 
production w as valued at C$86.56/t in 2000 and has remained 
essentially flat over the last 5 years but is now more than double the 
1992 price (Rogers 2002). Harben (2002) quoted prices aslo w- 
iron, 30-mesh, glass grade at C $22/t; a higher -iron, colored -glass 
grade at C$ 20 to C$ 21/t; ceramic grad e, 200 mesh, at C$58 to 
C$62/t; and bagged filler at C$67 to C$135/t. 


Transportation and Distribution 


As with many industrial minerals, transportation is critical to t he 
competitiveness of anepheline syenite deposit, and changes in 

transportation costs can make or break an operation. Most glass- 
grade nepheline syenite is sold in bulk and shipped by rail, with 

some truck haulage. F or its product, Unimin Cana da Ltd. leases 

hopper cars exclusively to a void con tamination (Guillet 1994). 
Ceramic-grade nepheline syenite is bagged and shipped by rail or 
truck. Alth ough all of the nephe __ line sy enite fro m Norw ay is 

shipped by bar ge, transportation in other countries canbe truck, 
rail, or barge. 


Alternative Materials 


For glass and ceramic uses, feldspar is the predominant competitor 
for nepheline syenite, although aplite and quartz—feldspar sands can 


Table 15. Summary of feldspar and nepheline syenite performance 
in coatings 


Dispersibility Very good 
Oil absorption/resin demand Low 

Chemical resistance High 

Weatherability Very good 
Tint strength Low 

Color development Very good 
Tint retention Very good 
Sandability (primers) Poor 

Chalking Very good 
Frosting Very good 
Abrasion resistance Very good 
Scrub resistance Very good 
Stain resistance Very good 
Mildew resistance Very good 





Adapted from Cuillo and Robinson 2003. 


Table 16. Exports of nepheline syenite from Canada 


Value of Exports, Value of Exports, 





Region 1995, C$ 2001, CS 
United States 37,292,000 43,903,000 
Europe 943,000 1,916,000 
Japan 483,000 1,109,000 
Mexico 71,000 79,000 
Other 3,520,000 4,371,000 
Total 42,309,000 _ 51,378,000. 





Adapted from Mining Association of Canada 2002. 


be used in some cases. The choice between feldspar and nepheline 
syenite in glass and ceramics is tied to price, which is dependent on 
location and transportation costs. In U.S. markets, feldspar sources 
in Georgia and North Carolina and aplite in Virginia compete suc- 
cessfully with nepheline syenite. Increasing use of plastic contain- 
ers will affect the use of gla ss and result in less deman d for ra w 
materials. A variety of al ternative materials can be substituted for 
nepheline syenite in pigment and filler uses: calcium carbonate, 
kaolin, feldspar, silica, and talc . Most of the aluminum production 
in the world is from bauxite and recycling. 


ECONOMIC OR COMPETITIVE FACTORS 


Strong growth in the production of ceramics, particularly in Italy, 
Spain, and China, has been the main driver of the steady rise in 
nepheline syenite and feldspar demand over the past 20 years. Sales 
of flat glass and insulation- grade fiberglass are dependent on the 
health of the construction industry. When the construction indu stry 
is booming, deman d for flat glass and fiberglass rises; when the 

industry isin recession, dem and dro ps. A__ positive f actor for 

nepheline syenite, processed or ra w, is that it enters the Un ited 
States and most countries free of tariffs, except for some countries 
that may levy value-added taxes (Minnes, Lefond, and Blair 1983; 
Guillet 1994). On the down side, energy costs have increased since 
1999 and added as much as 20% to the cost of production (Rogers 
2002). Starting in 200 0, energy su rcharges were instituted to 

recover the added costs due to increased energy costs. 
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Table 17. Imports of nepheline syenite for consumption in the United States 





1998 1999 2000 2001 2002 
Imports, t 320,000 311,000 356,000 336,000 333,000 
Value, US$ 24,100,000 23,200,000 24,800,000 24,100,000 26,100,000 





Adapted from Potter 2001, 2002. 


Also, recycling is reducing the need for raw mater ials. 
Approximately 34% of all glass containers produced are rec ycled; 
most bottles and jars contain 25% recycled glass (Rogers 2002). 
Ceramic recycling, however, is not significant in the North Ameri- 
can market. 


Regulatory and Environmental Concerns 


Increasing pressure is being applied to the glass industry to reduce 
the use of glass pr oducts in order to reduce litter and municipal 
waste. In some areas, glass recycling, the reuse of glass containers, 
and use of alternative materials such as plastic are increasing. 

Because its tailings are typically smalland nontoxic, 
nepheline syenite operations pose no threat tothe environment. 
Locally, dust can be a problem, which is easily controlled. 

Classified as a Class 2A probable carcinogen in 1997 and as a 
Class 1 carcinogen in 1999, crystalline silica is becoming a serious 
health concern for feldspar and aplite producer s. Since nepheline 
syenite is devoid of free silica, many nepheline syenite deposits that 
are not necessarily suitable fo r glass or cera mic production ar e 
being examined for potential abrasives uses. 


OUTLOOK AND FUTURE TRENDS 


For the near future, known resources of nepheline syenite are ade- 
quate to meet projected world demand. Competition between the 
major c ompanies will remain highas a result of relatively low 
growth and low demand, and the price will probably remain flat, 
continuing a 5-year trend. It is possible, ho wever, that inc reased 
ceramics produ ction in Italy , Spain, Braz il, China, and Me xico 
could result in more demand for nepheline syenite. Clayworld now 
offers an iron-bearing nepheline sy enite that has an esta blished 
record of performance in the gres tile industry. Another factor is the 
housing market, which remained relatively robust throughout 2002 
but is expected to slow in the near future. This trend could reduce 
demand for nepheline syenite and ot her raw materials for applica- 
tions such as sanitary ware and ceramic tile. Increased use of plas- 
tics also could lower the demand for glass and ceramics. 

Although increased glass rec ycling willresu Itinalo wer 
demand for nepheline syenite, glass manufacturers that use r ecy- 
cled materials are still confronted with incompatibility, inc onsis- 
tency, and contamination issu es. By mid-2002,man_ y_ glass 
companies were predicting higher sales for the near future, boosted 
by increased beer and wine sales, as well as the introduction of new 
ready-to-drink low-alcohol “refreshers.” 

Container glass, which uses more feldspathic materials than 
other sectors of the glass industr y, is f acing strong competition 
from other forms of packaging. The positive environmental image 
of glass over other forms of pack aging, particularly polyeth ylene 
terephthalate (PET) bottles, ho wever, has helped glass to recover 
some of its lost market share. 

Sales of flat glass and insulation-grade fiberglass are depen- 
dent on the health of the construction industry—in both the com- 
mercial con struction andne w housing sector s—andonth e 
automobile industry. In Asia, f lat- and f iberglass industries wer e 
severely affected by t he fall in demand resulting f rom the Asian 
financial crisis of 1997-1998. In Europe and the United States, flat- 


glass production continued to rise in the 19 90s but stagnated in 
2000. The str ong co mpetition between pr oducers for the major 
ceramics markets of Italy and Spain is likely to keep European feld- 
spar prices low, and the development of a potential ne w project in 
Egypt will probably have a ne gative effect on European prices. In 
the Far East, the development of the very large Chinese feldspar 
industry to support domestic demand and exports will exert a down- 
ward pressure on markets. 
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DE ae. A a a re | a or a ea 
Nitrogen and Nitrates 


Peter W. Harben and Carlos Theune 


INTRODUCTION 

Historically, deposits of guano or the w aste from slau ghterhouses 
and fish-processing plants have been used as crude fertilizers world- 
wide, and in northern Chile, natural nitrates have been used as fertil- 
izer since the pre-Hispanic tim es of the Incas and the Atacama 
people. Chile remains the world’s sole producer of natural nitrates. 

Modern exploitation of caliche deposits of n atural sodium nitrate 
(salitre, saltpeter, nitratine, or simply natural nitrate [NaNO3]) in the 
Atacama Desert began around 1830, although minor artisan exploi- 
tation is reported as early as 1810. The main use at that time was in 
the manufacture of gunpowder, with minor application as a fertilizer. 
Early in the ei ghteenth century, the territories contain ing nitrates 
belonged to Bolivia and Peru, but mainly Chilean, British, and Ger- 
man enterprises exploited the nitrates. After almost 40 years of dis- 
putes, a w ar between Chile a nd the a Iliance of Boli via and Peru 

(Pacific or Saltpeter War), from 1879 to 1883, en ded with Chile 
retaining all territories of the Tarapaca and Atacama regions (18°30' 
to 25° latitude south) and the establishment of definitive bord ers 
between Peru, Bolivia, and Chile. 

Saltpeter became by far Chile’s most im portant com mercial 
enterprise for more than 100 years, peaking in 191 2, when some 
170 nitrate operations employed as many as 46,500 workers. Total 
saltpeter production from 1830 to 1929 w as 90 Mt (95% NaNO3) 
based on the mining of 1.13 billion t of caliche ore over a total sur- 
face of 5,000 km2. Despite this prodigious production rate, the sup- 
ply from Chile soon fell short of the growing demand for nitrogen 
products to be used in explosives, nylon, plastics, resins, and inten- 
sive agriculture, forcing the search fora large-scale replacement. 
Given that the earth’s atmosphere consists of about 79.1% nitrogen 
by volume, 20.9% oxygen, 0 .036% carbon dioxide, and tr ace 
amounts of other gases, e xtraction from the air was an obvious 
potential nitrogen source. What evolved was the fractional distilla- 
tion of liquid air or natural g as to p roduce synt hetic ammonia 
(NH3) through the Habe r-Bosch process (described la ter in this 
chapter). Cheaper synthetic ammonia production hit the saltpeter 
industry hard, and the world recession of 1929 was the final blow to 
the Chilean saltpeter industry. Although the Maria Elena and Pedro 
de Valdivia operations were built in 1925 and 1931, production of 
salitre remained at 1,000 ktpy until the late 1970s. The saltp eter 
industry revived in 1988, however, when the former state-owned 
Sociedad Quimica y M inera de Chile was privatized and evolved 
into SQM, the world’s main producer of natural nitrates. 
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PRODUCTION AND TRADE 
Ammonia 


At approximately 150 Mtpy of contained N (as anhydrous ammo- 
nia), the modern production of nitrogen is dominated by the syn- 
thetic variety; just 1 Mtpy comes from natural nitrate production. 
Since the 1970s, new synthetic nitrogen fertilizer pr oduction has 
centered on natural-gas-rich countries of the Caribbean and Mid- 
dle East plus several large consumers such as China, India, Indone- 
sia, and Pakistan. The main producing regions are China with 22% 
of w orld p roduction, North Am erica with 18%, th e fo rmer 
U.S.S.R. with 10 %, Western E urope wi th 11 %, Ce ntral Eu rope 
with 5%, South Asia with 15%, and the Near East with 5%. More 
than 80 countries produce 100+ Mtpy of contained N as anhydrous 
ammonia. More than half of the 11.5 Mt py exported comes from 
Russia (22%), Trinidad and Tobago (14%), Ukraine (11 %), and 
Canada (7%), and the major importers are the United States (31%), 
Western Europe (30%), and Asia (20%). Of the 43 Mtpy of con- 
tained N produced as urea, China and India account for 43%, and 
the United States and Canada a further 11%; about one quarter of 
10 Mtpy exported comes from Russi a/Ukraine and the Mi ddle 
East, and almost 50% of imports go into Asia. A feature of interna- 
tional trade in fertil izer materials is the increa sed po pularity of 
urea and the ammonium phosphates because of their high nutrient 
concentration. 


Natural Nitrates 


The primary product obtained from caliche is NaNO 3, which in 
turn is processed to potassium nitrate (KNO3) and specialty blends 
containing phosphates, sulf ates, borates, and other nutrients. This 
makes it difficult to trace trade figures back to processed or e and 
obtained salitre, so in the tables in this chapter, total f.o.b. (free on 
board) value is much more relevant than tonnage. 

As of 2004, three companies produce saltpeter and mix ed 
fertilizer in Chile :SQM Hol ding, whichinc ludes SQM, 
SOQUIMICH Comercial (produces mixed fertilizers), and PCS 
Yumbes (formerly Mi nera Y olanda); Compa fifa de Sa litre y 
Yodo de Chile (COSAYACH); and ACF Minera. Exact figures 
are unavailable, but almost a fourth of tota 1 Chilean saltpeter 
production is for internal consumption. 

Table 1 shows how Chilean exports of natural nitrates and spe- 
cialty fertilizers have been steadily growing. 
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Table 1. Chilean nitrate exports, 2000-2003 











2000 2001 2002 2003 
Quantity, f.o.b., Quantity, f.o.b., Quantity, f.o.b., Quantity, f.o.b., 
Exporter HTS Code Product t million US$ t million US$ t million US$ t million US$ 
SQM Holding 31025000 NaNO3 197,936 32.8 193,867 35.1 148,388 25.9 189,122 33.7 
28342100 KNO3 342,077 85.4 391,484 92.9 322,922 76.0 476,795 116.1 
31059010 Na+KNO3 160,929 30.3 191,945 31.1 226,403 42.3 218,518 39.5 
31059090 _NKS type 55,328 11.1 54,690 12.5 45,749 15.3 42,470 10.2 
31054000 _NPK type 5,563 2.3 4,295 1.8 10,568 3.2 7,460 3.6 
PCS Yumbes 31025000 NaNO3 0 0.0 0 0.0 1,521 0.2 0 0.0 
Verach Minera 98342100 KNO3 5,093 1.3 50,717 12.9 70,689 15.7 40,340 8.9 
31059010 Na+KNO3 0 0.0 0 0.0 0 0.0 () 0.0 
31059090 —NKS type 0 0.0 0 0.0 0 0.0 0 0.0 
31054000 _NPK type 0 0.0 0 0.0 0 0.0 0 0.0 
COSAYACH 31025000 NaNO3 0 0.0 0 0.0 1,456 0.2 2,621 0.4 
28342100 KNO3 0 0.0 311 0.1 15,995 3.4 19,829 4.8 
31059010 Na+KNO3 0 0.0 0 0.0 0 0.0 42 0.0 
31059090 —NKS type 0 0.0 0 0.0 4,856 1.2 16,266 4.0 
31054000 NPK type 0 0.0 0 0.0 0 0.0 0 0.0 
Total Chile 163.3 186.2 183.6 221.2 





Table 2. Destination of Chilean nitrate exports 2000-2003 





Destination 2000, % 2001, % 2002, % 2003, % 
Latin America 36.0 20.4 36.4 32.1 
Europe 29.6 30.2 24.7 27.0 
United States 18.0 25.2 23.3 21.6 
and Canada 

Australia and 15.9 20.3 11.5 15.0 
Asia 

South Africa 0.5 3.9 4.1 4.4 





Table 2 shows that the w orld distribution of C hilean nitrate 
exports du ring 2000 —2003 remained well balanced, in terms of 
f.o.b. value. 


GEOLOGY 


Natural nitrate ore in Chilean caliche occurs in three basic forms: 


1. A mixed rock alluvial conglom erate (boulders to clay size) 
cemented by a mixture of salts 


2. Salts filling basement rock (m ostly volcanics) fractures and 
pores 


3. Salts f illing int erstitial spa ce between rock debris onthe 


surface near piedmont layers 


Commercially rele vant is th e cong lomerate ty pe, although 
fracture filling can reach gr ades 0 f 0 ver 60% NaNO 3, b ut of 
restricted potential. 

A standard section of a current mining face is shown in Figure 1. 

Overburden (chuca or chusca) is commonly a friable desert 
dust, mainly built up by sulfates and silt. Costra, a conglomerate 
firmly cemented by clays and salt (NaCl), underlies it. In a graded 
transition below the c ostra is caliche. It is pe trographically v ery 
similar to costra, but the cement in caliche is a salt mixture contain- 
ing chlorides, nitrates, sulf ates, iodates, borates, and other curiosi- 
ties such as chromium salts. The bedrock, a similar conglomerate to 
caliche, is called coba if uncemented and conjelo if cemented. The 
transition is mostly graded. 


Powdery to friable 


sand, silt, clay Chuca, 5-40 cm 


Sulfate horizons and lenses 


Moderate to oy 
cemented gravel, 


Costra, 0.5-2 m 
sand, and rock debris 


Firmly cemented with { 
nitrate and other salts, Px 
gravel, sand, and 


rock debris KS aoa m 
Veins and “mantos” [\ 
of pure nitrate [Sx 
(caliche blanco) [Xy 
Firmly cemented Conjelo, 0-2 m 
Uncemented Coba 





Figure 1. Standard stratigraphical section of a caliche deposit 


In general, the caliche— whichis 1-2 m thick and white, 
brown, or black—consists of a variety of minerals, including nitra- 
tine (up to 40%), saltpeter (up to 17%), bloedite, glauberite, poly- 
halite, darapskite, lautarite, and dietzeite. Table 3 gives the weight 
percentages for common chemicals used in nitrate production. 

Natural nitrate in economic concen trations occurs only in the 
Atacama Desert of northern Chile, one of the driest areas of 
the world (see Figure 2). Caliche-bearing areas are found within the 
central depression (central graben ), between the coastal range and 
the pre-Andean range (see Figure 3). 

Caliche ore deposits co ver 2.8 million hectares in north- 
central Chile, and SQM holds the _ right to e xplore or exploit the 
mineral resources over roughly 60% of this area. This area contains 
an estimated 75% of Chile’s caliche ore reserves. The total caliche 
potential of the Atacama Desert is unknown but is estimated to be 
several billion tons. In June 2003,SQM_ published the reserv es 
information shown in Table 4. 
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Table 3. Weight percentages for common chemicals used in nitrate 


Nitrogen and Nitrates 








production 

Chemical Name Chemical Formula wt % 
Sodium nitrate NaNO3 6.5-8.5 
Sodium chloride NaCl 4-10 

Sodium sulfate Na2SO4 10-18 

Calcium Ca 0.5-4 
Magnesium Mg 0.3-1.3 
Potassium K 0.3-1.5 
Potassium perchlorate KCIO4 0.025-0.034 
Borax Na2B4O7 0.4-0.6 
lodates (as iodine) lo 0.03-0.06 
Lithium sulfate LizgSO4 0.027 (approximate) 
Water H2O 1-2 

















Figure 2. Carlos Theune (left) and Peter Harben (right) observing a 


typical nitrate-bearing pampas 
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Figure 3. Geographic distribution of Chilean nitrates 
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Table 4. SQM’s caliche reserves (as of December 2002) 
Proven Probable 
NaNO3, lo, NaNO3, lo, 
Mining Area t % ppm t % ppm 
Pedro de 119.7 71 354 300.3 6.9 444 
Valdivia 134.6 7.3 400 469.5 7.2 375 
74.8 6.2 500 582.0 6.5 471 
37.5 3.6 521 19.2 4.8 489 
4.6 6.2 484 234.3 6.9 524 
139.2 7.6 403 93.6 8.0 364 
510.4 6.9 414 1,698.9 6.9 441 
TECHNOLOGY 


Exploration Techniques 


The main exploration techniques for natural nitrate are pitting and 
drilling, although some research has b een done o n geoph ysical 
methods. Grade and thickness di stribution is irregular, requiring 
drilling patterns up to 400 x 400 m in the preliminary e xploration 
stage. For evaluation purposes, the pattern is narrowed to as small 
as 50 x 50 m. 

Although air re verse drilling (usi ng a 5'4-in . tricon bit tool) 
has shown to be the most cost-efficient technique, grades must be 
checked by a few pit samplings. It seems that part of the nitrate salts 
are still blo wn out as f ines through the annular rig space, th ereby 
lowering the true grade. It is a quite complex problem because the 
difference is related to the drilled depth, so that the deeper the sam- 
ple the lower the grade difference. It is advisable to elaborate grade 
correction curv es ada pted to a givene xploration area. Drilling 
equipment should be moun ted on a light all-wheel-dri ve truck, 
because the chusca surface can be extremely sticky. 

Commonly, samples are taken every meter. The ignition test 
(Pavilo or Mecha) has proved tobe very reli able in det ecting 
where ni trate mineral ization ends. T his test in volves sc attering 
some of the milled sample (or drill dust) over an incandescent cot- 
ton rope; if the sample cont ains nitrates, it spa rkles—the de nser 
the sparkling, the higher the nitrate contents. 


Nitrate Mining and Processing 


Open-pit mining (called rajos in Chile) using dragline and power 
shovels y ields an ore comprising 6.5%-8 .5% NaNO3; 4 %—-10% 
NaCl; 10%-18% Na2SOu; 2%-7% Mg, Ca, K, B, and I; 1-2% H20; 
and 53%-69% gangue. 

Processing is via the closed -circuit Guggenheim method: 
countercurrent leaching of crushed caliche ore in big v ats with a 
heated leaching solution (ata bout 40°C), mainly composed of 
mother liquor from the nitrate crys tallization plant, weak brines 
generated in the w ashing stages of the leaching cycle, and fresh 
water, to selectively dissolve out the sodium nitrate. On cooling, the 
sodium nitrate crystallizes out andis separated by a centrifuge, 
leaving the mother liquor to be recycled to the leaching vats. 

SQM mines about 30 Mtp y of caliche ore from surf ace mines 
at Pedro de Valdivia, Maria Elena, Pampa Blanca, and Nueva Victo- 
ria. Typically, the caliche ore is found under a layer of overburden 
material that is between 0.5 and1. 5 mthick,in sea ms that are 
between 0.2 and 5 m thick. SQM processes the caliche ore at Pedro 
de Valdivia, Maria Elena, Pampa Blanca, and Nueva Victoria. At the 
first two production facilities the caliche ore is mechanically crushed 
to approximately a half inch (12 mm) in diameter, and the crushed 
ore is then transferred to nearby leaching vats. The crushing process 
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also produces fines (25%-—30% by weight, including tho se coming 
from the mine) that after screening are leached separately from the 
crushed ore. The resultin g solu tion is used to prod uce sodium 
nitrate, potassium nitrate (by re action with potassium ch loride at 
Coya Sur), iodine, and sodium sulfate. 

At Pampa Blanca and Nueva Victoria, the caliche ore is heap 
leached with out crushing. Leac hates fro m both operations are 
treated for iodine extraction. At Pampa Blanca, the waste solutions 
from the iodine plants are transferred to solar pon ds where rich 
nitrate salts are crystallized. After dry harvesting, the nitrate salts 
are hauled to Coya Sur to be used in the production of potassium 
nitrate. 


The Haber—Bosch Process 


In the Haber—Bosch process (named for its developers Fritz Haber, 
a German aca demic chem ist, and Ca rl Bosch, an industri al col- 
league), na tural g as (mainly methane [CH 4]) is compresse d to 
300-600 psi and desulfurized; in the presence of nickel catalysts at 
815°C, the gas react s with high-pressure steam to yiel d process 
gas, a mixture of hydrogen, carbon dioxide, and carbon monoxide. 
The process gas enters a secondary reformer containing nickel cat- 
alysts and injected com pressed air; the oxygen in the air is con- 
sumed in e xothermic reactions with hydrogen, carbon monoxide, 
and residual methane from the primary reformer. The gas contains 
sufficient nitrogen from the injected air for ammonia synthesis. 
The process gas reacts with steam to produce additional hydrogen 
and converts the carbon monoxide to carbon dioxide, which is sep- 
arated as a by-product. Traces of carbon dioxide and carbon mon- 
oxide are re moved by methanation, yielding pure hydrogen. The 
remaining gas mixture, or “synthesis gas,” consists of hydrogen 
and nit rogen in the correc t ra tio for ammonia synthesis, which 
takes place at high temperature and pressure and over a catalyst of 
iron oxide promoted by aluminum oxide, with potassium, calcium, 
or magnesium oxide. 


No + 3 — 2NH3 


The production of 1 to f anhyd rous ammoni a contai ning 
82% ammoniacal ni trogen (NH 3*) requires 680,000-708,000 m3 
(24-25 MC F) natur al g as feedsto ck and 42 5,000-453,000 m 3 
(15-16 MCF) process gas. This ammonia is the starting point in 
the production of ar ange of n itrogen comp ounds that inclu des 
anhydrous ammon ia, ammo nium nit rate, u rea, an d am monium 
sulfate. 

The Haber—Bosch process is arguably one of the most impor- 
tant technological innovations of recent centuries (Smil 2000), and 
it helped Fritz Haber win a Nobel Prize for his work with nitrogen. 


MARKETING 
Fertilizer Uses 


Fertilizers dominate the consumption of nitrogen compounds, and a 
diverse range of industrial uses ma_ kes up the balance. Nitrogen, a 
component of RNA and DNA, the genetic blueprints of life, is a pri- 
mary nutrient (along with phosphorus and p otassium) that enco ur- 
ages vigorous plant growth and increases yield. Nitrogen is the most 
widely used f ertilizer nutrient, ahead of phosphorus and potassium. 
Cereals are estimated to account for 55% of fertilizer use worldwide 
in the following amounts: wheat (20%); corn (14%); rice (13%); bar- 
ley (4%); oilseeds such as soybeans, oil palm, sunflower, linseed, and 
others (12%); pasture and hay at 11%; and vegetables, sugars, roots 
and tubers, and fibers each consu ming 4%—5%. Plants tak e up ele- 
mental nitrogen only in the soluble nitrate or ammonium form (i.e., 
chemically bonded or fixed nitrogen). 


Industrial Uses 


Industrial sodium nitrate is used in variety of industries where it is 
most often employed as an oxidizer. The main uses are as follows: 


Adhesives: used in starch formulations of water-soluble adhe- 
sives, wallpaper, and gummed tapes. 


Ceramics: used as a fluxing agent in enamel frit. 


Charcoal briquettes: added to a mixture of wood by-products, 
starch, and lignite to promote ignitio n an d b urning. The 
amount added depend s on the type of wood and coal used, 
although it is typi cally 2%-3%. This market expanded rap- 
idly du ring the 198 Os and now pr obably stands at about 
20,000-25,000 tpy. 


Chemical compounds: used as an oxidizer in pesticides, anti- 
freeze, cement, and pigments, among others. 


Explosives: used as an oxidizer in water gel, slurry emulsion, 
and dynamite e xplosive formulations. Typical slurry e xplo- 
sives contain 10%—-15% sodium nitrate, and dynamite can also 
contain sodium nitrate as an energy modifier. 


Glass: used as an oxidizer to remove impurities. Sodium nitrate 
also has a fluxing action that reduces the melting temperature, 
which in turn saves energy or improves throughput. 


Health and nutrition: used in the production of antibiotics and 
pharmaceuticals, and as a preservative in curing beef, bacon, 
and other meats. 


Metallurgy: used in heat-treatment salt baths where it changes 
the metallurgical structure to im prove such mechanical prop- 
erties as hardness and tensile strength. Sodium nitrate is used 
in the treatment of aluminum alloys, and in secondary refining 
(recycling), it is used to soften lead and to reduce impurities 
such as arsenic, antimony, and tin. 


Water treatment: used to supply oxygen to control and pre- 
vent hydrogen sulfide formation in wastewater that contains 
organic matter. Sodium nitrate can be used as an ingredient in 
water-softening agents and as an anticorrosive agent in boiler 
water. 


All indications are that industrial sodium nitrate usage will 
continue to decline as more companies e xperiment with ne w non- 
industrial sodium nitrate batches. In broad terms, however, there is 
no one-to-one substitute fo r in dustrial sodium nitrate. The com- 
pound has unique characteristics that can only be partially replaced 
by other mater ials such as_ calcium ni trate, sodium sulfat e, and 
ammonium nitrate. Although a direct replacement is not readily 
available, combinations of other batch materials can make replace- 
ment of industrial sodium nitrate possible, although these changes 
require lengthy testing and production changes. For the most part, 
many of the current users of industrial sodium nitrate have not been 
shocked enough by price or supply concerns to make the move to 
replace sodium nitrate. Only the glass industry has a real incentive 
to eliminate industrial sodium nitrate consumption to reduce oxides 
of nitrogen (NOx) emissions. 

The industrial market for potassium nitrate is fairly significant 
when compared with its overall consumption. The major industrial 
market is the color television (TV), lead/crystal, optical, and elec- 
tronic glass markets. In TV glass, potassium nitrate is used in con- 
junction with potassium carbonate as required sources of K 30 
needed for properly fluxing cathode ray tube glass in the presence 
of barium and strontium oxid es, which are incorporated to screen 
out the x-rays generated. The ratio of nitrate to carbonate depends 
on the relative K 2O unit price between the tw o, and the limit of 
NOx emissions allowed. Traditionally, this ratio has been about 1:3. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Nitrogen and Nitrates 675 





TV glass represents about 80% of total glass consumption of potas- 
sium nitrate. As a stro ng oxidizing agent, potassium nitrate is u sed 
in the manu facture ofe xplosives andf ireworks, and is also 

employed in making frits and in heat-treating steel and other metals. 


Product Grades and Specifications 
Ammonia-Based Products 


One of the principal comm  ercial forms of ni trogenis ammonia 
(NHs3), a colorless, nonflammable, liquefied gas with a characteristic 
sharp, penetrating odor that is highly irritating to the mucous mem- 
branes and eyes (it is the active product of smelling salts). Ammonia 
is the simplest stable compound of nitrogen and hydrogen. It is the 
source of app roximately 97% of nitrogen fertilizer, which is either 
applied direct ly to the soil or converted into amm onium nitrate, 
ammonium phosphate, and other nitrogen compounds. 

In manufacturing, ammonia is used to produce synthetic fibers 
such as nylon and rayon, as a catalyst in the production of synthetic 
resins, and to prevent coagulation of raw latex rubber. It neutralizes 
acidic by-products of petroleum refining and h as metallur gical 
applications such as nitriding alloy shee ts. Ammonia is a cri tical 
part of the ammonia-soda (Solvay) process to produce soda ash, 
and it is a portable source of hydrogen for welding. The pungent 
smell of ammon iaiscommoninman — yhou sehold cleansers. 
Because ammonia is easily liquefied by compression or by cooling 
to about —33°C and because it absorbs substantial amounts of heat 
from its surroundings when returning to the gaseous state, it is used 
as acoolant in refrigerating and air-conditioning equipment. The 
polarity of NH3 molecules and their ability to form hydrogen bonds 
help make ammonia highly soluble in water, forming an alkalin e 
solution of ammonium h ydroxide wi th its ch aracteristic alkaline 
(basic) properties and ability to combine with many chemicals. 

Ammonia serves as a starting material f or the prod uction of 
many commercially important nitrogen compounds. One of the most 
important is urea, CO(NH2)2, formed when ammonia is treated with 
carbon dioxide at 13 2°-182°C under high pressure; it is used asa 
direct appl ication fertiliz er (46-0- 0) or in urea-am monium nit rate 
(UAN) solutions, in an imal feed, in urea-formaldehyde resin and 
melamine production, in te xtile treatment, and in pharmaceu ticals. 
An important for m of nitrogen deri ved from ammonia is monoam- 
monium phosphate, NH 4H2POs, or MAP (11-48-0), and diammo- 
nium phosphate, (NH4)2HPO,, or DAP (18-46-0). Its main use is as 
a fertilizer; it is also used as a food additive. 

Ammonia is treated with various mineral acids to produce crit- 
ical ammonium chemicals. Ammonium nitrate, NH4NO3 (33.5-0-0), 
manufactured from nitric acid, is used in explosives such as ammo- 
nium nitrate and fuel oil (ANFO) and nitroglycerine, in the manu- 
facture of glass and frit, as an ingredient in charcoal br iquettes, in 
metal treatment, in water treatment, and as a feedstock in the manu- 
facture of ad ipic acid, nitrobenz ene, and toluene diisocyanate. 
Ammonium sulf ate, (NH 4)2SO4 (21-0-0), from su Ifuric acid, is 
used as a direct application fertilizer, ina blended nitrogen fertil- 
izer containing 24% sulfur, as a fire retardant, in the manufacture of 
viscose rayon, and as a chemical feedstock. Most ammonium su 1- 
fate is a by-product of the production of caprolactan (the intermedi- 
ate for n ylon 6 fiber and plastics ), the removal of ammonia from 
coking coal in the steel industry, and the Sedema process of chemi- 
cal manganese dioxide production. Ammonium chloride, NH4Cl, or 
ammoniac salt, is prod uced from h ydrochloric acid; it is used in 
galvanizing and soldering fluxes, as an electrolyte in zinc-graphite 
dry-cell batteries, and in the preparation of alkaline cleansers. Other 
chemicals derived from ammonia or its derivatives include calcium 
nitrate, ammonium dichromate ,h ydrogen and sodiumc_ yanide, 


nitric acid, antimony nitrate, cyclohexanone, ma gnesium nitrate, 
manganese nitr ate, nitrobenzen e, nitrogly cerin, nitrophosphates, 
and trinitrotoluene. 


Caliche Ore—Based Products 


The caliche ore mined in Chile is used as a feedstock in the manu- 
facture of sodium nitrate (16-0-0), sodium potassium nitrate 
(15-0-14), and prilled (13.5-0-44) and standard potassium nitr ate 
(13.5-0-45); in numer ous blend ed specialty fertilizer s used for 
higher value crops such as vegetables, tobacco, fruits, cereals, sugar 
beets, and cotton; and forh ydroponics or greenhouses. Fertilizer 
based on 100% nitrate nitrogen is virtually chloride free and 
slightly alkaline, easy to handle, nonhygroscopic, and 100% water- 
soluble, making it suitable as a fast-nutrient-release fertilizer. It is 
reported to help alleviate prolonged greenness and delayed curing 
in tobacco and to reduce the risk of late season growth, boll shed, 
and insec t dam age inc otton. It encourages early maturity, high 
yields, increased storage life, and transit qualities in vegetables, and 
it improves the sugar content and facilitates the uptake of Ca, Mg, 
and K in citrus fruit. 

Sodium nitrate, which co ntains 16% nitrogenand2 6% 
sodium plus trace elements such as boron and magnesium, is fully 
water soluble, making it suitable as a fast-nutrient-release fertilizer. 
It contains 100% nitrate nitrogen, which is available for root uptake 
without chemical transformation and can supply the sodium 
requirements for many crops where the sodium can replace part of 
the plant’s potassium requirement, thereby reducing costs. Sodium 
nitrate is used, for example, as a quick-acting t op-dress nitrogen 
fertilizer, which strengthens crops and increases their resistance to 
pests and disease. The main market for sodium nitrate, however, is 
industrial; it acts as a secondary oxidizer in slurry water gel, emul- 
sion, and dynamite formulations; aids in the removal of glass batch 
impurities where fine oxidizing conditions are necessary; contrib- 
utes to steel tempering, heat treatment of aluminum alloy, and the 
annealing of copper; and acts as a scavenger for secondary lead and 
as a food additive to preserve color and inhibit botulism. 

Potassium sodium nitrate, containing 15% nitrogen as nitrate 
and 14% chlorine-free potassium, has a high solubility and a slight 
alkaline reaction in soil. It is quick acting and chlorine-free, and has 
a balanced nitrogen and potassium ratio of 1:1. Prilled potassium 
sodium nitrate is used for sidedressing tobacco, v egetables, fruits, 
and flowers, and for topdressing small grains in early spring. 

NPK Speci alty Bl end ferti lizers (produced by SQM) are 
bulk-blended mixtures with part or all of their nitrogen as nitrate, 
chlorine-free potassium, and optional secondary or minor element 
concentrations. These products are manufactured on demand spe- 
cifically for crops that are sensitive to ammonia or chlorine in the 
soil. These blends—SQM produces more 200—are used as base 
fertilizers during planting of crops such as potatoes, vegetables, 
and tobacco and as a sidedressing for citrus, coffee, etc. 


Packaging 

In general, fertilizers are sold in bulk to large farms or agro-compa- 
nies and in 50- or 25-kg (100-Ib or 50-Ib) plastic bags to smaller 
consumers. Potassium nitrate destined for domestic fertilizer usage 
in the United States is generally shipped bulk in 100-t covered hop- 
per cars, and in palle tized 50-kg (100-Ib) bags and 1,000-kg (1-t) 
supersacks. Table 5 shows the typical packaging for sodium nitrate 
for industrial uses. 

Shipments of industrial-grade potassium nitrate to the TV-glass 
industry are generally in 100-t bulk railcars, whereas shipments to 
smaller industrial u sers are pr imarily in 5 0-kg bags and 1 ,000-kg 
supersacks. 
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Table 5. Typical packaging for sodium nitrate 





Import Finished Goods 
Grade Package Package 
Industrialgrade sodium nitrate Bulk Bulk, 50 kg, 100 lb, 1 t 
Technical-grade sodium nitrate 1-+t supersack 50 kg, 100 lb, 1 t 
Refined-grade sodium nitrate 1-+t supersack 50 kg, 100 lb, 1 t 





Transportation 

In Chile, nitrate and related products are transported by road or rail 
to consumers. Because much of the production is exported, there 
are se veral important ports, including Iquique and An tofagasta, 
plus Tocopilla, where SQM operates a de dicated port for b ulk or 
packaged shipments to customers and distributors. 


Specifications 

Urea contains 46% N; ammonium nitrate, 33.5% N; ammonium sul- 
fate, 21% N; MAP, 13% N and 52% P; DAP, 18% N and 20% P; and 
aqueous ammonia, a minimum of 29.4% NHs3. Potassium nitrate has 
a minimum chemical analysis of 13% N and 44% K2O (potassium 
oxide), although most grades sold contain 13.0%-13.8% N and 
45%—-46% K 20; chloride le vels are v ery low, usually less than 
0.01%. It is available as a prilled (nominal 6 x 20 mesh) direct appli- 
cation, and bulk blending and soluble, or as a crystalline (nominal 
20 x 120 mesh) product for liquid fert ilizer applications and the 
manufacture of granulated N-P-K fertilizers. Higher purity forms 
(slightly lower chloride, sodium, and other metal contaminants) are 
required for industrial applications. 


ECONOMIC OR COMPETITIVE FACTORS 


Modern nitrate production is accompanied by iodine production, 
and in fact iodine may be considered the primary product with the 
nitrates as coproducts. Crystallized sodium sulf ate decah ydrate 
(Glauber salt) is produc ed from the leaching sol utions remaining 
after the iodine production process and is used to produce anhydrous 
sodium sulfate. 


REGULATORY AND ENVIRONMENTAL CONSIDERATIONS 


Anhydrous ammonia is not a pois on and has no cumulative toxic 
effects on the human body . Ammonia vapor is considered to 
be “life thre atening,” ho wever, when e xposure levels reach 
2,500-6,500 ppm for up to 30 min or “rapidly fatal” if exposure lev- 
els reach 5 ,000—10,000 ppm for up to 30 min. The U.S. Environ- 
mental Protectio n Agenc y’s (EPA’s) interim acutee — xposure 
guideline levels (AGELs) include an AGEL-2 for ammonia of 
160 ppm for 30 min and 110 ppm for 60 min (AGEL-2 is defined as 
the concentration of an airborne substance at or above which it is 
predicted that the gener al pop ulation, including se nsitive b ut not 
hypersusceptible individuals, could e xperience irreversible or other 
serious long-lasting effects or impaired ability to escape). Ammonia 
is not combustible except when its concentration in the air is 16%— 
25% at 849°C or higher. It does re quire special handling because 
anhydrous ammonia turns into a colorless, pun gent, hazardous gas 
under atmospheric conditions. One industry reference for storage 
and handling is K61.1, written by T he Fertilizer Institute (TFI) and 
issued by the American Na tional Standards Institute (ANSD. In 
1990, the U.S. Department of Transportation classified anhydrous 
ammonia as anon flammable gas linked to a required “inhalation 
hazard” label and as a Di vision 2.2 n onflammable, nonpoisonous 
compressed g as for domestic shipm ents. International shipments, 
however, were classified as a Division 2.3 poisonous gas, consistent 
with UN regulations. Ammonia is stored in carbon-steel cylindrical 


tanks at atmospheric pressure a nd —2°C, and shipped in tank rail- 
cars or trucks under pressure as a liquid, by refrigerated barges and 
ocean vessels, or by pipeline. 

Nitrogen comp ounds are an en vironmental concern in that 
overfertilization and the subsequent runoff of excess fertilizer can 
contribute to nitrogen accumulation in watersheds, which has been 
theorized to cause h ypoxic zones (s uch as in the Gulf of Me xico 
during the summer). 


PRICES 


Because the choice of fertilizer is an agronomic decision rather than 
an economic decision, the demand for specialty fertilizers is inelas- 
tic with regard to price. Ifthe price of fe rtilizer inc reases, the 

farmer still must purchase it if he intends to continue to grow the 
crop. This is particularly true for nitrogen, which is soluble and dis- 
appears quickly compared with both P and K, which can remain in 
the soil for some time. Therefore, there may be a slight drop in P 

and K initially when fertilizer prices rise, but the cutback cannot be 
maintained for any significant length of time. 

Prices are chiefly a result of the supply-and-demand balance. 
In the case of potassium nitrate, Chile, the United States, and Israel 
control the v olume of supply available on the market. On the 
demand side, the types of farming and the range of crops produced 
have an influence on fertilizer use. Tobacco production is declining 
in the United Stated but is increasing in China. As with most mar- 
kets, the actions of Chin a will have am ajor impact on fert ilizer 
demand and pricing. 

Urea is the main nitrogen fertilizer and can be an alternative to 
the use of nit rate. There will be a price relationship between urea 
and nitrate at which f armers will decide to switch in either direc- 
tion. History has shown that nitrate prices are less volatile than urea 
prices. A price relationship is more e vident in th e sodium nitr ate 
markets in Chile and China. In Chile, SQM has set the price of 
sodium nitrate at different levels relative to urea from season to sea- 
son (mainly from 1980 through 1987), and this has been very useful 
for establishing a relationship that extends from a 6% share o f the 
nitrogen market for nitrate when its price per unit of nitrogen was 
2.5 times that of urea, to 48% of the nitrogen market when its price 
per unit of nitrogen was 1.1 times that of urea. 

Negotiations to sell sodium nitrate to China are bas ed on 
nitrate at twice the urea price per unit of nitrogen. As a result, most 
of the negotiations revolve around the urea price to be used in the 
comparison, which makes the situation challenging for the seller. 

Worldwide, the price of potassi um nitrate is set bye xports 
from Chile on anf.o .b. port basis in US dollars per ton. These 
prices peaked at just about $300/t in 1997. Since then, they declined 
to less than $280/t in 1999 and to $250/t or less based on exports in 
2000 and 2003. 

For industrial nitrates, price levels are determined by industry 
type—based on exports, the average price for sodium nitrate was 
$180/t f.0.b. Chilean port in 2002 and 2003. 

Actual pricing in the United St ates for most industrial- grade 
potassium nitrate is $450-$500/st delivered to the customer. As the 
largest consumer, the TV-glass industry pays the lowest price, and 
smaller consumers pay the higher price. TV glassmakers purchase 
by 2- to 3-y ear contracts, with target prices subj ect to m eet-or- 
release cl auses. Other sales are mostly consummated on a spot 
basis, based on quoted or negotiated prices. 


OUTLOOK AND FUTURE TRENDS 


Demand Drivers 


Western Europe and North America have generally accounted for 
the bulk of the demand for sp ecialty fertilizers such as potassium 
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nitrate and potassium sulfate. Latin America and Asia (particularly 
China), however, hold the k ey to future demand growth based on 
population growth and the increasing sophistication of farming. In 
addition, China is the largest producer of tobacco, which is the larg- 
est consumer of specialty fertilizers. Worldwide, specialty fertilizer 
demand will increase with the increased popularity of fruits and 

vegetables, the need for intensive farming close to urban areas, and 
the increased use of innovative farming techniques such as fertiga- 
tion and micro-irrig ation. Demand should also increase as farming 
in areas with high chloride soils becomes necessary. Periodic fluc- 
tuations in demand occur because of factors such as weather condi- 
tions inthe gro wing areas (the E 1 Nifi oef fect), changes in 
government agricultural support policies, commodity price and for- 
eign exchange fluctuations, and changes in the crops gro wn or in 
the N-P-K ratios used. 

Conventional use of sodium n itrate in explosives, BBQ br i- 
quettes, and glass appears to be declining as less nitrate is used per 
unit of product, and, in some ca ses, en vironmental concerns are 
encouraging elimination. In the glas s industry, there is a real push 
to eliminate industrial sodium nitrate to reduce NOx emissions. The 
compound has unique characteristic s, ho wever, that can onlyb e 
partially replaced by othe rm aterials such asc alcium ni trate, 
sodium sulfate, and ammonium nitr ate. Future growth has to rely 
on the development of new uses—in particular, water treatment and 
alternative energy. 


Market Channels. 


Today, as sole suppliers of natural nitrates, Chilean nitrate producers 
face a situation—dri ven by mark et fo rcees—in which they have a 
very small piece of the fertilizer market, and the only way to grow is 
to expand into other regions producing the same crops that currently 
use nitrates. That implies a significant mark eting effort intimately 
related to the distribution channels. 

Nitrate producers have to be much closer to the end user than 
producers of commodity fertilizers. For example, in both Brazil and 
Chile, PCS Sales (or C anpotex) se lls potassium chloride using a 
sales representative. This company officer and his secretary receive 
calls from fertilizer importers (6 in Chile and 10 in Brazil) and act 
as coordinators between the pr oducer (PCS) and the importer for 
setting the quantity , price, timin g, and conditions of a shipment 
(usually at least 10,000 t of product). 

SQM has its own subsidiary (So quicom) in Chile for th e 
import of any kind of fertilizer and for the sale of nitrates. This sub- 
sidiary contracts out a chain of lo cal and national di stributors that 
carry, on consignment, fertiliz er products imported and p roduced 
by SQM. Soq uicom has divided Chile into seven zones, and each 
has an office that manages sales and produces market intelligence. 
SQM agronomists in each office work with the local distributors to 
establish the amounts ne eded and dates deli very is required. The y 
organize local marketing (directly for big farmers or collectively for 
the smaller ones), which basically consists of showing them the 
results of agronomical trials for their areas of interest. SQM’s mar- 
keting department collaborates with universities and governmental 
institutions for these trials that are designed to show the advantages 
of nitrates over other fertilizers. There are also local trials, con- 
ducted by the local office in collaboration with large farmers. The 
local of fices al so pro vide information on the competition, bo th 
products (calcium nitrate) and fertilizers imported by other compa- 
nies. The y also pro vide information about developments in local 
farming and the performance of distributors. 

Only a limited number of countries produce nitrates, iodine, 
and lithium, and therefore a significant proportion is exported: vir- 
tually all the natural sodium ni_ trate exported comes from Chile. 


More than 90% of SQM’s specialty fertilizers are exported, with a 
fairly even distribution, to more than 100 countries: approximately 
20% is sold in South and Central America, 22% in North America, 
19% in Eu rope, and 21% in the rest of the world. No single cus- 
tomer accounts for more than 4% of specialty fertilizer sales, and 
the combined sales of the 10 largest customers account for less than 
21% of total sales. 

Almost all iodine is exported from C hile, including some 
2,000 tpy of iodine derivatives that are processed locally. 
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Olivine is a magnesium-iron sili cate mineral formed deep int he 
upper mantle. It is used chemica lly as a source of magnesia com- 
bined with silica and physically for uses requiring hardness and resil- 
ience. Relatively few countries and still fe wer companies produce it 
in commercial quant ities. Ov erall, Norw ay dominates commercial 
production, and metallurgy dominates consumption. 


GEOLOGY 


Olivine is a comm on mineral in the low-silica rocks making up the 
oceanic crust. It is particularly common in pre-Ordovician to Ter- 
tiary basalts and other mafic igneous rocks and is the essential min- 
eral of peridotite. Rock containing more than 90% olivine is known 
as dunite, named for its type locality in Dun Mountain, Nelson, New 
Zealand. A medium- to coarse -grained crystalline rock, dunite is 
generally reddish brown when weathered. Fresh, unweathered dun- 
ite is, however, relatively rare because it readily takes up water and 
alters to oxide s and serpentine. Deposits commonly contain 92% 
olivine, 5% p yroxene, and 1% spin el, chr omite, and magnetite, 
along with 2% secondary minerals such as chlorite, serpentine, talc, 
vermiculite, and limonite. Olivine also occurs in basic igneous rocks 
such as olivine gabbro, basalt, and diabase (dolerite). Commercial 
deposits of olivine, however, are generally restricted to dunite bodies 
of the alpine type that intruded from the upper mantle into the upper 
lithosphere along deep faults in partly crystallized form (Harben and 
Kuzvart 1997). Associated minerals are diopside, spinel, plagioclase 
feldspars, chromite, magnetite, talc, hornblende, se rpentine, iron- 
nickel meteorites, and augite. 

Magnesium-rich olivine forms through the thermal metamor- 
phism of siliceous limestone and dolomite. Fayalite is more com- 
mon in regionally metamorphosed iron-rich sediments. 


Mineralogy 


Olivine represents an isomorphous solid solution series of orthosili- 
cate minerals rather than a single mineral and has the general for- 

mula R»SiO4, where R is iron or magnesium. The magnesium end 
member is forsterite, Mg2SiO4, named for Adolarius Jacob Forster 
(1739-1806), an English miner al collector, and the iron end mem- 
ber is fayalite, Fe2SiO4, named for its type locality at Fayal Island 
in the Azores. This gives a general designation of (MgFe)2SiO4 or 
2(Mg, Fe)O*SiO2. Olivine comprising more than 15% fayalite and 
less than 85% forsterite is considered unsuitable for most industrial 
uses: the iron co ntent makes it less r efractory because Mg 2SiO4 
melts at 1,890°C compared to 1,205°C for Fe2SiO4. 
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Chemical and Physical Properties 


Olivine (forsterite) is commonly ye llowish green with a vitreous 
luster. It also occurs as light or olive-green yellow. The Mohs hard- 
ness is 6.5 to 7.0, the cleavage is poor , and th e fracture is con- 
choidal. The spe cific gravity is approximately 3.2 when pure 
Mg»SiOy, and rises with increasing iron content. 


DISTRIBUTION OF WORLD DEPOSITS 


Commercial olivine has two main occurrences: 


1. Dunite, a medium- to coarse-grained igneous rock with 9 0% 


or more of its volume made up of olivine 


Serpentinite, com posed ma inly of the mi neral serpe ntine, 
(Mg,Fe)3Siz05 (OH)4, from _kimberlites, ophio lites, and 
gabbros that originally had large amounts of olivine 


Despite their obvious geological differences, the names oliv- 
ine, dunite, and serpentine are often used interchangeably. Depos- 
its com monly contai nm ore than 90% __ olivine pl us p yroxene, 
spinel, chromite, and magne tite together with secondary minerals 
such aschl orite, serpentine, talc, v ermiculite, and lim onite. 
Because fresh, unweat hered olivine is ara rity, most commercial 
deposits are based on the less attractive altered serpentine. 

The world’s production capacity of olivine, dunite, and serpen- 
tine is estimated at some 8 Mtpy, of which about half is high-quality 
olivine almost e xclusively from Norw ay. This source dominates 
trade via its d eep-water ports and a lon g-standing distribution sys- 
tem. Production elsewhere is mainly based on serpentine, for exam- 
ple, in Ar gentina, Austria, Braz il, I taly, Japan, K orea, Mexico, 
Spain, Taiwan, and the United States (see Table 1). 


Norway 


Olivine p roduction in Nor way of approximately 3.5 Mtp y is 
derived from dunite bodies within the Fjordane Complex, south of 
Alesund, in the Sunnm¢re-Nordfjord District in the west of the 
country. These deposi ts are the largest in the world, estimated to 
contain 2,000 Mt o f olivine within 6 km”. The average mineral 
content of the dunite is 92% olivine, 5% pyroxene and serpentine, 
1.5% chlorite, and 1% spinel; the mineralogical composition of the 
olivine is 94% forsterite and 6% fayalite (Olerud 1995). 

The world’s largest olivine producer is A/S Olivin, owned by 
North Cape Minerals AS , which itself is 64% owned by Unimin 
Corp. and the balance by Fran zefoss Bruk A/S of Norw ay. The 
company o wns the Bryg gja, Nordf jord, operation ( underground) 
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Table 1. World production of olivine’ 





Country Production, ktpy 
Australia 80 
Austria 20 
Brazil 350 
China 350-500 
Italy 100 
Japan 2,000 
Mexico 150 
Norway 3,500 
South Korea 500 
Spain 700 
Taiwan 400 
Turkey 150 
United States 100 

Total “8,050 





Source: O'Driscoll 2004. 
* Commonwealth of Independent States olivine production not included 
because of a lack of reliable data. 


and two operations at Aheim (A Imeklovdalen), south of Alesund, 
comprising More (surf ace) and Rauber gvika, Ro msdal (under- 

ground), the latter through Olivin’s su bsidiary Industrimineraler 
AS. Brygg ja and Rauber gvika ha ve acombined prod uction 
capacity of 500,000 tp y, whereas the Aheim mine has a capacity of 
3.8 Mtpy with output carried via a 4-km-long conveyor in a tunnel to 
the plant ne xt to the harbor. Slag conditioning in the iron and steel 
industry accounts for 90% of sales, with the balance used in found- 
ries, refractories, and abrasi ves. S teinsvik Olivin AS is a pote ntial 
olivine producer in Norw ay based on a deposit at Vassbakkedalen, 
above Steinsvik in Dalsfjord. The deposit is 2k m from the North 
Sea, and analyses of samples have apparently indicated olivine qual- 
ity similar to that of Aheim. The total size of the rese rves has been 
estimated at 25 million m3, with MgO content ranging from 46.5% 
to 49.0%. The project is designed to ramp up from an initial produc- 
tion of 250,000 to 350,000 tpy (O’Driscoll 2004). 


Italy 


Nuova Cives Srl mines an olivine deposit near Turin in the munic- 
ipalities of Cast ellamonte, Vidracco, and Baldi ssero Canavese in 
the north of Italy. The 75-km? outcrop area hosts more than 100 Mt 
of reserves, grading 95% t 0 97% oli vine. The ca pacity is some 
300,000 tpy of crude ore, with the plant at V idracco capable of 
producing 250,000 tpy. About 40% is used in refractories and met- 
allurgical ap plications; 1 0% in ir ono re pr oduction; 15 % in 
foundry; 20% in b lasting abrasives; 10% in bituminous products, 
special pa ints, and cerami cs; and5 %in_ road construction 
(O’ Driscoll 2004). 


Spain 

In the province of La Corufia, in Galicia in nort hwestern Spain, 
Pasek Espafia SA produces about 700,000 tpy of dunite for slag 
conditioning, r efractories, and aggre gates. P asek Espafia is a 
wholly owned subsidiary of Belgium’s Pasek Group and focuses 
on the refractories market. Pasek also has operations in France and 
Brazil. 


Turkey 


Turkey produces about 15 0,000 tpy of oli vine from a number of 
small- to medium-scale producers. The leading producer is Be yk- 


rom Mining Inc. in Be yseehir, K onya, with a plant ca pacity of 
150,000 tpy. The main markets are eccentric bottom-tapping (EBT) 
taphole filler, slag conditioner for steel, refractories, sand blasting, 
foundry, and also fines for other markets. Beykrom’s target markets 
are in the Mediterranean and Mi ddle East re gions. Potential pro- 
ducers include Olivin Mineral AS and Ado Mining. 


Japan 


Japan is the world’s second largest olivine producer, after Norway, 
with an output of some 2 Mtpy. Much of this is derived from exten- 
sive deposits of mostly serpenti ne in the Horoman Hill re gion in 
Hokkaido, which supplies the domestic steel and foundry industry. 
As many as 30 producers have the capability of producing as much 
as 5 Mtpy of all forms of olivine, much of which is used in con- 
struction. The lar gest is T oho Olivine Industrial Co. Ltd. ’s opera- 
tion on Horoman Hill on the north ern island of Hokkaido , which 
produces about 300,000 tpy of olivine. This is the largest deposit in 
Japan, with reserves estimated at 100 Mt. 


China 


Olivine production in Henan Province in central China is based on 
deposits of forsterite in south west Henan, in Xixia County, west of 
Nangyang, and in Yubian County. The ore body is approximately 
7.5 x 1.1 km in size, with ore re serves of more than 100 Mt and 
mineral reserves of 9 Mt. The more than 30 mining sites have pro- 
duction capacities ranging from 10,000 to 50,0 00 tpy. Henan oliv- 
ine production is estimated to be 350,000 to 500,000 tp y of high 
MgO (47.26%) grades used as_ a slag conditioner , foundry sand, 
refractories, and other uses. The main producers are Henan Mines 
& Refractory Corp. and Nanchuan Minerals Group. 


United States 


Olivine production in the United States is restricted to the Cascade 
Mountains of Washington State and the Smoky Mountains of North 
Carolina. Deposits in Washington are superior in quality b ut much 
farther from most markets. Output is modest at about 100,000 tpy. 

The center of pr oduction in no rthwestern W ashington is at 
Twin Sisters Mountain in Whatcom and Skagit counties, 32 km east 
of Bellingham. A 90-km? elliptical body of dunite, the largest in the 
Cascade belt at 200 billon t, is composed almost entirely of unaltered 
olivine (W. Moen, personal communication). The geological setting 
of the area is dominated by three thrust sheets, the youngest of which 
brings greenschist and phyllite, thought to be pre-Jurassic, over Pale- 
ozoic rocks. The Twin Sisters mass is an enstatite-bearing dunite that 
weathers reddish brown. Unaltered rock consists of olivine, enstatite, 
chromite, and clinopyroxene. Forsterite is dominant throughout the 
mass. Unimin Corp. accounts for the bulk of oli vine produ ction, 
working a talus accumulation at the base of Twin Sisters Mountain, 
and Olivine Corporation operates a mine near Bellingham, Washing- 
ton. Production capacity is 50,000 tpy. Industry sources r eport that 
Olivine Corporation mines about 40,000 tpy of olivine from its Sven 
Larsen quarry in Whatcom County, which is used to produce olivine 
foundry sand for manganese steel castings. In addition, some mate- 
rial is shipped to Unimin Corp.’s plant at Hamilton, which produces 
casting sands and other refractory products. 

Several large masses of duni te have been recognized in a belt 
extending from Watauga County, North Carolina, southwestward to 
White County, Georgia, a distance of about 280 km. Two main dis- 
tricts, the Webster-Balsam District in Jackson County and the Spruce 
Pine District in Yancey and Mitchell counties, ha ve historically pro- 
duced most of North Carolina’s olivine. The deposits contain 50% to 
90% olivine. The dunite bodies occur in two main forms—lenticular 
intrusions with the long axi s parallel to the re gional schistosity and, 
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more rarely, ring dikes. The core of the bodies, accounting for about 
half the v olume, consi sts of rel atively unaltered oli vine; the out er 
zones and some faulted zones within the core are partially altered to 
serpentine and talc. The largest of these bodies contains an estimated 
300 Mt of dunite, and the mineralogy is remarkably consistent. The 
now-closed Addie deposit,56 km southwest of Ashe ville, North 
Carolina, consists of a highly lamin ated dunite alternating with talc, 
chlorite, and other secondary minerals formed through the action of 
hydrothermal solutions. Masses of dunite little affected by this meta- 
morphism were the economic zones. 

Recent production has been li mited to the Unimin Daybrook 
mine near Burnsville in Y ancey County with an output of some 
100,000 tpy. 


Other Countries 


Magnolithe GmbH produces some 120,000 tpy of serpentinized oli- 
vine from an open pit at St. Stefan ob Leoben in Austria. Because 
the product contains from 40% to 70% serpentine, it has to be cal- 
cined and graded for commercial use. 

In Mexico, Regio Cal SA de CV produces about 25,000 tpy of 
dunite and serpentine at Mag Minas de Tamaulipas, Cuidad Victo- 
ria, Tamaulipas. 

Black Mou ntain Mineral (Pvt) Ltd. pro duces 30,00 0 to 
40,000 tpy of olivine from a quarry at Lashaker, some 60 km from 
Mingora in Swat, Pakistan. 

Olivine production in the former U.S.S.R. is centered in th e 
Pamir Mountains. 


TECHNOLOGY 


The positive relief of dunites and the fact that they support sparse 
vegetation f acilitate pros pecting. Core drillin g is often dif ficult 
because of the presence of serpentinized zones, and therefore per- 
cussion drilling with compressed air (the so-called “down the hole” 
method) is used. 

Except fo rone room-and-pillar un derground op eration at 
Briggjain Norway, mining of olivine or d unite is b y o pen-pit 
methods. Using bench heights of 3 to 9 m, drilling and blasting is 
generally supplemented by secondary drop-ball work to reduce the 
size of the boulders. Shovels or front-end loaders load trucks trans- 
port the feed to the 1 ocal plant, where it is reduced to-40m m 
material using a primary jaw or cone crusher. The resulting prod- 
uct may be screened toa-40+10mm commercial product or 
reduced further by cone, impact, or roll crushers or by ball mills. 
Some producers such as those in North Carolina use wet process- 
ing and gr avity se paration. In Austria the du nite is cal cined in 
rotary kilns at 1,65 0°C to produce grades suitable for refractory 
and foundry applications. 


USES 


Olivine is a commercial source of magnesia combined with silica 
used mainly in metallurgy, where it is utilized as slag conditioner, 
refractory, and foundry sand,and  asafertilizer .Its ph ysical 
attributes are appropriate for abrasives, filler applications, and sev- 
eral miscellaneous uses. According to the U.S. Geological Surv ey 
(USGS), in 2004, foundry uses accounted for 91% of olivine use in 
the United States, with sandblasting and other abrasive uses at 5%, 
and refracting applications at 4% (Kramer 2005). Gem-quality oliv- 
ine is known as chrysolite (light yellowish-green olivine), evening 
emerald (olivine’s gemstone variety), and most commonly peridot. 
Merely a marketing name derived from the French meaning unclear 
because of the inclusions and cloudy nature of large stones, peridot 
is the magnesium-rich forsterite with a unique g reen-yellow color 
caused by the presence of iron ions plus trace nickel and chromium. 


Metallurgy 


By far the largest market for olivine is as a slag conditioner in blast 
and electric-arc furnaces. In addition to conditioning the slag, the 
olivine controls the basicity through alkali recirculation reduction 
within the furnace because of th e formation of sta ble magnesium 
alkali silicates. In addition, its higher reaction temperature reduces 
low-temperature breakdo wn and_ swelling o f the b urden, thus 
maintaining permeability and reducing coke consumption. The oli- 
vine may be added directly to the blast furnace charge as lump 
(10 to 40 mm), ad ded as a sinter feed (3 to 6 mm), or mixed with 
low-silica iron-ore fines and pressed into pellets. Each form has its 
pros and cons. As a lump added directly to the furnace, olivine can 
replace some of the limestone and dolomite flux in the reduction of 
the iron ore. Compare d with dolomite, olivine has a higher MgO 
content (requires less ma_ terial fora gi ven MgO level), high er 
MgO:SiOy, ratio (thus allo wing MgO le vels to be raised without 
changing the basicity of the slag), and lower loss on ignition (LOI) 
of 0.3% to 0.7%, which conserves the energy required to drive off 
unwanted carbon dioxide. 

With an initial sintering temperature of 1,450°C and fusion at 
1,665° to 1,743°C, olivine is well suited as a refractory . Added 
advantages include a low and uniform coefficient of thermal expan- 
sion; good resistance to thermal shock, spalling, and slag attack ; 
and a high green strength. Therefore olivine is used in the manufac- 
ture of magnesia (forsterite) refractory bric ks; in spraying, ram- 
ming, and gunning mix es; as EBT ta phole filler for electrical arc 
furnaces; and in precast refractory linings for incinerators. Because 
of its ability to minimize generation of harmful gases, olivine sand 
is used to line silo b urners used to dispose o f hospital w aste and 
other toxic wastes. 

The refractory properties plus its lower free-silica content and 
strong resistance to metal attack mean that olivine can replace silica 
sand as a foundry molding sand used for aluminum, brass, bronze, 
manganese steel, gray iron, and alloy steel. When casting manga- 
nese steel and other high-v alue alloys and copper and aluminum 
alloys, olivine sand produces a clean surface requiring minimal fin- 
ishing. Additional benefits include the basicity of olivine, which 
enhances the bentonite b onding properties, thus reducing clay 
demand and its low and uniform expansion rate, which eliminates 
the need for cushioning agents and thus allows recycling. Its angu- 
lar particle shape tends to use up to 50% more resin for binding 
compared with rounder silica sand. 

Olivine has e xtremely high heat-retention properties and is 
used in the brick cores of heat-storage units. 


Nonmetallurgical Uses 


Olivine’s properties of less than 1% free silica, a moderately high 
Mohs hardness of 6.5 to 7.0, a specific gravity of 3.3, a conchoidal 
fracture yielding an angular grain shape, and a light-colored dust 
allow itto be usedasa_loose-grain ai rblast abrasi ve, filtration 
media, and a weighting agent in concrete oil-production platforms. 
Olivine may replace silica sand as an airblast abrasive because of 
the reduced risk of silicosis us edin repairing and ma intaining 
ships, railcars, trucks and automobiles, and aircraft and maintain- 
ing structural steel such as bridges, oil rigs, boilers, storage tanks, 
and pipelines. 

As a fertilizer and soil amendment, olivine contributes magne- 
sia and iron as nutrients to the soil. 

The light color of the dust also allo ws olivine to be used as a 
filler in specialty paints, asphalt, mastics, and roofing tile formula- 
tions. As a local rock, olivine can be crushed and used as an aggre- 
gate used in construction and c oncrete. Rock wool manufactured 
from oli vine is being marketed in Europ e as en vironmentally 
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Table 2. Olivine chemical composition 





Norway, Norway, United States United States 

Norway, A/S Olivin A/S Olivin Austria, ltaly, Sweden, (Washington), (North Carolina), 
Chemical Dunite Standard Refractory  Magnolithe | Nuova Cives Handol Olivine Corp. Unimin Japan, Toho 
MgO 47-5] 48-50 49-5] 48 min* 41-43 46 49.4 50.5 47 maxt 
SiOz 41-43 42-43 41.5-42.5 42 42-44 4 41.2 40.1 42 min 
Fe2O3 6.5-7.7 6.8-7.3 6.5-7.0 10.5 max 1.2-2.7 8.2 7.1 6.7 2 
AlzO3 0.5-1.0 0.5-0.8 0.4-0.5 nat na na na na na 
CaO 0.05-0.06 0.05-0.10 0.05-0.10 0.4 max 1.5-2.6 0.8 0.2 0.2 0.4 
Oxides8 na na 2 1.8 ] 8.5 max 
LOl 0.2-1.5 0.7-1.5 0.2-0.5 na na 1.8 0.7 0.7 2.5 max 





Adapted from Harben 2002. 
* min = minimum. 
fT max = maximum. 
tna = not available. 
§ AlzO3, TiO2, MnO, Cr2O3, NiO, CaO, K2O, Na2O. 


Table 3. Nuova Cives sizing and applications 


Sizing Market Application 





30-60 mm Rail ballast 


10-25 mm, 10-45 mm lump __ Blast furnaces 
3-18 mm, 8-18 mm Metallurgical and road construction 


2-2.5 mm, 2.5-5.5 mm, 
5.5-7 mm 


Taphole filler sand in EBT/OBT,” basic 
retractory, backing sand redressing 
10-2,500 pm Foundry, gunning and ramming mixes in spray 
linings for tundish facings, water filtration, 
waste furnace, preparation of special basic 
paints for moulding, ceramic frits, 
waterproofing and bituminous products, 
antacids and anticorrosive paints 


0.1-0.35 to 1-2.5 mm Blasting abrasives, water-jet cutting 





* OBT = obround bottom-tapping. 


friendly (or perhaps “green,” because the very name is derived from 
the Latin oliva, meaning olive, alluding to its oli ve green color) . 
Night storage heaters have electric elements that heat up blocks of 
dense material such as olivine with a high sp ecific heat capacity 
and cased in layers of insulation so that the heat escapes slowly. 


Future Uses of Olivine 


Olivine is aca ndidate for sequestering CO 2 emissions gener ated 
from b urning fossil fuels. The concept of mineral sequestration 
involves the reaction of CO» with minerals to form geologically sta- 
ble carbonates, i.e., mineral carbonation. One example would be to 
activate or pretreat the serpentine and olivine, which is placed in a 
solution of water, NaCl, and sodium bicarbonate to react with CO2 
at a high temp erature. This method allo ws for 80% carbonation in 
less than an hour and forms magnesite (MgCO3), silica (SiOz), and 
water, which acts as the harmless storage unit. In principle, | t of 
olivine can dispose of approximately 0.67 t of COz in an e xother- 
mic reaction that releases 90 kJ/mol. 


1. (Mg, Ca)xSiyOx + 2y + zHoz + xCO2 > x(Mg,Ca)CO3 + 
ySiO2 + ZH20 


2. 1/3 Mg3Si205(OH)4 + CO2 — MgCOsz + 2/3 SiOz + 2/3 H20 + 
64 kJ/mol 


3. Th Mg2SiO4g + CO2 — MgCO;3 + 1/2 SiO2 + 90 kJ/mol 


The current pretreatment methods of heating or f ine grinding 
are too energy intensive for practical use. Consequently, groups such 
as the Arizona State Uni versity (ASU) Carbon Sequestration 
Research Team (which is a member of the CO 2 Mineral Sequestra- 
tion Working Group that is managed by the Fossil Fuels Division of 
the U.S. Department of Energy), are examining alternative methods. 


Specifications 


Typically, olivine contains 45% to 51% MgO plus 40% to 43% 
SiO2; 7% to 8% Fe203; 0.2% to 0.8% CaO; and 1.8% to 2% Al203 
+ TiO», MnO, Cr203, NiO, and CoO. LOI is critical because this 
indicates the presence of hydrated minerals such as chlorite and ser- 
pentine. Table 2 gives the chemical analysis of some commercial 
olivine products. Sizes range from lump or aggregate (10 to 45 mm) 
to sand, to flour (200 or —325 mesh). 

Blast furnace-grade lump (10 to 40 mm) is for direct feed to 
the blast furnace and 0 to 6 mm or 0 to 3 mm to the sinter stream 
with an average MgO content of 47% to 48%. Foundry-grade oliv- 
ine is mainly American Foundry Society (AFS) 20, 30, 60, 90, 120, 
and flour; for brass, bronze, and aluminum, it is AFS 100, 140, and 
180. Filler grade runs 0 to 0.8 mm and 0 to 0.02 mm and fertilizer 
grade runs <0.1 mm. 

Table 3 gives sizing from Italy as an example. 


ECONOMIC FACTORS 


Environment, Safety, and Health 

One important attribute cited for olivine for use as a foundr y sand 
or airblast abrasive is its low free-silica content. Any mineral prod- 
uct with a cry stalline silica content of 0.1% or more, however, is 
generally re gulated under U.S. Occupational Safe ty and Health 
Administration (OSHA) Hazard Communication Standards or simi- 
lar standards, so they require a cancer warning label. 


Substitutes and Recycling 


Olivine competes with several minerals in several markets: 
¢ As a slag conditioner against dolomite 
« As a magnesia source (45% to 51% MgO) against magnesite 
(47.8% MgO) and dolomite (20% MgO) 
¢ In abrasives against specular hematite, garnet, silica sand, and 
slag 


¢ In fertilizers against dolomite, caustic magnesia, and magne- 
sium sulfate 
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Theoretically, as an ai rblast abra sive, sp ent olivine can be 
recovered, cleaned, resized, an d reused to of fset the higher initial 
costs compared with silica sand or slags. In practice, not much oliv- 
ine is recycled, and the higher price is thus justified by OSHA con- 
siderations and reduced liab ility. Reclaiming mold and core sands 
in foundries has increased because of escalating purchasing and 
disposal costs. 


Future Trends 


The iron and steel and metal foundry ind ustries largely influence 
demand for olivine, and they in turn depend on consumer durable- 
goods sales and co _nstruction acti vity, both of which are tied _ to 
gross domestic product (GDP) and popu _ lation gro wth. Iron and 

steel production tends tobe st rong during periods of eco nomic 
expansion and slows down in line with the economy. In addition, 
demand for foundry sand has been reduced by the advent of contin- 
uous casting in the steel industry. On the other hand, consumption 
as an airblast abrasive and a foundry sand may be en couraged by 
cost competitiveness as well as OSHA regulations that discourage 
the use of silica sand (and chromite in foundries). Nevertheless, the 
limited sources of production, wide range of competitive materials, 
and relatively low selling price restrict olivine to local or re gional 
markets, most no tably in Scandi navia and Jap an. Access to low- 
cost transportation is critical and is the main reason why Norway 
has been a successful exporter and producer. 


Prices 


Delivered prices for olivine de pend on quality , pack aging, and 
freight char ges, with the lo w end of the range at commodity-like 
levels. Prices (in US dollars) quoted in Industrial Minerals in 2005 
for the United States are approximately as follows: 

Ex-works foundry: $60 to 110/t (AFS 30 to 180, bulk), $77 to 
125/t (AFS 30 to 180, bags) 

Flour: $117/t (bags) 

Aggregate: $50 to 78/t (bulk) 

Europe CIF (cost, insurance, and freight), crushed, for sin ter, 
pellets, blast furnace: $13 to 19/t (bulk) 

Dry graded, refractory aggregate, ex-works: $72 to 80/t (bags) 
Foundry and blasting sand, e x-works: $78 to 84/t (bags), $65 
to 84/t (bulk) 


¢ Sand for tundish spray: $100 to 110/t (bags) 
¢ EBT taphole filler, dry, ex-works: $85 to 95/t (bags) 
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James M. Barker and Ken Santini 


INTRODUCTION 

The expanding properties of perlite have been kno wn for almost 
2,000 years (Allen 1992). Called perlstein in Germany in the 1800s 
(Evans 199 3), perlite w as origina Illy identified by i ts vi treous, 
pearly luster and characteristic curved (onionskin texture) perlitic 
fractures (Breese and Barker 1994). Textures of perlite range from 
classical (onionskin) to granular (most common commer cial type) 
to pumiceous (lower density). Defined as having 2 to 5 wt % com- 
bined water, perlite occurs w orldwide in young, glassy , rhyolitic, 
high-silica volcanic rocks generally less than 60 million years old. 

Modern perlite productio n began in 1946 in Superior , Ari- 
zona, and soon thereafter in New Mexico with a trade organization, 
the Perlite Institute, in place by 1949 (Allen 1992). Crushed and 
sized crude perlite expands or “pops” into anhydrous glass foam 
when heated quickly to plasticity at about 600° to9 00°C while 
releasing steam from combined water. Very fine perlite is expanded 
into microspheres typically less than 100 um in diameter. 

Industry may refer to any volcanic rock that expands as “per- 
lite.” This includes obsidian (<2 wt % water), bloated in Japan, and 
pitchstone (>5 wt % w ater), expanded in Eastern Europe. Th e low 
density and porous texture of expanded perlite plus its low thermal 
conductivity, high sound absorption, and chemical stability give it 
many valuable com mercial properties, e specially in the c onstruc- 
tion industry (Breese and Barker 1994). 


GEOLOGY 


Perlite is one of the natural volcanic glasses containing combined 
water. These include obsidian, perlite, pitchstone, and hydrated vol- 
canic ash or “pumicite” (Breese and Barker 1994). Perlite (2 to5 wt 
% water) is hydrated volcanic glass formed over a few million years 
or so by the chemical weathering of obsidian at or near the ear th’s 
surface. The obsidian precur sor to perlite originally contains ~0.1 
to 0.4 wt % water because lava is nearly anhydrous at surf ace or 
near-surface pressures as water is e volved rapidly from the melt 
(Fisher and Schmincke 1984). 

The w ater in obsidi an is inc reased by grad ual diffusion of 
meteoric water or sometimes other waters, such as thermal spring, 
phreatic or connate, into the high-silica (~70% to 75% SiO 2) 
rhyolitic (acidic) glass. Reincorp oration of magmatic water from 
microvesicles and voids is also possible soon after cooling. The ten- 
sion de veloped by the volume increase caused by this hydration 
results in t he arcuate or concentric fractures typical of onionsk in 
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perlite. Alkali-rich obsidian is hygroscopic, so alteration to perlite 
is inevitable but moderated by climate and wettable surfaces within 
the perlite body (Chamberlin and Barker 1996). Thus, perlite is not 
a primary igneous rock, although remnants of the primary obsidian 
or rhyolite may remain. 

Semiarid climates are more conducive to retaining h ydrated 
volcanic glass because it is not rem oved by the intense chemical 
weathering in a humid climate with its rapid flushing of glass disso- 
lution products (see Lorenz and Muller [1982] for a tropical perlite). 

Perlite is often described as metastable o ver ge ologic time. 
Although technically true, the reaction takes billions of years in the 
absence of water. Volcanic and impact glasses on the moon are still 
pristine after 4 billion years (Carmichael 1979), suggesting that the 
idea of de vitrification of perlite deposits should be put to rest for 
practical pur poses (Chamberlin and Bark er 1996) . The primary 
form of glass in older rocks is perlite, often recrystallized, if glass is 
preserved at all (Fisher and Schmincke 1984). Perlite dated as 
Devonian (391.0 + 3.8 Ma by “°Ar/??Ar) is known from Gaspé Pen- 
insula, Quebe c, Canada (M. He izler, persona 1 communication, 
Argon Lab, New Me xicoB ureauo fGeology and Mineral 
Resources). Other deposits are Jurassic or Cretaceous but most are 
Tertiary. 

Extreme viscosity of high-silica lava favors formation of very- 
thick glassy chill zones on the lava surface. The eruptive history of 
the parent v olcano determines th e potential size of _ the perlite 
resource (Figure 1). 

The best resource is the glassy top of a permeable (microvesic- 
ular) high-silica lava flow. Steep-sided high-silica lava domes typi- 
cally are larger and more comm on than flows but yield less perlite 
because their comple x, multi-e vent c ooling histori es form inter- 
leaved mixtures of glass and rhyolite (Chamberlin and Barker 1996). 
Formation of perlite is a very complex process that requires a long 
chain of fundamental or essential events. If one event is omitted or is 
incomplete, no commercial perlite will form (Figure 2). 

Because perlite textures are a continuum based on many inter- 
acting volcanic processes, they often do not fit nicely into classifi- 
cation “bo xes.” Common te xtures of perlite used by indu stry are 
pumiceous (least den se), granular, and onionskin (most dense). 
Most commercial perlite mined is now granular or pumiceous. 

Pumiceous perlite is at the margins of the deposit and is typi- 
fied by frothy, open vesicles that can show flattening and distortion 
because of compre ssion and flo wage shear. Obsidian cores and 
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C: Large Composite Dome 








y Crystalline Glassy 
GA Rhyolite = Rhyolite 


Adapted from Chamberlin and Barker 1996. 

Figure 1. Diagrammatic cross sections of a small dome (A), lava 
flow (B), and large composite dome (C). The composite dome shows 
several overlapping volcanic events which complicate commercial 
production compared to a single lava flow or small dome. 


Perlite's Genetic Links 


Plate tectonics 

Magmatism 

Volcanism 

Extrusion of high-silica rhyolite lava 
Vesiculation, fracturing, and dehydration 
Rapid cooling (glass formation) 
Low-temperature bulk hydration 


Preservation 


Adapted from Ohle and Bates 1981; Chamberlin and Barker 1996. 
Figure 2. A sequential list progressing from top to bottom showing 
fundamental and essential geologic processes in the formation of 


commercial perlite. Open links show where the chain is most likely to 
be broken. 


perlitic fractures, if present, are generally restricted to dense vesi- 
cle wall junctions and may not be visible in outcrops. Pumiceous 
perlite is friable and may not core or mill well. 

Granular perlite has a sugary texture and blocky fracture. Col- 
lapsed vesicles impart a silky luster to surfaces that are nearly par- 
allel with flow banding. Well-developed perlitic fractures are rare. 
Granular perlite typically cores and mills well. 

Onionskin has well-de veloped curved perlitic fractures, in i- 
tially used to define perlite, and pearly-to-resinous luster. Widely 
spaced v esicles a re prese nt b ut are highly col lapsed. Rem nant 
obsidian nodules may be ab undant as isolated grains or as pods of 
varying dimensions. The obsidian grains in the onionskin zone may 
be gradational or abrupt and can rapidly increase toward the interior 
of the unit or laterally into subzones in which hydration of the glass 
is incomplete. Although onionskin perlite mills and cores very well, 
it is a limited resource in most deposits. 


OVERVIEW OF WORLD PERLITE DEPOSITS AND ACTIVITIES 


References used in this section are Kuzvart (1984), Harben and 
Bates ( 1990), Breese and B arker (1994), Harb en and K_ uzvart 
(1997), K endall (1999 b), Roskil 1 Information Services (2000, 
2005), Barker et al. (2002), and Ha rben (2002 ), as well as U.S. 
Geological Surv ey (USGS) country reports, numero us /ndustria | 
Minerals articles, pers onal communications with companies, and 
site visits by the authors. Note that S&B Industrial Minerals, here- 
after called S&B, is v ery active through out the w orld. W ith 35 
mines, plants, and distribution centers in 13 countries, S&B is the 
largest single supplier of crude perlite in the world. 

Table 1 shows approximate w orld production through 2003, 
which averaged about 2.9 Mtpy from 1999 to 2003, increasing from 
a world total of about 2 Mt in 1995 (Coope 1997). 

Although deposits of perlite are widespread worldwide, they 
often are not developed and are a vailable only as market condi - 
tions allow. Examples include the El Rosario deposit, 1 of 18 in El 
Salvador (Lorenz and Muller 198 2). Barker et al. (2002) list at 
least 100 de posits in North America alone. While perlite mining 
and associated expanding operations are discussed in this section, 
the numerous operations that only expand are not covered. 


Algeria 
Algeria is believed to have a producer near Maghnia (BGS 2005). 


Argentina 


Perlite deposits in Argentina are in the north in Salta Province and 
west-central in Mendoza Pro vince. Production in the 1990s varied 
from 9.4 to 27.6 ktpy (Kendall 1999a), mostly for domestic use as fil- 
ter aids and insulation (Roskill 2000, 2005; BGS 2003). Production 
was 19.725 kt in 2003 and has ranged from about 17 to 21 ktpy in the 
early 20 00s (B GS 2 005). In 1997, three comp anies (Gran uterm y 
Cia., Perfiltra, and Minaclar) produced perlite (Kendall, 1999a). 

Perfiltra of Buenos Aires w as established in 1967 under the 
name of Silflo Argentina as a subsidiary of Johns Manville Corpo- 
ration but is no w an independent . It mines perlite (~76% SiO 2) 
from deposits in the Argentine Andes at San Antonio de los Cobres 
in Sa lta Province. The c ompany proc esses crude perlite and 
expands at San Antonio delo sCobr es, Bandadel Rio Sali, 
Tucumén Province, and Rosario, Santa Fe Province. Perfiltra pro- 
duces expanded perlite for construction, cryogenic and pipe insula- 
tion, filtration, and hor ticulture. In 2004, it produced 8.5 kt for 
filtration and 2.5 kt for horticulture. 

In the early 1980s, Multiquim began mining perlite at 3,900 m 
in Salta Pro vince. Most of the perlite mined inthe 1980s w as 
exported, but in 2005 the majority is expanded at a plant in Rosario. 
Although the major end uses are agriculture and construction, some 
is used for stone-w ashing denim, cryogenic insulation, industr ial 
absorbents, ambient temperature insulation, abrasives, and filtration. 


Armenia 


Armenia has three perlite de posits (72.60% to 74.84% SiOz) that 
have been mined, with reported combined reserves of about 320 Mt 
(Troitsky, Petrov, and Grishaev 1998). A fourth deposit at Vorotan 
is very large but uneconomic because of lack of transportation. 

Perlite occurs in Upper Tertiary to Quaternary volcanics that 
consist of basalt overlain by tr achytic-rhyolitic flows. The upper 
part of the flo ws includes acidic rocks such as rh yolite, obsidian, 
and perlite (usually onionskin). The perlite displays a gradual tran- 
sition to rh yolite and obsidian with te xtural differences resulting 
from variations in the cooling of the acidic lavas (Harben and Kuz- 
vart 1997). 
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Country 1999 2000 2001 2002 2003 Comments 
Algeria na* na na na na Probable producer 
Argentina 21,008 17,521 17,916 17,152 19,725 
Armenia 90,000 140,000 16,618 147,242 175,990 
Australia 3,886 6,675 6,214 8,300 9,440 Year begins July 1 
Bulgaria 12,700 16,700 12,300 10,500 16,800 
China 450,000 500,000 550,000 600,000 750,000 All years estimated 
Georgia 5,000 5,000 5,000 5,000 5,000 All years estimated 
Greece 777 898 817,825 840,660 850,000 850,000 
Hungary 140,787 151,069 89,900 72,196 145,000 
Iceland na na na na na Probable roducer 
India 383 274 176 283 279 Year begins April 1 
lran 15,069 28,000 20,000 20,000 20,000 Year begins March 21 
Italy 60,000 60,000 60,000 60,000 60,000 All years estimated 
Japan 260,000 250,000 250,000 250,000 255,000 
Mexico 61,596 68,702 80,297 85,703 35,000 
Morocco na na na na na 
Mozambique na na na na na Probable producer 
New Zealand 2,000 2,000 3,000 3,000 5,000 All years estimated 
Philippines 22,500 4,600 61,300 8,500 15,200 
Russia 45,000 45,000 45,000 45,000 45,000 All years estimated 
Slovakia 19,460 17,022 14,910 18,635 15,000 
South Africa 1,200 1,200 1,200 1,200 1,200 All years estimated 
Thailand 6,050 5,600 8,500 7,600 9,500 
Turkey 147,818 149,426 154,515 151,902 136,683 
Ukraine 25,000 25,000 25,000 25,000 25,000 All years estimated 
United States 711,000 672,000 588,000 521,000 493,000 

Approximate total 2,878,355 2,983,414 2,850,506 2,910,413 3,087,817 Average = 2,942,101 





Adapted from Roskill Information Services 2000, 2005; Barker, Santini, and Alatorre 2003, 2004; Barker and Santini 2005; BGS 2005; Bolen 2005. 


* na = not available. 


The mined deposits are Aragats (mined by Grefco Minerals 
about 80 km from Yerevan), Dzhraber (mined b y Amperlit), and 
Fontan-Dzhraber. In 1998, Dicali te Armenia (asu_bsidiary of 
Grefco Minerals) purchased Aragats and acquired large high-grade 
reserves, plus a mine and plant. Most production is supplied to the 
Dicalite plant in Belgium. 

Total Armenian production reached 700 ktp y in the 1980s 
with exports to Russia and Western Europe. After Armenia left the 
Soviet Union, production and export of perlite declined. During the 
mid-1990s, there were no e xports to Russia, but these resumed in 
1997. Production of perlite fell toab out 17 kt in 2001, then 
rebounded to about 17.6 kt in 2003 (BGS 2005). 


Australia 


Minor production of perlite in Australia occurred as early as the 
1970s (Allen 1992). Since 19 90, production has remained b elow 
10 ktpy and in 2003 was 9.440 kt (BGS 2005). Perlite is produced 
in Queensland at Numinbah Valley, Nychum, and Nerang. 

At Numinbah, Australian Perl ite ( a subsidiary of Solvay 
Interox) produced approximately 4 kt in early 2005. The crude per- 
lite is trucked to Sydney for expansion. 

The Nychum deposit, which may contain a 700- Mt resource, 
is no w produced by Chillag oe Pe rlite (formerly James Me yer) 
about 50 km northwest of Chillagoe, feeding a plant west of Cairns. 


Fernz Minerals (part of Orica Ch emicals) mines about 5 ktp y at 
Nerang and expands in Banksmeadow, New South Wales. 

Perlite deposits in New South Wales are on the southern mar- 
gin of the Nightcap r ange. Deposits at Port Stephens, Stroud, and 
Gloucester are less than 2 m thick. 


Bulgaria 


Perlite (~73% SiO 2) was discovered in 1921 at Brok en Mountain 
near Jebel about 25 km southwest of Kardjali and at Svetoslav near 
Cold Well Lake (Petrov 1994). The perlite deposits occur in acidic 
volcanics of Oligocene age (Petrov 1994). Both sites were evaluated 
during the 1950s, and pro duction of perlite commenced in 1960. 
Since 1998, Bulgarian produ ction has ran ged from 10 to 17 ktpy, 
with 16.8 kt in 2003 (BGS 2005). 

Bentonite AD is the only producer in Bulgaria and mines the 
Broken Mountain deposit. Proven reserves are about 800 kt. Perlite 
from the mine is transported about 12 km to a 70 -ktpy plant. Pro- 
cessed perlite is supplied for glass manufacture and to the construc- 
tion industry. In October 2003, S&B acquired a majority interest in 
Bentonite AD. 


Canada 


All perl ite consumed in Canada is imported, whether in crude or 
expanded form. Nearly 95% of expanded perlite in Canada is utilized 
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in hort icultural applicati ons. The remainder is consumed in loose 
insulation and other uses. In 2003, U.S. and Greek exports of crude 
perlite to Canada were, respectively, 27.735 and 37. 869 kt. Greek 
imports by S&B ha ve exceeded those from the United States since 
2001 (Roskill 2005). In Briti sh Columbia, 20 occurre nces of perlite 
are known (White 1990, 1991). 

In 1953 and the 1980s, the Fr ancois mine n ear Burns Lak e 
produced perlite (Giles and Poling 1991). Production from 1949 to 
1953 was 1,597 t (BC Geological Survey 2005a) but the mine is not 
active at present. The abandoned Francois mine e xploited a 2-m- 
thick bed of perlite that is in sharp contact above and below with 
rhyolite and typ ically exhibits onio nskin te xture. Approximately 
300 m north of Burns Lake a similar perlite bed, about 15 m thick, 
is exposed along an access road . The perlite at both locations is 
considered to be Eocene or Oligocene in age (Hora 1984). 

Until 1987, Aurun Mines operated the Frenier mine abo ut 
60 km west of Clinton. Volcanic rocks at the site are correlated with 
the Eocene Kamloops Grou p and consist of rhyolitic tuff, rhyolite 
flow, perlite, and breccia. The flows are approximately 25 to 30 m 
thick and contain onionskin perlite. Basedo nd rilling, proven 
reserves are about 450 kt, and the inferred resource is 3.8 Mt, based 
on a specific gravity of 2.3 (BC Geological Survey 2005b). Frenier 
perlite was trucked about 400 km to Fraser for crushing and expan- 
sion. Production from 1983 to 1987 totalled 6.5 kt before the com- 
pany filed for bankruptcy. In late 2003, BBF Resources shipped a 
180-t bulk sample of Frenier perlite to a plant in the Vancouver area 
for pilot-plant testing to ascertain the recoveries of specific sizes of 
perlite. Subsequently, 40 t o f horticultural perlite was shipped to 
one compan y for expansion tests, and another compan y tested a 
finer-grained product. BBF Resources dropped the project in 2004. 

In Quebec, perlite on the Gaspé Peninsula is Devonian in age, 
making it one of the oldest explored perlite deposits in the world. 
Minor development occurred in the early 2000s, but the majority of 
the deposits near Mount T uzo are not considered to be economi- 
cally viable, although Pe rlite Canada may have mined some mate- 
rial during the mid-1990s (Roskill 2005). 


Chile 


In 2004, the Harborlite Chile mine and expansion plant in Santiago 
produced 8 kt of filter-aid and aggregate products. The filter aid is 
used domestically by the wine industry and is exported to wine pro- 
ducers in Mendoza, Argentina. Other deposits are near Concepcién 
and atthe Puelche Volcanic Field in the Andes o f central Chile 
along the bor der with Ar gentina (Hildreth et al. 1 999). A glassy , 
marginal zone of crumbly dark- gray perlite a few meters thick is 
exposed in patches around the edge of the otherwise devitrified rhy- 
odacite body that has been glaciated. 


China 


Perlite occurs in more than 200 de posits in 17 provinces. Of these, 
21 deposits have been explored in some detail. Listed here are perlite 
reserves in excess of 250 Mt (Lu 1998; O’Driscoll 1994c). China has 
more than 40 producers of crude perlite—all mines are open pi t— 
and more t han 300 produc ers of e xpanded perlite, mostly used for 
thermal insulation (O’Driscoll 1994a). The British Geological Sur- 
vey rep orted that C hinese production of crude perlite in 2002 was 
600 kt (BGS 2005), which may be understated because other Chinese 
statistics show 550 kt of exports above domestic consumption. The 
major recipients were South Korea (267 kt) and Japan (183 kt). 
The 2003 production of crude perlite in China was at least 750 kt. 
The largest producer, at more than 300 ktpy, is Xinyang Shang- 
tianti at Xin yang in Henan Pro vince. The deposit (72% SiOz) is in 
Cretaceous v olcanic rocks as le nses (Lu 1998), which are in the 


middle of the lava flows, underlain and overlain by rhyolite and ben- 
tonite. Most of the perlite lenses are 50 to 800 m long, 50 to 550 m 
wide, and 10 to 60 m thick. 

S&B holds a 25% interest in Xinyang—Athenian (XKAMCO) in 
Henan Province, one of China’s largest operations. The remaining 
75% ownership is the local go vernment. Through Sino Hellenic 
Industrial Minerals Co. (SHIMCO), S&B operates a 150-ktpy facil- 
ity pr oducing crude perlite a nd e xpanded prod ucts. SHIMCO’ s 
major markets are China, South Korea, Taiwan, and Japan. 


Commonwealth of Independent States 


Perlite occurs at 21 deposits in seven former Soviet republics. Per- 
lite production is conduc ted in Armenia, Ukraine, Russia, and 
Georgia, discussed in separate sections. Deposits are also foun d in 
Kazakhstan (S emeitaus dep osit), Azerbaijan (K echaldag deposit), 
and T ajikistan (T ashkesken deposit), alth ough no production is 
reported (Troitsky, Petrov, and Grishaev 1998). 


Georgia 

JSC Perl ite mi nes t he Paravan d eposit (T roitsky, Pe trov, a nd 
Grishaev 1998) that occurs in v olcanic flows 20 to 195 m thick, 
associated with obsidian and rhyolite (Harben and K uzvart 1997). 
From 19 97 to 2003, production was about 5 ktp y (BGS 2003, 
2005). Reserves are 30 Mt, of which approximately 2.5 Mt are suit- 
able for filter aids. 


Greece 


Perlite deposits are found in mainland Greece at Trace and on sev- 
eral islands, including Milos, Kos, Yali, Chios, Kimolos, Lesvos, 
and Nissiros (Coope and Manos 1986; Hatjilazaridou, Chalkiopou- 
lou, and Grossou-Valta 1998). Since 1997, crude-perlite production 
has ranged from about 695 to 850 ktpy (BGS 2003, 2005). Exports 
have been mainly to Canada, Germany, Israel, Italy, Netherlands, 
Spain, the United States, and a few others. 

S&B mines perlite at two locations on the island of Milos: Tra- 
chylas (74.4% SiOz) in the north and Provatas (74.71% SiOz) in the 
south. Milos Island is part of av olcanic arch e xtending from the 
Attica region near Athens to the west coast of Turkey. Late Pliocene 
to Late Pleistocene acidic volcanism produced tuff, pumice, tuffite, 
and ignimbrites, along with domes and lava flows of andesite, dac- 
ite, and rh yolite. The 1 ast activity produced rocks weathered to 
perlite, presently exploited by S&B (Harben and Kuzvart 1997). 

The Trachylas perlite is harder, and Provatas is softer. Of the 
1,069 Mt estimated in 1991 for Milos reserves, approximately 17% 
are at T rachylas, and about 83% are at Provatas. Perlite at both 
locations is mined from open pits to feedapl ant at Tsi grado 
(upgraded in 2003). Crude perlite is trucked to the processing plant 
at Voudhia Bay for further sizing to —3 mm, followed by drying and 
screening prior to st orage in silos to await final shipm ent. The 
capacity of the S&B processing plant on Milos is about 650 ktpy. 
Most of the perlite produced is exported, although some is shipped 
to an expansion plant at Ritsona, which is 90 km north o f Athens. 
Bulk shipments of 8 to 15 kt are destined for continental Europe, 
and 25-kt shipments for North America. Perlite products in contain- 
ers go to the Far East and for special cryogenic projects elsewhere. 
In 2003, expanded perlite from S&B Greek and Spanish operations 
amounted to 240,000 m?. 

Perlite sales from S&B are suppor ted by “just-in-time” ware- 
houses in China, Europe, and North America. Just-in-time refers to 
a process where suppliers deliver product to the warehouse only 
when it is needed, avoiding the necessity of storing large amounts 
of inventory. In 2003, fou rne w just-in-time warehouses were 
opened in Central Europe and one in the United States. 
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In the mid-2000s, Greek exports of crude per lite increased 
from 462 to 650 ktpy worldwide, because of increased market pen- 
etration in North America. At the same time, European sales have 
decreased, mainly because of a loss of 100 ktpy in constr uction 
products in Germany. 

Armstrong Industries, a producer of ceiling tiles, is S&B’s 
major customer in the United States. Its plants in Mobile, Alabama, 
and Pensacola, Florida, be gan taking perlite in 2003 from a ware- 
house in Mobile. 

Ae gean Perlite has mined on the northeast side of —_Yali, 
between the islands of K os and Nissiros in th e southeast Ae gean 
Sea. Capacity of the open pit is 250 ktpy; perlite is air-dried before 
crushing and sizing. Production by Ae gean Perlite commenced in 
2002, when about 80 kt was produced from Yali. 

Bouras produces approximately 30 ktpy of perlite from Milos, 
mainly for the German market, and also has operations on Kos. 


Hungary 


Hungarian perlite deposits are in the Tokaj Mountains of Zemplen 
Province at P alhaza (close to the Slo vakian bord er), Erdoben ye, 
Abubiszanto, Telkibany, and Ma d (Shackley 1990; Roskill 2005). 
They occur ina 2,00 0-m section of Tertiary and esitic v olcanics 
(Shackley 1990; Harben and K uzvart 1997). In a 2000 estimate, 
reserves were about 2 8 Mt. Pr oduction has ranged from approxi- 
mately 72 toabout175ktp ysince 1998 (BGS 2003 , 2005). 
Approximately 30% of production in 2002 was exported mainly to 
Austria, Germany, and Poland. 

Perlit-92 Kft (Kendall 1994), the sole producer in Hungary, is 
owned by Duna-Drava Cement es Meszmuvek Kft, which is part of 
the German Heidelberger Zement group. Perlit-92 Kft has mined 
perlite (68% to 75% SiOz) at the Palhaza deposit, first mentioned in 
the 18th century, since the mid-1950s and controls a deposit at the 
village of B6zsva (5 km from Palhaza). The grayish-black ore is in 
a distinctive columnar form ( Kendall 1994). Mining is by drilling 
and blasting in an op en pit (2.4-Mt resource) and truck ed toa 
nearby 200-ktpy plant. Mine-run perlite is crushed, dried in a rotary 
kiln, and further sized before being screened into at least 15 grades 
and stored in silos. 


Iceland 


Iceland has several perlite deposits with commercial potential. A 
deposit in the Prestahnuku Mountains, about 100 km from Reyk- 
javik, is reported to contain 48 Mt of perlite. The deposit origi- 
nated in the Pleistocene bya __ rhyolite eruption under a glacier 
(Harben and Kuzvart 1997). Although the deposit is 50 km from 
the nearest harbor, access is easy only during the summer. Limited 
production of perlite may have occurred from this deposit, but 
no current information is available. Another perlite deposit is at 
Seydisfjordur on the east coast and close to a possible deep-water 
anchorage. 


India 


Perlite de posits are in Gujarat State, in parts of the Saurashtra, 
Kutch, Kheda, Sbarkantha, and Vadodara districts. Past production 
was by Raj Minerals, which may not be operating in 2005. Produc- 
tion has been very small and h ighly variable since 1990, ranging 
from 15 to 452 tpy (BGS 2003, 2005). 


lran 


Perlite occurs at Khalkhal in Ardebil Province. Production, probably 
by Roudsaz in Tehran, has ranged from about 15 kt to about 28 kt in 
recent years (BGS 2003, 2005). At least 11 deposits are listed in t he 
National Geoscience Database of Iran ( www.ngdir.ir/MiningInfo/ 


OrbadyInfo.asp) in the states of Azarbajan-e-Sharqi: near Miyaneh 
[6 dep osits], Salmas [ 1], and Tabriz [1 ]), Ardebil (Nir [1]), and 
Tehran (Damavand [2]). 


Italy 


Since the mid- 1990s, perlite production has been about 60 ktpy 
(BGS 2003, 2005), and domestic consumption is estimated to be 
70 to 80 ktp y. Exports of crude perlite are to France, German y, 
United Kingdom, and others. 

Western Sardinia contains the largest perlite deposits in Italy 
and is the only production site. The perlite occurs in Tertiary acidic 
volcanic rocks of the Mount Arci Complex on the northeast side of 
the Campidano Rift Valley at Morgongiori and Pugifiari. Perlite 
textures range from pumiceous to granular to onionskin. Silica con- 
tent varies from ~68% to ~73% (Jebson and Allen 1986). Ceca Ital- 
iana mines at Pugifiari, with most of the perlite being used by its 
plants at Pi oltello (ne ar Milan) and Sale mo. Sarda Per lite (5 1% 
S&B) mines near Morgongiori, and its 120-ktpy processing plant is 
at Torre Grande near the port of Oristano. 

In the 1980s, VIC Italiana ceased mining 
Ponza, west of Naples. 


on the island of 


Japan 


Perlite is produced in the K ushiro, Kitakata, Tomioka, Yamagu- 
chi, and Chiba regions. Recent annual production has ranged from 
240 (2002) to 2 90 ktpy since the late 1980s (O’Driscoll 1994b; 
BGS 20 03, 20 05). More than 20 minese xtract p erlite from 
Miocene—Quaternary acidic volcanic rocks (Harben and K uzvart 
1997). Approximately 200 ktpy are imported, mainly from China, 
and about 15 ktp y of domestical ly produced perlite is e xported, 
mainly to South Korea. 

With approximately 45% of total production, Mitsui Mining 
and Smelting (formed in 1990) is the largest producer. Its mines are 
at Mikata (Hyogo Prefecture), Kitakata (Fikushima Prefecture), and 
Sagayamauchi (Sa ga Pre fecture). The Kitakata mine is Mi tsui’s 
largest, at appro ximately 50% of annual pro duction, with Mik ata 
producing 20% and Sagayamauchi 30%. Mitsui’s expansion plants 
are at Funabashi (Chiba Prefectu re), Kitakata and Omuta (Saga 
Prefecture), and Osaka (Osaka Prefecture). 

Perlite is also mined, processed, and expanded by Toho Perlite 
at Wadatoge, Nagano Prefecture; by Nippon Perlite at Tsuruoka, 
Yamagata Prefecture; and by Shinano Perlite at Shinano, Nagano 
Prefecture. 


Macedonia 


Perlite is found in Tertiary volcanics close to the border wi th 
Greece. The major areais at Nidze Mountain where perlite is 
associated with Pliocene latite in the Gradesnica deposit. De vel- 
opment was active in the late 1990s with production expected to 
reach 80 ktpy (Harben and Kuzvart 1997), but none occurred. 


Mexico 


Mexican production has ranged from about 50 ktpy to about 97 ktpy 
since 1997 (BGS 2003, 2005). Major production in Mexico by Ter- 
molita and Compafiia Minera Oriental totaled about 35 kt in 2003. 
This reflects a sharp decline in mine production resulting from a 
decrease in the market in Mexico and a reduction of unsalable per- 
lite grades because of ef ficiency i mprovements at the mi nes 
(Barker, Santini, and Alatorre 2004). Sonora and Chihuahua also 
have minor production. 

Termolita started operations in 1970, and production in 2005 
was about 25 kt, mostly for domestic use. Some perlite is exported 
to the United States. The Leticia mine, 25 km west of the city of 
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Durango, Durango state, in no rth-central Mexico, supplies about 
25 ktp y of crude perlite to anexpansion plant 600 km east in 
Monterrey, Nue vo Leon. Pro ven reserves are lar ge and mainly 
onionskin. Termolita has four expanders in op eration (two hori- 
zontal, one vertical, and one portable for cryogenic) with a yearly 
capacity of 1.32 million bags contain ing 0.125 m3 of expanded 
perlite. 

Grefco Minerals 0 wns 49 % of Cia Min era O riental an d 
Dicalite de México. Cia Minera Orie ntal extracts perlite from the 
35-ktpy open-pit Dimesa mine at Oriental (Puebla), approximately 
24 km northeast of Mexico City and supplies Dicalite de México’s 
three e xpanders ( two h orizontal [ 800 kg/hr ] and one v ertical 
[2,500 kg/hr]) in Mexico City. It also expands perlite at the mine to 
supply Dicalite de México, which ships to all states in Mexico and 
to Latin America. 

Industrias de Perlita mines at El Prieto for its expansion plant 
in Ciudad Juarez y Asencion, Chihu ahua. Aislantes del Pacifico 
mines at Ciudad Obregon, Sonora. 


Morocco 


The Tiedennit perlite deposit mined by Perlite Roche is east of Tang- 
ier in Nador Province. Reserves are about 38 Mt, of which 2 Mt are 
proven. The Moroccan government, via the Bureau du Recherche s 
et de P articipations Miniéres, owns 20% of Per lite Roche. The 
remaining 80% is o wned by Roche Invest (Moroccan Canadian), 
which can proc ess 20 ktp y. The ma in market for Perlit e Roche is 
acidity control during phosphate production. An associate company, 
Roche Perlite, be gan expanding in 2001 using an Incon furnace at 
Berrechid near Casablanca. 


Mozambique 


Mozambique may currently produce perlite near Muguene, (west of 
Maputo) in the Lebomb o Mountains that extend into South Africa 
(BGS 2005). The per lite is associ ated with obsidian an d bentonite 
in the Karoo Supergroup. At Muguene South, the reserves of perlite 
are 100 kt (proven) and 400 kt (probable). At Muguene North, the 
reserves are 250 kt (proven) and 1 Mt (probable). The bulk density 
from Muguene is 0.109 g /cm? (6.84 lb/ft 3), A small furnace with 
small output operated in the 1960s (Cilek 1989). 


New Zealand 


Perlite occurs in Quaternary rhyolitic domes and flo ws (Christie 
et al. 200 0). Large deposits occur in the Roto rua-Taupo Volcanic 
Zone of North Island. Other de posits are on Grea t Barrier Isl and 
northeast of Auckland and at Coromandel. Deposits at Great Bar- 
rier Island and Paku Island (both North Island) are Pliocene; at Kin- 
leith and At iamuri (North Island), Pleistocene- Holocene; and at 
Gebbies Pass (Banks Peninsula, South Island), Miocene (Harben 
and Kuzvart 1997). 

Production has ranged from about 1.8 to 3.3 ktp y in recent 
years with mino r production as_ early as the 1970s (Allen 1992). 
Industrial Processors of Waitakere, West Auckland, mines about 
2 ktpy at Atiamuri, north of Lake Taupo, southwest of Rotorua, and 
100 km southeast of Hamilton. The perlite is in a small glassy rhyo- 
lite dome onthe margin of a muc_h larger lit hic rhyolite dom e 
within th e T aupo V olcanic Zone . The perlite is | crushed and 
screened at the Fulton Hog an At iamuri sand-pr ocessing plant. 
Material expanded in Auckland is well suited to cryogenic insula- 
tion and filter aids. 


Peru 


Cia Minera Agregados Calcareos of Lima p roduced perlite in the 
past but ceased in the 1990s. 


Philippines 

Perlite deposits are found in Legaspi City, Bagumbagan, Bicol, and 
the Calayan Islands. Philippine production has ranged from abou t 
4.6 ktpy to about 61 ktp y since 1997 (BGS 2005) with minor p ro- 
duction as early as the 1970s (All en 1992). Exports are mainly to 
South Korea and Taiwan and less to Thailand and other countries. 
Philippine exports of crude perlite ranged from 5 to 8 ktp y in the 
early 2000s. 

Induplex is a private company, sold by Dicaperl in th e mid- 
1990s, that retains rights to use the Dicalite trade n ame. Induplex 
mines perlite at Legaspi and has a processing plant close to the 
mine. Its Cavite plant, about 8 hr by road from Le gaspi, produces 
expanded perlite, at up to 15 ktpy. 

In 1 985, Uni ted Per lite a cquired T rinity Lo dge Mi ning, 
established in 1968. United Perlite mines in the Bicol region about 
600 km south of Manila and markets products through UBS Mar- 
keting, concentrating on filter aids for sugar, coconut oil, and pine- 
apple processing. 


Russia 


Perlite occurs in Buryatia, on the Kamchatka Peninsula, in Pribal- 
akalie, nea r Bai kal, at Pri morsky krai, Mag adan oblast, Chita 
oblast, Khabarovsk krai, and the Kuril Islands. Reserves in Buryatia 
are 30 Mt. JSC Perlite of Zaigra evsky raion mines the Mukhor- 
Talinskoe deposit in Bur yatia, and JSC Kamchatskstroimaterialy 
mines the Nachikinskoe deposit on the Kamchatka Peninsula. Per- 
lite production is 45 ktp y (BGS 2005), including 5 ktpy exported 
mainly to Japan. 

At the Mukh or-Talinskoe de posit, Cret aceous v olcanics 
resembling a highly eroded cone have a central core of rhyolite sur- 
rounded by glassy rocks. Weathering has produced secondary min- 
erals suc has z_ eolites, c ristobalite, a nd mo ntmorillonite. The 
Nachikinskoe deposit occurs in the center of a ring structure, proba- 
bly an old e xtrusive caldera of an andesite volcano. Perlite in the 
lower zone is 2.5 to 10 m thick; the upper part is largely composed 
of rhyolite and obsidian (Harben and Kuzvart 1997). 


Saudi Arabia 


Onionskin and granu lar perlite occur at Harrat Shama (Tafil) and 
Jabal Shama on the Red Sea coast, about 100 km south-southeast of 
Jiddah (Laurent 1993), in Tertiary rhyolite flows and breccias (Jef- 
frey 2002) of the Miocene Liyyah Formation (Laurent 1993). The 
perlite has been explored and tested, with mixed results, but has not 
been pro duced. Perlite is also found at Jabal al Abyad, 130 km 
north of Al Madinah, associated wi th acidic volcanic centers. Pre- 
liminary testing yielded noncommercial results. 


Slovakia 


Perlite occurs in Tertiary volcanic rocks (Harben and Kuzvart 1997) 
at Lehé tka p od Brehmi, Jastrabé, Mala Bara, and B _ySta. T otal 
reserves are 30.5 Mt and e xtend into Hungary . Production ranged 
from about 19 kt in 1999 to about 15 kt in 2004 (BGS 2005). 

Kerko-Perlit mines all of Slo vakia’s perlite at Leh6 tka pod 
Brehmi, which is processed nearby. Approximately 80% is 
exported, mainly to the Czech Republic. 


South Africa 


Perlite (71.72% to 72.36% SiO») occurs in the Lebombo Mountain 
Range, Natal, in Jurassic acidic volcanic rocks as lenses and layers, 
and has a granular te xture (Harben and K uzvart 1997 ). These 
deposits occur near the Mkuze Game Reserve in Kw aZulu-Natal 
around Nxwala Hill along the border with Mozambique. Drilled in 
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the mid- 1970s, proven reser ves of 3 Mt were shown in irre gular 
lenses (Strydom 1998). Pratle y Perlite Mining, sole producer in 
South Africa, selectively mines Nx wala (Griffiths 1989). The per- 
lite is crushed, dr ied, classified, blended, an d expanded at its 

Krugersdorp plant for horticulture and construction. Annual _ pro- 
duction from this resource is approximately 1.2 kt or less (Skillen 
1995). In addition, about 10 ktpy of crude perlite is imported from 
Turkey. 


Thailand 


Perlite deposits are found in Lopburi Province. Thai production has 
ranged from about 550 tpy to about 9.9 ktpy since 1997. About 
7.6 kt was produced in 2004 (BGS 2005). 


Turkey 


Turkey has more than half the w orld’s perlite reserv es (Houssa 
1999). Evaluations of the perlite place the resource at as much as 
4,000 Mt (Ozgur 1997). The Turkish government calculated perlite 
reserves at 5.7 Mt. An estimated 2.8 Mt of this reserve are in east- 
ern Turkey near Erzurum and Kar s and extending into Armenia. 
Other deposits are in western Turkey near Ankara, I zmir, Manisa, 
Dikili, Bergama, and Canakkale. 

Reported production of crude perlite varies widely by agency. 
Since 1997, production has been increasing and ranges from about 
105 ktpy to ab out 250 ktpy and in 2 004 was about 137 kt (BGS 
2003, 2005). Domestic consumption is low (20 kt in 1996; Ozgur 
1997), so approximately 75 % ise xported to W estern Eur ope 
including Italy, Belgium, France, Spain, and the United Kingdom. 
Other imp orting co untries incl ude Brazil, India, Russia, Saudi 
Arabia, So uth Africa, and So uth K orea. Af ter star ting in 1 961, 
total exports ranged from about 100 ktpy to 200 ktpy in the early 
2000s. 

Turkish perlite sells for app roximately 40% less than Greek 
perlite because Turkish exports to Western Europe are mainly for 
filter aids that sell for less than construction and horticultural per- 
lite. Producers include Eti Mine Works, Harborlite Aegean Endus- 
tri, S&B, Per&Tas, and IPM Group 

Eti Mine Works consists of two state-owned mines producing 
perlite (72 % to 76% SiO >) at Menderes (Mez arkaya mine) and 
Manisa (Karagél II mine). These operations feed a 145-ktpy crush- 
ing and screening plant at Izmir, which also has the ability to pro- 
duce annually 130,000 m 3 of e xpanded perlite and 2,500 m ? of 
micronized perlite. 

Harborlite AS, formed in 1995 from Ege Endustri Mineralleri 
Sanayi AS, mines near Ber gama, feeding a pro cessing plant in 
Dikili that has an annual capacity of 100 kt. Much of the crude per- 
lite is exported to affiliates in Europe. 

IPM Perlit (IPM) mines perlite at Kocakéy, Deveboynu, Bade- 
malan, Mar uflar, Damtepe, and Seleme, encompassing 8,000h a 
containing approximately 25 Mt of reserv es (Industrial Minerals 
2004). In 1999, IPM formed Diperlit Filter Mining and Industry to 
produce and sell to domestic and international markets from an 80- 
ktpy processing plant at Y ayakent, Be rgama, in Izmir Province. 
Most pr oduction is for the Western European f ilter-aid mark et. 
While large shipments by IPM go through the port at Nemrut Bay, 
smaller bulk shipments are thr ough Dikili with container/bagged 
shipments via the port at Izmir. 

S&B has owned most of Pabalk Mining and Saba Madencilik 
since 1995. Pabalk mines near Biga in Canakkale and supplies per- 
lite to Saba Madencilik, which operates a 40-ktpy processing plant 
approximately 3 km from the port of Karabiga, where all processed 
perlite is exported. 


Table 2. United States perlite production and imports, kt 





Activity 1999 2000 2001 2002 2003 2004 
Production 711 672 588 521 493 510 
Imports 144 180 175 224 245 190 
Exports (47) (43) (43) (42) (37) (40) 
U.S. consumption 808 809 720 703 701 660 


U.S. average pricet 33.40 33.78 36.31 36.45 38.20 35.22 
Source: Bolen 2005. 


* Estimated. 


tUS$/t. 





Perlitas Istanbul Perlit Sanayi ve Ticaret mines about 40 ktpy 
at Bergama. Its processing plant at Bergama can produce 50 ktpy of 
crude perlite, mainly for filter-aids manufacture. 

Per&Tas mines in Izmir. 


Ukraine 


The Shinoi-Varna deposit (72.98% SiO 2) near Zakar patie is mined 
by JSC Beregovsky, the only commercial producer. Since the mid- 

1990s, production has been about 24.3 ktpy, far below capacity of 
about 340 kt. Three grades of crude perlite are produced. The finest 
grade is used in ce ramic tiles, whereas coarser grades are used in 
construction and horticulture. Two unde veloped deposits in the 

same area are Ardovskoe and Fogoshskoe with reserves of 66 Mt 
and 28 Mt, respectively. 


United Kingdom 


Perlite occurs in northwest Un ited Kingdom and onthe Isle of 
Arran. Perlite deposits in Northern Ireland at Sandy Braes, County 
Antrim, have estimated reserves of 10 Mt. About 13.8 kt were pro- 
duced between 1951 and 1968 by British Gypsum. Antrim Perlite 
evaluated this deposit in the mid-1990s and was issued a prospect- 
ing license in 1997. Progress has been hampered by lack of a local 
market. 

The United King dom isa major importer of cru de perlite, 
averaging approximately 65 ktpy in the early 2000s, mainly from 
Germany, Italy, Netherlands, and Turkey. 


United States 


Total U.S. production in 2004 was 510 kt, an increase after f ive 
consecutive years of decline (T able 2; Barker and Santini 2005). 
Recent e xtensive disc ussion of North American deposits can be 
found in Austin an d Barker (1995, 1998) , Chamberlin and Bark er 
(1996), Kendall (1999b), and Barker et al. (2002). 

Exports to Canada andthe P acific R im p artially of fset 
imports. After a record 245 kt in 2003, imports from Greece to the 
Eastern and Gulf coasts of the United States declined about 22%. 
The market for Greek imports remains protected by high rail rates 
from western U.S. plants. Minor imports by Termolita from Mexico 
persist. In 2004 , Noble Materials was sold to Gref co (Dicaperl), 
and in 2005, Basin Perlite was sold to Harborlite (World Minerals), 
and World Minerals was sold to Imerys. 

Overall U.S. consu mption declined abo ut 6%, a decrease for 
the fifth consecutive year sinc e 2000. Sin ce 200 0, consumption 
dropped about 18% mainly because of lower demand in construc- 
tion (Bolen 2005). The average price of perlite in the United States 
declined about $3.00—to $35.22—in 2004. 

End uses of expanded perlite, including microspheres, was 
construction, 62% (64% in 2003) ; horticultural aggregate, 13% ; 
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Table 3. Estimated 2004 production of processed perlite sold by the 
four largest producers in the United States 








Production,” Production,t Percentage 
Perlite Operation 1,000 st kt of Total 
Harborlite, No Agua, 216 196.0 38 
New Mexico 
Harborlite, Superior, 50 45.5 9 
Arizona 
Dicaperl, Socorro, 130 118.0 23 
New Mexico 
Dicaperl, No Agua, 5 4.5 1 
New Mexico 
Cornerstone, Oregon 110 100.0 20 
Harborlite, Utah 21 19.0 4 
Other 30 27.0 a 
U.S. total 560 510° 100 
* Estimated. 


t Calculated and rounded from estimates. 


fillers, 10%; filter aids, 9%; and other, 6% (Bolen 2005). Crude 
perlite was produced by eig ht companies in se ven western states 
operating 10 mines (Table 3). Sales remain strong for very coarse 
horticultural perlite (hort) or very fine perlite for microspheres. 

Development of microspheres continues to meet customer 
demands in the 2000s for ever lower density and specific shapes or 
treatments. W orldwide microspheres pr oduction is by five U.S. 
companies: Harb orlite (Ut ah), Therm-O-Rock W est (Arizona), 
Therm-O-Rock E ast (Penns ylvania), Silb rico (Illinois) , and 
Dicaperl (Colorado, Nevada, and Oklahoma). Only Harborlite Utah 
and Dicaperl control their own sources of perlite. 


Arizona 


Middle Tertiary flow-banded rhyolite partly underlies lo w hills on 
the northern flank of Pick etpost Mountain and a fe w miles to th e 
east. Intercalated with the rhyolite is onionskin perlite (~71% to 
75% SiO 2) that locally exceeds ~200 m in total thickness (Welty 
and Spencer 1987; Austin and Barker 1995). The Harborlite mine is 
in Pinal County ~3 km southwest of the processing plant at Supe- 
rior and includes the f ormer Nord operations. On ionskin is mined 
from a 2- to 15-m bed that has a trace of pumiceous perlite and con- 
tains black obsidian (Harben and Kuzvart 1997). Production was 45 
kt in 2004 and is particularly well suited for filter aids. About 98% 
is used “in-house” at Harborlite expansion plants and abou t 2% is 
used in aggregate. 


California 


American Perlite mines and processes perlite 11 km from Big Pine 
near Fish Springs in the Owens Valley, Inyo County. A Recent vol- 
canic dome, ~ 65 m in height, is elongated east to west and capped 
by layered, vesicular pumiceous perlite (74.5% SiO 2) locally with 
dark-gray to black obsidian (Austin and Barker 1995). 

Production in 1997 was about 36 kt of granular perlite from an 
~25-m ore zone. About 75% to 80% was trucked to Southern Cali- 
fornia for lightweight aggre gate in fiberboard and approximately 
20% to 25% for horticultural purposes. 


Idaho 


During the late 1980s, National Perlite Products (Oglebay Norton) 
mined the Wrights Creek deposit, which is loc ated approximately 
40 km sou th of Pocatello, Idaho and contains about 10 Mt perlite 
(75% to 76% SiOz), pumice, and rhyolite as part of a caldera com- 


plex. A dacite plug underlies part of the perlite yielding near verti- 
cal dips (Austin and Barker 1995). 

The crude perlite was expanded at Malad City, 40 km south of 
the mine, until 1994. Several owners subsequently tried to reopen 
the operation. During 2000, Idaho Minerals purchased perlite from 
other producers in an attempt to enter the perlite business using the 
Malad City plant while it evaluated the mine at Wrights Creek. This 
operation was inactive in 2005. 


New Mexico 


New Me xico continues to be th ema jor produ cer in the United 
States with production at No Agua Peaks and Socorro. The Socorro 
deposit is mined by Dicaper 1, and the operations at No Agua 
include mines and processing plants o wned by Harb orlite and 
Dicaperl. Both companies ha ve additional processing and truck or 
rail loading facilities 37 km north in Antonito, Colorado. 

The U.S. Gypsum mine at Grants had minor production 
throughout the 1990s (<10 ktpy). The granular perlite on the flank 
of East Grants Ridge consists of a domal complex of perlite, obsid- 
ian, and rhyolite flows (Weber and Austin 1982) about 3.3 million 
years old (Barker et al. 1989). The operation was put on the market 
in 2001 and due diligence w as performed, but no sale was made. 
The plant was dismantled, the mill and mine were reclaimed, and 
the lease from the railroad was dropped in 2003. 

The Dicaperl mine is about 5 km southwest of Socorro in 
Socorro County on the southeast flank of Socorro Mountain (part 
of acal dera complex). The Mi ocene volcanic gl ass hosti ng the 
granular perlite is abou t 7.85 million years old and is par tofa 
high-silica (7 4.35% SiOz), high- potassium rh yolite. The perlite, 
which is inaf aulted dome, is at least 200 mt hick in places, so 
reserves ar e su bstantial ( Weber a nd Au stin 1 982; Au stin a nd 
Barker 1995; Chamberlin and Barker 1996). Rippers and scrapers 
feed a conveyor belt to the processing plant for drying, grinding, 
air classifying, and storage in silos. Production of about 250 ktpy 
in the early 2000s dropped to 118 kt in 2004. Dicaperl produces 8 
to 10 grades bl ended as ne eded to customer spe cifications and 
shipped by rail to in-house and customer e xpanders mai nly f or 
ceiling tile and horticulture. 

The Dicaperl El Grande mine, part of the Nu-Alexite deposit, 
is on the western side of No Agua Peaks, a few miles north of Tres 
Piedras in Taos County. The deposit is a Pliocene (~4 million years 
old) glassy lava flow (75.97% SiOz), weathered to granular perlite 
(Austin and Barker 1995; Chamberlin and Barker 1996). Obsidian is 
locally abundant. Mining is_ by rip ping, scraping, and occasional 
blasting bef ore the short transport to the plant. Mined perlite is 
passed over a grizzly and through a jaw crusher before entering a 
rotary dryer, followed by grinding and screening. Past output of this 
mine, which had been the third largest perlite mine in the United 
States, w as about 18 O ktp y. In 200 4, when 5 kt w as produced, 
Dicaperl put the El Grande mine at No Agua Peaks on standby for 
campaign mining. About 80% of past production w as used in the 
construction market, about 10% for horticulture, and 10 % mainly 
for at least seven grades of filter aids. 

The Harborlite No Agua mine, approxi mately 3 km east of 
U.S. 285 and in the eastern No Agua Peaks adjacent to Dicaperl, 
was the lar gest perlite producer int he United Statesin 2004 
(Table 3). This depo sit was originally owned by the Schundler 
Company (a perlite and vermiculite processor in New Jersey) fol- 
lowed by Johns Manville until it came under the control of World 
Minerals, Inc. in 1991. The dissected rhyolitic dome (from one to 
four domes) (Naert 1974; Breese 1984; Whitson 1982; Chamber- 
lin and Barker 1996) and flows are Pl iocene (about 4 million 
years old) with locally abundant obsidian. Mining, in several open 
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pits over the years, is by ripping and occasional blasting of perlite, 
which is then mo ved by front-end lo aders into trucks that haul it 

to the mill for drying, grinding, and classifying into seven grades, 
and then to silos for storage. Perlite is pulled from silos for blend- 
ing or on-site e xpansion or to meet customer specif ications and 
then discharged into pressure-differential railcars at Antonito. A 
small amount is truck ed. Most is shi pped to ceiling tile and con- 

struction end users or Harborlite expansion plants. 

Many perlite dep osits in New Me xico have been evaluated 
since the 19 50s, but none has been mined for sustained periods. 
The Brushy Mountain pu miceous perlite deposit is about 16 km 
east-southeast of No Agua Peaks and was most recently mined by 
Silbrico until the early 1980s. The perlite is a vitrophyric brecci a 
~22 million years old (Oligocene/Miocene) with associated rhyo- 
lite flo ws ( Weber and Au stin 1982). The lar ge amo unt of fine 
waste plus transport over gravel roads made this rel atively remote 
operation unprofitable. Scharkan (1992) investigated three depo s- 
its at McDonald Ranch and Wallace Ranch, b oth of which have 
been dril led and test ed, and at Schwartz. The Le itendorf Hil Is 
pitchstone, about 15 km south-southwest of Lord sburg (W eber 
1963), is v ery large and was mined brie fly inthe early 1950s 
(Flege 1959), but the variability and high expanded density of the 
pitchstone have hindered development since. 


Nevada 


Nevada has lar ge perlite resources, and several have been mined 
extensively. The largest past producer was the Hollinger mine near 
Pioche in Lincoln County . Perl ite production in Ne vada in 2002 
was restricted to relatively small-scale mining of three deposits for 
niche markets. 

The Tenacity mine of Wilkin Mining and Trucking, about 
40 km west of Caliente in Lincoln County, is an open-pit operation 
that exploits a blue-gray onionskin perlite of Miocene age. The top 
of the mined interval has obsidian in irregular patches (Austin and 
Barker 1995). Wilkin operates a small expansion plant in Caliente, 
about 50 km east of the mine. Production has been as high as 
3.6 ktpy, principally for the horticultural market in S outhern Cali- 
fornia. In 2004, the company shipped about 1.6 kt. 

At the Eagle-Picher 6.6-ktpy plant, about 11 km northeast of 
Lovelock at the Eagle-Picher Colorado diatomite operation in Per- 
shing County, production in 2004 was ~4 kt. The screening and 
expansion plant came online in 1994 with one furnace feeding cap- 
tive filter-aid (12 grades) operations. Crude perlite is from the Pop- 
corn mine in Churchill County, 55 km south of F allon and about 
130 km south of Lovelock, with re serves estimated to be 1.4 Mt. 
Granaria Holdings of the Netherlands is the controlling shareholder 
of Eagle-Picher, which was for sale in 2005. 

In 2001, Noble Materials began mining from a deposit a few 
kilometers east of the Popcorn mine for microspheres production 
in Fallon. The microsphe res were sold in sizes that a veraged 
between 30 and 70 pm. In 2002, the company ceased mining in 
Nevada and switched to Cornerstone perlite from Oregon (USGS 
2002a) and Harborlite perlite from New Mexico. The Noble oper- 
ations in Nevada and Oklahoma were sold to Dicaperl in 2004. 


Oregon 


Cornerstone Industrial Minerals, part of Seven Peaks Mining, runs 
the Tucker Hill perlite mine about 55 km northwest of Lakeview in 
Lake County. The perlite varies from onionskin (minor) to granular, 
the preferred ore with less obsidian. Proven reserves are 4.9 Mt, and 
indicated resources are more than 30 Mt. The perlite is mined using 
blasting in an open pit and crushed to —1.25 cm. It is trucked to the 
processing plant at Lakeview where it is further crushed, dried, and 


screened to produce 11 standard plus custom grades of crude perlite 
stored in silos for blending, if required. Shipments are mainly by 
rail or truck (Speltz 1998) to expanders near Portland , principally 
on contract to Armstrong World Industries in St. Helens. The 2005 
production of Cornerstone w as ~ 112.5 kt, mostly for horticulture 
but also for ceiling tile and industrial insulation. About 75% of the 
sales were to the western United States, western Canada, an d the 
Pacific Rim; the rest was sold to c ustomers mainly in the eastern 
United St ates and ea stern Ca nada (Barker, Santini, and Al atorre 
2004). 

Supreme Perlite, established in 1954, periodically mines at 
Dooley Mountain in Baker County, east of Portland. Processed per- 
lite is shipped to its expansion plant in Portland and to other end 
users. Supreme sells several grades to the construction and horticul- 
tural markets. In the past, most perlite that Supreme expanded in 
Portland came from No Agua, New Mexico. 


Utah 


The crude perlite and microspheres plants of Basin Perlite are at 
Milford, Utah, about half way between Las Vegas and Salt Lake 
City, on the main line of the Union Pacific Railroad. Harborlite Utah 
produces crude perlite p roducts (horticulture, constr uction) and 

microspheres. It also supplies microspheres feed to b oth Therm-O- 
Rock East (Ne w Eagle, Pennsylvania) and Therm-O-Rock W est 
(Chandler, Arizona); the latter produces microspheres for Harborlite 
Utah through a tolling agreement. The microspheres are shipped to 
Harborlite Utah’s joint-compound customers in Arizona, Malaysia, 
and Mexico, which in clude U.S. Gypsum, the w orld’s largest pro- 
ducer of joint-compound (from the Harborlite Utah, Therm-O-Rock 
West, and Therm-O-Rock East plants). Therm-O-Rock East pro- 
duces microspheres for customers in the eastern United States and 
eastern Canada. 

The Basin deposit, in the Mi neral Moun tains about 18 km 
northeast of Milfo rd (USGS 2002b), occurs in the Quaternary 
Bailey Ridge Flow, which is subdivided into three lithologic units: 
lower rh yolite; middle rhyolite and obsidian; and upper obsidian 
and perlite, which hosts the Basin open pits (now dormant). Perlite 
is up to 27 m thick, and total re serves or resources are approxi- 
mately 25 Mt (Santini 2003). Mining was by contract as campaigns 
(14 to 36 kt) in open pits by ripping with a bulldozer or excavator, 
followed by crushing and screening. The 23-tph plant had a capac- 
ity of 91 ktp y, where dr ying and crushing produced 10 standard 
sizes stored in silos for blending, if needed; Basin typically blended 
~20% to 30%. Basin shipped in bulk and in v arious packaging, 
including 910-kg su persacks and 151-L b arrels f or f oundries. 
Harborlite Utah now processes perlite from the Black Rock Desert 
65 km to the north in the former Basin plant. 

Fine perlite for microspheres is pneumatically conveyed from 
the perl ite pla nt to th e microspheres plant. The perlite is rol ler- 
milled and air-classified before discharging to a vertical expansion 
furnace. Uncoated microspheres are produced and shipped in bulk 
or in 227-kg supersacks. Basin also produced coated microspheres 
as needed. 


EXPLORATION 


Deposits of perlite occur commonly throughout the world, and geo- 
logically the outlook is excellent for discovery and development of 
new resources. The competitive pressure exerted by e xisting pro- 
ducers within market areas will impair the ability of new sources to 
supply the same mark ets and end users. This is especially true in 
the United States. 

Fundamental strategy for the exploration for pe rlite requires 
an inte grated approach incor porating the recognition of geologic 
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occurrence and lithologic and temporal modeling. Perlite is usually 
associated with Tertiary to Quat ernary high-silica v olcanic rocks 
and flo ws/domes, which provide g eneral parameters to guid e 
regional reconnaissance for new resources. Rhyolitic complexes of 
Oligocene to Middle Quaternary age have proven to be successful 
target areas for initial field reconnaissance. The glasses within this 
age range ar e old eno ugh to ha ve h ydrated e xtensively and ar e 
young en ough to ha ve escaped extensive erosion. More recent 
glasses are likely to be incompletely hydrated and to have less com- 
mercial potential as sources for high-quality perlite. The hydrated 
glass selvages of flows and extrusive domes are often extensive and 
can be easily mined usin g low-cost open-pit methods, making this 
occurrence ty pe an att ractive t arget for e xploration. T he p erlitic 
tuffs and breccias often associated with domes and flows offer addi- 
tional resources. 

The study of many deposits provides useful lithologic and tex- 
tural models that have been de veloped for exploration and evalua- 
tion of deposits. Models help guide the placement (and termination) 
of drill holes and mine planning. Though the presence and th e 
development of textures and zonation are variable among deposits, 
the features exhibited at the No Agua deposit in Ne w Mexico are 
commonly observ ed in flo w/dome occurrences th roughout th e 
world. Although no single model can be applied to all occurrences 
(Chamberlin and Barker 1996), the rock types, textures, and zona- 
tion as described at No Agua p rovide a useful ba sis for geologic 
mapping and for the uniform comparative description and interpre- 
tation of deposits. 

Traditional methods used for exploration of perlite deposits 
include detailed mapping to identify source vents and flo ws, core 
drilling, and trenching. Detailed mapping is employed to delineate 
basic rock types, perlite textures, and contaminants such as c lay, 
caliche, rhyolite, and obsidian. Mapping and modeling can be used 
in conjunction with geop hysical techniques for the pr ediction of 
trends and the location of the concealed portions of perlite bodies. 
Core drilling and trenching are used to assess continuity and quality 
of perlite. Optimum spacing and placement of drill holes is based 
on the variability of lithology and quality within individual depos- 
its. The core diameter must be lar ge enough to ensure high core 
recovery and to provide sufficient samples for evaluation. If perlite 
quality is unif orm and geology is well known, cuttings from per- 
cussion, rotary, or reverse-circulation drilling can be used instead of 
core. 


MINING 


Throughout most of the world, the lower cost of surface mining rel- 
ative to underground mining drives producers to use open-pit meth- 
ods. Most perlite mines use either ripping or blasting, or both. If the 
perlite is soft and friable, brecciated, or extensively jointed, ripping 
is em ployed wi th si gnificant cost sa vings. Bl asting is required 

where perlite cannot be readily broken using rippers, but care must 
be taken to achieve fragmentation without production of excessive 
fines or oversized material. Once broken and sometimes crushed, 

the perlite is loaded on trucks or conveyor belts by front-end load- 
ers, excavators, or scraper s for transport to th e processing plant. 

Selective mining is used to minimize rhyolite or obsidian. If perlite 
textures vary, it is often blended to produce consistent milling char- 
acteristics and to meet market specifications. 


PROCESSING 


Perlite processing follows three main lines: crude, expanded, and 
microspheres. Crude perlite and expanded perlite are the ma in 
products. The expanded perlite is divided into foam (multicellular) 
and microspheres (mostly unicellular). 


Table 4. Size distribution for some Basin Perlite products 





Product” Sieve Size Range Major End Uses 

PQP-100 -6 +12 Horticulture 

P@P-120 -12 +30 Horticulture, ceiling tile 

P@P-130 -12 +50 Ladle topping, loose-fill cavity 
insulation, masonry 

P@P-145 -16 +50 Loose-ill insulation, masonry 

PQP-150 -30 +100 Fire-resistant insulation 

P@P-160 -50+100 ~— Ceiling tile, fire-resistant insulation 

P@P-170 -50 +200 Pipe insulation 

PQP-180 -100 +200 Cryogenic insulation 

PQP-192 -200 Soap 

PQP-200 -200 Ceramics 

P@P-500 -100 Joint compound 





Adapted from Basin Perlite literature. 
* Most of these products are blended from various bins per customer specifi- 
cation. 


Crude Perlite 


The size of the e xpanded perlite particle is determined mainly by 
the particle size of the feed to the furnace. The final particle-size 
distribution will vary among producers, but basic milling and clas- 
sifying processes include primar y and secondary crushing, drying, 
classification, tertiary crushing, and dust collection. Crude perlite, 
usually stockpiled, is reduced in size through jaw crushing prior to 
drying. Following drying, particle size is further reduced through 
additional crushing and sized o ver vibrating screens. V ariants on 
this general procedure include the use of gyratory cone crushers for 
primary crushing, and impact mills, rod mills, hammer mills, gyro- 
disks, and roll crushers in sec ondary and tertiary crushing. The 
basic perlite size grades are stored in silos and can be blended to 
meet the specifications of customers (Table 4). 

Processing has changed in recent years to favor some particle 
sizes over others. This market-driven size preference is illustrated 
by the shortage of horticultural grade material (hort) and the ramp- 
up in microspheres production in the early 2000s. Plants were, as 
much as possible, reor ganized to favor coarser grades (jaw crusher 
feeding a cone crusher, for example) and to enhance f ines produc- 
tion. Some midd le grades may become unsalable u nder cer tain 
market conditions and are wasted when this strategy is used. 


Expanded Perlite 
Foam (Multicellular) 


When heated to softening, perlite can expand to as much as 40 times 
its original volume. Expansion is generally achieved at tempera- 
tures that range from 600° to 900°C in one of tw o basic furnace 
types: the st ationary v ertical expander orthe rotary hor izontal 
expander. Both operate on the same principle. Crushed and sized 
perlite is rapidly introduced into a hot zone, where volatilization of 
the combined water within the glass is coincident with the softening 
of the glass. The resu Iting froth y par ticle (Figure 3) e xhibits 
extremely low-density, high surface area and light or white color. 

The stationary vertical furnace is the more widely used of the 
two furnace types (Jackson 1986). Sized perlite, which may or may 
not be preheated, is gravity-fed through a side port into the hot zone 
where expansion occurs. Thee xpanded particl es are carried by 
updraft i nto the cyclone collec tion syst em. Une xpanded particles 
pass through the hot zone and drop from the system, while shattered 
fines are carried upward and are collected in the baghouse. 
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Courtesy of New Mexico Bureau of Geology and Mineral Resources. 
Figure 3. Expanded horticultural perlite showing thin-walled multi- 
cellular grain 


Within a rotary horizontal furnace, the feed falls into the hot 
zone toward the top of the flame. As in the vertical furnace, the feed 
may or may not be preheated before introduction into the hot zone. 
As the furnace rotates, the feed travels by lifters and spirals down 
the length of the tube, and the expanded product is drawn by draft 
into the cyclone and baghouse system. Following the cyclone siz- 
ing, the product may be milled and classified for use as filter aid or 
may be surface treated for ot her applications. Final prod ucts are 
bagged, then loaded as b ulk into railcars or trucks (of ten pressure 
differential) or into containers. 

The densities and particle — strengths of e xpanded perlite 
required by the end user vary by application. The final density and 
recovery of the product as we Il as the fuelef ficiency of the 
expander can be impro ved thro ugh preheat ing the furnace feed 
(Jackson 1986). For vertical furnaces, preheating is achieved in an 
external, separate heater. In horiz ontal furnaces, the feed is pre- 
heated as it is transported between the inner and outer shells of the 
furnace to the hot zone where expansion occurs. P reheating the 
coarser gr ades can be impor tant be cause of the re lationship 
between the ratio of volume to surface area of the particle, heat 
transfer, and residence time in the hot zone of the furnace (Jackson 
1986). Although some flexibility of finished pr oduct pro perties 
can be achieved through ad justment of fur nace co nditions an d 
through preheating, it is impor tant to note that all perlites do not 
expand alike. Kade y (1 983) has written that perlite contain ing 
excessive combined w ater is lik ely to shatter upon e xpansion, 
whereas perlite containing less water is lik ely to produce higher- 
density products. Perlite is also classified as live or dead based on 
its expansion characteristics (Murdock and Stein 1950). A typical 
value of 3 .2% to 3.7% combined water i n perlite seems to work 
best in most situations. 


Microspheres (Unicellular) 


Feedstock for microspheres productio nis cru de perlite. Aton e 
microspheres operation, the former Basin Perlite in Utah, the gen- 
eral processing method was as follows: 
1. Crude perlite was pneumatically conveyed from bins to the 
microspheres plant. 
2. The perlite was ground in a roller mill to —75 pm (—200 mesh) 
and passed thro ugh a double whizzer th at returns 0 versize 
(+75 pm) to the roller mill for regrinding. 


PT] 


Pe aac) 


Courtesy of New Mexico Bureau of Geology and Mineral Resources. 

Figure 4. Uncoated perlite microspheres expanded from very-fine 
crude perlite. The glassy, spherical, hollow particles consist of one or 
more microcellular bubbles with intact walls. Note the holes or 
“blow-outs” on the prominent particle near the center of the scan- 
ning electron microscope (SEM) photo and on a few other particles. 


Table 5. Physical properties of selected Silbrico microspheres 
products 





Grades Sil-32 Sil-42 Sil-35 Sil-43 
Oil absorption ASTM-D-1483, 30 36 38 AO 
grams oil per 100 cc 

Hygroscopic oisture m 0 0 0 0 
Surface H p 7.0 7.0 7.0 7.0 
Thermal conductivity, Wm7!K-! 0.36 0.40 0.41 0.43 
Color White White White White 
Dry bulk density, kg/m? 112 136 145 168 
Average particle size, ym 75 45 40 35 
Effective particle density 179 250 250 303 
(in resin), kg/m? 

Particle size range, pm 1-300 1-210 1-150 1-150 
Fusion point, °C 1,260 1,260 1,260 1,260 





Adapted from Silbrico Corporation literature. 


3. The —75 pm material was jet-stream classified to —75 +10 um 
(—200 +1250 mesh) with an average particle size of 25 to 30 um. 

4. This material was fed toa 4.5 ktpy (3-shift) vertical furnace 
for expansion. 


The expansion furnace burned natural gas, and oper ated at a 
temperature range of 480°to 600°C. Upone xpansion, glassy , 
spherical-shaped hollow particles were produced, which consisted 
of one or more microcellu lar b ubbles (Figure 4). This product 
(BASIN 500) had a particle size of 100% —100 mesh (160 pm), an 
average particle size of 250 mesh (60 pm), andab_ ulk density of 
112 to 144 kg/m?. 

Depending on customer requirements, the microspheres could 
be surface modified with either silicone or sil ane. These coatings 
increase the hydrophobicity (water repellency) of the microspheres. 
The finished product w as then conveyed to storag e bins for ship- 
ment to customers. 

See Table 5 for additional information on physical properties 
of microspheres. 
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Table 6. End uses of crude and expanded perlite in North America’ 





Type Category Application Remarks and Properties 
Expanded Formed Insulating board ~70% perlite + cellulose + binder 
Ceiling tile ~75% perlite + cellulose + binder 
Pipe insulation Perlite + sodium silicate + fiber 
Construction Wallboard Decreases shrinkage, reduces weight 
Loose fill Wall cavities (silane or silicone) 
Masonry fill Masonry block fill (silicone or asphalt) 


Plaster aggregate 
Concrete aggregate 


Joint compound 


Door core 
Coatings Paint 
Cryogenic Insulation 
Carrier Cosmetics 
Filter aid Filtering 


Horticultural 
Hay 
Filler 


Animal litter 


Soil conditioner 
Binder 
Reinforce/replace 


Odor control 


Reduced rebound when gunned 

Yields 15-50 |b/ft 

Enhanced workability (microspheres) 
Fireproofing; door liner ~75% perlite 
Sprayed; texturizer 

Fills annular space between tank walls 
Very fine grained 

Food, beverages, liquids; Blunt 1994 
Retains water, aeration; Blom 1994 
With 50% bentonite, binding hay cubes 
Plastics, sealants, caulks, adhesives 
Poultry litter, animal feed 

Gentler stonewashing of fabric 
Landscaping; golf sand traps 

Silica substitute; polishes and cleansers 


Insulating crust and coagulant of silica 


Textile Replace pumice 

Crude Stone Decorative 
Abrasive Sandblasting 
Foundry Ladle topping 
Silica Acid treatment 
Pottery Flux 

Research Surface charge Activated perlite 
Microspheres Fluidized bed 
Synthetic Zeolite 
Substitute Feldspar 


CaF scavenger in phosphates 

Feldspar substitute 

Expanded and crude; Dogan, Alkan, and Cakir 1997. 
Sodeyama et al. 1996, 1997a, 1997b. 

Christidis, Galani, and Marcopolous 2000. 

Mogilski 1990; Bozadgiev 1995. 





Adapted from Meisinger 1985; Shackley and Allen 1992; Breese and Barker 1994; Gunning 1994; Austin and Barker 1995, 1998; Bolen 1998, 2000; Englert 


2000; Kendall 2000; Barker et al. 2002. 


* About 97% of perlite produced in the United States is expanded, of which 71% is used in construction. 


Table 7. Typical particle size distribution of selected microsphere 
products (shown as percent retained on each sieve) 





U.S. Sieve Sil-32, wt%  Sil-42, wt% = Sil-35, wt% —Sil-43, wt % 
+50 mesh 2 Trace 0 0 
-50 +100 15 5 Trace Trace 
-100 +200 33 25 12 5 
-200 50 70 88 95 





Adapted from Silbrico Corporation literature. 


END USES 


In the United States in 2004, perlite end uses we re construction 
products, 62% ; hor ticultural aggre gate, 13%; f illers, 10%; filter 
aids, 9%; and other uses, 6% (B olen 2005). Worldwide, construc- 
tion is by far the dominant end use (Englert 2000). 

The commercial ph _ysical prope rties of e xpanded p erlite 
include low bulk density, physical resilience, chemical inertness, low 
thermal and acoustical conductivity, fire resistance and nonflamma- 
bility, and water retention. Crude perlite ranges fr om light gray to 
black in outcr op. In contrast, the most distinguishing characteristic 
of expanded perlite, other than low density, is brilliant white color. 
Even in end uses where color is not paramount, white is the preferred 


color, even at a cost penalty. The brilliant white of e xpanded perlite 
offers aesthetic advantage in light colored, visible surface coatings. 

The greater hardness of perl ite, its che mical re sistance, and 
porosity are important in horticulture when soils are wet for pro- 
longed periods or where drainage, aeration, and water retention are 
required. Addition of perlite to dry soils aids retention of water. 
The high brightness of finely ground perlite applied to the surfaces 
of seed blocks reflects light to the underside of seedlings and pro- 
motes rapid an d sturdy gro wth. Typical spe cifications (Chang 
2002; Harben 2002) for crude perlite by mesh size and end use are 
shown in Table 4. Many end uses are summarized in Table 6 and 
are described in works by Kendall (2000), in which Table 2 lists 
valuable pe rlite cha racteristics related t o applic ation; a nd by 
Barker et al. (2002); and Harben (2002). 


Microspheres 


Perlite mi crospheres a rei nert, nontoxic, lo w density , white, 
micron-sized functional fillers (Table 7). 

Used mainly in joint compound as part of wallboard installa- 
tion, perlite microspheres provide the following properties to joint 
compound: 


¢ Reduce weight and shrinkage 


¢ Lessen cracking and sagging 
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¢ Reduce drying time 

¢ Enhance workability 

¢ Improve impact resistance, nailing, stapling, and sanding 
Non-joint compound end-use applications include the following: 

¢ Textured and acoustical coating mixes 

¢ Cultured marble 

« Adhesives and sealants 

¢ Wall-patching compounds 

* Stucco 


Auto body putty 
¢ Thermo-set castings 


Syntactic foam 
Sheet molding (SMC) and bulk molding compounds (BMC) 
Rotational molding 


¢ Fiber-reinforced product (FRP) spray and hand lay-up 
¢ Tub and shower enclosures 

¢ Specialty coatings 

¢ Block filler paints 


TESTING 


Perlite deposits are evaluated for suitability in four main end uses: 
horticulture, construction , filter aids, and f illers/extenders. Basic 
testing of expanded perlite, d one for exploration, usually is loose 
weight (e xpanded density , furnace yield [mass balance] _), sie ve 
analysis o f expanded perlite, brightness, an d sin kers. Additional 
end-use specific tests (Giles and Poling 1991) may be performed 
later. For example, a special grinding regime and chemical tests are 
added to filter-aid-grade perlite testing, owing to its use in the food 
industry. Tests for filter aids are given in the Perlite Institute Hand- 
book (Anon. 1984), the U.S. Food Chemical Codex, and Breese and 
Barker (1994). 

Facilities for t esting perlite, both crude and e xpanded, ar e 
sparse on a commercial, cost-effective, or readily accessible basis. 
Little information or data are accessible regarding perlite testing of 
many products (Bar ker, Hingtgen, and Bo wie 1987; B arker and 
Harris 1990). To maintain quality a nd performance standards, th e 
Perlite Institute, formed in 1949, assembled a co mprehensive test- 
ing procedure and specification manual, which includes tests devel- 
oped by the Perlite Institute, as well as specifications established by 
the American Society for Testing and Materials (ASTM). The Man- 
ual of T est Methods (Perlite Institute 1984) is available th rough 
members of the Perlite Institute in Harrisburg, Pennsylvania, via its 
Web site. Barker et al. (1 987) and Breese and Barker (1994) give 
descriptions of testin g equipmen t, p rocedures, a nd calculations; 
some are adapted slightly from the Perlite Institute tests. 

Perlite testing is not an exact science. Interpretation of results 
requires e xperience, andscalin gup f rom laboratory results 
demands caution. Scale-up problems abound in designing full-scale 
plants based on bench-scale e xpansion tests. No correlation has 
been demonstrated between bench-scale expansion tests using hori- 
zontal furn aces and si milar t ests in com mercial p lants (Kade y 
1983). Scaling up from vertical furnace bench testing to full-scale 
testing has better corre lation, but full-scale te sting must be done 
prior to investment in mining or processing of perlite. 

Use of perlite microspheres is relatively new, and testing pro- 
cedures and specif ications are often kept confidential. For use in 
joint compound, bulk density and particle-size distribution are the 
main criteria (Table 5). An important test for all end uses is crystal- 
line silica content so that compliance related to health regulations 
can be determined. 
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Adapted from Barker and Harris 1990. 

Figure 5. Schematic diagram of a laboratory perlite furnace showing 
feed ports above the flame and expanded perlite in the cyclone. Note 
the location of thermocouple for measuring expansion temperature. 
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Adapted from Barker and Harris 1990. 
Figure 6. Interactions between control settings, furnace conditions, 
and product quality in a perlite furnace 


Expansion 


Efficient expansion of perlite particles is highly dependent on their 
surface-area-to-volume ratios. A narrow, unimodal size distribution 
is preferred for testing. The small size of laboratory e xpansion- 
furnace tubes (typically 1 to 2 m long) makes it sensitive to feed par- 
ticle size (Figure 5). Expansion in a 1-m tube is best using the —50 
+100 mesh fraction at 700°C, al though the — 30 +50 mesh f raction 
can also be used at higher temperature of up to 800°C. 

Perlite expansion is a fun ction of its composition (especially 
water content), fluxing agents (calcium, sodium, and potassium), 
feed rate to the furnace, fines in the feed, softe ning te mperature, 
furnace temperature, and particle residence time in the flame. Addi- 
tional factors affecting perlite expansion are humidity, barometric 
pressure, and ambient air temper ature (Figure 6). Seasonal varia- 
tion and reaction to ch anging elevation if the furnace is moved are 
measurable. Ambient conditions at the furnace location (tempera- 
ture, humidity, combustion, air flow, etc.) are additional variables. 
Perlite expansion is thus more art than science and is highly opera- 
tor dependent. 
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More heat must penetrate some perlite particles to achieve 
good expansion. These tend to produce particles with round, multi- 
ple cells and thick bubble walls that retain their integrity, useful in 
construction and ho rticulture. Preheating the perlite feed, inc reas- 
ing the furnace temperature, and/or optimizing feed size are possi- 
ble ways to mitigate this or decrease energy use. Other perlites are 
more responsive to furnace heat and tend to shatter when expanded, 
producing b ubble-wall shards form ing better f ilter aids (Blu nt 
1994). Either outcome provides a commercial product. 

Expansion and testing of perlite is done under varying condi- 
tions, so a standard must be used. The higher the expanded density 
of an unknown perlite sample compared to the standard, the more 
energy-intensive perlite production will be. Test results can also be 
reduced to the ratio between an unknown sample and the standard 
to dampen some of the variability or can be normalized on the stan- 
dard. Finally, as man y variables as possible should be co ntrolled, 
especially by using the same technician to do the tests. 


Commercialization 


Laboratory-expanded perlite is handled differently than commer- 
cially e xpanded perlite. Laborat ory pe rliteis ca refully moved 
between containers in small amounts compared to large tonnages of 
expanded perlite air -classified in plants. T he la boratory m aterial 
has less size reduction from handling and has lower expanded den- 
sity and fewer fines for otherwise identical expanded perlite. Com- 
mercial feed, and hence product, often is not sized as accurately as 
the material tested in laboratories. These relationships must be con- 
sidered when scaling up to comm ercial production. The density to 
which a perlite expands affects many of its commercial properties, 
so the expanded density is crucial to assigning a given perlite to its 
most favorable end uses. 

Test results generally cannot be interpreted separately. Scaling 
up from laboratory results must be done with cautio n. Pilot-plant 
testing must be done p rior to construction of commercial process- 
ing facilities. 


PERLITE PRICES 


The perlite market is sensitive to trends in the construction and hor- 
ticulture sectors. Expanded perlite comprises the majority of world- 
wide consumption. Historical perlite production and average prices 
in the United States are gi ven in DiFrancesco and Bolen (2004), 
and recent data are in Table 2. All prices are free on board (f.0.b.) 
plant with transportation additional. 


Crude Perlite 


Crude perlite is used as an expanded furnace feed, slag coagulant, 
abrasive, metal cleanser, and silica source. Typical prices for crude 
perlite range from US$27 .50/t to US$449.50/t. In the early 2000s, 
horticultural perlite reached US$95/t. 


Expanded Perlite 


Most of the mark et for e xpanded perlite is in construction-related 
products such as roof insulation board, acoustical ceiling tile, pipe 
insulation, concrete, and plaster aggregate. Prices for expanded per- 
lite range from US$190 to US$660/t. 


Microspheres 


Prices for microspheres depend on packaging and on whether the y 
are coated with silicone or silane. Pricing ranges from US$0.44 to 
US$0.66/kg, or US$440 to US$660/t. 


TRANSPORTATION AND PACKAGING 


Expanded perlite b ulks out before it tons out against the carrier 
weight limit, so most per lite is shipped une xpanded. Imports usu- 


ally arrive by ship at p orts with convenient road or rail access to 
expanding plants. In the United States and Canada, shipping to cus- 
tomers i s ge nerally by ra il, and ,a sin Euro pe, the perl ite is 
expanded locally for use nearby. Ocean freight exports from Greece 
to the United States began in 1983 and continue. 

Fine grades of perlite are often moved in bulk in pressure dif- 
ferential (PD) railcars or truck trailers. Perlite is distributed in sev- 
eral packaging sizes and types. Bags and various supersack systems 
are common. Overseas, perlite is shipped packaged in containers. 

Filter aids are shipped expanded in bags as light as 7.5 kg. 
They are usually handled pneumatically in bulk and require less line 
pressure and pump horsepower than competing pr oducts. Perlite is 
easily fluidized for unloading (Blunt 1994). 


Microspheres 


Customers purchase microspheres in 0.12-m3 plastic-lined bags (16 
to 22 kg) or in 227-kg supersacks. Microspheres are shipped in bulk 
by PD truck (bulks out at approximately 6 t) or PD railcar (bulks out 
at approximately 23 t). Some producers, like the former Basin Per- 
lite, also ship packaged microspheres offshore utilizing containers. 


ECONOMIC AND COMPETITIVE FACTORS 


No tariff is ap plied on perlite im ported into the Unite d Sta tes, 
where the depletion allowance is 10%. 


Substitutes 


Expanded perlite competes with polystyrene, vermiculite, and pum- 
ice as an ultra-lightweight aggregate, thermal and acoustical insula- 
tor, and bulking agent. The resil ience of perlite is pre ferred for 
concrete under wet conditions. In cryogenic applications, where the 
insulating material must have low thermal conductivity, perlite dom- 
inates the market. The worldwide availability of perlite deposits and 
expansion facilities and lower price make it more competitive than 
vermiculite where physical resilience or brightness is paramount. 

In horticulture, perlite, polystyrene beads, and vermiculite can 
be used selectively in different market segments. In loose-fill insu- 
lation, polystyrene beads and vermiculite are competitive. 

Pumice must be shipped in its natural, lightweight form and 
hence is less competitive (Ev ans 1993) because of the v_ ery high 
transport costs, although higher grain-strength benefits aggregate use. 

Filter aids have long been dominated by diatomite. The irregu- 
lar and platy particles of milled perlite perform well in rotary vac- 
uum filters and in f ilter-aid applic ations needing high flow rates 
without high clarity. 


Environment and Regulation 


Perlite is composed of amorphous volcanic glass with trace crystal- 
line materials such as quartz and feldspar. Quartz is present in low 
amounts in perlite, generally ranging from <1% to 5%. The crystal- 
line silica in perlite occurs primarily as alpha and beta quartz and 
sometimes as cristobalite or tridymite, which are more reactive in 
the body than alpha and _ beta quartz (Sax and Lewis 1988). When 
perlite is mined, processed, or utilized, some of the crystalline silica 
may become airborne, but little of this occurs as respirable dust (<5 
to 10 pm in diameter). The relationship of pu Imonary fibrosis in 
workers exposed tocr ystalline silica du st for widely varying 
lengths of time is well documented (Sax and Lewis 1988), and the 
perlite industry has addr essed these health issues for many years. 
Perlite dust is treated and regulated as a nuisance dust with appro- 
priate exposure limits enforced. 

In 1987 and 1988, the I nternational Agency for R esearch on 
Cancer (IARC), under charter by the W orld Health Or ganization, 
reviewed literature regarding the health effects of crystalline silica 
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(IARC 1987, 1988). IARC then classi fied crystalline silica as a 
Class 2A (probable carcinogen) in humans. This finding was based 
on limited evidence in humans and suf ficient evidence in animals 
(Miles 1998; SME 1998) and only applies to inhaled (respirable) 
crystalline silica, not to dust that is ingested or contacted. The carci- 
nogenic risk of crystalline silica was revisited in 1996 with a rec- 
ommendation and reclassification of quartz and cristobalite as 
Group 1 (carcinogenic in humans) published in 1997 (IARC 1997). 
Silica regulation has ensued as many nations, including U.S. federal 
and st ate ag encies, consider the findings of [ARC when writing 
health-related legislation. 

The regulation of silica in perlite and other mate rials is com- 
plex ande ver changing. Miles ( 1998), SME (1998), and Health 
Council of the Netherlands (SZW 2003) provide an 0 verview. The 
U.S. regulations presuppose that unt ested mixtures of pro ducts and 
crystalline silica present the same hazard as an y component of the 
mixture comprising more than 1% by weight or volume. If a compo- 
nent is a suspected carcinogen, then the threshold becomes 0.1% by 
weight of volume, and a carcinogenic warning label is required if 
this value is exceeded. Dilution of the mixture to below the thresh- 
old level of 0.1% can eliminate the need for labeling. Thus, the two 
key values for crystalline silica in perlite are 0.1 and 1.0 wt %. 

The industry has responded to silica regulations by mobilizing 
several or ganizations, mandating protective equipment wear by 
workers, updating material safety data sheets (MSDSs), dust reduc- 
tion and monitoring, de velopment of test methods suitable to th e 
0.1 and 1.0 wt % thresholds, and training. Even though crystalline 
silica is of concern, perlite dust is not harmful itself (Cooper and 
Sargent 1986) and is no w treated as nuisance dust. Fugiti ve dust 
generated on windy days is often noticeable in commun ities sur- 
rounding perlite processing. 

The crystalline silica content of perlite filter aids must be deter- 
mined prior to the pi lot-plant stage of development. The crystalline 
silica content of both crude and expanded perlite is regulated as a car- 
cinogen. Testing for crystalline silica is done routinel y using x-ray 
diffraction (XRD) methods (Barker and McKee 1990; Hamilton and 
Peletis 1990; McKee, Renault, and Barker 1990; Miles and Hamilton 
1991; Miles an d Harben 1991; Renault, McKee, and Barker 1991, 
1992; SME 1998; Miles 1998). Key levels are 0.1 wt % and 1 wt % 
crystalline silica. The total crystalline silica along with the amount of 
quartz, cristobalite, and tridymite should be determined. The crystal- 
line silica from perlite is usually diluted during end _ use and rarel y 
presents a problem unless very high concentrations are found. Perlite 
is very well suited to XRD det ection of trace cryst alline si lica 
because it is mostly amorphous volcanic glass. Other methods of 
analysis for crystalline silica include x-ray fluorescence (XRF), opti- 
cal petr ography, electro n micr oscopy, we t chemistr y, h eavy li quid 
separation, solubility, and infrared absorption. 


FUTURE TRENDS AND OUTLOOK 


The perlite industry continues to mature. Growth is slow but steady, 
and consolidation into fe wer and larger firms has be gun in North 
America. S&B has penetrated markets aggressively worldwide and 
is clearly the industry leader in the mid-2000s. The perlite industry 
in the United States continue stounder gorapidchange and 
increased competition. 


Microspheres 


The demand for perlite microspheres in North America is expected 
to increase as the wallboard market grows. As constr uction prac- 
tices change outside of North America, such as from lathe and plas- 
ter to w allboard, the internatio nal market for perlite should gro w 
significantly. 


In addition, some joint compound producers project a higher 
growth rate for “lightweigh t’” joint compound compared to “‘stan- 
dard or all purpose” in the we stern United S tates. This is be ing 
driven by (1) an increased use of lightweight join t compound and 
(2) commercial and residential construction growth in this region of 
the United States. Lightweight joint comp ounds have a higher 
microspheres content (>30 wt %) than all-purpose joint compounds 
(<15 wt %). Producers have performed R&D for producing a super- 
lightweight joint compound that will require a “lower bulk density” 
perlite microspheres product. 

Non-joint-compound end uses for perlite microspheres should 
continue to gro w, as the producers be gin to direct more mark et 
development in this area. Also, R&D efforts by producers and con- 
sumers will probably result in new end-use applications. 

The No rth American join t compound mark et for perlite 
microspheres is estimat ed by w allboard producers to be approxi- 
mately 55 ktp y. Annual gro wth rate for the next few years is pro- 
jected at about 2.5% to 3.0%. The major consumers of perlite 
microspheres for joint compound production are U.S. Gyp sum 
(>50%), National Gypsum, Hamilton Materials, BPB Gypsum, 
Lafarge Gypsum, and Geor gia-Pacific Gypsum. U.S. Gypsum has 
20 joint compound plants in North America: 1 3 inthe United 
States, 5 in Canada, and 2 in Me xico. In addition, it has a plant in 
Malaysia. Smaller producers in the United States include Magnum 
Products, Murco Wall Products, Freeman Products, Southern Wall, 
Solids Products, Supro, Tool World, Custom Building Pro ducts, 
Kadex, Welco Manufacturing, and Century Industries. 

Non-joint-compound consumption is not known, because it is 
a fragmented mar ket (i.e.,a wide variety of end uses). Ho wever, 
industry estimates place it at about 15 ktpy. 

Silica 
Crystalline sili cain general is tending to ward an asbestos- or 
arsenic-style debate (Chajet 2004). In the face of large declines in 
silica mortality, various government and private groups are propos- 
ing very stringent silica exposure rules. Silica deaths declined to less 
than 180 deaths in 2 000 (compared to abo ut 1,800 in 1 969), owing 
to reductions in exposure set in place years ago. This trend suggests 
that silica mortality may be on the verge of elimination in the next 
few years as deaths approach zero. An opposing trend is the massive 
increase in silica-related lawsuits, including at least 35,000 in 2003 
alone (Chajet 2004). U.S. Silica has a total of more than 32,000 sil- 
icaclaims (Ulizio 2004), mostly in Mississippi (57%) and Texas 
(33%), which are states favorable to these types of lawsuits. As sum- 
marized by Chajet (2004), the situation is as follows: 

¢ Restriction of the “sophisticated buyer’ defense is developing 

for producers delivering in bulk to commercial customers. 


Product information may need 
employees at supplier expense. 


to be supplied to customer 


A silica health insurance exclusion is being applied to renew- 
als and new policies. 


Temporary or contract workers must be protected from harm. 


Companies are reviewing hazard information to ensure that all 
high-risk workers (both those emplo yed by the company and 
those who work for its customers) are informed. 

Drastically lower silica thresholds have been proposed and are 
likely to be implemented, perhaps at great cost to the perlite industry. 
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Di ae. a a a A ee 
Phosphate Rock 


Patrick Zhang, Ronald Wiegel, and Hassan El-Shall 


INTRODUCTION 

Phosphorus is essential to plant and animal life. It pro vides the 
material for skeletal bone structure in ani mals and for ce 11 mem- 
branes in both plants and animals. The largest and least e xpensive 
source of phosphorus is obtained b y minin g and concentrating 
phosphate rock from the numerous phosphate deposits of the world. 
The principal use for this phosphate rock is the manufacture of fer- 
tilizer ingredients for food-crop nutrition and the production of ani- 
mal feed supplements foruse in promoting healthy and quick 
skeletal growth for meat-producing livestock. 

Phosphorus is also the second most abundant mineral in th e 
human body, after calcium. This mineral is essential for the healthy 
formation of bones and teeth and for processing many of the foods 
that are consumed. It is also a part of the body’s energy storage sys- 
tem and helps main tain healthy blood sugar levels. Phosphorus is 
also found in substantial amounts in the nervous system. Re gular 
contractions of the heart are dependent on phosphorus, as are nor- 
mal cell growth and repair. 

Phosphate deposits ar e wid ely distrib uted throughout th e 
world, with major economic ore bodies located in the United States, 
Morocco, Ch ina, R ussia, South Africa, Jordan, and Au stralia. 
These deposits are generally surface mined, with a minor portion 
mined underground. The United States is currently the world’s larg- 
est producer of phosphate rock, accounting for 25% to 30% of 
world produ ction; Florida and No rth Carolina accou nt for abo ut 
85% of this. The gradual decline in U.S. production and increases 
elsewhere c ould soon le adto the Unit ed States, Moro cco, a nd 
China producing about equal amounts of phosphate rock. 

Untreated phosphate rock, wh ich isa substituted calcium 
phosphate containing minor amounts of carboxy, hydroxy, and flu- 
oride ions, is only slightly soluble in gr oundwater and_ therefore 
provides 1ittle available ph osphorus for plant nourishment. More 
than 90% of the phosphate rock consumed in the United States is 
used to manufacture wet-process phosphoric acid by reaction with 
sulfuric acid. This phosphoric acid is then used to pr oduce various 
fertilizer ingredients, animal feed supple ments, and some other 
phosphorus chemicals. The phosphatic fertili zer ingredients 
include diammonium ph osphate ( DAP), mono ammonium phos- 
phate (MAP), and triple superphosphate (TSP). DAP and MAP are 
produced by reacting the phosphoric acid with ammonia, and TSP 
is obtained by reacting the phosphoric acid with phosphate rock. 
Recent information indicates that 50% of U.S. phosphoric acid pro- 
duction is exported as either commercial acid or a reacted fertilizer 
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ingredient, and this acco unts for more than 50% of global interre- 
gional trade in phosphates, 90% in MAP and 75% in DAP. 

The world phosphate market be gan to reco ver in 20 02, fol- 
lowing more than 2 years of weak market conditions caused by 
lower fertilizer dem and, excess capacity, and changes in globa 1 
supply patt erns. Adv erse e conomic condit ions si gnificantly 
affected pr oducers inthe southeastern Uni ted St ates t hat rely 
heavily on export sales. Since late 1999, three phosphate producers 
filed for bankruptcy, two phosphate plants in Florida closed per- 
manently, and several other plants and mines temporarily closed or 
reduced their output. Domestic production of phosphate rock and 
phosphoric acid, and fertilizer export shipments, increa sed in 
2002. Although the United States has remained the largest global 
supplier of phosphate fertilizers, its share of the world DAP export 
market fell from about 65% in 1998 to less than 50% in 2002 
(Prud’homme 2002). The current recovery, ho wever, has been 
accompanied by increased prices for raw materials such as ammo- 
nia and sulfur, and so profit margins remain slim. 

World production of phosphate rock was e stimated to reach 
138 Mt in 2003 (Jasinski 2004). Low-grade sedimentary phosphate 
ores containing calcareous impurities such as calcite or dolomite in 
addition to si liceous ga ngue mu st be benef iciated to meet the 
expected continuing demand. For more than 65 years, flotation has 
been successfully applied to both sedimentary and igneous phos- 
phates with siliceous gangue (Houot 1982). Meanwhile, calcina- 
tion w as t he onl y t echnique us ed for u pgrading sedimen tary 
phosphates with carbonate gangue anywhere other than China and 
Utah, in the Uni ted States (Abdel-Khalek 1982). Ca Icination has 
several recognized drawbacks; these include the high energy con- 
sumption (Elgillani and Abouzeid 1993) and the lower acidulation 
reactivity of the calcined products (Abdel-Khalek et al. 1994). As 
a consequence, some plants no longer use the calcination process, 
such as the El-Hamrawien phosphate plant on the coast of the Red 
Sea in Eg ypt. It is therefore important to develop an alternative 
technique to upgrade the sedimentary phosphates with carbonate 
gangue minerals. 

In Florida, phosphate mining and processing changed only 
incrementally during the past half century. Current practice be gins 
with huge draglines remo ving the overburden and dumping it in 
spoil piles adjacent to the mine pit. The pho sphate ore (matrix) is 
scooped out, p laced in earthen we Ils, slurried with high-pressure 
water, and pumped to the ben eficiation pl ant. At the pl ant, t he 
matrix is washed to complete disaggregation, screened to produce a 
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Table 1. Phosphate rock world mine production, reserves, and reserve base, kt 


Mine Production 








Region 2002 2003 2004° Reservest Reserve Baset 
Australia 2,025 2,290 2,300 77,000 1,200,000 
Brazil 4,850 5,600 5,650 260,000 370,000 
Canada 1,000 1,000 1,100 25,000 200,000 
China 23,000 24,500 25,000 6,600,000 13,000,000 
Egypt 1,500 2,140 2,150 100,000 760,000 
India 1,250 1,180 1,200 90,000 160,000 
Israel 3,500 3,210 3,000 180,000 800,000 
Jordan 7,180 6,760 6,800 900,000 1,700,000 
Morocco and Western Sahara 23,000 23,000 23,000 5,700,000 21,000,000 
Russia 10,700 11,000 11,000 200,000 1,000,000 
Senegal 1,500 1,470 2,000 50,000 160,000 
South Africa 2,910 2,640 2,600 1,500,000 2,500,000 
Syria 2,400 2,430 2,400 100,000 800,000 
Togo 1,280 1,480 1,500 30,000 60,000 
Tunisia 7,750 7,890 8,000 100,000 600,000 
United States 4,830 35,000 37,000 800,000 2,000,000 
Other countries 36,100 5,000 3,500 1,000,000 4,000,000 
World total (rounded) "135,000 - "137,000 - “138,000 - ~ 18,000,000 _ ~ 50,000,000 — 





Source: USGS 1998-2004. 
* Estimated 


t That part of the reserve base that could be economically extracted or produced at the time of determination. The term reserves need not signify that extraction 
facilities are in pace and operative. Reserves include only recoverable materials; thus, terms such as extractable reserves and recoverable reserves are redundant 


and are not a part of this classification system. 


+ That part of an identified resource that meets specified minimum physical and chemical criteria related to current mining and production practices, including 
those for grade, quality, thickness, and depth. The reserve base is the in-place demonstrated (measured plus indicated) resource from which reserves are estimat- 


ed. It may encompass those parts of the resources that have a reasonable potential for becoming economically available within planning horizons beyond those 


that assume proven technology and current economics. The reserve base includes those resources that are currently economic (reserves), those that are marginally 
economic (marginal reserves), and some of those that are currently subeconomic (subeconomic resources). 


pebble product (1 x 19mm), and then hydrocycloned to remove 
fine phosphatic clay (passing 150 mesh), which is collected in clay 
settling ponds. The remaining flot ation feed (16 x 150 mesh) is 
upgraded using the Crago double float process, which co nsists of 
high solids conditioning with f atty acid/fuel oil at abou t pH 9.0 to 
9.5; flotation of the phosphate mineral; acid scrubbing of the con- 
centrate to remove the reagents; and, finally, flotation of the resid- 
ual fine sand from the phosphate mineral using an amine. Virtually 
all the pho sphate rock produced is acidulated with sulfuric acid in 
nearby chemical plants, and the resultant phosphogypsum precipi- 
tate is filtered from the phosphoric acid and stored in large gypsum 
ponds and stacks. 

Several problems are becoming more serious in Florida, and 
these will require changes in the no t-too-distant future if the state 
is to maintain its leadership role in phosphate rock and fe rtilizer 
production: 

¢ As mining progresses to the southern and western parts of 
the state, the phosphate matrix contains less pebble product, 
is becoming | ower grade, and is more contaminated with 
dolomite. 

¢ Because of increased en vironmental concerns, mining and 
production p ermits are much more difficult to obtain and 
have tighter restrictions 0 n land use, w ater consumption, 
waste disposal, and reclamation of clay ponds. 

¢ Because of recent bankruptcies, government entities are more 
concerned about environmental liability, especially as related 
to clay ponds and phosphogypsum stacks and ponds. 


The technical problems have been recognized for a number of 
years, and measures have been taken to address them, although eco- 
nomic solutions are not all at hand. The political pressures are more 
surprising and will pe rhaps dictate the acce ptance by industry of 
compromises that will lead to higher capital and operating costs for 
future and con tinuing operations. One of t he 1 eaders inc alling 
attention to and attempting to solve these pressing problems is the 
Florida Institute of Phosphate Research (FIPR), which is supported 
by a portion of the se verance tax paid to the state by the mining 
companies. Most of the funds expended by FIPR support contract 
research, which is a warded based on proposals submitted by com- 
panies, universities, and consul tants, although th ere area _ small 
number of internal research projects as well. Among the projects 
funded through FIPR are those addressing phosphate rock mining 
and mineral p rocessing, fertilizer ch emical processing, environ- 
mental concerns, and mined land and gypsum stack reclamation. 


PRODUCTION AND TRADE, RESOURCES AND RESERVES 
Phosphate Rock 


The current, most concise, and authoritative statistics on phosphate 
rock production and identified reserves worldwide can be found in 
the U.S. Geological Surv ey (USGS) Mineral Commodity Summa- 
ries 2004; these are summarized in Table 1. 

Table 2 lists phosphate rock production by country from 1994 
through 2003. 

The industrial revolution of the nineteenth century provided a 
ready supply of sulfuric acid. This, coupled with the de velopment 
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Table 2. Phosphate rock production by country and year, kt 
Country 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004° 
Cited Sigies 41,100 43,500 45,400 45,900 43,968 40,600 38600 38,600 36,100 35,000 37,000 
Australia 21 5 ] ] ] 2 977 1,893 2,025 2,209 2,300 
Brazil 3,937 3,888 3,823 4,270 4,421 4,100 4,900 4,900 4,850 5,600 5,650 
Canada nat na na na na na 300 800 1,000 1,000 1,100 
Mexico 547 622 682 714 756 951 1,052 787 na 24,500 25,000 
China 24,100 19,300 21,000 24,500 30,980 25,100 19,400 19,400 23,000 2,140 2,150 
Egypt 632 765 808 900 1,076 na na na 1,500 1,180 1,200 
India 1,237 1,332 1,432 1,500 1,730 na na na 1,250 3,210 3,000 
Israel 3,961 4,063 3,839 4,047 4,067 4,100 4,110 4,110 3,500 6,760 6,800 
Jordan 4,217 4,984 5,355 5,896 5,967 6,000 5,510 5,510 7,180 23,000 23,000 
Morocco and Western Sahara 19,764 20,200 20,855 23,367 23,587 24,000 21,600 21,600 23,000 11,000 11,000 
Russia 8,000 9,000 8,500 9,900 12,074 11,100 11,100 11,100 10,700 1,470 2,000 
Senegal 1,587 1,500 1,340 1,300 1,503 1,800 1,800 1,800 1,500 2,640 2,600 
South Africa 2,545 2,822 2,655 2,732 2,961 2,900 2,800 2,800 2,910 2,430 2,400 
Syria 1,203 1,551 2,189 2,392 2,496 2,100 2,170 2,170 2,400 1,480 1,500 
Togo 2,149 2,570 2,731 2,200 2,253 1,700 1,370 1,370 1,280 7,890 8,000 
Tunisia 5,699 7,24] 7,167 7,068 7,959 8,000 8,340 8,340 7,750 35,000 37,000 
Other countries 6,960 9,029 10,100 11,500 11,000 9,500 11,300 11,300 4,830 5,000 3,500 

World total (rounded) 127,000 130,000 135,000 144,000 150,857 141,000 133,000 133,000 135,000 137,000 138,000 
Source: USGS 1998-2004. 

* Estimated. 

tna = not available. 
of the rich phosphate deposits of Florida, North Carolina, T ennes- 40,000 
see, and North Africa, was the main basis for the phosphate indus- ‘ 
try in Europe, North America, an d Oceania. T oday, the United 
States, China, and Morocco produce about two thirds of the world’s 30,000 
phosphate rock. Morocco alone accounts for one third of the inter- x 
national trade in phosphate rock. China has emer ged in the past ¢ 20,000 
decade as the third lar gest producing nation, whereas the countries & 
of the former U.S.S.R. saw their share decline to 8% from nearly 10,000 
25% of the world phosphate fertilizer pro duction because of the 
collapse of their domestic markets. 0 

Globalization is reflected in the increase in international trade. Production Imports Exports Consumption 


Although phosphate rock trading has declined from almost 40% i n 
1980 to about 25% today from its co —_untry of origin, if processed 
phosphates are included , ab out 60% of the pho sphate is e xported. 
Morocco and the United States acco unt for nearly half of these 
exports, with the United States e xporting mo ret han 50% an d 
Morocco more than 95% of their respective phosphate production. 
The top three rock exporters in clude Morocco, Jordan, and the 
former U.S.S.R., accounting for about 50% to 60% of the world rock 
exports. Togo and Syria also export all or most of their production. 


Processed Phosphate 


Figure 1 sho ws world production, imports/exports, and con sump- 
tion of pho sphate fertilizers (in tons of phosphate [P 205]) for five 
crop years. 

Thirty years ago, the main form of traded P2O5 was phosphate 
rock, which was processed in superphosphate and compound fertil- 
izer plants, predominantly in the developed world. Over the last 30 
years, the role of phosphate rock as an export carrier of P2Os has 
declined sharply as vertically integrated industries have been devel- 
oped at or close to the site of rock mines. W orld phosphate rock 
exports fell from 53 Mt of pr oduct in 197 9 to 27 Mt in 1993 b ut 
subsequently increased to stabilize at about 30 Mt. The U.S. indus- 
try, forexample, was exporting about 10 Mt of rockon average 
from 1966 to 1986; this was reduced toa fe w thousands tons in 


HI 993-1994 [B1994-1995 Fl995-1996 [1996-1997 [1997-1998 


Adapted from FAO 1999. 
Figure 1. Production, imports/exports, and consumption of 
phosphate fertilizers, 1993-1998 


Table 3. World trade in processed phosphates 


Processed Phosphates 1986-1988, Mt 1999-2001, Mt 





Phosphoric acid 3.8 4.6 
Ammonium phosphate 4.2 8.7 
Triple superphosphate 1.6 1.5 

Total 9.6 14.8 





recent years. Corresponding ly, world trade in processed phosphate 
products increased substantially (Table 3). Almost all the phospho- 
ric acid plants in W estern Europe ha ve closed, for economic and 
environmental reasons. 

As is indicated in Table 3, ammonium phosphate as MAP and 
DAP accounts for most of the increase in p rocessed pho sphate 
trade. Table 4 shows production data from major producers (co un- 
tries) of phosphate fertilizer. 
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Table 4. Leading producers of phosphate fertilizer, kt 
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Country 1995-1996 1996-1997 1997-1998 1998-1999 1999-2000 2000-2001 2001-2002 
United States 10,500 10,900 10,765 9,000 8,500 7,300 7,600 
China 6,017 5,747 6,405 6,700 6,400 6,700 7,400 
India 2,626 2,615 3,090 3,200 3,400 3,700 3,900 
Russia 1,933 1,575 1,777 1,700 2,000 2,300 2,400 
Brazil 1,265 1,305 1,353 1,400 1,400 1,500 1,400 
Morocco 936 979 921 958 955 1,122 1,230 
France 668 682 687 489 450 318 277 
Tunisia 741 790 673 782 870 885 892 
Spain 413 478 488 530 A459 439 432 
Mexico 427 433 469 479 515 435 352 
South Africa 373 397 378 378 391 267 264 
Jordan 335 308 279 338 336 234 277 
Republic of Korea 42] 409 438 A421 A421 421 327 
World Total 33,847 "34,020 34,925 33,328 33,093. "32,200 33,545 
Adapted from FAO 1999. 
Table 5. Leading exporters of phosphate fertilizer, t 
Country 1995 1996 1997 1998 1999 2000 2001 
United States 5,838,000 5,679,000 5,519,506 5,730,693 5,471,252 4,401,601 5,119,642 
Morocco 817,800 872,200 849,173 826,060 862,420 1,045,100 1,160,500 
Tunisia 686,400 705,000 671,500 728,360 800,300 865,600 875,100 
China 114,000 174,000 135,000 148,000 211,000 289,000 347,000 
Republic of Korea 198,712 199,933 198,000 228,000 187,983 215,613 189,300 
Poland 175,000 151,000 216,500 229,900 212,500 196,200 188,973 
South Africa 108,500 162,800 118,400 115,800 154,100 83,600 86,900 
Germany 97,000 102,000 107,000 80,000 86,000 94,000 83,000 
Finland 51,000 50,000 45,000 41,000 47,000 50,000 55,000 
France 57,300 59,700 52,300 52,100 48,500 33,000 27,000 
Table 6. Major importers of phosphate fertilizer, t 
Country 1995 1996 1997 1998 1999 2000 2001 
China 2,936,000 2,482,000 3,012,400 2,892,000 2,699,900 2,211,500 1,786,400 
Brazil 338,030 445,783 702,604 691,405 621,124 1,119,696 1,146,619 
India 686,270 218,500 715,900 986,100 1,532,400 423,100 494,562 
Australia 614,300 649,800 707,000 699,000 672,000 661,000 600,000 
France 612,600 561,200 573,900 574,700 576,900 510,000 509,000 
Italy 459,000 475,000 489,000 457,000 467,000 402,000 436,000 
Pakistan 272,772 381,206 415,731 434,656 416,500 369,000 429,300 
Germany 409,000 368,000 376,000 388,000 412,000 361,000 316,000 
Argentina 197,200 388,700 272,000 295,000 394,300 341,126 312,824 
United Kingdom 349,000 348,000 277 ,000 276,000 317,000 279,000 279,000 
Vietnam 159,000 201,400 192,600 160,900 65,900 314,000 291,000 
United States 181,000 167,000 187,091 142,835 186,911 195,941 237,191 
Japan 336,000 326,000 334,000 320,900 339,700 346,500 131,000 
Iran 283,700 242,400 244,400 217,100 260,900 336,322 168,251 





Total world exports of phosphate fertilizers increased from an 
average of a few million tons during the 1970s to the current level 
of about 13 Mt. Indeed, there has been a general tendency for pro- 
cessed phosphates to substitute for phosphate rock in the interna- 
tional trade. The United Stat esisth eleadinge xporter of 
phosphates, with ab out a 40% share of world trade (see Table 5). 


From the mid-1970s to the early 1980s, most of the increase in pro- 
cessed phosphate trade was in the form of phosphoric acid, but sub- 
sequently it was DAP, which accounted for most of the increase. 
Asia is the most important importing re gion for ammonium 
phosphates, followed by W estern Europe and Latin America (see 
Table 6). Chinese DAP imports account for roughly one quarter of 
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the world trade. Although its DAP imports are relatively small con- 
sidering its population, India is the w orld’s leading importer of 
phosphoric acid for use in DAP production. 


GEOLOGY 
Mineralogy 


Generally, phosphate minerals are found in igneous, metamorph ic, 
and sedimentary deposits. In se dimentary marine ores, the phos- 
phate is usually a carbonate fluorapatite . In igneous de posits, the 
phosphates have compositions close to that of fluorapatite. In some 
deposits, Ca-Fe-Al and Fe-Al phosphates are associated with apatite 
(McClellan and Germillion 1980). Curre ntly, the apatites recovered 
from igneous and metamorphic rocks have commercial importance, 
but such apatites supply on ly a small fraction of the world market. 
On the other hand, sedimentary phosphates have been, and no doubt 
will continue to be, the major source of commercial raw material for 
the phosphate industry. 

These sedimentary apatites, because of their widely differing 
modes of chemical composition, display large variations in physical 
forms and types of associated gangue. Accordingly, these ores fall 
into one of the follo wing three principal categories (Lehr and 
McClellan 1973): 


1. Siliceous or es. In this t ype, the major gangue mineral is 
quartz, chalcedony, or opaline forms of silica. The Bone 
Valley deposit in central Fl _ orida, the upper unit of th e 
Hawthorn Formation in north Florida, and the upper zone of 
the Hawthorn Formation in central Florida belong to this type. 
Phosphate ores in Australia an d Sene gal also f all under this 
category. 

2. Carbonaceous ores. This type of ore consists of phosphatic 
limestones or calcareous phosphates in which calcite, 
dolomite, or ank erite is mix ed with the phosphate, or which 
occurs as intercalated seams. These include the lower zone of 
the Ha wthorn F ormation in cent ral Florida; most of th e 
phosphate deposits in Hubei and Guizou provinces, China; the 
Kara Tau Formation in Russia; a ma jority of the Mongolian 
deposits; and some of the Moroccan phosphates. 


3. Clayed phosphates. These phosphate ores are associated with 
gangue minerals containing ma inly clays andh ydrous iron 
and alumin umoxid es.Theseg  angueminer alsar e 
concentrated mostly in the silt and clay size ranges. Most of 
the phosphate ores in Morocco and Western Sahara, Tunisia, 
and T ogo contain upto40% clay, whereas the Florida 
phosphate matrix is composed of one third each of cl ay, 
phosphate, and sand. 


Geology—Sedimentary 


Bateman (1951) gave an enlightening description of the ph osphate 
cycle, summarized here. The sedimentary cycle of phosphorus 
is quite interesting. Disso lved phosphate enters the soil and is 

abstracted by plants. It then passes to the bodies of animals and 
is returned to the soil via their excreta and bones, accumulating into 
deposits. Phosphate in the deposits may undergo dissolution and end 
up in the sea, where phosphorous is accumulated or deposited by sea 
life, embodied in to sediments and returned to the land upon uplift. 

Some of the pho sphorus in the sea is consumed by f ish life and 

passes into birds, whose subsequent e xcreta have b uilt up gr eat 
phosphate deposits on some islands of the Pacific. Sedimentary beds 
of phosphate are formed only under marine conditions in the form of 
phosphorite. These beds have been formed from early to recent geo- 
logic periods and extend with remarkable regularity over thousands 
of square miles, as in the Bone Valley formation in Florida and the 


Qulad Ab doun plateau (Khouribga) in Morocco. Sedimentary 
deposits of marine origin are sparingly fossiliferous and oolitic. 
The high-quality phosphate deposits of t he world have been 
formed by the process of sedimentation, including those of Algeria, 
Tunisia, and Morocco. These deposits require minimal treatment to 
produce the most desirable phosphate rock. The Moroccan deposits 
occur as horizontal beds along with limestone, marls, and cl ays in 
which there are 3 to 4 beds up to 2.5 m thick. Deposits in the west- 
ern United States underlie parts of Utah, Wyoming, Idaho, and Mon- 
tana, and e xtend into Canada. The beds are in the Phosphoria 
formation of Permian age, and the chief bed is about 1.5 m thick. 
Other major sedimentary phosphate deposits are found in Egypt and 
Russia. The large phosphate deposits of Florida are generally classi- 
fied as sedimentary, although they are not strictly sedimentary beds, 
but pebble deposits derived from a sedimentary phosphate bed. The 
guano deposits of the Pacific islands are also not sedimentary. 


Geology—Igneous 


The important igneous phosphate deposits are found in certain intru- 
sive complexes of alkalic rocks. Unlik e sedimentary deposits, igne- 
ous phosphates generally occur as__ringlike structures with limited 
area extent (generally, 1 to 20 sq mi). Commonly near the center are 
veins and larger bodies rich in carbonates (calcite, dolomite, siderite, 
and ankerite) formed either in a molten condition or by metasomatic 
processes. These carbonate deposits are called car bonatites. Apatite 
of economic interest can be in the carbonatites or in the alkalic rocks 
located outward from the central carbonatite. In carbonatites, apatite 
may be in a weather-enriched surface mantle, or in the unweathered 
rock (Lefond 1983). 

Among the more econ omically important igneous apatite 
deposits being e xploited commercially are the Khibina ne pheline 
syenite massif near Kir ovsk in th e Kola Peninsula in Russia, the 
Jacupiranga alkalic complex in Brazil, and the Palabora carbonatite 
in South Africa. 

The most important deposit of igneous apatite mined today 
comes from Kola; the output is more than 9 Mtpy of concentrates 
with a P2Os grade of 39% from an ore assaying 18% P 20s, 23.1% 
SiO», and 13.3% Al ,O3 in a bonded phase of nephelinic syenites. 

Other important igneous phosphate ores are present at Phal- 
aborwa in South Af rica. The igneous comple x comprises a suite of 
intrusive alkali rocks that intruded granite gneiss to form three coa- 
lescing and concentric lobes. The complex is ab out 7 km long and 
varies from 2km to4km wide. The outermost zone consists of 
syenite and the intrusion is a fel dspathic pyroxenite. The next zone 
consists of an apatite-bearing phlogopitic pyroxenite. Foskor oper- 
ates an open pit for apatite extraction in a corner of this zone. The 
apatite varies from 0% to 30% P20s, averaging 7%, with the princi- 
pal g angue minerals o f diopside and phlogop ite. The p yroxenite 
zone is followed by the foskorite zone, which consists of magnetite, 
serpentine, and apatite, assaying 6% to 11% P2Os. Originally within 
the foskorite zone was a carbonatite core hill, which now has largely 
been excavated and is the large open pit of the Palabora Mining 
Company (PMC). In 1979 Foskor and PMC reached an agreem ent 
in which PMC would extend their open pit, with Foskor sharing the 
cost, and in return Foskor would receive certain types of ore mined 
by PMC. Foskor now produces phosphate rock from three sources: 
pyroxenite ore, foskorite ore, and PMC tailings (Schmidt 1999). 

The Brazilian apatites also represent an important source of 
igneous phosphate ores. The y are included in car bonatites (with 
simple carbonates as in Jacupiranga or as more complex ones with 
iron carbonates, phlogopite or vermiculite, titanium minerals, bary- 
tine, pyrochlore, etc.). The P2O5 contents are comparatively low, 
from 5% for Jacupiranga to 15% for Araxa. 
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DISTRIBUTION OF MAJOR DEPOSITS 


Several excellent references are available on this topic. For mining- 
oriented discussion of w orld phosphate deposits, the World Survey 
of Phosphate Deposits (British Su Iphur Corpor ation 1987) is a 
good resource. For geology oriented information, the best resource 
may be Phosphate Deposits of the World (1986). Only the major 
phosphate deposits are briefly described in this chapter. 


The Americas 
Canada 


Potentially economic phosphate reserves in Canada are found in 
Ontario and Que bec. There a re also wide spread oc currences of 
phosphate rock of various ages in the Rocky Mountains of British 
Columbia. The Kapuskasing Phosphate Operations, Canada’s first- 
ever phosphate mine, ranks as one of the highest-grade phosphate 
mines in the world. Located in the Cargill Township about 40 km 
southwest of Kapuskasing, this mine has been developed to supply 
high-quality, low-cost phosphate rock to Agrium’s facility in Red- 
water, Alberta. 

According to Pressacco (2004), the local geology consists of a 
core complex of multiphased carbonatite rocks that are surrounded 
by aring of p yroxenite. These two rock types are in turn situated 
within quartz diorite gneisses that forma large por tion of th e 
Kapuskasing structural zone. Th e carbonatite host ro ck is subd i- 
vided into sovite and rauhau gite. The sovite is a medium to coarse 
grained, white, banded rock in which calcite is the dominant car- 
bonate species. Sovite includes accessory minerals such as phlogo- 
pite, magnetit e, clinohumite, ap tite, oli vine, p yrrhotite, and 
amphibole. Apatite can reach 15% abundance in this rock typ e 
(Sage 1988). In contrast to the sovite, the rauhaugite appears as a 
massive, fine-grained, dense rock, beige or tan in color, in which 
dolomite is the dominant carbonate species. Phosphate values in the 
rauhaugite can reach 14% (Pressacco 2004). 

The high-grade ore at the Kapuskasing Phosphate Operations 
is derived from the weathering and dissolution of the soluble min- 
erals in the host carbonatite rock (e.g., phlogopite). This process 
has left behind a residue of the insoluble minerals, lar gely apatite 
crystals, which is termed residuum. This residuum forms above the 
host carbonatite, and is in turn covered by glacial deposits of lacus- 
trine clays and boulder tills of t he Pleistocene age. Limited data 
suggest that this weathering to ok place during the late Cretaceous 
period. 


Mexico 


The major phosphate resources in Me xico are the Miocene phos- 
phate deposits of Baja California. Roca Fosforica Mexicana SA de 
CV (Rofome x) started up one phospha te mine in Baja California 
Sur in 1981 and another in 1982. The combined production of these 
operations was expected to lift Mexico from a position of almost 
total dependence on phosphate rock imports in 19 80 to self-su ffi- 
ciency in 1985. That goal has not yet been achie ved: Mexico still 
imports about 200,000 tpy of phosphate fertilizer. 

The first of the new Rofomex mines is located at San Juan de 
la Costa on the Gulf of California. It produced its first concentrates 
in January 1980. The design capacity of the San Juan de la Costa 
mine is 730,000 tpy of concentrates grading about 31% P20s from 
combined open-pit and underground mining operations that extract 
ores grading 18% P20s. At Santo Domingo, on the Pacific shore of 
the Baja Californ ia peninsula, Rofomex co nstructed a mine that 
could produce 1.5 Mtpy of concentrates by dredge mining a beach 
sand deposit that grades about 4.5% P20s at a cut off grade of 3% 
P20s. 
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Figure 2. Distribution of phosphate deposits in Florida 


Over the lo ngrun, Me xicohasasubstan _ tial ph osphate 
resource to draw on in Baja California Sur, apart from the two 
deposits being developed. Other phosphate occurrences are located 
at San Hilario, Santa Rita, Tembabiche, La Purisima, San Jose de 
Castro, and San Roque. Of these, the deposit at San Hilario has 
been the most extensively explored, with drill indications of sub- 
stantial rock tonnages grading 11% to 13% in weathered cap rock 
and 14% to 18% in unweathered rock under 30 to 80 m of overbur- 
den. In the Santa Rita area, pos sible economic co ncentrations of 
phosphates occur in recent sediments under almost no overburden, 
but these remain to be more intensively explored. 


United States 


Florida. The phosphate deposits in Florida f all under three 
major categories: land pebble, river pebble, and hard rock (Figure 2). 
The river pebble has long been mined out, and hard-rock minin g 
ceased 40 years ago. Current mining activities are concentrat ed on 
two of the largest land pebble deposits, the Bone V alley and Ha w- 
thorn formations. The Bone V alley Formation is of Pliocene age, 
covering six counties in central Florida, roughly 60 mi (97 km) long 
and 30 mi (48 km) wide. Although this formation was known as one 
of the richest phosphate deposits in the world , the h igh-grade ore 
(matrix) has been almost depleted, with some mines processing flota- 
tion feed analyzi ng as lo w as 3% P 20s. As a matter of f act, most 
phosphate ores in central Florida are being extracted from the south- 
erm extension of the Bone Valley deposit. As is sho wn in Table 7, 
phosphate matrix in the sou thern extension can be di vided into an 
upper zone and a lower zone (El-Shall and Bogan 1994). The lower 
zone is highly contaminated by dolomite (Table 8). 
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Table 7. Analysis of central Florida phosphate matrix 
Pebble Feed Phosphatic Clay 

Location Wt % P205 % PL" B Wt % P205 % PL B Wt B205 % PL 
Upper Zone 

Area A 10 27 59 68 5 9 22 12 26 

B 8 28 63 70 8 17 22 10 22 

Cc 15 28 63 70 7 15 15 6 13 

Average 11 28 62 69 7 13 20 9 20 
Lower Zone 

Area A 10 16 35 51 8 17 39 2 A 

B 5 19 A5 66 7 15 29 2 A 

Cc 9 16 35 57 7 15 34 2 A 

Average 8 17 38 58 7 15 34 2 A 

* BPL = bone phosphate of lime (derived by multiplying percent P2Os5 by 2.185). 

Table 8. Average chemical analyses—pebble fractions, wt % 

Zone P205 CaO MgO Fe203 Al2O3 Na2O F Insol 

Upper 27.8 41.8 0.52 1.10 0.99 0.57 3.50 12.0 

Lower 17.0 35.8 6.19 1.30 0.80 0.43 2.10 13.90 





The Hawthorn Formation, on the other h and, is of Miocen e 
age. The upper unit of this format ion is similar to the Bone Valley 
Formation in terms of main mineral components. This deposit is 
roughly one third the area of the Central Florida deposits, but much 
less in total tonnage. 

Today, five companies mine or process phosphate in Florida: 
Cargill Crop Nutrition, CF Industries, IMC Phosphates, PCS Phos- 
phate, and U.S. Agri-Chemicals. 

North Carolina. In the late 1950 s, a p hosphate deposit w as 
found beneath a lar ge portion of Beaufort County in the Miocene 
Pungo River Formation. Subsequent exploration delineated a min- 
able ore body that contained about 2 billion tons of phosphate ore. 
North Carolina deposits lie beneath strata ranging in thickness from 
13.6 to 75.8 m. The P2Os content varies from 2% to 21%. Reserves 
in the Beaufort County area are amo ng the lar gest in the United 
States, constituting 1,813 km * of phosphate deposits. North Caro- 
lina is now the second-leading phosphate producer behind Flor ida. 
The phosphate is produced by Potash Corporation of 
Saskatchewan, which purchased the assets of Texasgulf, Incorpo- 
rated, in 1985. Phosphate production is from the large open-pit Lee 
Creek mine near Aurora in Beaufort County. The major portion of 
the output from this mine is used in ne arby chemical facilities to 
produce phosphoric acid, TSP , and DAP. Deposits of ph osphorite 
also occur off North Car olina’s coast in the northeast Onslow Bay 
District and the Frying P an Shoals District. The lo wer part of the 
Pliocene Yorktown Formation contains phosphorite in the Auror a 
phosphate district a nd represents a potenti al resour ce. Further 
exploration may lead to production from these deposits. 

Western States. The Permian sediments of Montana, Utah, 
Wyoming, and Idaho cover about 350,000 km2. These reserves are 
estimated to total 1.6 billion tons at 24% P2Os, and constitute about 
30% of U.S. reserves and 3% of the world total. 

Mining can be traced back to 1904, when an under ground 
operation near Montpelli er, Idaho, was started. Large-scale phos- 
phate mining began in 1921 by Anaconda Co. in Conda, Idaho. 

J.R. Simplot entered in 1946 by opening the Gay open-pit 
mine on Fort Hall Indian Reservation, 50 km north east of Pocatello, 


Idaho. The Smoky Canyon mine was developed in the mid-1980s. In 
1992, the Gay mine was closed. 

The pho sphate mining industry in Idaho has a unique eco- 
nomic advantage compared with other hard-rock mining in the state 
and phosphate mining in the United States in general, perh_ aps 
because of its proximity to some domestic markets and low produc- 
tion costs. Idaho pro duction of phosphates accounts for mor e than 
12% of the national production. Currently four open-pit operations 
produce more than 5 Mtpy of ore. The mines deliver ore to two fer- 
tilizer plants and two elemental phosphate plants. All four sites are 
reportedly e xperiencing selenium releases associ ated wit h their 
waste dumps (Blanchard et al. 2002). These mines are Astaris’s Dry 
Valley mine, J.R. Simplot’s Smoky Canyon mine, P4 Production’s 
Enoch Valley mine, and NuWest’s Rasmussen Ridge mine. 

Today five companies mine or process phosphate in Idaho : 
J.R. Simplot Compan y, Monsanto, Rhodia, NuW est Industries 
(Agrium), and Astaris (formerly FMC). 

Phosphate rock processing at Vernal, Utah, began in 1961. J.R. 
Simplot recently acquired this operation. The ore consists of a hard- 
rock sedimentary stratum of the Phosphoria Formation of Per mian 
age. The ore is covered by up to about 30 m of overburden, compris- 
ing Lower Franson limestone (10 m), Mackentyre shale (10 m), and 
Upper Franson limestone (10 m), and rests on the Weber sandstone. 
Exploration drill holes indica te ore thickness of 4 to 6 m, assaying 
16% to 22% P20s and 1 .9% to 3.3% MgO. The ore minerals have 
been identified as collophane, dahllite, and francolite, all carbonate- 
apatite minerals. Collophane is the most abundant, occurring as pel- 
lets of 75 to 500 um, averaging 150 pm. Pellets are cemented with 
calcite and dolomite with some chert, clay, and massive collophane. 
Local fracturing and f aulting facilitated weathering. Oxidation of 
the minor amounts of sulfides in the ore attacked and weathered the 
carbonate cement, so the weathere d ore is easier tog rind (Allen 
1993). 


Brazil 


Brazil is the only sign ificant phosphate rock producer on the So uth 
American continent. The Brazilian phosphate deposits are of igneous 
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nature, accounting for 2.6% of the estimated worldwide reserves. The 
extensive mineral prospecting from 1975 to 1985 nea rly tripled the 
Brazilian rock phosphate deposits. Phosphate production during that 
period also saw its highest increase (1,207%). Most (87%) of phos- 
phate deposits in Brazil are in the Cerrado region, which covers eight 
provinces. 

One of the lar gest mines in the Cerrado re gion is the T apira 
mine in the northern portion of the Tapira ultramafic alkaline-car- 
bonatitic complex, in the west of Minas Gerais state (southeastern 
Brazil). Known reserves of this deposit are about 1.2 billion tons, 
with an average grade of 8.2% P20s. 


Peru 


Peru has one of the 10 largest phosphate deposits in the world, the 
Bayovar deposit, which is about 1,000 km nor th of Lima in the 
Sechura Desert. It has reserves of more than 800 Mt. Except for a 
pilot-plant operation, this deposit has remained untapped since its 
discovery, mainly because of the lack of infrastructure in _ this 
remote desert area. The government of Peru reannounced the auc- 
tion of the Bayo var phosphate de posit in December 2000, after 
several postponements over the past years. The government hoped 
to gain US$600 million in proceeds from the privatization of the 
property. Firms that were listed as being interested in acquiring the 
property include 65 companies, amo ng which ar e IMC Global 
Inc.; Oswal Chemicals & Fertilizers Ltd. of India; Foskor of South 
Africa; Jua Paulo Quay of Spain; and Hermasa E. Internocea, 
Ipiranga, and Serrana, all of Brazil. 


Africa 


Morocco. Morocco not only has the world’s largest phosphate 
reserve base b ut also enjo ys high-grade, easy-to-process deposits. 
The depo sits, all sedimentary, we re first d iscovered in 1 908. In 
1920, the Office Cherifien des Phosphates (OCP), a go vernment 
organization, w as created for exploitation and sale of phosphate 
rock. The first phosphate rock was produced in 1922. Sin ce then, 
OCP steadily increased pr oduction, reaching 1 Mt in 1939 and th e 
current level of more than 20 Mtpy. 

The Moroccan phosphorite resources are hosted in late Creta- 
ceous, Palaeocene, and Eocene marine sediments. Sequences com- 
prising clays, marls, li mestones, and che rts contain se  veral 
phosphate-rich beds. OCP cur rently oper ates four operations, as 
shown on Figure 3. Morocco is also mo ving to ward increasing 
exports of processed phosphate. Its pho sphate fertilizer exports 
increased from less than 10 0,000 tpy during the 1970s to the cur- 
rent level of more than 1 Mt, and phosphoric acid exports more than 
tripled from 1990 (631,800 t) to 2000 (1,547,800 t). 

Western Sahara. Since the “liberation” of the former Spanish 
Sahara by Morocco in 1975, phosphate mining in this region has 
been under the auspices of OCP. The Bou Craa deposits were esti- 
mated to be abo ut 1,600 Mt, with half the reserve containing 31% 
P2Os. 

Tunisia. Tunisia is the second largest phosphate producer in 
Africa, turning out about 8 Mt of rock on average in recent years. 
The phosphate deposits of Tunisia are all sediments, ranging in age 
from Maastrichtian to Lutetian, found in the Metiaoui Formation in 
the southern part of the Tunis Basin. Two distinct deposits compose 
the sediments in thi s basin—the anticlinal deposits of the Gafsa 
region and the perched synclinal deposits of the T ebessa-Thala 
region. More than 90% of the phosphate rocks are currently mined 
from the Gafsa region. Another potentially important region is rep- 
resented by the Thanetian phosphate beds, east of Gafsa. Approx i- 
mately 500 Mt of Tunisian phosphate rock are currently classif ied 
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Figure 3. Locations of major phosphate deposits in Morocco 


as mineable. Figure 4 sho ws where most of the phosphate deposits 
are located, with circled hammers indicating mining operations. 

Algeria. The most important pho sphate deposit in Algeria is 
the westw arde xtensionofthe Tunisian Gafsa Basin, which is 
shown in Figure 4. With a resource of about 1,000 Mt and the cur- 
rent mining rate of about 1 Mtpy, Algeria certainly has the potential 
to produce phosphate for many years to come. 

Egypt. The three major phosphate _—_ deposits in Egypt are 
located near the Red Sea, in the Nile Valley, and in the Western 
Desert. These are all sedimentary, medium grade (20% to 28% P20s), 
with a total reserv e base of 760 Mt. The current phosphate rock 
production from a few mines averages about 1.5 Mt. 

Senegal. Sedimentary phosphate rock occurs at several areas 
in Senegal. Most of the high-grade deposits are concentrated in the 
west. Sene gal is blessed with extensive reserves of e xceptionally 
high quality phosphate. Marketable phosphate from T aiba (with a 
standard of 79 BPL), which has been mined since 1960 in Ndomor 
Diop and more recently in Keur Mor Fall, is famous around the 
world. The phosphate ore is buried under a layer of sand 30 to 40 m 
deep. The thickness of the ore seam is between 7 and 10 m. The ore 
is made up of marketable phosphate, sand, clay, or mud and flint. 

Togo. Since the beginning of large-scale mining of phosphate 
deposits at Ak oumape (in the southeast) in 1963, phosphate min- 
ing has become Togo’s most imp ortant industry, with an annual 
production of more than 2 Mt. The phosphate beds vary in thick- 
ness from 2 to 6 m, while the o verburden of sand and clay ranges 
from 7 to 30 m. The two phosphate mines in Togo produce one of 
the highest grade phosphate rocks, analyzing 36% P2Os with mini- 
mal amount of Mg, Al, and Fe. 

South Africa. Though not as famous as its gold and diamond 
mining industries, South Africa’s phosphate mining industry has 
met domestic needs for phosphate plus some e xports for quite 
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Figure 4. The Gafsa phosphate deposits in Tunisia 


some time and may play an important role in the international 
market in the future, because its phosphate reserve base ranks 
fourth in the w orld. The majority of South Africa’s phosphate 
deposits are of igneous nature. The deposits are generally of low 
to medium grade with high Fe and Al con tents. Figure 5 s hows 
the most important phosphate complex operated by F oskor. The 
Palabora deposit, in northern South Africa, w as originall y 
exploited as a source of copper and iron in the seventeenth cen- 
tury by a tribal group of the Monomotopa Empire that wandered 
south from Central Africa. The associated phosphate resource was 
commercially mined in the early 1930s by Sou th Africa Pho s- 
phates, Ltd., which mined high-grade apatite pockets and sold this 
as a fertilizer product but soon went bankrupt because of the less 
expensive Moroccan phosphate rock imports. The state acquired 
claims and leases and a compan y, which became known as Phos- 
phate De velopment Corporation, Ltd.,and eventually F oskor, 
Ltd., and began mining in the early 1950s. Gradually the fertilizer 
producers adapted their processes to the use of the igneous phos- 
phate rock produced, and in 1976 a significant expansion enabled 
production for an export capability. At present, approximately one 
third o f th e ph osphate ro ck is used do mestically, one t hird is 
exported as rock, and the remainder is acidulated for phosphoric 
acid and fertilizer ingredients for export. 
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Figure 5. The Igneous Phosphate Complex in South Africa 


Middle East 
Israel 


Nearly all phosphate deposits in Israel are located in th e Ne gev 
Desert. Substantial resources of phosphate rock occur in the north- 
ern Negev region. Arad-R otem, which w as the lar gest deposit, 
has 300 Mt, and the Zohar, Zin, and Arava deposits have 250 Mt, 
150 Mt, and 150 Mt, respectively. These deposits are associated with 
flint beds in shallow water sediments, with the phosphorite horizon 
ranging up to 20 m. The main mineral constituents are francolite and 
calcite, with small amounts of gyp sum, clay, quartz, iron oxides, 
halite, and dolomite. Israel mines more phosphate than it can con- 
sume domestically and exports phosphoric acid to I ndia, Italy, and 
Turkey, and phosphate rock to Brazil (about 42%), France, Ireland, 
Italy, the Netherlands, Spain, and the United Kingdom. 


Jordan 


It may not be exaggerating to sa y that phosphate dep osits can be 
found anywhere in Jordan. Phosphate deposits are Jordan’s primary 
natural resource and a major source of export income. Estimates 
of Jordan’s proven, indicated, and probable reserves range from 
1.5 billion to 2.5 billi on tons. Conserv atively speaking, Jordan 
could produce phosphate at its present rate for hundreds of years. In 
recent years, Jordan produ ced about 7 Mtp y of phosphate rock, a 
majority (about 85%) of which was exported as raw rock. In 1985, 
the Jordan Phosphate Mines Company closed the country’s original 
phosphate mine at Ar Rusayfah near Amman because of declining 
rock grade. This left major phosphate mines in operation at Al Hasa 
and Wadi Abu Ubaydah near Al Qatranah in central Jordan, and a 
new high-grade mine at Ash Shidiyah, 40 km south of Maan. 
Reserves at the new mine were estimated to be more than 1 billion 
tons. The principal phosphate depos its in Jordan are sedimentary 
type, ranging in age from Campanian to Eocene. 
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Figure 6. Map showing Hubei, Guizhou, Hunan, Sichuan, and Yunnan provinces, which have major phosphate occurrences 


Saudi Arabia 

Saudi Arabia is a “‘s leeping giant” in terms of phosphate mining 

potential in the Middle East, with phosphate resources estimated up 
to 3,000 Mt a veraging 18% to 21% P 20s. The lar gest p hosphate 
formation is the Sirhan-Turayf sedimentary deposit, which extends 
into Jordan, southern Iraq, and Syria. The best explored and lar gest 
deposit is at Al Jalamid, which has measured reserves of 213 Mt aver- 
aging 21% P2Os and astrippin g ratio of 2.3:1. Indicated resources 

amount to a further 187 Mt, with 19.7% P2Os and stripping ratios of 
5:1 or less. The second important deposit is in the Umm Wu’al North 
Area with a total resource of 537 Mt averaging 19.35% P2Os witha 
stripping ratio less than 5:1. 


Syria 

Syria is another Middle Eastern country with a sig nificant phos- 
phate reserve, nearly 800 Mt. Most of the potentially eco nomic 
deposits are located in the central part of the country. The richest 


deposits analyze 31% to 34% P 205. Phosphate mining started in 
1971, and production has reached about 2.5 Mtpy. 


Asia 
China 


China’s phosphate deposits are all over the map with more than 
250 areas (Figure 6). The five major formations, in Hubei, Guizhou, 
Hunan, Sichuan, and Yunnan p rovinces, accou nt for 75 % of 


China’s phosphate reser ve. The W engfu phosphorite deposit 
located in centr al Guizhou pro vince is a super large ore deposit 
occurring in Late Sinian (Latest Precambrian) rock. The p hospho- 
rites are hosted in the Doushantuo Formation. In ascending order, 
the Doushantuo F ormation can be di vided into four members: a 
“bottom bed,” mainly dolostones; a “lower ore bed” of phospho- 
rites; an “interbed” with dolostones and cherts; and an “upper ore 
bed” of phosphorites. In the Kunming Area of Y unnan Province, 
the main phosphate ore horizon is the Upper Phosphorite averaging 
5.8m, which is made up of dolomitic, fine grained, and siliceous 
phosphates. Th e siliceous portion does not requir e complicated 
beneficiation and is of high grade. There are three major phosphate 
beds in the lower Doushantuo F ormation, a signif icant portion of 
which contains 5% to 8% MgO. 


Mongolia 


There are two pho sphate reserve basins in Mon golia. The first 
area, the Khulosgul basin, was discovered in the north of the coun- 
try by geological e xploration work from 1963 through 1986. The 
Zabkhan phosphate basin was discovered in the west of the coun- 
try from 1987 to 1997 ( Dorjpalam and Amg alan 1 998). As the 

result of a broad geological exploration work in Mongolia since 
1963, more than 50 deposits ha ve be en di scovered int he two 
basins, with estimated total reserve base of approximately 5.7 bil- 
lion tons. If this is true, Mongolia would be placed second in Asia 
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in terms of reserves. The KPB phosphate basin covers 30,000 km? 
and has an estimated reserve of 4.5 billion t. Some of these phos- 
phate deposits are excellent in grade, a nalyzing over 30% P 20s. 
Mg content, however, is high in most of the ores. 

Because of the lack of infrastructure and environmental con- 
cerns, phosphate mining in Mongolia may not happen in the near 
future. 


India 


The use of phosphatic fertilizers in India has main tained a steady 
upward trend. The current annual domestic demand of apatite and 
rock phosphate is about 4 Mt, with domestic production meeting 
hardly 35% of the total demand. This trend will not change dramat- 
ically, because In dia’s phosphate reserv eis disproportionately 
small. The inadequate phosphate re sources, toge ther with insuffi- 
cient capacity to beneficiate the low-grade phosphate ores, will 
force the country to depend more and more on imported high-grade 
rock phosphate. 

The major phosphate deposits in India are of sedimentary _ori- 
gin, concentrated in two forma tions—the Precambrian Ara valli For- 
mation and the Jurassic Lower Tal Formation. The former is of better 
quality, located in Rajasthan, Madhya Pradesh, and Uttar Pradesh. A 
significant portion of these deposits analyze over 30% POs. 


Oceania 
Australia 


After years of staying nearly dormant, pho sphate mining in 
Australia has revived in recent years. The original phosphate rock 
deposits o wned by W estern Mini ng Corpo ration Ltd. (WMC), 
which underpin the current operations, were initially discovered by 
Broken Hill South Pty Ltd. in 1966 in northwestern Queensland. 


By 1978, after investment of over seventy million dollars 
in the mine, rail and port infra structure, export of rock 
proved unprofitable due to a number of reasons includ- 
ing production difficulties, remo val of the Australian 
superphosphate boun ty and the f ailure to secure long 
term co ntracts. T his re sulted in the closure of mining 
operations andthe collapse of Broken Hill So uth 
(Osborne 2001, p. 2). 


In 1980, WMC acquired a major interest in Queensland Phos- 
phate Limited and its phosphate rock r eserves 130 km south of 
Mount Isa. The resource is an 11-m-thick deposit of approximately 
2 billion tons of sedimentary phosphate rock. This deposit is close 
to the surface and ea sily extracted using open-cut mining. Ha ving 
recognized that to achieve an acceptable return on investment the 
phosphate rock w ould have to be con verted into either gr anulated 
TSP or ammonium phosphates, WMC decided to invest in a facility 
for manufacture of ammonium phos phates. This pro ved to bea 
profitable proposition and placed Au stralia back on the map of th e 
world’s major phosphate producers. 


Nauru 


Phosphate d eposits o ccupy about 90% of the island of Nauru. 
These deposits are of the highest grade, with the run-of-mine ore 
analyzing to 40% P2Os. Nauru once possessed the highest GDP per 
capita in the world because of its rich phosphate deposits, which 
have been nearly depleted. 


Europe 
Russia 


Once the world’s largest phosphate producer, Russia is no w ranked 
fourth, falling behind the United States, Morocco, and China. Both 
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Figure 7. Phosphate distribution in the former U.S.S.R. 


sedimentary and igneous phosphate deposits are widespread in 
Russia. The most important igneous deposit is the Khibiny Complex 
in the Kola Peninsula, with the Kovdor Complex bordered by Fin- 
land being the only other significant igneous deposit. Mines at the 
Khibiny Complex have a combined capacity of 20 Mtpy. Phosphate 
ore averaging 17% P2Os is upgraded to almost 39% P20s using flo- 
tation techno logy. At the K ovdor Complex b ordering Finland, the 
igneous phosphate isa secondary product from iron ore mining. 
Electromagnetic processing of the iron ore results in tailings analyz- 
ing about 30% P20s and 4.5% MgO. 

The largest sedimentary phosphate deposit in this region is the 
Kara Tau Basin with ar esource of about 8,000 Mt a veraging 21 % 
P2Os. In early mining, phosphate ore was crushed, ball milled, and 
screened to obtain a product of 23% P2Os for elemental phosphorus 
manufacture. Other major sedimentary deposits are located along the 
southern margins of the Moscow Basin (Figure 7). 


Finland 


Finland is the only Eur opean country other than Russia that is cur- 
rently mining phosphate. The only economically important deposit 
is the Siilinjarvi igneous deposit. 


TECHNOLOGY 

Mining 

Surface Mining—Dragline 

At present, most phosphate rock is mined using large-scale surface 
methods. In the past, underground mining methods played a greater 
role, but their contrib ution to w orld prod uction has declined. F or 
example, in Idaho, phosphate min ing has b een transformed from 
100% underground during the 193 Os to nearly all surface mining 
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today. Phosphate rock surface-mining operations can vary greatly in 
size. Extraction may range from several thousand to more than 
10 Mt of ore per year . In many cases, operations supply feed to a 

nearby fertili zer-processing comple x for the produc tion of do wn- 
stream concentrated fertilizer products. The land area affected by the 
surface operations canv ary widely, depending on the ore body 

geometry and thickness. At similar extraction rates, mining of flat- 
lying, thin ore bodies as found in Florida will affect a far wider area 
of land than the mining of thicker ore bodies as found in Brazil and 
Idaho. The depth of excavations may range from a fe w meters to 
more than 100 m. Currently, most phosphate rock production world- 
wide is extracted using opencast dragline or open-pit shovel/excava- 
tor mining methods. This method is employed widely in parts of the 
United States, Morocco, and Russia. Underground mining methods 
are currently used in Tunisia, Morocco, Mexico, and India. 


Surface Mining—Drilling and Blasting 


In Khou ribga, Morocco, the 16- to 1 7-m-thick o verburden is 
drilled, blasted, and removed by dragline to the side of the mining 
area for subsequent reclamation. Small draglines, electric shovels, 
and bulldozers recover the upper ore body. The intercalating lime- 
stone layer is then blasted and removed to expose the Bed I phos- 
phate, which is loaded onto trucks. The process is repeated to mine 
the Bed II phosphate deposit. 

At Vernal, Utah, mining begins with tractor removal of topsoil 
and tem porary stora ge for recl amation. Ov erburden is drilled and 
blasted with ammonium nitrate and fuel oil and shoved into mined- 
out areas. The ore is then drilled, blasted, and loaded by shovel into 
trucks for transport to a feeder-breaker. The broken product at 25 cm 
is conveyed by belt to a 10,000-t li ve storage pile. Mining is con- 
ducted 5 days a week, in tw o 8-hour shifts per day. Overburden in 
mined areas is contoured, covered with topsoil, and seeded. 


Dredge Mining 


Consideration of mining systems for the Santo Domingo, Me xico, 
project included bucketwheel excavators, draglines, scrapers, shov- 
els, and dredges. Sele ction of a d redge-based system was favored 
primarily on the basis that the other systems could not operate 
effectively below sea level. Low operating and maintenance costs 
prompted the final selection of floating hydraulic cutter suction 
dredges with 27-in.-diameter suction heads. Two Ellicott dredges 
were used, each capable of pumping about 2,000 tph of slurried sol- 
ids to the floating primary beneficiation plant. 

Dredge mining was also practiced at the Wingate Creek mine 
in central Florida, which ceased operation in 1999. 


HAULAGE 


The three major methods of hauling materials in phosphate mining 
are pumping, trucking, and transporting using conveyer belts. In the 
United States, pump ing is the predominant means of moving ore 
and tailings, with the longest pipeline running 87 miles, via which 
J.R. Simplot transports phosphate rock slurry from its Smoky Can- 
yon mine in Wyoming to Pocatello, Idaho. 


PROCESSING/BENEFICIATION 
Washing and Sizing 
Florida (United States)—Washing 


The coarsest portion of _ the disaggre gated matrix (+50 mm) is 
removed to waste by trommel screens, because it usually represents 
lower phosphate grade and is likely to contain significant dolomite- 
cemented conglomerates. At one time this coarse material was bro- 
ken in hammer mills to pebble size, but this is now avoided because 
of the grade and dolomite contamination problem. As the mining 


moves to the south or west, the portion of phosphate rock product 
produced in the w asher by disaggr egation and simple screening is 
expected to diminish from the roughly 50% for the Bone Valley to 
about 20%. Because pebble production is relati vely ine xpensive, 
the reduction of this production has an unfavorable impact on costs. 

The disaggre gation, which lar gely takes place in the pu mps 
and transport lines, is com pleted by log washing at high percent 
solids to scrub residual clay from the mineral surface and wash it 
countercurrently away fromthe rock. V ibrating, plastic-coated 
screen decks permit the final removal of the pebble (+1 mm) from 
the flotation feed (—1 to +50 pm), which is suspended in a dispersed 
clay (-50 um) slurry. 

The coarser w asher pebble s till contain s lar ge amounts of 
dolomite, and therefore at some mines this coarse pebble (+20 mm) 
is scalped from the product and treated as waste. Two Florida mines 
installed heavy media h ydrocyclone plants to reduce the dolomite 
contained in the pebble. The density separation is enhanced by the 
relatively high porosity of the dolomite compared to the francolite. 
These heavy media plants have not been operated since the early 
1990s because the local chemical plants ha ve lear ned to accept 
higher dolomite levels and the miners have learned to avoid high 
dolomite pebble areas by selective mining. Unfortunately, this does 
deplete the reserve base for continued mining activity. 


Florida (United States)—Desliming 


The slurry containing flotation feed and clays, which represents the 
combination of pebble screen und ersize, log w asher overflow, and 
most other slurry streams created in the washer, is pumped through 
two stages of hydrocyclones with rec ycled water added to the f irst 
hydrocyclone underflow for dilution. This remo ves roughly 98% of 
the fine suspended clay particles from the flotation feed but creates a 
clay slurry waste containing 4% to 6% solids, which by themselv es 
settle very slowly in clay ponds. Because roughly 30% to 40% of the 
mined material weight is clay, these ponds represent a very substan- 
tial capital investment in terms of both construction and reclamation 
when filled. These ponds also act as reservoirs for water recovery 
and recircula tion. Some plants installe d the facilities required to 
accelerate the clay settling by fl occulation using high-molecular- 
weight anionic flocculants. There is of co urse concern about the 
chemical quality of the recycled water removed by flocculation, but 
some companies believe the capital and operating costs for operat- 
ing clay ponds and handling the large volumes of clay slurry exceed 
the cost for flocculants and any additional flotation reagents or loss 
of phosphate recovery incurred. 


Florida (United States)—Sizing 


Most phosphate flotation plants se parate the flotation feed (-1 mm 
to +50 pm) into at least two size fractions with the split point at 
about 420 pm or 35 mesh. There is ever-increasing evidence of eco- 
nomic and metallurgical benefit to be gained by this practice. High- 
capacity hydraulic sizing units have been used in the industry since 
the mid-1980s; these provide sharper size separations than the pre- 
viously used multiple stages of inclined profile wire screens. The 
hydraulic si zer 0 verflow, when separating at 4 20 um, contains 

roughly 80% of the flotation feed solids weight, whereas the under- 
flow at about 5 0% solids is of su ch a v olume that it can be more 

readily handled by high-speed vibrating screens. There are usually 
three or four products from the combination of hydraulic and screen 
sizing. The finest fraction, from 105 to 420 um or passing 35 mesh, 
is termed fine flotation feed and represents about 80% of the flota- 
tion feed weight and w ould be the hydraulic sizer overflow. The 
next finer fraction, from 420 to 595 um, is called coarse feed and 
represents about 10% to 15% of flotation feed weight and would be 
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a vibrating screen und ersize. If th ere is at hird flotation feed, it 
would be roughly from 595 to 1,000 pm and represent 5% to 10% 
of the flotation feed weight. Int he past, this third fraction was 
treated by se veral film flotation techniques such as using shallow 
belt flotation or flotation on spirals. Today, although consideration 
has been gi vento the use of column flotation to upgrade __ this 
stream, man y plants combine th is product with the f inal sizer 
vibrating screen 0 versize and treat this as alo wer grade pebble 
product. In years past, the final sizer vib rating screen o versize 
would rep resent misplaced pebb le and coarse fl otation fe ed and 
would be recirculated to the washer for retreatment. 


Australia 


WMC Fertilizers, a subsidia ry of the Melb ourne-based W MC, 
recently put into ope ration their phosphate comple x in Northern 

Queensland in Australia. This new facility includes a mine, a bene- 
ficiation plant, wet process phosphoric acid manufacture, an ammo- 
nia plant, and a DAP/MAP granulation plant. Sulfuric acid used in 
acidulating phosphate rock is manufactured from the of f-gases 
generated by the M.I.M. Holdings Ltd. copper smelter plant about 
150 km from the fertilizer production facility. The phosphate used 
at this facility is of a very low grade compared to other sedimentary 
deposits, with an average grade of only 2 3.5% P 205. The main 
impurity is silica, which makes up about one third of the ore. The 
only beneficiation of the ore is water scrubbing to remo ve fine 
clays. 


Togo 

In Togo operations, the phosphate or e is f irst scrubbed with sea- 
water, then wet screened at between 0.8 and 3 mm, dep ending on 
the quality of the ore. The clay is thenremo ved using h ydrocy- 
clones. The high ferrous product is furth er dried an d upgraded 
using electromagnetic separation technology. 


Jordan 


JPMC is currently operating three open-pit mines: El-Hassa, 
E]-Abiad, and Eshidiya. The company started production in the 
1930s from the Ruseifa mine, 17 km north of Amman. In the 1960s, 
the mining operation moved to the south, where production started 
from the El-Hassa mine, 136km south of Amman and 200 km 
north of Aqaba port. In the late seventies, production started from 
the El-Abiad mine, about 20 km nor th of El-Hassa mine. In early 
1988, production started from the Eshidiya mine, which hosts the 
largest high-grade reserve in Jordan. 

In most operations, phosphateo _—reisf_ irst crushed and 
screened to reject the 12.7-mm material. When the 12.7-mm frac- 
tion makes the grade of 66% to 68% BPL, it is directly fed to rotary 
cascading dryers to produ ce a f inal product. Th e lower grade or e 
requires beneficiation, which involves sizing and desliming at about 
200 mesh using hydrocyclones. 


Morocco—Youssoufia 


The Youssoufia zone is the west ern part of the Gantour deposit. 
Only under ground minin g is practice d at th is mine. This location 
has proven reserves up to 7.7 billion m3. Annual mining capability 
is 2 Mtof merchant-grade phos phate rock. Here, the high-grade 
“white” phosphate is simply dried and ship ped, and the “bro wn” 
phosphate is calcined (at >700°C) to eliminate organic matter. 


Morocco—Benguérir 


Located 70 km_ north of Marrak esh, Benguér ir is th e ne west of 
Morocco’s four phosphate mining centers operated by OCP. Benefi- 
ciation at this location is very simple, by first removing +100 mm 


material, followed by crushin g and sizing at 10 mm, with the 
+10-mm material rejected. 


Morocco—Khouribga 


Located 120 km southeast o f Casablanca, Khouribga is the lar gest 
phosphate mining zone operated by OCP Grou p. The p hosphate 
deposit is of sedimentary origin, with several phosphate-bearing lay- 
ers alternating with layers of marl and limestone. Phosphate reserves 
are estimated at more than 35 billion m *. Production of phosphate 
rock started in March 1921 by underground mining. Open -pit min- 
ing was introduced in 1951, and was replaced by underground min- 
ing by 1994. High-gr ade ore is screened and stored, and low-grade 
ore is treated using log washers and hydrocyclones. Calcination is 
also used at this location to treat the lower grade ore. 


Morocco—Bou Craa 


Beneficiation of this Saharan phosphate is also fairly simple. The 
ore is crushed and slurried with seawater. Unwanted materials are 
removed by sizing and desliming. 


Crago Double Float Process 


The Crago double float process has been practiced in Florida for 
more than half a centur y. Modified versions or part of the pro cess 
are also practiced in other parts of the world. This process is particu- 
larly suitable for processing sil iceous phosphates, where low-silica 
product is required. The desliming and sizing steps are described in 
details in the W ashing and Sizing sec tion in this chapter and are 
shown in Figure 8. 
The flotation plant consists of a number of important process- 

ing steps: 

1. The remo val of flo tation feed ataco  ntrolled rate from 
partially consolidated storage bins 


2. High solids conditioning of the solids (60% to 6%) with a pH 
modulator and anionic flotation reagents, namely a vegetable- 
derived fatty acid as aco llector, a petroleum extender, and 
sometimes surf actants t o im part de sirable se lectivity or 
frothing characteristics 


3. Dilution with clean, recirculated water to roughly 20% solids 
for the rough er flotation step of the bulk of the ph osphate 
mineral from the sand 


4. Collection of the froth concentrate and scrubbing of the solids 
with sufficient sulfuric acid to free the fatty acid and fuel oil 
coating, follo wed by rinsing and de watering with clean, 
recycled water to provide ac lean mineral surface for furt her 
separation 


5. Dilution with ei ther fre shor veryc lean re cycled water, 
adjustment of the pH to approximately neutral, and addition of 
acationic f lotation reagent (a n amine, a light petroleum 
extender, and sometimes a surfactant) into a mixing tank or 
the feed box of the flotation cell s; this cleaning flotation step 
is aimed at removing any fine sand inadvertently carried into 
the rougher concentrate by the relatively high reagent le vels 
required to float the phosphate mineral 


6. Partial dewatering of the cleaner cell underflo w concentrate 
and holding in bins until ro uted to appropriate storage pile 
locations when chemical assays are available 


7. Combining of the cell underflow tailing product from rougher 
flotation and the froth tailing product from cleaner flotation to 
create a combined tailing that is pumped to reclamation areas 
for landfilling in the mine. 
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Figure 8. Generalized scheme of phosphate rock beneficiation: (a) flotation and (b) washing (Florida) 


Removing flotation plant feed at contro lled, constant rates 
from v ertical c ylindrical bi ns of part ially or fu lly c onsolidated 
material has been a persistent problem for the industry, which has 
been only partially solv ed by us ing adj acent, sm aller di ameter, 
“live” feed bins, through which ther e is a continual flo w of slurry 
with sign ificant recirculation from the feed pump and “li ve” bin 
overflow back to the partially consolidated storage bin. 

Adjusting pH with a concentrated solution of soda ash and 
conditioning flotation feed with a vegetable fatty acid, fuel oil, 
and perhaps asmall quantity of surfactant (sodium sili cate or 
organic additives) are usu ally carried out in two to fou r stirred 
vertical cylindrical tanks in series, with a typical residence time of 
2 to 5 min. The ef ficiency of reagent use and the selecti vity of 
separation are improved by maintaining slurry solids at 60% to 
65% solids by weight, although at times this is on the verge of caus- 
ing the conditioner to “‘sand up” because of solids consolidation. In 
the preparation of coarse flotation feed, using a single-stage, rotat- 
ing horizontal drum _ for conditio ning minimizes the problem of 
keeping the coarse particles in suspension at the desired high per- 
cent solids level. There ha ve been several recent papers (Oswald 
1993; Staniek 1993; Gruber 1999; Davis and Hood 1993) on the 
subject of rougher conditioning, because of its importance in deter- 
mining both the metallur gical and the economic success of th e 
overall flotation process. 

The ac cepted prac tice in the use of flotati on cells has been 
using multiple banks of re latively small mechanical cells of 10 to 
15 m3(300 to 500 ft3) capacity. The smaller cells are effective 
because of the large particles to be floated and the relatively high 
weight recovery in the froth concentrate (15% to 25%), which can 
be more readily handled by the larger discharge lip to cell volume 
ratio of the smaller cells. Column cells have been used by the indus- 
try on a limited scale since th e mid-1970s but are being used more 
frequently now that their operation is being impro ved and better 
understood (Hutwelker et al. 1993; Luttrell and Yoon 1993; Eisele 
and Kawatra 1999; El-Shall et al. 1999; Kohmuench, Mankosa, and 
Luttrell 1999; Gruber and Glass 2002; Kohmuench et al. 2002). 

Scrubbing the fatty acid flotation concentrate in two to four ver- 
tical stirred tanks in series involves keeping the slurry at 50% to 60% 


solids and a tar get pH of 4.5 to 5 .5 by adding concentrated sulfuric 
acid. The scrubber discharge is diluted to 10% to 15 % solids with 
clean, recirculated water and hydrocycloned in two stages to remove 
the dissolved and suspended fatty acid and fuel oil scum and to rinse 
away as much of the sulfate ion as possible. The second stage under- 
flow, at about 50% solids, is then diluted to 15% to 20% solids with 
clean, recircul ated or fresh water, if available. To thisis added a 
water solution of amine acetate, diesel fuel oil, and perhaps an alco- 
hol surf actant to achi eve acceptable frothing chara cteristics. The 
sand that is being floated in this step is generally finer than 100 mesh 
(150 pm), and therefore the rougher concentrates from both the fine 
and the coarse flotation sections are frequently combined for treat- 
ment in one cleaner section. 

The cell product fro m the amine section is the f inal concen- 
trate of the flotation p lant and is usually hydrocycloned for dewa- 
tering, with the underflo w temporarily stored in vertical drainage 
bins until assay results are a vailable for the bins contents and a 
decision can be made where in sto rage piles to convey the concen- 
trate for further drainage and air drying. 

Although fresh water is usually readily available in Florida, it 
is treated as a valuable commodity at the mine and flotation plant 
because of the consumptive use restrictions imposed by the permit- 
ting and re gulatory go vernment ag encies. F or this rea son, e very 
effort is made to col lect process streams and e ventually recycle 
them elsewhere in the flotation plant for reuse. W here po ssible, 
water streams are used se veral times and eventually discharge as 
storage bin overflows or tailing transport water, which is routed to 
the clay desliming section of the washer for use in dilution before 
hydrocyclone separation of the clays. The one process stream that 
is usually handled dif ferently is the overflow waste from the acid 
scrubbing and de-oiling step. Because this stream contains signif i- 
cant quantities of “spent” reagents, which could p artially coat the 
flotation feed particles and dest roy the selectivity of subsequent 
separations, it is usually r outed directly to th e desliming h ydro- 
cyclone overflow and is therefore pumped with the clays to the 
ponds, where water clarification gradually takes place. During this 
period, the extraordinary amount of c lay surfac e a rea a vailable 
absorbs the dissolv ed and suspend ed or ganic reag ents from the 
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water and permits the return of a reasonably clean rec ycle to the 
flotation plant. The additional water required to achieve a balance is 
obtained fr om rainw ater collected in the mine, plant, and pond 
areas that is diverted to the ponds for storage. Some groundwater is 
extracted for special uses such as for pump seals, but it is carefully 
monitored to avoid exceeding permit limitations. Overall, approxi- 
mately 95% of the water used is recycled. 

A recent study of the f ate of the relatively large amounts of 
consumed flotation reagents (P atel and B en-Poorat 1999; P atel, 
Powers, and Zhang 1 999) indicates no reason for concern o ver 
environmental consequences. 


Anionic Flotation Only 
Senegal 


In Sene gal operations, after des liming and sizing, the phosphate i s 
upgraded using a fatty acid tall oil. The silica and the iron and alu- 
minum oxides are depressed and a high-grade concentrate analyzing 
up to 80% BPL is produced. 


South Africa 


Foskor of South Africa produces p hosphate ro ck f rom three 

sources, namely pyroxenite ore, foskorite ore, and PMC tailings. 
The pyroxenite ore is crushed and milled to 15% +425 um and 20% 
—74 um. The mill product is pumped to conditioners from which it 
flows to the flotation circuit, where apatite is floated using Wemco 
flotation cells. Flotati on is done in af our-stage flotatio n circuit 
comprising rougher, scavenger, cleaner, and re-cleaner stages, with 
the re circulation of middlings. The p yroxenite process with only 
two reagents in the system is relatively simple and hardly ever gives 
any trouble. A str aight-chain pe troleum sulphonate or sulphonic 
acid and a tall oil fatty acid are added to the pulp at the condition- 
ers. From ore with a head grade of 7% P20s, a concentrate with a 
P20s content of 39.6% is produced with a recovery of 70% (Coet- 
zee, Visser, and Mehliss 1976; Lovell 1976). 

Inthe circuit for foskorite, flotation is also done ina  four- 
stage flotation circuit comprising rougher, scavenger, cleaner, and 
re-cleaner stages, with recirculation o f middlings, using W emco 
flotation ce Ils. Thre er eagentsa reuse d:sodi um si licate 
(Na2O*SiO2) as a dispersant; non yl phenyl tet raglycol ether as a 
modifier and depressant; and a tall oil fatty acid as a collector. The 
average head grade of the foskorite is 7.5% P2Os, whereas the con- 
centrate grade is 38.5% P2Os with a recovery of 67%. 

PMC mines and processes the central carbonatite plug and the 
surrounding fo skorite ore separate ly. The carbon atite contains an 
average of 3.5% P2Os. After PMC extracts the copper and the mag- 
netite from the ore, the slurry is pumped to F oskor. The PMC tail- 
ings stream is deslimed using tw o-stage cyclones, which remo ve 
85% to 90% of the —12-pm slime fraction. PMC tailings, being a 
foskorite ore, are treated in the same way as the no rmal foskorite 
ore. In addition to the flotation re agents used for the fosk orite cir- 
cuit, a polysaccharide is used mainly as a depressant. Polysaccha- 
rides that have been used successfully include gum arabic and guar 
gum. 


Russia 


In Russia, a majority of the phosphate rock is turned out from the 
phosphate mines at the central Kola Peninsula. The mines are about 
half open pit and half underground. Phosphate ore is first crushed to 
—20 mm before being sent to the beneficiation plant. In the benefi- 
ciation plant, the feed is ground to approximately 55% passing 
74 um. Anionic rougher flotation is followed by several stages of 
cleaning and scavenging flotation. The output is more than 9 Mtpy 


(10 million stpy) of concentrates with a P2Os grade of 39% from an 
ore assaying 18% P20s, 23.1% SiO3, and 13.3% Al,03 in a bonded 
phase of nephelinic-syenites. 


Jordan 


In Jordan, direct flotation is used where the phosphatic elements are 
floated by anionic flotation, using an aqueous blend of tall oil and 
diesel oil as phosphate collector, sodium silicate as clay dispersant, 
and silica depressant for both fine and coarse fractions, with several 
roughing and cleaning stages. 


Brazil 


The Brazilian apatites also represent an important source of igneous 
phosphate ores. They are included in carbonatites (with simple car- 
bonates as in Jacupiranga or as more complex ones with iron carbon- 
ates, phlogopite or v ermiculite, ti tanium minerals, baryt ine, 
pyrochlore, etc.). The P2Os contents are comparatively low, from 5% 
for Jacupiranga to 15% for Araxa. Flotation is carried out after a dou- 
ble desliming with, generally, a roughing operation followed by one 
or two scavenging operations, the froth being cleaned two or three 

times. The depression of carbonates and iron oxides is achie ved at a 
pH of about 10 with causticized starch, and the flotation is carried out 
with f atty acids (tall oil). Concentrates of about 35% P 2Os wi th 
recovery ranging from 45% to 78% are obtained from different local- 
ities (Betz 1979). Lima (1993) car ried out a comparati ve study of 
direct anionic flotation versus the re verse of the Jacupir anga phos- 
phate, and demonstrated that double flotation with a reverse second 
step was not an adequate route. Th e superficial characteristics of the 
apatite and calcite of this deposit seem to indicate that the direct flo- 
tation process is the most adequate route (Lima 1993). At the same 
time, Leal Filho and Chares (1993) studied the benef icial role of 

starch in the separation of apatite from the Brazilian igneous lo w- 
grade phosphate/carbonate ores. The y observed that cornstarch pro- 

motes the flot ation of apat ite, phlogopite, and dolomite;t hey 
observed no effect over calcite. 


Finland 


For the Finnish igneous phosphates (which contain about 10% apa- 
tite, 22% calcite and dolomite, 65% phlogopite, and 3% amphibole 
and other silicates), the flotation process is carried out using substi- 
tuted N sarcrosine (amphoteric compound). Flotation is perf ormed 
at a basic pH (8 to 11). The flowsheet adopted is grinding to 38.5% 
—74 um, one r oughing flotation stag e, and five cleaning flotation 
stages. Appl ying this flowsheet at the Siilinjarvi plant, a co ncen- 
trate of 33.7% P2Os with a recovery of 85.8% is obtained. 


Mexico 


Anionic rougher-cleaner flotation has been practiced in Mexico for 
many years. The flotation collector is af atty acid emulsified with 
petroleum sulfonate and diesel oil. 


Magnetic Separation 


At the Phalaborwa Igneous Complex in South Africa, the pyrox- 
enite zone is followed by the foskorite zone. This part of the ore 
body consist s mainly of magnetite, serpentine, and apatite 

(Schmidt 1999). The P2Os5 content in this zone varies from 6% to 
11%. The magnetite must be remo ved using magnetic separation 
to upgrade the ore to commercial-grade rock. In the foskorite cir- 
cuit, the crushed ore is conveyed to a 60-kt stockpile, reclaimed 
by three plough reclaimers, and conveyed to the milling pl ant. 
After copper flotati on, Sala 1 ow-intensity magnets remo ve the 
magnetite after 750-mm and 100-mm Multotec c yclones remove 
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the slimes. Magnetic separation is also conducted on the PMC 
tailings before phosphate flotation. 

At the Kapuskasing Phosphate Operations in Canad a, mag - 
netic separation is carried out on the final flotation product. The 
re-cleaner flotation concentrate is pumped to a reconditioned high- 
gradient magnetic separator (HGMS) purchased from the Iron Ore 
Company of Canada. The HGMS r educes the iron c ontent from 
approximately 5% to less than 2%. HGMS product is pumped to a 
concentrate thickener. 

At an Egyptian mine, the r un-of-mine ore is deli vered from 
the underground mines to a storage area where it is screened at 
60 mm, the oversize of which is cr ushed in a rotary crusher. The 
crushed ore is screened again at 60 mm. The resultant 0 versize 
(+60 mm) is discarded because of its high impurities, and the frac- 
tion below 60 mm is delivered to the beneficiation plant for further 
treatment. I n th eb eneficiation plant, the -—60-mm f raction is 
scrubbed in a 3.6 x 10-m drum scrubber to disintegrate the ore. The 
scrubbed product is then screened on 2-mm screen. The 0 versize 
fraction (+2.0 mm) is discarded because of its high dolo mite con- 
tent. The fraction below 2 mm is classified using a group of hydro- 
cyclones to separate the clay fraction below 0.080 mm. The latter is 
discharged to the main thickener of th e pla nt as sl imes. The 
deslimed product (—2.0 + 0.080 mm ) then goes through a second 
stage of washing in attrition scr ubbers. A h ydroseparator further 
classifies the product of the latter, at about 0.2 mm, into coarse and 
fine fractions. The coarse fraction (—2.0 + 0.2 mm) is filtrated and 
dried to ~1.5% moisture. This fraction represents the coarse con- 
centrate. In the meantime, the fine fraction (-O.2 mm) from the 
hydroseparator is dischar ged to a group of h ydrocyclones for fur- 
ther cl assification to se parate the slimes below 0.080 mm. The 
underflow of the h ydrocyclones (—0.2 + 0.080 mm) is then dis- 
charged toa high-intensity magne tic se parator to sepa rate th e 
ankerite (fer rogenated dolomite) impurities as magnetic prod uct. 
The nonm agnetic fraction (fine c oncentrate) is t hen filtered and 
dried. Both co arse and fine concentrates are blended to produce a 
final concentrate assaying ~30% P2Os and 0.55% MgO. 

Magnetic separation is also practiced in Togo and Mexico. 


Calcination 


Calcining is used to treat phosphate rock to achieve one or more of 
the following objectives: 


¢ To remove carbonaceous materials, dolomite, or calcite 
¢ To remove organic matters 

¢ To improve reactivity of the rock 

¢ To make low-grade, slow-release fertilizers 


Calcination (at higher than 700°C) is widely used in Morocco 
to el iminate or ganic materials from t he so-c alled “bro wn” or 
“black” phosphate rock. 

In the last decade, calcination was studied and recommended 
to treat phosphate ores in Saudi Arabia, where water supply is lim- 
ited and energy is inexpensive. In the study, a Saudi phosphate ore 
containing 40% to 50% carbonate and 16% to 25% P 205 was 
treated by calcinatio n at 850°C for about an hour, followed by 
quenching with 5% ammonium nitrate (NH4NO3), 5% ammonium 
chloride (NH4Cl), or w ater. Under the best test cond itions, a con- 
centrate containing 38% P2Os was obtained (Al-Fariss 1993). 

Two lo w-grade Indian carbonaceous ores were successfully 
upgraded using a con tinuous-flow calcination process. Phosphate 
recoveries ranged from 63% to 84. 6%, with concentrate grades of 
31.3% to 38.5% P20s. The roasting temperature was 900°C (Good 
1976). 


Beneficiation of Sedimentary Carbonaceous Phosphates 
Sedimentary carbonaceous ph osphate or e is, by f ar, th e most 
widely present in the world and constitutes more than two thirds of 
present-day reserves. Some depo sits, though, are b eing benefici- 
ated using calcination processes followed by elimination of CaO 
fines. Because of ever-increasing energy costs, more ec onomical 
means are becoming increasingly at tractive, including t he froth 
flotation process. The | argest difficulty, however, arises from the 
fact that the physicochem ical properties of ph osphatic miner als 
and carbonates are v ery simi lar (W aksmundzki, Nec zaj-Bruze- 
wica, and Planik 1971). In the last three decades, numerous studies 
have been carried out to separate carbonaceous gangue from sedi- 
mentary phosphate ores. These processes include direct flotation 
of phosphate with depression of the carbonate gangue (Awasthi 
et al. 1977) and reverse flotation of the carbo nate g angue with 
depression of the p hosphates (Smani, Cases, and Blazy 19 75; 
Awasthi et al. 1977; El-Shall 1994). 


China 


China is quite successful in processing sedimentary carbonaceous 
phosphates using flotation technology, perhaps because the major- 
ity of their phosphate deposits (about 80%) belong to this category. 
The Chinese pho sphate resources ha ve three distinct cha racteris- 
tics: old geological age, high dol omite and other impurities, and 
being finely disseminated. Before b eneficiation, fine grinding is 
usually required to liberate impurity miner als from phosphate. 
About 98% of the phosphate deposits occurred in Cambrian or Sin- 
ian formation at the age of more than 500 million years. Because of 
old geological age, the p hosphate rocks are usually in massive and 
very hard structures. 

The Jinping phosphate mine is located in Lianyungang of 
Jiangsu Province. The processing plant was put into oper ation in 
the late 1950s with the capacity of 1.2 Mtpy mining and beneficia- 
tion. At the early stage of production, the run-of-mine did not con- 
tain much MgO. A process with soda ash as pH modifier, water 
glass as the silica depressant, and crude t all oil as phosphate col- 
lector could produce very high quality phosphate concentrate. As 
the high-grade ore was depleted, the MgO impurity was gradually 
increasing, up to about 10%. A new process was therefore devel- 
oped and implemented. The as-mined ore is subject to two-stage 
crushing to—50 mm, and then ground inaclosed circuit of ball 
mills and spiral classifier to -0.3 mm (containing 40% —200 mesh) 
as flotation feed. The feed slurry in 42% to 45% solids is condi- 
tioned with Na2CO3, L339, and crude tall oil, and is transported to 
flotation operations consisting of one rougher, two scavengers, and 
three cleaners. The froth product as concentrate is gravity flowed 
to a thick ener for first-stage de watering. The un derflow in 70% 
solids is further dewatered through drum filters, and the filter cake 
is then dried in are volving tubular kiln to obtain dry phosphate 
concentrate. 

The Dayuk ou, Hub ei, pho sphate ore contains 17 % to 18% 
P2O5 and 4% to 5% MgO. Phosphate, dolomite, and silicate in the 
ore were inter grown ine xtremely fine particles. T 0 achieve the 
desired degree of liberation phosphate from gangue minerals, the ore 
must be ground to a fineness of —-0.1 mm (over 90% —200 mesh). For 
such fine particle sizes, it was once considered almost impossible to 
separate dolomite from pho sphate by the flotation method. The 
Dayukou phosphate benef iciation plant was put into operation in 
1996. The success of the “direct flotation” process relies on the “S” 
series depressants developed by Lianyungang Design and Research 
Institute (CLDRIJ) especially for effective depression of both car- 
bonates and silicates. The “S” series depressants were derived from 
the by-product of petroleum indus try. For beneficiating Dayukou 
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phosphate ore with the direct flotation process, CLDRI also devel- 
oped an ef fective collector, PA-42, using a waste material f rom 
vegetable oil processing. PA-42 is very selective. 

The flotation section of the process is in a closed circuit. The 
underflow of first cleaning flotation is subject to a scavenging oper- 
ation, which is a key step for effective rejection of MgO impurity. 

The Wengfu phosphate project, in Guizhou Province, is cur- 
rently the largest integrated phosphate fertilizer complex in China, 
consisting of 2.5 Mtpy of beneficiation capacity, 800,000 tpy TSP, 
800,000 tpy sulfuric acid, 300,000 t (P 20s basis)/year phosphoric 
acid, and 12,000 tpy aluminum fluoride. 

The run- of-mine ore con taining about 30 % P2Os5 and 4% to 
4.5% MgO is crushed to -15 mm. The crushed ore is then ground in 
an overflow ball mill. Hydrocyclones are used to control the milled 
product in the range of 60% to 68% —200 mesh for miner al libera- 
tion. The feed slurry of 40% solids is conditioned with H2SO4 as a 
pH modifier and PA-31 as dolomite collector, and is then subject to 
carbonate flotation toremo ve dolomite as fr oth prod uct. Th e 
rougher sink is cleaned and refloa ted to further reject dolomite. 
After dolomite removal, the final sink product is dewatered using a 
high-capacity thickener to obtain a phosphate concentrate slurry of 
70% solids. 

The concentrate analyzing 36% P 205 and 0.95% MgO is 
obtained at the overall P2Os recovery of 95%. The removal rate of 
MgO impurity is o ver 80%. The minor element ratio value of the 
product is very low, only about 0.033. 


Vernal, Utah (United States) 


In Vernal, Utah, ore from the surge pile is c onveyed to an 8.2-m 
diameter x 1.5-m semiautog enous grinding (SAG) mill, which has 
a 1,900-kW power capability; there it is ground at 76% solids with 
a 7% load of 10-cm-diameter balls (Allen 1993). The mill dis- 

charge is tro mmel-screened at 20 mm, with undersize pumped to 
vibrating screens, which return a +8-mm oversize to the SAG mill. 
The trommel oversize is ground at 73% solids to passing 20 mesh 

in a 4.1-diameter x 6.1- m ball mill, which has a power capacity of 
1,500 kW. The ball mill discharge joins trommel undersize and is 

pumped to vibrating screens with the oversize returned to the ball 
mill and undersize carried to a large slurry storage tank. 

This slurry is diluted from 50% to 15% solids with reclaimed 
water an d deslimed in 66-cm-diameter h ydrocyclones. The 
cyclone o verflow at 7% solids flows by gra vity to the tai lings 
pond, and un derflow at 50% _ solids feeds desliming hydrosizers. 
The hydrosizer overflow at about 7% solids flows by gravity toa 
scavenger dewatering circuit. The hydrosizer underflow flows by 
gravity to rougher conditioners, where at 70% solids the flotation 
reagents mix with the ore for about 8 min. Four reagents are added 
into the f irst conditioner of three in series: fatty acid, petroleum 
sulfonate, diesel fuel, and a frother. Conditioning is carried out at a 
natural pH o f 7.5 to 7.9. The rougher flotation feed (240 tph) is 
floated at 25% solids with a retention time of about 6 min to pro- 
duce a concentrate that proceeds to the cleaner cells where reten- 
tion time is about 14 min wit h a feed at 35% solids. The c leaner 
concentrate has recently averaged 31.5% P2Os and 0.6% MgO. 

Rougher f lotation tailings re port to a scavenger de watering 
cyclone sump together with clea ner tailings and hydrosizer over- 
flow. The de watering overflow reports to tailings and und erflow at 
72% solids flo ws toa sca venger section ball mill h ydrocyclone 
grinding circuit. The gr inding circuith ydrocyclone overflow 
reports toa circuit co nsisting of three-stage h ydrocycloning in 
series, with the third-stage overflow used as dilution for the second- 
stage cyclone feed. The overflow from the first and second stage 
reports to tailings. The third-stage desliming underflow at 70% sol- 


ids flows to the tw o scavenger conditioners in series, where the 
same four reagents used in r ougher conditioning are ad ded to the 
first conditioner and mixed for about 15 min at the natural pH of 7.5 
to 7.9. The sca venger-rougher flotation at about 2 5% solids has a 
residence time of 12 min. Tailings at 9.5% P2Os are recirculated to 
the desliming hydrocyclones before hydrosizing, and the scaven- 
ger-rougher concentrate repor ts to the scavenger-cleaners at 25% 
solids, where flotati on proceeds for about 13 min more. After the 
addition of some sulfuric acid, the scavenger-cleaner concentrate, at 
29.4% P 205 an d 1.1% MgO, passes _ through an acid- stripping 
hydrocyclone to remo ve f atty ac id/diesel fu el and lo wer pH t o 
depress phosphate in the carbonate flotation step. The hydrocyclone 
underflow at 70% solids is diluted to 55% solids and conditioned in 
two tanks in series for about 6 min, with additional petroleum sul- 
fonate and frother . The carbonate flotation is do ne at 25% solids 
with a retention time of about 8 min. The concentrate (cell product) 
runs about 30.7% P20s and 0.75% MgO and is combined with pri- 
mary cleaner concentrate asa concentrate product representing 
about 36% of crude ore feed weight. This combined concentrate is 
dewatered from 17% solids to 75% solids in the underflow and then 
ground in a 4.1-m-diameter x 6.1-m ball mill with 1,500 kW power, 
operated in closed circ uit, with h ydrosizers. The hydros izer 0 ver- 
flow at 20% so lids reports to product thickeners to achieve a 60% 
solids underflow after addition of a small quantity of flocculant and 
is then pumped to mixed product storage tanks. 


The CLDRI Process for Florida Dolomitic Pebbles 


Under FIPR funding, IMC Phosphates conducted two major projects 
to develop an economically feasible process for high-dolomite phos- 
phate pebbles in Florida. The Chinese CLDRI worked with IMC as 
the primar y subcontr actor for laboratory de velopment and pilot- 
scale evaluation of flotation processes for dolomitic pebbles. As a 
result, the CLDRI process was developed. A typical flowsheet of the 
CLDRI process involves grinding, dolomite flotation, and silica flo- 
tation. It must be pointed out that , unlike most previous processes, 
the CLDRI process does not require the desliming step after grind- 
ing, thus reducing phosphate loss. Pilot-plant testing on two Florida 
samples achieved encouraging results similar to or better than those 
obtained in laboratory tests. An economic analysis was conducted 
based on the pilot testing results for a 272-tph (300-stph) battery 
limit plant. The estimated variable (production rate dependent) costs 
(including ra w materials, electric po wer, reagents, consum ables, 
severance tax, dam b uilding, ser vices, and contract mainte nance) 
add up to $13.80/t ($12.52/st) of concentrate. Fixed costs (including 
labor, overhead, depreciation, supplies, taxes, and insurance) total an 
estimated $3.42/t ($3.10/st) of concentrate. T otal operating c osts, 
which are the sum of variable and fixed costs, are estima ted at 
$17.22/t ($15.62/st) of concentrate. These numbers suggest th at the 
CLDRI process is econo mically fe asible under the current condi- 
tions. The battery limit plant includes silica flotation, which reduces 
the concentrate acid insolubles from 19% to 6%. 


REGULATORY AND ENVIRONMENTAL CONSIDERATIONS 


The environmental issues related to phosphate mining and _pro- 
cessing, particularly in Florida, are summarized in the following 
sections. 


Waste Clay Ponds 


As described previously, the phosphate matrix (ore) must be 
deslimed before flotation. A typical Florida phosphate m atrix is 
composed of roughly one third each of phosphate, clay, and sand, 
resulting in the generation of approximately 1 t of clay waste (phos- 
phatic clay) for each ton of phosphate rock product. At the current 
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mining rate, the industry is ge nerating nearly 100,000 t o f waste 
clay each day , which is pumped to the settlings areas as a di lute 
slurry. Assuming an average solids load of 3% in the slurry, more 
than 3 Mt/day of slu rry need to be pumped to the setting po nds. 
Although impounding is the most economical method for disposing 
of waste clay, it has s everal ma jor disadv antages. Clay settling 
ponds occupy about 40% of mined lands and generally have limited 
use after reclamation, causing adverse economic i mpacts. T he 
waste clay ties up a large amount of water. Clay ponds also cause a 
significant loss of water through evaporation because of their lar ge 
size (up to 800 acres each). The impacts of clay settling ponds on 
the hydrological system are not yet fully understood. 


Process Water 


All phosphate fertilizers in Flo rida are produ ced using “wet- pro- 
cess” phosphoric acid . The wet acid is produced by dissolving 
phosphate rock in sulfuric acid solution, which generates acidic 
water designated as process w ater. This process w ater plays four 
major roles in the oper ation of phosphoric acid plants: (1) supply- 
ing make-up water for phosphoric acid manufacture, (2) conveying 
the phosphogypsum to the stack, (3 ) removing the heat gener ated 
during phosphoric acid manuf acture, and (4 ) scrubbing all the 
exhaust gases within the chemical complex to prevent the discharge 
of undesirable gases to the atmosphere. Through all these functions, 
the process water reaches an equilibrium content of all the materials 
found in both the phosphate rock and the sulfuric acid . Although 
the plants are net water users, rainfalls often make it necessary to 
treat and discharge surplus water. The surplus water is first treated 
by neutralization with lime to remove fluoride and phosphate, fol- 
lowed by aeration to remove ammonia, followed by the addition of 
sulfuric acid to bring the pH into the range from 6 to 7. This process 
is expensive, and even after treatment, the water does not meet the 
standards for surface discharge. The industry would benefit greatly 
from the disco very or de velopment of a technology that w ould 
remove any or all of the soluble salts or that would raise the pH of 
the process water economically. 


Phosphogypsum Stacks 


Phosphogypsum is a by -product of phosphoric acid manuf acture. 
For every 1 t of phosphor ic acid produced, app roximately 5 t of 
phosphogypsum are produced. About 1 billion t of phosphogypsum 
have accumulated in Florida, and 30 Mt are added to the inventory 
each year. Many efforts have been made to turn this w aste into a 
major asset to th e state. For example, research has demonstrated 
that significant economic benefits can accrue from using phospho- 
gypsum in road construction an dag riculture, without creating 
excessive risks. 


The Hydrological Systems 


As Florida keeps its pace to ward becoming the third most popu- 
lated state in the nation, water supply—both in terms of quantity 

and quality—is of strategic importance. Proper water flow is neces- 
sary both to su pply human needs and to ma intain the ec ological 
health of the Pea ce River, its tributaries, and the Charlotte Harbor 
estuary, among others. These issues are also of uni versal signifi- 
cance. Limited research has be en conducted to in vestigate mined 
lands as water treatment and storage systems, but this topic should 
be studied further. 


Public Health Issues 


Most potential hazards associated with the phosphate industry are 
found in the chemical plants, wher e ma in ch emical em issions 
include sulfur dioxide, ammonia, sulfuric acid, and silicon tetraflu- 


oride. Other potential emissions are radon gas and leachate from 
phosphogypsum stacks, along with fugitive dusts from p roduct 
storage. Although no study has sho wn significant health risks for 
either the workers or the nearby residents, efforts to minimize emis- 
sions continue. F or the mining and_beneficiation si tes, fl otation 
reagents are biodegradable and are further attenuated by sandy soil 
before reaching the surficial aquifer, except in the case of fuel oil. 
Research to study the spatial migration and persistence of fuel oil in 
the environment is ongoing. 


OUTLOOK AND FUTURE TRENDS 


Onsite Processing of Phosphate Rock 


As energy costs increase, it is beco ming increasingly less attractive 
economically to ship phosphate __ rock globally . The recent trend 
toward increased deep processing of phosphate rock where it is 
mined will continue. As the trade data in Table 3 show, trade in pro- 
cessed phosphate increased by more than 50% from the 1980s to the 
1990s. Another reason for this trend is the historically “unfair” pric- 
ing for phosphate rock. Whenever the phosphate fertilizer mark et 
improved, significant up swing occurred for DAP prices, alth ough 
rock prod ucers did not benef it because of their being improperly 
recognized as a cost center rather than a profit center. In the foresee- 
able future, mor e processed phosphates in the forms o f high-grade 
fertilizer or phosphoric acid will be produced from Morocco, China, 
Jordan, Australia, and Tunisia. 


Industry Consolidation 


Consolidation in the United States probably peaked with the Cargill— 
IMC merger into Mosaic in late 2004. The same cannot be said about 
China. China has nearly 500 independent phosphate fertilizer enter- 
prises (Wu 1998). The production capacity of the big and middle-size 
enterprises is only 35% of the total capacity. Many of the small-size 
single sup erphosphate and fu mace calcium an d magnesiu m ph os- 
phate enterprises ha ve outdated technical equi pment and ur gently 
need to be adjusted or reconstructed because of poor product quality, 
high energy consumption, and poor waste disposal practices. Consol- 
idation is already happe ning in China and will intensify in the next 
decade toward more privatization and internationalization, as shown 
by the Cargill DAP venture in Yunnan Province. 

Privatization may also tak e place in other major phosphate- 
producing countries such as Morocco, Jordan, Russia, and Tunisia. 
Phosphate mining companies are nearly all operated by the govern- 
ments in these countries. 


Sustainable Mining 


The mining industry as a whole has been challenged intensively in 
recent years by en vironmental groups and local go vernments that 
try to reduce or eliminate mining, in many cases through litigation. 
The Florida industry, for example, is facing a tough fight in obtain- 
ing new permits. Several county governments are pooling money to 
challenge IMC in the courts for permit extension or new permits. 

Some of the challenges can be contributed to communication 
gaps between the industry and numerous stakeholders. Many other 
cases are legitimate concerns about the sustainability of the indus- 
try. Whether being fo rced or v oluntary, the industry will ha ve to 
direct more resources at developing projects that su pport sustain- 
ability. 
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Potash 


Michel Prud’homme and Stanley T. Krukowski 


INTRODUCTION 


Potash is a generic term that includes potassium chlor ide (KCl), 
potassium magnesium sulf ate (K 2Mg(SOx)2), potas sium sulf ate 
(K2SO4), potassium nitrate (KNO3), and mixtures of sodium nitrate 
and potassium nitrate. The ceramics industry uses potash to refer to 
potassium oxide (K2O). Potash in the form of potassium carbonate 
(K2CO3) was the first industrial mineral produced in the United 
States. The first patent issued in the United States was for an appa- 
ratus and process developed in 1790 for potash production (Paynter 
1990). Before the 1860s, potash was sold mainly as an impure form 
of KCO3, produced by burning hardwood trees and leaching th e 
potassium sa Its fro m th e ashe s. P rimary e arly uses of potash 
included glassmaking, soapmaking, dyeing f abrics, bak ing, and 
using saltpeter for gunpowder. 

In 1859, a purification process to remove sodium and magne- 
sium chlorides w as de veloped for carnallite (KCleMgClo*6H20) 
found at Stassfu rt, Germany; and mined potash became available. 
With the appearance of mined potash and the earlier (1840) discov- 
ery in Germany by Justus von Liebig that potash was a nutrient for 
crops, potash started to be used for high-value crops such as cotton 
and vegetables. The German potash companies quickly developed a 
manufacturing process for producing potassium sulfate for tobacco 
fertilization. German potash su pplied nearly all U.S. consu mption 
until it w as emb argoed during World War I. The United States 
became self-sufficient in potash when potash deposits were discov- 
ered in New Mexico in 1931.In 1962, the United States be gan 
importing potash from Canada, and 2 years later, domestic apparent 
consumption began to exceed domestic production. 

Along with nitrogen and phosphorus, potassium is one of th e 
three essential plant nutrients (the “K” of “NPK” terminology). As 
a result, 95% of potash production is used as plant fertilizer. For all 
plants, inadequate potassium diminishes gro wth and causes 
increased di sease, stalk and st em breakage, an d susceptibility to 
other stress conditions. Plants take up large quantities of potassium 
from the soil, and potash fertilization replaces this loss so that each 
new crop can grow with the same vigor and productivity as the pre- 
vious year’s crop. Potassium depletion of the soil from gro wing 
repeated cotton and tobacco crops is well known in the histo ry of 
agriculture in the southern Un ited S tates. F or e xample, Ge orge 
Washington experimented with a lternative c ropst hat could b e 
grown on soil depleted by repeated tobacco harvests. 
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The chemical industry consumes most of the remaining 5% of 
potash production. Potassium hydroxide (KOH) is used to produce 
soaps and detergents, glass and ceramic products, dyes, explosives, 
alkaline batteries, and medicines. Other chemical applications are 
oil-field drilling mud , aluminum rec ycling, and electrop lating. 
Minor uses for potassium chloride include water softener regenera- 
tion, sidewalk deicing, and salt (NaCl) substitution for human con- 
sumption. Potash is used in th e food industry asp —_—otassium 
phosphate (monobasic, KH2POu, or dib asic, K2HPOa) and in p ro- 
duction of glass products as potassium carbonate or nitrate. 


GEOLOGY 


Potassium is the seventh most abundant element in the Earth’s crust 
and the sixth most abundant element in seawater. It is found in sili- 
cate minerals of igneous, metamorphic, and sedimentary rocks, and 
is a major constituent of many surface and subsurface brines. Most 
of world potash resources are found in subsurf ace, bedded salt 
deposits that yield high-gr ade, large tonnage ore bodies amenable 
to low-cost minin g and benef iciation. Some potash production is 
from evaporation of naturally occurring brines. Because of the rela- 
tively high solubility of potassium mi nerals, po tash fro m sal t 
deposits is ideal for use as fertilizer. 

Sylvite (KCI), carnallite (KCl *MgClo*6H20), kai nite 
((4KCleMgSOxz)3H20), and lan gbeinite (K2(SO4)*2MgSO,) a re 
some of the more important potassium minerals (Table 1). Sylvin- 
ite,a mixture of KC] and NaCl, is the highest-grade potash ore. 
Carnallite is co nsidered a pot ash ore when magnesium chloride 
(MgCl) is removed during beneficiation, but it is considered a con- 
taminant when mining for sylvite. Potassium sulfate and potassium 
nitrate typically are manufactured products. In 2004, potassium sul- 
fate was produced from mined minerals thr ough conversion pro- 
cesses inGer many and inthe Unite d Sta tes (e .g., p otassium 
magnesium sulfate in Carlsbad, New Mexico), and from brines in 
Chile, China, and the United States (e.g., Great Salt Lake in Utah). 
Natural deposits of potassium nitrate occur only in small amo unts 
in Chile. 

Most po tash-bearing b edded salt d eposits ar e b elieved to 
have originated from evaporation of sea water or mixtures of sea- 
water and other brines in restricted marine basins (Schmalz 1969). 
Ochsenius first described the reflux depositional model for evapor- 
ite deposition in the literature in 1888. A shallow bar, or sill, across 
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Table 1. Some minerals, ores, and products of potash deposits 





Name Chemical Formula sie wi % Remarks 
Minerals 
Chlorides 
Sylvite KCl 63.17 Principal ore mineral 
Carnallite KCleMgClp¢6H2O 16.95 Ore mineral and contaminant 
Kainite A(KCleMgSOxz)®H2O0 19.26 Important re mineral ° 
Bischofite 2MgCl2®12H2O 0 Accessory contaminant 
Halite NaCl 0 Principal ore contaminant 
Sulfates 
Polyhalite K2Ca2Mg(SOa)4*2H2O0 15.62 Ore ontaminant c 
Langbeinite K2SO4®2MgSO4 22.69 Important ore mineral 
Leonite K2SO4*MgSO4°4H20 25.68 Ore ontaminant c 
Schoenite (picromerite) K2SO4#MgSO426H20 23.39 Accessory 
Glaserite (aphthitalite) 3K2SO4®Na2SO4 42.51 Accessory 
Syngenite K2SO4*CaSO4e®H2O 28.68 Accessory 
Bloedite NazSO4eMgSO4*#4H20 0 Accessory 
Loeweite 6Na2SO4*7MgSO4*® 15H20 0 Accessory 
Vanthoffite 3Na2SO4*®MgSO4 0 Accessory 
Kieserite MgSO4*H2O0 (0) Common ore contaminant 
Hexahydrite MgSO4*#6H2O 0 Accessory 
Epsomite MgSO4°7H20 0 Accessory 
Anhydrite CaSO4 0 Common ore contaminant 
Ores 
Sylvinite KCI + NaCl 20-35 Canada, United States, CIS,” Brazil, Congo, 
Thailand 
Hartsalz KCI + NaCl + CaSO4 + (MgSO4*#H20) 10-20 Germany 
Carnallitite KCleMgCl2*¢6H20 + NaCl 10-16 Germany, Spain, Thailand 
Langbeinite K2SO4#2MgSO4 + NaCl 7-12 United States, CIS 
Mischsalz Hartsalz + carnallite 8-20 Germany 
Kainite AKCle4MgSO4*11H20 + NaCl 13-18 Italy, Ethiopia, CIS 
Products 
Potassium chloride KCl 63.17 Principal potassium product 
Potassium sulfate K2SO4 54.05 Artificial product 
Potassium-magnesium-sulfate (langbeinite) K2SO4*2MgSO4 22.69 Natural product (New Mexico) 
Manure salts KCl + NaCl 40-60 CIS and Germany 
Other Sources 
Alunite KpAls(SOa)4(OH)12 11.4 
Niter KNO3 + NaNO 3 + NazSOq + NaCl 0.6-1.9 Chile 
Mixed potassium nitrate and sodium nitrate KNO3 + NaNO3 10-14 





Adapted from Adams and Hite 1983. 


* CIS = Commonwealth of Independent States. 
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Sulfates Carbonates 

Adapted from Briggs 1957. 

Figure 1. The reflux model of evaporite deposition. Evaporation of 
seawater entering the basin over a restricting sill increases in salinity 
at the distal end of the basin. Contours represent density of the brine. 
The least-soluble minerals precipitate near the inlet, and halite pre- 
cipitation occurs furthest from the inlet. 


the mouth of a basin restricts the inflow of sea water, which upon 
further evaporation becomes a salt-precipitating brine (Figure 1). 
At the distal end, the brine increases in density and salinity, sinks 
to the bottom, and creates a reflux current of higher-density brine 
back to ward the ocean. Th e sill in hibits the outflow of concen- 
trated bri ne back t o the ocea n. L east-soluble salts precipitate 

nearer the sill, and the most-soluble components precipitate out of 
solution in the deeper parts of t he basin. The result is a tabular- 
shaped deposit with lateral facies changes resulting from salinity 
gradients in the brine (Figure 2A). The asymmetrical facies distri- 
bution of the Paradox Formation (Middle Pennsylvanian) in Utah 
(Hite 1970), the Pr airie F ormation (Middle De vonian) in 

Saskatchewan ( Holter 1 972), and the Sa lado F ormation (Upp er 
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Adapted from Hsu 1972. 

Figure 2. (A) Asymmetrical facies distribution of evaporite deposit 
formed by reflux model deposition; (B) Bull’s-eye pattern of evaporite 
facies resulting from deposition in a basin drawdown model 


Permian) in New Mexico (Lowenstein 1988) might be explained 
by such a mo del. Other de posits such as t_ he Sa lina F ormation 
(Upper Silurian) in Michigan (Matthews and Egleson 1974) show 
a facies distribution described as a bull’s-eye patt ern. Alt hough 
some small sub-basins of high-grade sy lvite are f ound near the 
margins, the potash generally is located ina central part of the 
basin surrounded by successively less-soluble facies (Figure 2B). 
The sparse data available on the Miocene Mediterranean evaporite 
(Hsu 1972) also suggest a bull’s-eye facies distribution. 

Sedimentary features in mar ginal carbonates of some evapor- 
ite basins suggest subaerial exposure (Cercone 1988; Peterson and 
Hite 1969). According to Hsu (1972), subaerial exposure was the 
result of a basin undergoing evaporative drawdown and was respon- 
sible for deposits such as the Mediterranean Evaporite of Miocene 
Age, the Permian Uppe r Ze chstein in Europe, and the S ilurian 
Salina evaporite deposit in Michigan. Maiklem (1971) suggests the 
same mechanism for the Devonian Prairie F ormation in Canada. 
Fluctuations in water depth in any ancient evaporite basin could be 
related to sea level changes, groundwater inflow, precipitation, and 
meteoric runoff, making it p ossible for evaporite minerals to have 
been deposited in either deep or shallow water and to have experi- 
enced subaerial exposure before burial. 

Seawater evaporation results in precipitation of carbonate min- 
erals first, followed by calcium sulfates, halite, magnesium sulfates, 
and then magnesium and potassium chlorides. The ratio of sodium 
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Adapted from Harvie et al. 1980. 

Figure 3. Computer simulation of evaporation of modern seawater, 
using the program of Harvie et al. 1980. Bottom graph shows 
change in concentration of major ionic species with evaporation; top 
shows masses of minerals precipitated. 


to potassium in seawater is 27:1, and, in general, minable potash 
beds are associated with thicker halite deposits. The potash ore zone 
often is located near the tops of halite beds in relatively thin layers 
because potash precipitates from higher-salinity brines near the end 
of the evaporation sequence. Carnallite rather than sylvite is precipi- 
tated from se awater after t he magne sium sulf ates because of the 
high concentration of magnesium in seawater (Figure 3). 

Evaporites of marine origin that lack magnesium sulfate and 
magnesium chloride minerals are the result of postdepositional dis- 
solution processes. Car nallite may have been altered to syl vite by 
reaction with magn esium-poor brines (Borchert and Muir 1964; 
Garrett 1970; Braitsch 1971) or meteoric water (Hite 1982). In syl- 
vinite deposits in Thailand, Re public of the Congo, an d the Elk 
Point Basin o f Canada, there is evidence that point-source ingress 
of meteoric water or seawater locally destroyed precursor carnal- 
lite, le aving sylvi nite or onl y barren halite behind. In some 
instances this diagenetic process began shortly after the deposition 
of carnallite (e.g., the Thailand deposits), and the process may be 
occurring even today (Hite 1982). Recognition that nonmarine 
evaporite deposits are not necessarily restricted to small, terrestrial 
saline la ke basins, ho wever, led some w orkers to reass ess the 
importance of mixing br ines from seawater with other brines or 
with meteoric w ater (Hardie 1984; W illiams-Stroud 1994). Some 
modern evaporites such as the Basque Lakes in British Columbia, 
Canada (Jones 196 6) and those in the Qaidam Basin of Western 
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Table 2. Theoretical primary precipitation of stable chloride assem- 
blages from normal seawater plus static evaporation at 25°C (with- 
out reaction at transition points) 








Layer Mineral % Thickness of Layer, m 

A Halite 100 100.0 

By Halite 72 6.3 
Bloedite 28 

Bo Halite 20 4.5 
Epsomite 80 

Ci Halite 29 6.3 
Epsomite 30 
Kainite 4 

Co Halite 21 5.7 
Hexahydrite 3 
Kainite 76 

C3 Halite 1] 1.7 
Kieserite 4 
Kainite 85 

D Halite 12 3.6 
Kieserite 40 
Carnallite 48 

E Halite 0.5 38.0 
Kieserite ] 
Carnallite 0.5 
Bischofite 98 





Adapted from Adams and Hite 1983. 


Table 3. Calculated mineral sequence from evaporation of modern 


seawater and observed sequence from Zechstein 2 potash deposit’ t 


Equilibrium Calculated Observed Zechstein 2 





G G 

A A 

A+H A+H 

Gl+A+H Gl+A+H 
Po+A+H Po+A+H 

Ep +Po+A+H 

Hx +Po+A+H 

Ki+Po+A+H Ki + Po+A+H 

Car + Ki+Po+A+H Car + Ki+ Po+A+H 
Car + Ki +A+ H Car+ Ki +A+ H 


Bi+Car+Ki+A+H 





Adapted from Adams and Hite 1983. 

* Equilibrium evaporation in the first coumn contains some minerals not found 
in the observed sequence from the Zechstein 2. Most of the differences can 
be explained by dehydration reactions. 

t G = gypsum; A = anhydrite; H = halite; Gl = glauberite; Po = polyhalite; 
Ep = epsomite; Hx = hexahydrite; Ki = kieserite; Car = carnallite; 

Bi = bischofite. 


China (Lowenstein, Spencer, and Pengxi 198 9), which are clear ly 
nonmarine in ori gin, precipitate a suite of minerals very similar to 
those precipitated from seawater. 

Theoretical and e xperimental salt assemblages calculated by 
D’Ans (1933) bore close resemblance to naturally occurring assem- 
blages. The presence or absence of some accessory minerals in nat- 
urally occurring e vaporite deposits was explained by changing 
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Figure 4. Computer simulation of evaporation of altered seawater 
where the ratio of magnesium to calcium is approximately 1:1 
instead of the seawater ratio of 5:1 


temperatures in precipitating brin es, mixing brines of dif ferent 
compositions, and reacting brines with salts precipitated previously. 
Table 2 gives the theo retical asse mblage of primary precipitates 
from seawater at 25°C by Braitsch (1971). Harvie et al. (19 80) 
show a slightly different mineral sequence (Table 3) from that cal- 
culated by Brai tsch. The former predicts the occurrence of poly- 
halite and gla uberite (C aSO4, Na 2SO4), whicho ccurinman y 
evaporite deposits belie ved to be of marine or igin, although in 
many of these deposits polyhalite appears to be secondary after 
anhydrite or gypsum. For deposits such as the Stassfurt horizon of 
the Permian Zechstein potash in Germany, the sequence of Harvie 
et al. (1980) suggests that the na tural mineral assemblage could be 
primary and does not require postdepositional alteration (Table 3). 
The initial brine composition is critical to the sequence of minerals 
that precipitate upon evaporation, but the mixing of waters during 
evaporation also can have a profound effect on the sequence of pre- 
cipitation. Figure 4 shows that it is possible to produce widely vary- 
ing mineral suites by altering relative amounts of only one or two of 
the initial aqueous species. 

Petrographic and te xtural rela tionships as_well as chemic al 
analyses of fluid inclusions of associated halites in potash evaporites 
suggest that sylvite occurred in many instances as a primary mineral 
(Wardlaw 1972; Lo wenstein and Sp encer 199 0; W illiams-Stroud 
1994). The enrichment of sea water with calcium r esults in early 
depletion of sulfate by gypsum/anhydrite precipitation and pre vents 
the deposition of magnesium sulfates. If there exists some mecha- 
nism for magnesium removal, then carnallite may not precipitate as 
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well, and sylvite will be the primary potash mineral de posited. 
Mechanisms for cal cium enri chment or magne sium de pletion 
include dolomitization of associated limestones or of a limestone 
precursor (Shearman 19 66; Hite 1983), interactions with hydro- 
thermal waters (Hardie 1990), and clay mineral cation e xchange 
(Hite 1983). Sulfate depletion, which also may lead to nondeposi- 
tion of magnesium sulfates, can occur through brine mixing (Raup 
1970). When additional calcium enters into the system with other 
brines, sulf ate may be consumed by precipitating gy psum and 
anhydrite before reaching sat uration with respect to magne sium 
sulfate minerals. 

Potash-bearing evaporites c anb ed ivided into twod ifferent 
types: magnesium sulf ate-rich de posits (containing the minerals 
polyhalite, h exahydrite, kieserite, and epso mite) and magnesiu m 
sulfate—poor deposits (Hardie 1990). In the former, the primary pot- 
ash mineral is carnallite, whereas the latter is characterized by sylvite 
and carnallite. The magnesium sulf ate—rich e vaporites (e.g.,t he 
Stassfurt horizon of the Permian Zechstein 2) exhibit the same miner- 
alogy resulting from evaporation of modern seawater (Figure 5). The 
magnesium sulfate—poor potash deposits probably precipitated from 
brines high in calcium; these depo sits constitute 60% or more of 
known po tash basins (Hard ie 1991). These tw o ty pes of po tash 
deposits display a_ distinctive te mporal relation ship (magnesiu m 
sulfate—rich types occurring only in the Permian, Miocene, and Qua- 
ternary; Figure 6), suggesting that changes in seawater composition 
occurred throughout Phanerozoic time or that many potash evaporite 
deposits did not precipitate from seawater, but were the result of t he 
evaporation of nonmarine or mixed marine—nonmarine waters (Har- 
die 1991). Figure 7 sho ws the distribution of potash dep osits that 
contain little or no associated magnesium sulfate salts. Many of the 
basins are smaller than the magnesium sulfate—rich evaporite basins, 
and some show an elong ated shape, suggesting the formation ina 
graben or rift valley setting. 


EXPLORATION 


Evaporite deposits that are found in cratonic basins usually ar e 
associated wi th bioge nic deposits such as she If ca rbonates and 
fringing reefs and with clastic redbed deposits. Some e vaporite 
deposits are found at continental margins that were sites of tectonic 
extension during the Mesozoic and Cenozoic eras. The high solu- 
bility of evaporite minerals precludes the formation of salt outcrops 
in most parts of the world, and their occurrence generally is limited 
to th e subsurf ace. The proximity of e vaporite deposits canb e 
inferred from saline waters in springs and wells, solution breccias, 
or thick outcrops of gypsum or anhydrite. Domal or collapse struc- 
tures at the surface may indicate salt domes, or piercement struc- 
tures, such as those found under and around the Gulf of Me xico 
(Halbouty 1967), under the North Sea, and in the Zechstein Basin 
(Trusheim 1960; Brunstrom and Walmsley 1969). Do mes or anti- 
clines that show on outcrop several periods of upward growth dur- 
ing a b road range of geologic time generally can be e xpected to 
have a central core of evaporites. The distribution and shape of sub- 
surface salt structures also can be determined by geophysical tech- 
niques such as gra vity and seismic methods (Sawatzky, Agarwal, 
and Wilson 1960). 

Salt domes pr obably originated from the effect of gravity on 
layered rock where a lo wer-density material (e.g., salt) is overlain 
by higher-density material (e.g., san dstones, compacted shales, or 
carbonates). Compared t o ot her ge ologic m aterials, the she ar 
strength of halite and potash salts is very low, and the ir low com- 
pressibility maintains that low density even under deep burial con- 
ditions; low shear strength is abetted further by high temperatures 
associated with de ep b urial. Over geologic time ,sa lt squeezes 
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Adapted from Harvie et al. 1980. 

Figure 5. Mineral sequence measured in the magnesium sulfate-rich 
Zechstein 2 Stassfurt potash zone and the sequence calculated with 
computer simulation of equilibrium evaporation of modern seawater 





Figure 6. Distribution of magnesium sulfate-rich evaporite deposits 
which occur only in the Permian, Miocene, and Quaternary 





Figure 7. Distribution of magnesium sulfate—poor evaporites. 
Occurrences are throughout geologic time and not restricted to any 
particular geologic period. 
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Figure 8. Bromine profile from halite in the Zechstein 2 showing 
regular increase in the amount of bromine that substitutes for chlo- 
rine in the halite crystal lattice 


upward because of th e density differential with o verburden and 
irrespective of the presence of lateral tectonic compression. Salt 
flow, therefore, can be modeled as a viscous fluid (Ramberg 1981). 
Points of instability (i.e., intersections of fault systems or differen- 
tial loading) are sites for nucleation of salt pillows, or salt hills in 
the subsurf ace. As th e salt mass es continue to rise, anticlines 
formed in the o verlying layers may be p ierced by t his up ward- 
moving salt, prod ucing mushroom-shaped salt diapirs, which, in 
extreme ca ses,may detach com pletely from the rest of the salt 
deposit (Jackson and Talbot 1986). In the arid climate of northern 
Iran, salt diapirs pierced through the surface and flow downhill as 
salt glaciers. The structure of the original depositional layering in 
the salt inside of a diapiris highly deformed an d chaotic (T albot 
and Jackson 1987), and may not be suitable for conventional potash 
mining techniques. 

Most potash deposits were discovered while drilling for petro- 
leum. Evaluation of oil and gas exploration geophysical logs (such 
as gamma-ray, neutron, sonic, caliper, density, and resistance logs) 
is useful in interpreting evaporite lithology, stratigraphy, and miner- 
alogy (Alger and Crain 1968) .The gamma-ray log detects th e 
gamma radiation from the natural potassium isotope K*° and is par- 
ticularly useful as a continuous measure of the potassium content of 
the salt section ( Adams and Hi te 1983). Bromine content of salt 
layers has been used to evaluate potash potential and is useful as an 
indication of the stage of evaporation, especially in waters that were 
predominantly marine in origin. Bromine will substitute for chlo- 
rine in halite as the brine becomes more concentrated; that is, the 
bromine content of the brine increases. Because potash prec ipita- 
tion occurs in highly concentrated brines, the halite in and near pot- 
ash beds should contain more br omide. A bromine concentration 
profile from seawater salt should show re gularly increasing bro- 


mine content to ward the top of th e halite bed (Fig ure 8), whereas 
salt precipitated from mi xtures of sea water and other w aters or 
brines, or a salt that underwentextensive postdepositional recrystal- 
lization by groundwater, may show either an irregular profile or no 
increase in bromine. In northeastern Thailand, economic potash 
deposits were discovered using bromine geochemistry (Hite and 
Japakasetr 1979). 

Table 4 lists some g eneral guidelines for e valuating the fea- 
tures of an evaporite deposit, and these may determine the success 
of a mining operation. The in itial appraisal is based on drill co res 
spaced on 400-1600 m centers, depending on the depth and com- 
plexity of the deposit. Salt cores are logged, paying attention to all 
mappable stratigraphic, lithologic, and minera logical features, and 
the potash zones are sampled as individual geological units for 
chemical analysis. It is generally sufficient to analyze for Kt, Nat, 
Ca2*, Mg”, Cl-, SO,7, and H20. The chemical analyses and the 
megascopic mineralogy estimated from hand specimens and thin 
sections are used with stratigraphic datatode velop a geologic 
model. Factors listed in T able 4 help determine the potential for a 
minable deposit or the need for additional drilling or metallurgical 
tests. 


WORLD POTASH OCCURRENCE AND RESOURCES 


The U.S. Geological Survey (USGS ) estimates reserves of potash 
that are recoverable with existing technology from known deposits 
at approximately 8.3 Gt KO equivalents. Canada and Russia have 
approximately 53% and 21% of the world’s total reserves, respec- 
tively. The United States has only about 1% of the world’s potash 
reserves. The resource data compiled in Table 5 are based on USGS 
published information. For the most part, the reserves may best be 
referred to as probable ore, or ore whose occurrence is reasonably 
assured b ut not absolutely certain. There is some question, for 
example, as to the reliability of the reserves reported for the Com- 
monwealth of Independent States (CIS, the former U.S.S.R.), as 
well as that portion of Canadian solution mining rese rves that are 
actually recoverable. 


North America 
Canada 


Canada has most of the high-grad e syl vinite ore reserves in the 
world. Reserves recoverable by underground mining are estimated 
to be 4.4 Gt (Searls 2005), based on an ore grade of 24% to 32% 
KO and a maximum minable depth of 1,100 m. The zones may be 
as thick as 10 m, b ut grade varies from approximately 3% K 20 at 
the top and bottom to an average 27% in the center of the zones. In 
2004, potash production capacity in Canada was estimated at close 
to 12.3 Mt K,O, accounting for a 35% share of global capacity. 

New Brunswick. One mine produces potash from the W ind- 
sor Group of Mississippian age in New Brunswick. High-grade ore 
(averaging between 21% and 25% KO) discovered in 1970 occurs 
in zones located 300 to 1,000 m below the surface (Miller 1982). 
Windsor Gro up e vaporites are mostly sylv inite with local minor 
occurrences of carnallite. Evaporites are located in a fault-bounded 
synclinorium and are structurally more comple x than the Prairie 
Formation. In some places, evaporites are diapiric in character. One 
underground mine was flooded in 1997. Between 1998 and 2005 its 
processing facilities were used fo r further beneficiation of potash 
products into higher value granular grades (the plant w as perman- 
tently closed in 2005). 

Saskatchewan. Ten mines currently produce potash from the 
Middle De vonian Pra irie F ormation of the El k Point Basi n in 
Saskatchewan (Figure 9). Three potash horizons occur in the upper 
part of t he e vaporite sequence: Este rhazy, Belle Plai ne, and 
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Table 4. Guides to the evaluation of potash deposits 


Factor to be Considered Potential Problem 


Observation to Be Made 





Structure of ore horizon 
precluding room-and-pillar mining method 


Faulting, folding, or flowage of ore horizon complicating or 


(A) Correlation of stratigraphy between drill holes; (B) examination 
of core for evidence of deformation and recrystallization 


Detailed core logging and correlation of beds between drill holes 


Stratigraphy Incorrect correlation of ore horizons; salt thickness; above ore 
insufficient to protect deposit from water; slabbing, and ore dilution 
from clay beds above ore horizon 

Y 
Ore depth Low mine extraction or excessive development and mining costs 


Ore thickness Local systematic or random thinning of ore zone 


Ore mineralogy 


Assemblages incompatible with proposed mill circuit; certain 


Mining method and size of mine openings designed on basis of 
rock mechanics and geology 


(A) Isopach maps of stratigraphic units and mineralization in ore 
zone; (B) inspection of core for evidence of metasomatism and 
potash leaching, i.e., recrystallized halite, clay in intergranular 
clots, and horizontal mineral zoning 


Determinative mineralogy of core 


assemblages reduce stability of mine openings; high insoluble 


content requires extra desliming capacity 


Ore grade 


Ore continuity Erratic barren or thin areas in ore zone 


Ore crystallinity 
assemblages requiring finer grind 


Ore reserves 


Grade may be too low or erratic to maintain acceptable mill feed; 
recoverable K2O may be significantly less than total K2O 


Inclusion of contaminants within potash minerals; fine-grained 


Insufficient reserves or excessive mining and milling costs 


Correlation and interpretation of drill hole data; comparison of 
chemical analyses with determinative mineralogy 


Correlation of stratigraphic units and mineralization in ore zones; 
inspection of core for evidence of recrystallization and horizontal 
mineral zoning 


Correlation of microscopic examination of ore samples with 
chemical analyses of mineral separates 


Accurate geological description of deposit for mining and 
metallurgical studies 





Adapted from Adams and Hite 1983. 


Patience Lake members. Potash zones are 20- to 25-m_ thick, and 
are compose d pri marily of hal ite, sylvite , and c arnallite (Hol ter 
1972). Distinct lay ers, or finely disseminated b ands, form in the 
potash s alt and a re composed of varying amounts of insolubles 
consisting of anhydrite and gypsum, carbonates, quartz, hematite, 
and clays. The entire evaporite sequence dips gently to the south at 
1 to 8 m/km, with potash horizons occurring from 600 to 2,500 m 
below the surface. Lateral continuity and only a gentle warping of 
the beds permit the use of continuous mining machinery in a room- 
and-pillar me thod that mini mizes rock instability and ventilation 
problems. 


United States 


In the United States, three companies operated se ven mines from 
near-surface brines, lak e brines, and under ground deposits at th e 
beginning of 2005. 

Arizona. In ea st-central Ariz ona, the Supai F ormation of 
Pennsylvanian and Early Permian age includes thick halite deposits 
that also host potash. Several companies extensively explored this 
area, known as the Supai Salt Ba sin, for potash from 1963 through 
1966. Drilling outlined a northeast-trending sylvinite deposit under- 
lying about 800 km? (Peirce 1969). The deposit p roved highly dis- 
continuous with high clay content. Depths to the deposit range from 
200 to 600 m, and the deposit apparently is relatively undeformed. 

California. Potash production in California was by mechani- 
cal evaporation of subsurface brines. This mining operation is cur- 
rently not operating. 

Michigan. The Salina Formation of Late Silurian age hosts a 
large potash resource. These resources consist of a sylvinite deposit 
in the A-1 Salt that underlies about 33,800 km? in the Michigan 
Basin (Matthews and Eg leson 1974). The zone of mineralization is 
more than 30 m thick in the central part of the ba sin. The vertical 
concentration of sylvinite is som ewhat erratic in this thick deposit, 
but some interv als sho w K 20 values up to 40%. Depths to the 
deposit in the basin center are as much as 2,550 m, and although 
these depths decrease toward the basin margins, the deposit can only 


Table 5. World potash reserves for 2004, kt Kz 








Country Reserves Country Reserves 

Belarus 750,000 Jordan 40,000 
Brazil 300,000 Russia 1,800,000 
Canada 4,400,000 Spain 20,000 
Chile 10,000 Ukraine 25,000 
China 8,000 United Kingdom 22,000 
Germany 710,000 United States 90,000 
Israel 40,000 Other countries 50,000 





Adapted from Searls 2005. 
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Figure 9. Middle Devonian Prairie Formation in Canada. Shaded 
area represents the areal distribution of potash. Isopach contours are 
in meters. 
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Figure 10. Salado Formation (Upper Permian) in the Permian Basin of New Mexico and Texas. Isopach contours are in meters. 


be mined by solution mining. Currently, the Mosaic Company (mine 
formerly owned by IMC Glo bal Inc.) is using deep-well solution 
mining and mechanical evaporation for crystallization on muriate of 
potash (MOP) and by-product sodium chloride (Searls 2005). 

New Mexico. Since 1931, most potash production in this state 
has come from the Carlsbad mining district in the Permian Dela- 
ware Basin of southeast New Mexico (Figure 10). In th is district, 
the Salado F ormation contains sy Ivite, langbeinit e, and lesser 
amounts of sulfate minerals in 12 potash horizons that occur over 
approximately 5,000 km 7 (Jones 1972; Lo wenstein 1988). Two 
companies were operating three New Mexico mines at the be gin- 
ning of 2005: The Mosaic Company mine, formerly owned by IMC 
USA Inc., and the two Intrepid Mining LLC mines (for _merly 
owned by Mississippi Potash Inc.). These mines extract potash ore 
from 5 of the 10 horizons (Searls 1985). The potash ore is confined 
to a relatively small interval of the Salado called the McNutt Zone, 
in which local barren patches of almost p ure halite (c alled sal t 
horses) complicate mining opera tions. Barker and Austin (1999) 
give an overview of the Carlsbad potash district. 

Texas. The Palangana salt dome in south eastern Texas is the 
only salt dome in the Gulf Coast region that hosts a significant con- 


centration of potash. The Palangana, which c onsists of syl vinite, 
was explored with 25 drill holes in the early 1960s (Hofrichter 
1968). The internal structure of this salt diapir is very complex and 
caused the abandonment of the project. 

Utah. The Middle Pennsylvanian Paradox Formation has large 
reserves of potash in the P aradox B asin of southeastern Utah an d 
southwestern Colorado. These deposits are found in a thick sequence 
of evaporite cycles. Thirty-one c ycles ha ve been identif ied in this 
sequence and 18 are known to contain potash, although only 11 cycles 
contain potentially valuable deposits (Hite 1964). Potash deposits are 
found at dep ths suitable for conventional shaft mining only along a 
series of nor thwest-trending salt anticlines. In 19 64, T exas Gu If 
Company sank a shaft on the Cane Creek anticline to a depth of about 
850 m to mine a high-grade sylvinite deposit that occurs in the upper 
part of the evaporite sequence. After about 4 years, t he company 
ceased mining by room-and-pillar methods and converted the under- 
ground openings to a solution mine. 

Potash also is produced in Ut ah by solar evaporation of the 
brines of the north arm of the Great Salt Lake, and from shallo w 
brines in the Great Salt Lake Desert at Wendover. At the beginning of 
2005, two companies operated three Utah mines: Compass Mineral 
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operates one mine in Ogden and Intrepid Mining LLC operates two 
mines (formerly owned by Reilly-Wendover and Moab Salt). 


South America 


The South American co ntinent has only afew potash e vaporite 
deposits and, so f ar, no extensive, high-grade, continental craton- 
type evaporite such as that found in North America and Europe has 
been discovered. 


Argentina 


Potash reserves occur in the Argentinean Andes provinces of Neu- 
quén and Mendoza in evaporites of Middle Cretaceous age. These 
reserves are nearly 1,000 m deep. Very high formation temperatures 
(>50°C) may p reclude under ground mining, so solution mining 
methods were in vestigated. The or e is sylvinite, which is divided 
into two zones. The upper zone averages about 3 m thick and the 
lower is about 11m thick. The grade of the potash ore a verages 
between 20% and 25 % KO. Development of these deposits w as 
tentatively pursued in the late 1990s. In 2004, Potasio Rio Colorado 
S.A., a subsidiary of Rio Tinto’s Industrial Minerals Group, carried 
out aser ies of fe asibility, m arketing, and technical studies to 
develop a large solution mine in the Neuquén Basin. Also in 2004, 
Companhia Vale de Rio Doce SA of Brazil acquired the exploration 
license for a potash deposit in Neuquén to evaluate potash reserves 
and study the feasibility of solution mining. 


Brazil 


The large Amazonas B asin of Braz il cont ains sy Ivite-bearing 
evaporite deposits of Permian age (Szatmari, Carvalho, and Simdes 
1979). Two potential deposits near Manaus in the Amazon Basin 
are about 1,000 m deep with ana_verage thickness of 2.7 m and 
average 16.5% K20. 

A minor proven potash reserve in South America occurs in the 
Ibura Member of the Muribeca Formation of Middle Cretaceous 
Age in the state of Sergipe. The deposits probably formed as a rift 
valley evaporite sequence that resulted from alteration of seawater 
brines by the addition o f calcium-rich hydrothermal fluids during 
the separation of the African and South American plates in Jurassic 
to Cretaceous tim es (Wardlaw 1972). The miner alogy of t he 
deposit inc ludes hal ite, ca rnallite, sylvite,andtach — yhydrite 
(CaClz*2MgCly*12H20). The tachyhydrite is very thick (up to 90 m) 
and nearly pure; it occurs in a bedded sequence displaying primary 
depositional growth fabrics of carnallite crystals in halite, but con- 
taining no bischofite and no magnesium sulfate minerals. 

In 20 04, pro duction of po tash came from only one under- 
ground operation minin g the Ib ura Member. The or e deposit is a 
complex st ructure wi thrapi d and frequent lateral variation of 
sylvite and a th ick underlying deposit of me tastable tachyhydrite. 
The sylvinite deposit is divided into two seams by a thi n_ halite 
layer, which sometimes is missing. Because the ore directly over- 
lies tachyhydrite, 3 m of sylv inite must be left in the floor to pre- 
vent floor hea ve. Ext reme v ariations in ore grade required the 
mining of large tonnages of barren salt. 


Chile 


Significant reserv es occur in several salars surrounding the area 

where the bo rders of C hile, B olivia, and Ar gentina meet. Potash 
production from the Salar de Atacama in Chile was expanded from 
about 50 ktpy KCl in the early 1990s to mo re than 800 kt KCI in 
2004. Sylvinite is recovered as a by-product of lithium production, 
mainly from the Sociedad Quimica y Minera de Chile (SQM). The 
bulk of potash produ ction is us ed in manuf acturing hig h-grade 
potassium nitrate. Potassium sulfate also is extracted as an as soci- 
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Adapted from Zharkov 1984. 
Figure 11. Distribution of Permian potash-bearing salt deposits in 
the East European Basin 


ated mineral. A part of the caliche deposits in Chile ha ve minor 
amounts of potassium nitrate in the ore. 


Europe 
Commonwealth of Independent States 


The CIS has an estimated 3.5 Gt K20 (32% of the w orld’s potash 
reserves), which occur in several sedimentary basins (Figure 11). In 
the Pripyat Depression and the Dnieper-Donets Depression, potash 
occurs in Devonian age salt. Several potash-bearing salt deposits of 
Permian age occur in the East European Basin (Zharkov 1984). The 
Dnieper-Donets Depression also contains Lower Permian Asselian 
and Sakmarian deposits (Figure 11) . Sakmarian salt also is fo und 
northeast of Moscow in the Moscow Basin. The Caspian Depr es- 
sion contains K ungurian deposits that also occur in the Belsk and 
Solikamsk depressions of the Cis- Uralian trough. The thickest salt 
strata with potash salt horizons occur in the Kungurian deposits. In 
the late 1980s, one mine was lost to flooding in the Berezniki Area 
of Perm, but sylvinite ore from another mine kept the beneficiation 
plant operating. 

Belarus. In the Pripyat Depression, four potash horizons were 
identified in the lower salt sequence of the Liven horizon of Devo- 
nian (Frasnian) Age (Zhark ov 1984). Potash horizons r ange from 
about 130 to 1,500 km”. They contain beds of sylvite with minor 
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Adapted from Zharkov 1984. 
Figure 12. Lithologic map of Permian Zechstein 3 evaporite deposit 


carnallite in beds4cm_ to 1.5 m thick interbedd ed with muddy 
halite. Above the salt of the Liven horizon, 60 potash occu rrences 
were identified in the upper salt sequence in the Elets horizon 
(Famennian). Potash occurs in an area of about 5,000 km? at depths 
varying from 200 to 3,000 m on local up lifts. Potash-bearing halite 
occurs in the upper part of the sequence in zones of sylvite as thick 
as 70 m, interbedded with halit e. Major potash production is from 
the Elets horizon at an average depth of 480 m; potash ore grade is 
about 18% K,0. 

Kazakhstan. Kungurian (Lower Permian) salt in the Precas- 
pian Depression contains polyh alite—halite, bisc hofite—carnallite, 
carnallite—halite, and sylv ite—halite rocks. The salt sequence was 
studied in more detail on the flanks of the Precaspian Depression. 
In the center of the depression where the salt is strongly deformed, 
drill holes in se veral salt domes explored for potas h salts or other 
mineral resources. 

Russia. The Permian salt in the Sol ikamsk De pression is 
found in the Iren horizon of the Kungurian stage. The potash mem- 
ber is divided into two intervals: the lo wer sylvinite and upper 
sylvinite—carnallite. A verage thic kness of the 1 ower interval is 
about 21 m; the upper interval averages 60 m. Deposits are gener- 
ally medium g rade (1 6% to 23% K 20), occurr ing at depths 
between 200 and 500 m. 

Siberia. Cambrian salt covers ane xtensive area in eastern 
Siberia. Potassium salts occur in the Chara horizon (Lo wer Cam- 
brian), where three sections are distinguished: carnallite, syl vite— 
carnallite, and sylvinite. The potash horizon lies at depths of 600 to 
900 m and contains some sylvite ore grades that are more than 30% 
KO. Currently, there is no production in Siberia. 

Ukraine. In western Ukraine, lo wer-grade potash deposits 
were mined from Lower and Middle Miocene rocks near the Steb- 
nik and Kalush-Golyn re gions (Kopnin 1963 ). The first three of 
four evaporite cycles contain individual beds of langbeinite, kainite, 
and langb einite—-kainite with minor chlorides, and also beds that 
contain sy lvinite, carn allite, kainite, langbeinite, schoenite, and 
polyhalite. The percentage of inso luble residues is high, a veraging 
between 9% and 14% K 20 in the langbeinite—k ainite ores to as 
much as 33% in the sylvinite ores. The fourth evaporite cycle con- 
tains polyhalite, but it has no soluble potassium salts. 

Low-grade pota sh ore al so was rec overed from the Krama- 
torsk Formation of probable Sakm arian age in the Dnieper -Donets 
Basin. Inte rbeds of syl vinite, ca rnallite, ca rnallite—halite, a nd 
sylvite—carnallite occur in the upper part of the formation. Potash 
salts form tw o horizons: the Privoleno sylvinite horizon and th e 
upper Chasov- Yar sylvinite—carnallite horizon. 


England 


The Boulby mine in England h as produced potash from sylvinite 
beds in the English Zechstein Basin since 1973. Two sylvinite beds 
averaging 6 to 8 m in thickness occur at depths between 1,000 and 
2,700 m. Underground facilities suffered from water inflow, affect- 
ing production in the late 1990s _ . Potash pr oduction capacity in 
2004 was estimated at 600 kt K20. 


France 


Potash was mined in France until 2002, when the economically via- 
ble potash ore w_ as depleted. Th e principal potash reserves of 
France were in evaporates, deposited in the Oligocene Rhine gra- 
ben. Potash salts occ ur in th e subsurface at depths from 420 to 
1,100 m in two laterally continuous zones in the upper third of the 
evaporite section. The lower potash interval, which contains sylvite 
with some carnallite, is up to5 m thick. It is separated from the 
upper sylvite zone, which ranges up to 2 m thick. The ore contains 
several bands of claystone that impart a high content of insolubles. 
Dips of more than 10° are common, and minin g was by longwall 
rather than room-and-pillar method. 


Germany 


The largest production comes from the Permian Zechstein, where 
the w orld’s first su bsurface pot ash occurrences were disco vered 
(Figure 12). The Zechstein contains four evaporite cycles with the 
lower thr ee con taining five potas h ho rizons: Thuringen, Hessen, 
Stassfurt, Ronn enberg, and Ri edel. The Hessen and Thu _ ringen 
horizons are mined for carnallite and hartsalz. The latter is potash 
ore containing sylvite and kieserite, a relatively hard mineral. In the 
Werra-Fulda District, these d eposits are mined at depths of 400 to 
1,000 m. Beds are flat-lying and relatively undeformed; the potash 
is of uniform grade and distri bution, permitti ng ro om-and-pillar 
mining. Potash deposits in the Hannover District are on steeply dip- 
ping flanks of both conformable and piercement salt structures. 
Mining is by stoping and backfilling, and is concentrated between 
depths of 300 and 800 m. The ore is irr egular and discontinuous, 
and requires underground exploration drilling. 

Mining in the Stassfurt District also exploited potash reserves 
of the Zechstein salt until 1972. During a restructuring of the Ger- 
man potash industry in the earl y 1990s (following reunification of 
East Germany and West Germany) five mines were closed because 
of low ore grade or problems of mine waste disposal. By 20 04 the 
total production capacity of potash operations in Germany was esti- 
mated at close to 4.3 Mt K30. 


Italy 


Potash mines on the isl and of Si cily extracted ka inite from the 

Solfifera Series of Miocene age. The only other k nown kainite 
reserves are f ound in Ethiopia and Ukraine. Kainite from Sicily 
was use dint he manufacture of pota ssium sulf ate. The potash 
operations shu tdo wn dur ing the mid- 1990s. Other miner als 
present in the Solfifera were carnallite with some sylvite, kieserite, 
and bischofite in beds 2 to 30 m thick with dips up to 60°. 


Poland 


In Poland, potash deposits are known to occur in the Zechstein in 
three separate areas (Orska and Werner 1978). In the late 1960s, 
polyhalite deposits were found in the Puck Gulf region along the 
Baltic Sea. According to W erner (1975), one drill hole intersected 
6.5 m of n early pure poly halite at a depth of 7 88 m. At present, 

there is no de velopment of this deposit. Another potash deposit in 
the Z echstein consi sts of carnallite and occurs in the No wa Sol 
Area, 60 km east of the German border (Orska and Werner 1990). 
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Spain 

Potash mines in northern Spain prod uce potash from evaporites of 
Late Eocene to Early Oligocene age. In the Na varra mining district, 
potash occurs at depths of 120 to 600 m in two beds: a lower sylvin- 
ite bed and an upper bed, which is principally carnallite. Carnallite 
and sylvinite deposits in the Catalonia mining district occur in four 
folded and deformed beds. Mining beds that dip at 30° are common. 


Africa and the Middle East 


Egypt 

The Red Sea rift zone contains thick Miocene evaporites that extend 
northwest into the Gulf of Sue z region. Potash minerals, incl uding 
sylvite, polyhalite, and langbeinite, were identified in side wall cores 
from petroleum e xploration wells in the Gulf of Suez (Hite and 
Wassef 1983). Correlations in the thick sequence of evaporites in the 
Zeit and South Garib formations show that millions of tons of poly- 
halite occur in the Suez Area (R.J. Hite, unpublished data). 

Ethiopia 

Potash deposits in the Danakil Depression of Ethiopia are young 
(Quaternary) and contain e xtensive kainite beds. Potash occurs in 
three members in th e Houston Formation: the uppe rmost sylvinite 
member, up to 10m _ thick; the intermediate me mber, 3 t 0 24m 
thick containing carnallite throughout with sylvite at the top and 
kainite at the base; and the Lower Kainite Member, 4 to 13 m thick. 
The deposit is in a salt pan in a rift valley depression characterized 
by recent volcanism and high heat flow (Holwerda and Hutchinson 
1968). Several hot springs and brine pools are found in the salt pan; 
groundwater in sedimentary units interbedded with the evaporites is 
a potentialh azard for underground mines. Se veral companies 
explored the deposit in the 1960s and 1970s. In 1973, exploratory 
drilling and mining ended after an overlying water-bearing alluvial 
fan caused flooding in the mine. 


Israel and Jordan 


Israel and Jordan are the only major prod —_ucers of potash in th e 
Middle East. Potash is produced from brin _ es of the Dead Sea, 
which contains 980 Mt K2O (Neev and Emery 1967). Both coun- 
tries use solar evaporation ponds along the margins of the Dead Sea 
to recover carnallite, which then is converted into potassium chlo- 
ride. In 2004, th eir combined potash production capacity was esti- 
mated at 3.4 Mt K 0. 

The Dead Sea rift zone also hosts several salt beds beneath the 
floor of the Dead Sea. These contain potash deposits originally dis- 
covered by petroleum exploration wells. 


Morocco 


The Moroccan M eseta basins contain Late Triassic sylvite— 
carnallite deposits with bischofite and rinneite (FeClz*-NaCle3KCl). 
Potash salt de posits, int erbedded with basalt flows (T ortochaux 
1968), occur at depths between 490 and 790 m. The sylvinite bod- 
ies are low grade and erratic. 


Republic of the Congo 


Potash production started in 1969 at Holle, 40 km nor __ theast of 
Point Noire. Cretaceous potash beds contain sylvite and carnallite. 
Irregularities in the potash beds initially caused difficulties for bor- 
ing machines. When a mining machine opened a brec ciated col- 
lapse column connected to an aquifer in 1977, the Holle potash 
mine was lost after it abruptly flooded. Since then, a fe w studies 
evaluated the feasibility of renewing mining operations in the dis- 
trict. In 2004, MagMinerals Inc. ,a subsidiary o f Canad a-based 
MagIndustries Corp., announced its plan for the construction of a 


solution mining operation anda magnesium plant comple x that 
would use potassium brines from the Kouilou salt deposits. 


Saudi Arabia 


In the Red Sea rift zone, thick ( up to 3,000 m in cores) and e xten- 
sive Miocene e vaporites occur near the surf ace ina group of salt 
domes in the Farasan Islands along the west coast of Sau di Arabia. 
Minerals include bischofite and only minor carnallite. 


Asia 
China 


Although China has been mining and exploring evaporite deposits 
for nearly 2,000 years, only minor amounts of potash ha ve been 
discovered. The most e xtensively explored basin is in Sichu an 
where brines from T riassic evaporites produced pota sh for man y 
centuries. The brines produce sodium chloride primarily, but small 
amounts of other by-products, in cluding p otash, al so are recov- 
ered. The Triassic halite deposits in this basin locally have bro- 
mine values as high as 300 ppm, and so the Min istry of Geolog y 
and Mineral Resources (MGMR) concentrated most of its explora- 
tion efforts in this ba sin. No economic concentrations of potash 
were discovered other than minor amounts of polyhali te. Sylvite 
deposits are found in rock salt mines in the Simao Basin in Yunnan 
Province. The e vaporites occur in rocks of Middle Jurassic, Late 
Cretaceous, and P aleocene ages. Al though t heir pr ecise a ge is 
unknown, it seems likely that the Simao Basin e vaporites are the 
same age (Cre taceous) and oc cur as a northern extension of the 
potash-bearing evaporites of the Khorat Plateau of Thailand and 
Laos. The Yunnan sylvite depo sits are lenticular and have a high 
degree of deforma tion. Ore grade sel dom exceeds 15% K 20. 
Because of the lenti cular nature and deformation, low grade, and 
extremely remote location of the sylvite, the government does not 
consider this area worthy of further exploration. 

Currently, most potash production in China comes from a 
large salt lake in the Qaidam Basin in Qin ghai Province. In 2004, 
potash production occurred at more than 30 operations; production 
was estimated to exceed 1.2 Mt K20 from the solar evaporation of 
carnallitic brine. 

China’s need for pot ash is acute. Over the centuries, soils in 
China’s principal farming areas were depleted in potash because of 
continued agricultural use. Potash consumption was 0.5 Mt K20 in 
1986; it reached 4.9 Mt K 20 in 2004. The global ratio of N:P:K 
applied to a gricultural lands is 1.0 0:0.45:0.36, but in Chi na the 
nutrient ratio in 20 04 w as 1. 00:0.39:0.19, compared with 
1.00:0.19:0.03 in 1986. 


Pakistan 


The Salt Range in West Pakistan has a thick sequen ce of Lower 
Cambrian evaporites that include some potash. The evaporites are 
near the surface at several localities along where they are mined for 
their halite content. At Khowra and else where, the potash occurs 

and is exposed in rock-salt mines in 10 discrete zones o r deposits 
(Jones 1970) . The potash miner als include lang beinite, kainite, 

sylvite, and polyhalite. 


Thailand 


Potash deposits are present in the Maha Sarakham Formation (Cre- 
taceous) on th e Khorat Plateau of northeast Th ailand and eastern 
Laos. They occur in the lowermost of three thick halite deposits. A 
northwest-trending uplift (Pu Phan ) di vides the deposits into a 
southern basin (Khorat) and a northern basin (Sakhon Nakhon). 
Because the evaporite stratigraphy is identical in either basin, the 
uplift probably formed after deposition of the evaporites. The base 
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of each e vaporite sequence in bot h basins is undeformed, but the 
tops are folded into nu merous salt anticlines an d domes. Most of 
the potash consists of carnallite, as much as 95 m thick (Hite and 
Japakasetr 1979). This carnallite depo sit, thought to be primary , 
also contains the highly soluble mi neral t achyhydrite. Loc ally 
around the anticlines and domes, me teoric waters altered the car- 
nallite deposit into lenticular bodies of high-grade sylvinite (Hite 
1982). The Thailand Department of Mineral Resources did most of 
the e xploration, althou gh concessionaires also performed some 
drilling in recent years. The government of Thailand planned to 
exploit the carnallite deposit near Bamnet Narong; in 2004, how- 
ever, the Ministry of Industry announced that the Thai government 
had withdrawn its financial support for the ASEAN Potash Mining 
Co.’s potash mining project in Ba mnet Narong. Since 1 990, Asia 
Pacific Potash Company (APPC),a subsidiary of Asia Pacific 
Resources, has carried out an extensive exploration program and 
completed feasibility studies fo r th e de velopment of an under- 
ground potash mine and the construction of beneficiation facilities. 
APPC holds prospecti ng lic enses for tw o large sylvinite-bearing 
potash deposits in the Sakhon Nakhon basin. In May 2003, APPC 
filed a minin g lease application for its Udon South potash dep osit 
(the “Somboon” deposit) near U don Thani in northeast Thailand. 
The company is hopeful that it will obtain the mining license in 
2006 and start potash production by 2009. 


Oceania 


Australia has several large salt basins, but no economic occurrences 
of potash have been d iscovered. In the Carnarv an Basin, minor 
occurrences of sylvite have been observed in petroleum test holes 
in a Silurian halite deposit. In addition, three petroleum tests drilled 
in the Adavale Basin found potassium minerals, mainly sylvite, in 
the Etonvale Formation (Devonian). 


PRODUCTION TECHNOLOGY 

Mining 

For underground mining of sylvinite, ore grade should be 14% K20 
or higher, and bed th ickness should be 1.2 m with about an 8-m- 
thick salt back (or roof). The USGS established the14% K 0 rule in 
Carlsbad, New Mexico, in the early 1930s; East Germany and Rus- 
sia however, mined potash ore as low as 11% K2O while operating 
under centrally planned economics. Carlsbad potas h (sylvite) pro- 
ducers have operated with 80% to 85% recovery in the mill (some 
producers operate at 92% recovery by pulling pillars). French and 
British ope rators installed crysta llizers to the back ends of the ir 
mills to capture potash from waste liquor before sending the liquor 
to the tai lings pi les wi th w aste sa It. This a dditional ste p rai sed 
recovery at their plants to as high as 92%. 

The proved amount of ore for ane w mine should conf irm a 
minimum of 20 years of production given mill size, mill reco very, 
and the under ground recovery factor for ore depth. Plant or mill 
size should be at least 300,000 t K2O to compete in a market that 
has many plants in the 1-Mt K 20 size. This is the economies-of- 
scale concept e xpressed by econom ists. The e xistence of “salt 
horses” in the ore zone is another factor to consider ( Jones and 
Prugger 198 2). In Saskatche wan, these barren patches of almost 
pure halite can constitute as muchas 10% of the ore and requir e 
additional monitoring of the mining operation. 

Conventional North American mining methods illustrate tw o 
extremes for percentage of underground recovery. Carlsbad mines 
operate at a depth of about 270 m, with one mine sloping do wn to 
430 m. These mines recover about 75% of the ore on the first pass, 
and attain 90%, sometimes with surface subsidence, on the retreat- 
ing pass. In contrast, the mines in Saskatchewan normally are oper- 


ated between 1,000 and 1,100m witha35% to 45% reco very. 
Mines in the Patience Lake Member recover about 35% to 40% of 
the ore whereas mines in the Esterhazy Member, which has at least 
18m of competent salt back above the ore zone, reco ver about 
45%. The Canadian operations do not have a retreating pass. After 
the original pillars collapse e nough for waste heaps to take up the 
weight of the back (roof), miners return and mine the pillars. This 
provides a high er under ground recovery. Another example of a 
mine operating at a lo wer recovery rate is the Bou Iby mine near 

Whitby, England. This mine is ata depth of about 1,100 m and 

achieves around 35% underground recovery. 

Much sylvin ite mi ning is no w mech anized, using boring 
machines, drum miners, or longwall miners and occasionally road 
headers. Boring machines in Canadian mines can continuously pro- 
duce 12 t/min, occasionally producing up to 17 t/min for as long as 
8 hr. Mining machines take the central 3 m of high-grade ore. Mine 
depths of more than 1,000 m ina sedimentar y sequence require 
sophisticated techniques that sometime involve controlled collapse 
of panels. All borers feed directly onto conveyor belts connected to 
main haulage ways or over-bridge conveyors that are connected 
directly to the conveyor belt system (Jones and Pru gger 1982). 
Drum miners are converted to continuous miners with the add ition 
of bridge conveyors for direct connection to main conveyor belts. In 
France and Belarus, longwall mi ning has been used for higher 
underground recovery and continuous mining. The lon gwall con- 
veyor belt discharges to a ladder-chain conveyor on the floor of a 
development roadway at one end of the longwall panel. The ladder- 
chain conveyor dischar ges onto th e con veyor belt leading to the 
skips of the ore hoist. Road head _ ers typically use shuttle cars to 
connect to the con veyor belts b ut can be conn ected directly. The 
Carlsbad mines that recover langbeinite still must use jumbo drills, 
undercutters, b lasting, mucking , and shuttle cars because o f the 
hardness of the ore. 

Borers mine ore in v ery long g alleries to tak e advantage of 
their cutting method, rather than room-and-p illar, which is the 
method used with drum mining. Some Canadian mines produce 
1,200-m-long galleries with longwalls in between. Other Canadian 
mines use panels ha ving five entries per panel, with the outer tw o 
entries collapsing in 1 or 2 days. Sylvinite and langbeinite mining 
in Carlsbad is room-and- pillar. The Boulby mine o n the eastern 
coast of England drives five panels with crossovers in a V shape to 
redistribute the stress. 

Where ore zones are not flat-1 ying, other methods of under- 
ground mining are used. PotashCorp at its underground operation at 
Penobsquis, near Susse x in Ne w Brunswick, Canada, mines with 
road headers in a cut-and-fill technique up one side of an anticline. 
Provincial en vironmental re gulations require that no tailing s pile 
remain on t he surface, so a ll tailings are backfilled into the mine 
using a second conveyor belt sy stem. Some German potash mines 
use blo ck-caving (bench-minin g and funnel-stoping) methods 
because potash ore is on the flanks of salt domes. 

Solution mining can substitute for conventional shaft mining 
in potash deposits that occur below approximately 1,100 m, but it is 
not an alternative for some potash zones too deep for conventional 
mining methods. Thickness, miner alogy, and structure of the 
deposit, as well as technical considerations of the mining operation, 
must be evaluated to determine the suitability of solution mining. 
Two forms of solution mining are practiced today. A site that was 
mined initially by con ventional underground methods can be con- 
verted to solution mining to recover ore that remains in the pillars. 
Pipes are drilled do wn to meet the former under ground galleries 
providing communication between aninletp ipe th at supplies 
undersaturated brine to the ore zone and areturn pipe that brings 
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saturated brine to the surface. This method is effective in relatively 
thin ore zones, for example, those slightly thicker than 1 m. The 
Intrepid mine at Moab, Utah, was the first to employ this typ e of 
solution mining in 1971. Boreholes were drilled to the lowest point 
inthe mine and to all the highest points in the branch galleries. 
Boreholes in the branch galleries supplied fresh water, and the low- 
est point in the main gallery became the return pipe for the dense 
brine. The lower elevation of the return pipe allows only saturated 
brine to come up from the ore zone, whereas in a flat-lying ore zone 
it would be difficult to prevent the less dense, undersaturated brine 
from re turning to the surface. PotashCorp converted the Patience 
Lake mine to a solution mine in 1988 after it was flooded by water 
coming from a breccia that occurred downdip from the ore zone. 
Heated brine, which was nearly saturated with respect to NaCl, was 
then introduced into the mine. The brine dissolved only potash for 
return to the surface ponds. The impo sed hydrologic head pre- 
vented most of the less-concentrated brine from the intruding aqui- 
fer fro mentering the mine. Mo saic Compan y (formally IMC 
Canada) op erates the largest solution mine in the world at Belle 
Plaine in Saskatchewan, Canada. In 2004, the facility had a produc- 
tion capacity of more than 1.7 Mt K20. 

Solution mining with concentric pipes solves the problem of 
establishing communication between the inlet and the return pipe. 
Three concentric pipes are required: the innermost and the deepest 
for the return flow, and the middle for the inlet flow of hot NaCl- 
saturated brine. The o utermost concentric pipe injects oil, which 
floats above the brine, to force the injected water to mine outward 
instead of upward around the pipe. A large diameter for the cavity 
must be established, and it is critical that the pot ash zon e or 
sequence of zones be suf ficiently thick. Development of mine pro- 
duction by this technique generally requires th at the cavity have 
enough potash to pay for drilling the well, for the equipment in the 
well field, for the pipes leading tothe crystallizers, and for all 
recovery plant costs. 

Solution mining also is used in shallow, high-grade deposits 
where structural comple xity precludes successful under ground 
mining by conventional methods. Conversion to solution technol- 
ogy at the mine in Moab was dictated by the high degree of struc- 
tural deformation of the ore layer, a problem that was not indicated 
by the original exploration drilling (Evans and Linn 1970). Solution 
mining initially was quite successful because of the large surface 
area of potash ore in the original room-and- pillar structure. The 
KO content of the brine pumped _ to the surface has dim inished 
continuously with remo val of the mine pillars, and there is little 
indication of acti ve dissolution of ore be yond the original min e 
workings. 


Processing and Beneficiation 


In operations where potash reserv es are surface or subsurf ace 
brines, or where ore is extracted by solution mining, potash must be 
recovered with technologies specific to brines. Three processes cur- 
rently used for per forming this recovery are crystallization of pot- 
ash by solar evaporation, by reduction of brine temperature, and by 
artificial processing through cr ystallization—evaporation c ycles. 
Each process uses selective dissolution and precipitation of sylvite 
from brine. Where brine is saturated mutually with KCI and NaCl, 
the solubility of NaCl decreases slightly with increasing tempera- 
ture up to 90°C, above which the solubility of NaCl then increases 
with temperature. Because the solubility of KCl increases dramati- 
cally up to 90°C, a w arm brine would dissolve much less NaCl if 
there were sufficient sylvite available to saturate the solution with 
respect to KC]. When the brine is cooled, sylvite precipitates more 
rapidly than halite, and, at certain temperatures, a solution saturated 


with respect to both KCl and NaCl precipitates only sylvite; the 
NaCl remains in solution. 

Climate is e xtremely cri tical for ef fective solar e vaporation 
from surface ponds. Brine brought to the surf ace at the Moab mine 
evaporates completel y in single ponds to precipitate a mixture of 
sylvite and halite. Dyes added to pond brines increase solar ener gy 
adsorption and so increase brine temperature and rates of evapora- 
tion. The operations at Ogden and Wendover, Utah, use lake water or 
near-surface brines and multiple ponds. Multiple ponds are used to 
establish brine densities for crystallization of various minerals at dif- 
ferent stages. Efficient solar evaporation occurs during only 3 months 
of the year (June, July, and August), with more than half the total 
evaporation occurring in July . During this 3-month period lo w rain- 
fall must combine with sufficient wind to keep the brine mixed and to 
enhance evaporation. At Moab and Wendover, both sylvite and halite 
precipitate out of solution in the potash-harvesting ponds. The har - 
vest the n is sent to a standard flotation-type benef _iciation plant to 
separate the two salts. 

Two potash operations at the south end of the Dead Sea benefit 
from a climate that promotes evaporation throughout the year. During 
evaporation of the Dead Sea brin e, carnallite and halite precipitate 
out of sol ution in harv esting ponds. MgCl 2 is w ashed away with 
freshwater, leaving a mixture of sylvite and halite. On the Israeli side, 
sylvite is separated from halite in three different processing plants. 
The oldest plant uses flot ation technology. A capaci ty e xpansion 
added a process that uses dissolution—recrystallization. The ne west 
plant uses a proprietary col d-crystallization process that uses a lo w- 
heat crystallizer to produce KCl. 

The solut ionm ineofPota shCorpinP  atience L ake, 
Saskatchewan, uses a se lective prec ipitation proce ss tha t takes 
advantage of natural cooling. One large pond operates from Sep- 
tember through May. As warm brine from the mine flows into the 
pond, only sylvite cr ystallizes on exposure to the cold winter air. 
Then the pond is dredged and th e precipitated sylvite is dried for 
marketing. The process is predic ated on the te mperature d epen- 
dence of NaCl and KCI solubilities. 

Another method of recovery is used by the Mosaic Company 
in Belle Plaine, S askatchewan. The brine is processed using two 
trains of evaporators and crysta llizers. Evaporators rem ove NaCl 
from the brine and KCl precipitates in the crystallizers. 

Ore beneficiation methods also differ according to the type of 
ore. For less- soluble ores such as the langbeinite m ined in the 
Carlsbad area, leaching is an effective beneficiation method for ore 
grades at about 9% K2O. One of the two processes involves prefer- 
ential disso lution of associated sa Its (mostl y halite with a lit tle 
sylvite) from the ore. The other process uses heavy media separa- 
tion and flotation in addition to leaching. Gundiler (1999) re views 
processing technology at the Carlsbad potash district. 

The potash industry began using flotation technology for syl- 
vinite in the early 1930s in Carlsbad. The use of flotation gradually 
spread to France, England, Germany, the CIS, and Israel. After the 
slimes (clay and hematite) are washed away, the pulp (the suspen- 
sion of crushed sylvinite in satura ted brine) is treated with a long- 
chain amine (C-18 to C-22) and a f rother (such as pine o il). It is 
then passed to an agitation cell where compressed air is introduced 
from the bottom. A froth of amine and entrained air bubbles carries 
the potash to the surface, where it is mechanically swept over the 
side of the cell into a trough. Carnallite is a voided during mining 
because it has a detrimental effect on flotation cell recovery (Jones 
and Prugger 1982). 

The Mosaic Co mpany uses h eavy-media technolog y in its 
plants in Saskatchewan. Sylvite and halite crystals of the Esterhazy 
zone are crushed to 1 cm and se parated by heavy media using the 
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Table 6. Product specifications 


Approximate Particle Size Range’ 








Grade Minimum KO Equivalent, % Mesht mm Type of Potash 

Granular 60, 50, 22 6-30 3.34-0.85 Muriates, sulfates, and 
magnesium sulfates 

Coarse 60 8-28 2.4-0.6 Muriate 

Standard 60, 50, 22 14-65 1.2-0.21 Muriates, sulfates, and 
magnesium sulfates 

Special standard 60 35-150 0.4-0.11 Muriate 

Soluble 62 35-150 0.4-0.11 Muriate 

Chemical 63 NA# NA Muriate 





* From approximately 2% to 98% by weight percent cumulative. 
tTyler gandard. 
+ NA = not applicable. 


small-density dif ference between ha lite and sylvi te. In Ca rlsbad, 
one heavy media circuit separates sylvinite and langbeinite, then a 
second heavy-media circuit separates sylvite and halite. 

In the early 1910s, the French developed dissolution—recrystal- 
lization technology at their former operations for processing potash 
ore with high insoluble content. The first Carlsbad potash mill also 
used this technology but converted to flotation when it became obvi- 
ous that the latter w ould clean sylvinite ore (<3.5% slimes). One 
Carlsbad mine continues to use the dissolution—recrystallization tech- 
nology for ores with >5% slimes content. 

Electrostatic separation of pot ash w as f irst i nvestigated in 
Carlsbad after World War II, but it was not implemented. It was res- 
urrected in Germany and, after years of development, proved to be 
a low-cost, high-volume process (Singe wald and Neitzel 1983). 
The waste product is dry, there are no waste brine disposal prob- 
lems, and little heat input is required of the operation. The process 
involves moderate heat, reagent coating, a source of electric power, 
and careful control of relative humidity in the separation chamber. 
Separations can be serialized in a multistage process line. 


Potash Products 


The fertilizer trade refers to potassium chloride as muriate of potash 
(MOP), potassium sulfate as sulfate of potash (SOP), and potassium 
magnesium sulfate as sulf ate of po tash-magnesia (SOPM). Abou t 
96% of potash used for fertilizer is in the form of MOP; the remain- 
der in the forms of sulfates and nitrates (Searls 1985). Lixi vation is 
used f or p roduction o f p otassium sulf ate. The pr ocess starts wit h 
kainite, either mined or crystallized from lake brines. Kainite is con- 
verted to schoenite (MgSO 4*K2SO4*H20), and potassium sulfate is 
crystallized from the schoenite. An other method of beneficiation of 
potassium sulfate is through ion exchange. 

SOP does not occur naturally . Most commerci ally produced 
SOP is synthesized by heati ng MOP and H2SO, to approximatel y 
650°C in large furnaces. Some German potash mines produced SOP 
by combining kieserite (MgSO 4*H20) and sylvite (Singewald and 
Neitzel 1983). A potash operation plant in C arlsbad produced SOP 
by mining sylvinite and langbeinite and performing a base exchange 
(Anon. 1 968). Great Salt Lake Minerals & Chemicals Corp. uses 
solar evaporation to pro duce kaini te (4(KCleMgSO 4)*H20) fr om 
Great Salt Lake brines, and benef iciation follows with the lixivation 
process. 

MOP, which constitutes close to 96% of the world’s production 
of potash, has a minimum requirement of 60% K2O content. SOP 
has a minimum requirement of 50% K 20 content, and SOPM has a 
minimum requirement of 19% K 20 content. T able 6 lists product 
specifications, inclu ding various gr ain sizes of dif ferent grades of 


potash. Coarse MOP is_ the most popular size sold in the United 
States, but granular MOP for use in machine-spread fertilization and 
bulk blending is a close second. Standard MOP is preferred in coun- 
tries where fertilizers are still hand cast. Particle sizes listed in Table 
6 do not describe fully the current expectations of farmers. Current 
potash producers claim to match the current pa rticle-size distribu- 
tion of monoammonium phosphate (MAP) or d iammonium phos- 
phate (DAP) particles. 


By-products and Coproducts 


Typical potash beneficiation is based on flotation technolog y and 
generates NaCl as w aste. Some waste salt has clay , hematite, and 
other impurities such as shale. Some potash sources and beneficia- 
tion techniques produce a variety of by-pr oducts. Ger man mines 
using electrostatic separ ation produce magn — esium su _Ifate 
(kieserite) and rock salt pure enough for road deicing. German 
mills that use dissolution-recr _ystallization pr oduce magnesium 

chloride, salt, and bromine. The Israelis also produce bromine as a 
by-product. Potash produced fr om the brines of Searles Lak e in 
California has soda ash and salt cake coproducts. The surface brine 
at Wendover, Utah, produces salt and magnesium chloride as_by- 
products. Great Salt Lake Minerals & Chemicals Co. produces salt 
for road deicing, Glauber’ s salt (NaSO 4°10H20), and magnesium 
chloride. T he solu tion mine at Belle Plaine, Sa skatchewan, p ro- 
duces large amounts of clean salt brine, which is sold to a nearby 
salt pr oducer. The d issolution-recrystallization mill in Car Isbad, 
New Mexico, occasionally processes ore that contains some sulfate. 
The sulfate plugs up the circuit as glaserite (K 3NaSO4), which is 
recovered and sold in small amounts as a lo w-priced substitute for 
SOP if the crop can tolerate the slight amount of sodium. 


ECONOMIC FACTORS 


U.S. Historical Consumption 


The United States passed through an S-shaped potash consumption 
curve between 1920 and 1990 (Fig ure 13) as it learned to feed an 

ever-growing population. U.S. consumption of potassium fertilizer 
peaked at about 5.7 Mt K 20 in 1981 and gradually declined after- 
ward to stabilize at about 4.5 Mt annually. In 2004, the overall con- 
sumption in fertilizers was estimated at about 4.6 Mt K 20 (Heffer 
2004). The decline in potash consum ption reflects more ef ficient 
use of fertilizers and a decline in crop e xports as o ther countries 
began their own green revolutions. Generally, the need for fertilizer 
increases as the population increa ses, but populations do not b uy 
fertilizer u ntil the y c an afford it (Figure 14). Man y de veloping 
countries need fertilizers (in addition to good weather and modern 
farming prac tices) but are not able to purcha se them until the 
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Figure 13. History of U.S. potash consumption and growth of 
wealth 


wealth (gross domestic product [GDP] per capita) of the population 
increases. By gro uping countries and taking a verages o f these 
groups, one can clearly see in Figure 14 the progression of potash 
consumption as a function of wealth. 

A worldwide overcapacity of potash has forced several potash 
producers to operate below capacity since 1990. For example, Pot- 
ash Corporation of Saskatchewan produced well belo w nameplate 
capacity during much of this pe riod. U.S. potash compan ies could 
not meet current d emand in the United States (Figure 15 ). Potash 
mines in Canada currently p rovide more th an 90% of the U.S. 
apparent consumption. U.S. potash producers exported about 23% 
of their total sales to the Caribbean and the Pacific Basin. Transpor- 
tation costs go vern much of th is export routing. Table 7 sho ws 
world potash mine production for 2004. 


U.S. Prices 


Prices for commodities are hard to define because many firms sell 
at slightly lower prices to large-volume buyers. Large-volume buy- 
ers also may re ceive e xtended terms, the period allowed for the 
buyer to pay without in terest penalties. Terms may be 30, 90, or 
even (rarely) 180 days. Prices reported by the USGS represent the 
average annual prices received by U.S. potash producers, free on 
board (f.0.b.) at the plant; annual prices are computed by dividing 
total dollars recei ved by to nnage sold (Searls 200 5). The average 
for U.S. prod ucers includes all t ypes of po tash (MOP, SOP, and 
SOPM) for all grades (sizes). Large-size particles command a pre- 
mium price in the United States. 


Other 


Prices can be quo ted for standard MOP, f.o.b. Vancouver, British 
Columbia, Canada. Prices around the world tend to be set by firms 
or countries by summing the Vancouver price and the transportation 
cost from V ancouver to a port of competition, then backing out 
their own transportation cost to that port of competition. 


Transportation 


Deepwater transportation prices rise and fall with the overall supply 
and demand foralltypes of oc eanshipping. Asane xample, 
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Figure 15. Components of U.S. supply and demand for potash 





Table 7. World potash production for 2004, kt K2O equivalent 
Country Production Country Production 
Belarus 4,610 Israel 2,140 
Brazil 370 Jordan 1,160 
Canada 10,100 Russia 5,600 
Chile 520 Spain 550 
China 1,050 United Kingdom 540 
Germany 3,630 United States 1,200 








Adapted from IFA (Potash Statistics 2004) and Searls 2005. 


between April 2002 and April 2005 international maritime freight 
rates increased fivefold. Certain potash shipments move at lower 
costs because they are backhauls. A backhaul is made when a ship 
or railcar returns to its origination point with another cargo. 


Substitutes 


Potassium (K * ion) i s essential to plant a nd animal life, and Li *, 
Na‘, Rb‘, and Cs* are not substitutes. Potassium is essential to pro- 
tein synthesis in plants, a nd it specifically ac tivates the enz yme 
responsible for starch formation. In humans, K* ions and Nat ions in 
nerve sheaths are the essential sodium pump that allo ws signals to 
travel along nerve pathways. Potash is the | ow-priced, water-soluble 
form of K* ions available at this time. For plants, green manure is a 
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substitute but only near farms that fatten beef and raise pigs, chicken, 
sheep, and dairy cattle. Green manure does not contain enough pot- 
ash to transport over distances >80 km. MOP is concentrated enough 
to ship a few thousand kilometers. Greensand (glauconite) is used by 
organic farmers if it is available. Greensand contains up to 7% K20, 
but it is shipped long di stances because it contains some phosphorus 
and because it meets the requi rement of organic farmers for natural 
fertilizer, for which they are willing to pay extra. 

For industrial uses, NaOH (caus tic soda) substitutes for KOH 
(caustic p otash) because of its wide availability and lo wer cost. 
Potassium nitrate or potassium ca rbonate impart di fferent optical, 
density, and lu ster qualities to certain glasses, making them desir- 
able to glass manufacturers. Potassium carbonate is used in choco- 
late and cocoa manufacture, liquid soaps, welding rods, vat dying, 
photographic chemicals, electroplating compounds, fire extinguish- 
ers, and rubber antioxidant applications. In smaller amounts, it is 
used in many consumer end products. 


GOVERNMENTAL CONSIDERATIONS 
Environmental Regulations 


Activities of the potash mining industry may result in a wide v ari- 
ety of environmental effects. Typically these are quite localized and 
confined to the mine site in most cases. At any specific site the type 
and extent of environmental effects depend on factors such as min- 
ing methods, beneficiation processes, waste disposal methods, and 
proximity to existing population centers and infrastructure. 

Underground mining methods tend to create fe wer environ- 
mental pr oblems. A ma jor issue is possible surface subsidence 
induced by the removal of extensive flat-lying ore deposits. Water 
quality also may be af fected by release or leakage of slurry brines 
and contaminants into process water. The land surface and subsur- 
face ar e distur bed by mining e xtraction methods, deposition of 
overburden, disposal of beneficiation wastes, or surface subsidence. 
Environmental imp acts caused by hand ling, suchas dust and 
exhaust emissions, tend to be lo cal. Dust may be generated fro m 
traffic on unsealed roadw ays, from loading and unloading opera- 
tions, from conveyor transfer po ints and stacking stockpiles, and 
from reclamation operations. In Carlsbad, New Mexico, dust emis- 
sions were once an issue; in recent years, however, a variety of bag- 
house and wet scr ubber emission-control equipment w as installed 
throughout ore-handling and processing facilities. 

Large volumes of waste tailings generated from beneficiating 
potash potentially may generate harmful environmental ef fects. 
Wastes can comprise impure salt, slimes, clay, dolomite, anhydrite, 
and other salts such as magnesi um chloride. The potash in dustry 
uses a wide variety of waste disposal methods such as discharge of 
wastes into rivers and oceans, pile stacking, backfilling of solid and 
liquid wastes into mined-out underground openings, or deep-well 
injection of brines. 

In Germany, potash mining gene rates 0.78 t of w aste per ton 
of beneficiated ore; these wastes consist of salt and magnesium 
chloride brines. Brines are disposed by either deep-well injection or 
discharge into the Werra and Ulster river system. A computer sys- 
tem monitors and controls the discharge to ensure that the maxi- 
mum permitted salt concentration of 2.5 g/L of r iver water is n ot 
exceeded as river conditions and flow rate v ary. This system pre- 
vents adverse environmental effects in the riparian and aquatic eco- 
systems downstream. 

Tailings are designed as integrated systems comprising engi- 
neered impound ments, w alls, cont ainment dyk es, lin ers, drains, 
ditches, and capture wells. In Sask atchewan, salt wastes typically 
are disposed of as slurry on the tailings pile. Insolubles and brines 
drain into the settling ponds at the base of the pile. The brine is then 


either recirculated into the process or disposed o f through deep- 
well reinjection. In Germany, dry separation processes allow dry 
disposal on a salt tailings pile. 

Backfilling of mine and process wastes into underground 
openings is conducted at a few operations. The technical feasibility 
of backfilling mines in flat-lying ore bodies was studied in large- 
scale trials, but it w as hindered by the difficulty of pla cement, 
safety concerns, and cost. Currently , the cost o f backfilling these 
spaces may be 10 tim es greater than the cost of surface disposal 
methods. Deep-well injection is used to dispose of brines at some 
operations. PotashC orp’s New Brunswick Division operation uses 
effective and environmentally sound waste management by return- 
ing all waste to underground workings using a closed-loop system. 
This systemr eturnsall waste slimes and brines underground 
through a slurry pipeline into the excavated salt rooms. Clarif ied 
brine is recovered from the salt rooms and returned as input to the 
crystallization circuit for recovery of residual potassium chloride. 
The water balance of the operation essentially is a closed system. 

Surface- and groundw ater contamination can occur thro ugh 
the release or see page of tailings effluent and brines f rom dams, 
ponds, and stacks. Leakage of liqui d wastes such as brines from 
storage and disposal pond s is cont rolled to a large extent by con- 
tainment techniques such as plastic or clay liners, ditches, d rains, 
and containment pumping wells. 

A number of companies ha ve con ducted trials to determine 
the feasibility of sealing the surface of potash salt tailings piles to 
isolate the salt from the environment, to allow the establishment of 
vegetation, and to leave a stable landform. In Germany, rehabilita- 
tion of a small tailings pile of less than 11 Mt of waste salt began in 
1997 by capping it with demolitio n rubble from the City of Han- 
nover. Then the salt tailings pile was covered with soil (as a grow- 
ing medium) for re vegetation. In France, the closure of the potash 
operations led to a v ast rehabilitation program of the salt tailings. 
One method consisted of capping th e piles with plastic, clay , or 
bituminous liners; co vering them witha gro wing medium; and 
revegetating with grasses. The other method in volved dissolving 
the salt component in the pile using fresh water and discharging the 
resulting brines in a controlled manner int 0 the adjacent Rhine 
River. 

For a comprehensive discussion on en vironmental aspects of 
potash mining, see UNEP/IFA (2001). 


SAFETY AND HEALTH CONSIDERATIONS 


Because potash mines are in sedi mentary deposits along with oil 

and gas, and most potash mines were discovered through oil and 
gas exploration, some potash mines contain high amounts of meth- 
ane gas. Recovery in these mines requires special precautions and 
expensive equipment, but these deposits are minable and have good 
safety records. Scaling the mine roof is a constant concern in some 
potash mines. Mud seams often are associated with, or are directly 
above, potash zones; often the level of the cut is gauged by these 
mud seams. In the Esterhazy ore zone in Canada the mud is present 
as a thin band in the middle of the highest quality ore. This band of 
mud can be seen only by holding a miner’ s lamp to the face of the 
ore and watching for the disappearance of the halo around the lamp. 
In other potash ore zones, mud bands are too fe w or too thin to be 
recognized during mining and are insufficient to provide additional 
support to the potash beds. There is little adhesion between sylvin- 
ite and clay, and roof falls may take place causing potential injuries. 
In some mines in Carlsbad, New Mexico, relief holes are drilled at 
intersections to bleed off any nitrogen that may lie about 1 m above 
the potash zone. Roof bolts are installed at the intersections for sup- 
port. Health effects of potash dust were studied at the University of 
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Saskatchewan (Markham an d Tan 1981 ); investigators noted that 

chronic phle gm production, mild s hortness of breath, and chronic 

cough were more common in high-exposure groups such as mining 
crews and scr eening operators, b ut that se vere respiratory symp- 
toms were rare. 


PROBLEMS AND FUTURE TRENDS 
Supply 


Since the mid-1980s the worldwide market for potash has been in a 
situation of oversupply. Because of sustained potash demand and 
increased production and transportation costs, however, the market 
became tight in 2004, leading to a series of capacity expansions by 
established producers and exporters. 

According to the International Fertilizer Industry Association 
(IFA), world potash production in 2004 reached 31 Mt K 20. The 
world’s potash producers reached an average operating rate in 2004 
of 83% of capacity, the highest level in the past 10 years. Excluding 
Belarus, Canada, Germany, the United Kingdom, and Russia, the 
rest of the industry operated at close to capacity. In the ne xt few 
years, potash capacity will incr ease in almost all producing coun- 
tries. The major projects include expansions at e xisting mine sites 
in Brazil, Canada, Germany, Israel, Jordan, and Russia. Future pot- 
ash prospects include developments in Argentina, Laos, and Thai- 
land. In 2004, the IFA estimated that world potash capacity w ould 
reach close to 40 Mt K 20 in 2008. Between 2003 and 2008, addi- 
tional capacity will exceed 3 Mt K90, of which 70% will be located 
in exporting countries, 25% in China, and 5% in Brazil. 


Demand 


In the 1980s and 1990 s, the world potash market underwent some 
significant changes, includ ing the break up of the former Soviet 
Union and the Eastern Blo c; changes in the agricultural policy of 
the European Union; the expansion of agricultural production in 
developing countries; and the consolidation of the po tash industry 
in key producing countries. World fertilizer consumption increased 
steadily during the 1990s but de clined in 2000. Global fer tilizer 
demand reco vered thereafter and increased at an average annual 
rate of 2.4% between 2000 and 2004. 

In 2004, the FAO forecast world fertilizer demand in 2008— 
2009 at 160 Mt, which equates to an average annual growth rate of 
1.7% between 2004 and 2008; world potassium nutrient consump- 
tion w as e xpected to reach 27.2 MtK 20, which equates to an 
annual growth rate of 1.8% over that of 2004. 

There are three dif ferent re gional trends in fe rtilizer c on- 
sumption: decline in demand in developed markets such as North 
America and Western Europe, transitional markets in the CIS and 
Central Europe, and increased consumption in developing markets 
such as Asia an d Latin America, driven by urbanization anda 
growing population. 

In 2004, the FAO projected a relative tightening of the global 
potash mark et from 2004 to 2008. The prevailing global surplus 
will gradually decline as demand exceeds supply. Regionally, the 
total requirement for potassium shows a gro wing deficit in major 
importing regions. According to the IFA (Heffer 2004), the regional 
supply/demand imbalance was projected to increase by more than 
14% in Latin America, 16 % in East Asia, and 21% in the rest of 
Asia. Th e tot al potassium def icit in all importing re gions will 
exceed 17 Mt K20 in 2008, an increase of 2 Mt K 20 over that of 
2004. In the major producing/exporting regions, the surplus is pro- 
jected to increase in the CIS and West Asia, and to increase slightly 
in both Western Europe and North America. 
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Pumice, Pumicite, 
and Volcanic Cinder 


Gordon C. Presley 


INTRODUCTION 


Pumice, pumicite, and volcanic cinder are volcanic rocks character- 
ized by ac ellular structure. They form as g ases (primarily water) 
dissolved in molten rock (magma), generating a froth that cools and 
solidifies into rigid foam. The ce Ils or bubbles are referred to as 
vesicles and range in size from a few thousandths of a millimeter to 
several centimeters. Because of their vesicular character, both pum- 
ice and cinder have lower density and higher porosity th an most 
other rock types. As their vesicle walls are broken, sharp cut ting 
edges are continually generated. These properties are the basis for 
their commercial value as lightweight aggregates, insulators, absor- 
bents, and abrasives. 

The term inology applied to v olcanic products is imprecise, 
reflecting to varying de grees the di versity of v olcanic rocks, the 
relative youth of volcanology as a distinct field of study, and cus- 
toms and practices of commercial trade. In general terms, pumice 
is lig ht colo red ( white, gray, p ink, pale ye llow, or br own) and 
highly v esicular and usually has v__ esicle w alls that are visibly 
glassy. Many pumice fragments are light enough to float on water. 
Pumice is readily cut by steel tools, and so me can be crushed by 
hand. Individual pumice fragments may range from 1 or 2 m to 
<l mminonedi mension. Comm ercially, f iner fragments are 
called pumicite or volcanic ash. In volcanology, the term ash refers 
to any fragment <2 mm regardless of it s composition. Cinder, or 
scoria, is dark (black, red, brown) with thick v esicle w alls t hat 
appear dull or stony and that may exhibit iridescence. Cinder typi- 
cally is heavier than pumice and has a higher crushing strength. In 
volcanology, t he term scoria refers to dark v esicular material 
throughout a wide size range. Common commercial practice is to 
use the term scoria for larger fragments (usually >2.5 cm) and cin- 
der for smaller fragments. 


GEOLOGY 
Composition and Physical Characteristics 
Most pumice is silicic ranging from 60% to 70% SiOz or dacitic to 
rhyolitic in composition. Pumice of less silicic composition, includ- 
ing basaltic, is less common, and does not have extensive commer- 
cial use. Scoria and cinder are typically basaltic to andesitic with a 
composition of approximately 50% to 60% SiOp. 

Pumice and cinder may contain phenocrysts of feldspar s and 
various ferromagnesian minerals that crystallized in magma before 
eruption. Fragments of rock th rough which the magma has passed 
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may be entrained in the melt and wall rock may be fragmented and 
admixed during an explosive eruption. Some scoria fragments have 
lithic fragment cores. Phenocrysts and lithic fragments can be detri- 
mental in certain pumice products. 

Pumice typically has v esicles of <1 mm separated _ by thin 
walls. Vesicle shapes include irre gular, spherica 1, el liptical, and 
elongate to the point of being tub ular with a silk y appearance (Fig- 
ure 1). In some pumices the vesicles are interconnected, making the 
fragments permeable and highly absorbent. In others the vesicles are 
isolated, forming a highly porous but very impermeable pumice. 
Floating masses of pumice fragments from the eruption of Krakatoa 
in 1883 were reported in the Indian Ocean for up to 2 years after the 
eruption. Vesicles in cinder ar e larger and range from spherical to 
highly irre gular in shape with mu ch thick er w alls and ab undant 
interconnections. Scoria and cinder are typically porous, but heavier, 
and do not float. 

Density and hardness of pumice must be expressed precisely 
to avoid confusion. Density can refer to the glass itself, the apparent 
density of the vesicular pumice particle, or the bulk density of pum- 
ice in a deposit or in a pumice product. Pumice glass has a specific 
gravity of 2.5 or more, depending on its composition. Pumice frag- 
ments typically have a specific gravity of <1.0. Expressed as den- 
sity, pumice fragments typically weigh <1 g/cm?. Depending on 
moisture content, particle density, and particle-size distribution, the 
bulk density of pumice typically ranges from 500 to 700 kg/m 3. 
Typical bulk densities of cinder r ange from 700 to 900 kg/m? for 
material used as lightweight aggregate. The bulk density of cinder 
used for highways and railroad ballast can be considerably higher. 

Hardness in pumice can refer to the glass vesicle walls, possi- 
bly including crystals or lith ic fragments, or to the apparen t hard- 
ness of the particle asa whole, whichis more a measure of t he 
strength of the vesicle structure. Pumice glass typically has a Mohs 
hardness of 5 to 5.5. A pumice particle may ha ve a much lower 
apparent hardness and be_ easily cut with aknifeor steel saw 
because the vesicle walls break readily. 

Pumice andc inder are primaril y pyroclastic (fragmental) 
products of volcanic eruptions. Several classification systems dif- 
fering in various de tails have be en proposed f or p yroclasts and 
pyroclastic dep osits based on particle size ( Fisher 1961; Schmid 
1981; Cas and Wright 1988). Generally, particles >6 4mm are 
referred to as bl ocks or bombs, depending on their shapes. Parti- 
cles between 64 mm and 2 mm (4 mm in some schemes) are called 
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Figure 1. Variations in vesicle shape and size. 


lapilli, and sm aller particles are cal led ash. These names may be 
modified by compositional terms, for e xample, pumice lapilli or 
scoria lapi Ili. Most com mercial deposits are compose d of fra g- 
ments in the lapilli size range. In the United States, pumice frag- 
ments having one dimension of 5 cm or more are legally defined as 
block pumice. The procedures for acquiring pumice from federal 
land are determined in part by this definition and are described in a 
later section. 





(A) Large vesicle cavity in the Mount Mazama (Crater Lake) climactic pumice, 
Oregon. 


(B) Coarsely vesicular pumice from Mono Craters, California, marketed as 
Featherock. 


(C) Bend pumice, Bend, Oregon, used for lightweight aggregate. 


(D) Highly elongated vesicles from air-fall deposit near Burns, Oregon. 
Individual strands are tubular vesicles. 


(E) Finely vesicular pumice from Hess Pumice Products pit near Malad City, 
Idaho. Even small particles are vesicular and friable, making the material 
suitable for fine abrasives and polishes. 


Origin 
The science of v olcanology has grown rapidly, particularly in the 
last 50 years. Bothf ield and laboratory studies have greatly 
expanded the und erstanding of eru ptive rocks and erupti ve p ro- 
cesses. Cas and Wright (1988) and their extensive list of references 
detail much of this work. 

The formation and preserv ation of highly v esicular r ocks 
involve the interplay of alar ge number of v ariables, including 
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temperature, viscosity, gas pressure, and diffusion rates within the 
erupting magma and external conditions such as wall rock perme- 
ability, water influx, vent blockage, wind conditions, and whether 
the eruption is subaerial or subaqueous. None of these is constant 
and may change significantly, even during a single eruptive event. 

Basaltic magmas tend to be more fluid than more silicic magma 
and, as they near the surface, degas quickly without generating a sta- 
ble vesicular structure. Even after vesicle formation, scoria particles 
may be fluid enough to collapse on impact or to adhere to each other, 
forming a dense mass rather than a friable, porous deposit. 

Silicic magmas are less fluid and offer less opportunity for gas 
escape and the collapse of vesicle walls. Conditions that reduce gas 
escape—such as high magma viscosity, impermeable wall rock, or 
a blocked vent—may lead to eruptions explosive enough to shatter 
the vesicle walls, generating a fine ash rather than a vesicular parti- 
cle. P umice pa rticles e ntrained in a pyroclastic flo wm ay be 
reheated enough to soften and collapse into nonvesicular glass. 

The unconsolidated nature and low density of pumice and sco- 
ria deposits mak e them readily susceptible to erosion, andth e 
extremely large surface area of the ir vesicular particles promotes 
rapid chemical weathering. As a result, most deposits of pumice 
and scoria are geologically young, rarely more than a few million 
years old and often only a few thousand years old. 


Types of Pumice Deposits 


Pumice dep osits can be broadly classified in to four ma jor t ypes: 
flows and domes, air-fall deposits, pyroclastic flows, and epiclastic 
(reworked) deposit s.T here are gradations between types and 
deposits and there may be a mixture of types reflecting variations in 
eruption conditions. Changes in wind direction, blocking and clear- 
ing of the vent, increase in vent diameter, influx of water into the 
magma chamber, influx of a different magma, and rapid gas exsolu- 
tion by unloading and depressurization may contribute to the char- 
acter of the resulting ash and pumice deposits. 


Flows and Domes 


Viscous magmas can e xtrude with little explosive activity, forming 
lava flows and domal mounds. A v esicular rind, or carapace, can 
develop on their rapidly cooled ou ter surfaces, often forming a sur- 
face of blocky pumice rubble (Figure 2) underlain by obsidian or by 
nonvesicular lava. Continued cooling and crystallization of the flow 
increase the volatile content of the remaining liquid, which can then 
cause more vesiculation within the flo w, often interlayered with 
nonvesicular rock. Buo yant ma sses of this pumi_ ce can forcibly 
pierce the overlying flow to the surface as pumice diapirs. Increased 
volatile content and resultant incre ased internal gas pressures can 
also form explosive craters on the surf ace of the flow and generate 
pyroclastic flows long after eruption has ceased. Pumice flows and 
domes typically are only a few square kilometers in aerial extent. 
Rock Mesa, a pumice flow in the central Cascade Range of Oregon, 
is about 6.5 km? (Fink and Manley 1987); and Mono Craters, a mul- 
tiple dome and flow complex in east-central California, covers about 
30 k m2 ( Chesterman 195 6). Pu mices associated with domes and 
lava flows often have lar ger vesicles than other pumice types and 
can form blocks up to about 1 m in dimension. The erratic nature of 
vesiculation can make exploration and development difficult. 


Air-Fall Deposits 


Explosive eruptions eject fragments of dense magm a, vesiculated 
magma (pumice), and country rock in various proportions and with 
various velocities and de grees of fragmentation. These fragments, 
andinma ny casest he deposits formed by them, are broadly 
referred to as pyroclastic. 











Figure 2. Undisturbed surface of a pumice flow with rubble blocks 
up to 1.2 m in size on Rock Mesa, in the Cascade Mountains of Ore- 
gon. The flow lies within a wilderness area and is unavailable for 
commercial development. 


In a Plinian-ty pe eruption (n amed after Plin y the Younger’s 
description of the AD 79 eruption of Mount V esuvius), pyroclastic 
material is explosively ejected upward from the volcanic vent. The 
pyroclasts are boosted in to the at mosphere by the e xplosion and 
maintained in suspension by convection, giving the appearance of a 
vertical column that flattens and sprea ds out at its top. Pliny the 
Younger compared its shape to that of a pine tree with a tall trunk 
(Bullard 1976). Based on grain size and dispersal characteristics, 
Walker (1980) concluded that some Plinian columns, or _ eruptive 
columns, may exceed 50 km in height. 

Dense or large fragments leave the vent ballistically and fall at 
distances dependent on theire xit velocity. Smaller or less-dense 
particles such as pumice lapilli and ash may be removed from the 
Plinian column by winds and cooled and deposited over wide areas, 
depending on column height, wind velocity and direction, and the 
particle size and density. 

Air-fall deposits typically decrease in thickness and particle 
size with increasing distance from the vent and commonly contain 
pumice particles up to several cent imeters. Air-fall depo sits can 
blanket the existing topography over very large areas. Thicknesses 
range from tens of meters (those near the vent) to only millimeters 
(those several hundred kilometers away from the vent). Most com- 
mercial pumice operations use air-fall deposits. 


Pyroclastic Flows 


Decreases in eruption activity or overloading by continued eruption 
can cause the erupti ve column to collapse either continuously or 
sporadically. The hot pyroclastic material falls from the column and 
flows outward from the v ent following topography, and may flo w 
more than tens or hundreds of square kilometers. Such pyroclastic 
flows can retain enough heat to fuse or weld the particles together 
after movement stops. The names applied to these rocks historically 
have included tuffs, welded tuffs, ash flows, and ignimbrites. Pum- 
ice fragments may survive intact on upper and lower surfaces that 
cool before welding occurs, but pumice fragments in the flow inte- 
rior soften and collapse. Pumice deposits associated with pyroclas- 
tic fl ows te nd to be thi nner t han air -fall deposits, and because 
unwelded portions are either easily eroded flow tops or are overlain 
by welded portions, p yroclastic-flow pumices are less frequently 
exploited commercially than air-fall pumice deposits. 
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Table 1. Uses of pumice 


Use 


Product Form and Processing 


Essential Properties 





Lightweight aggregate 

Decorative and structural concrete blocks; cast concrete; lightweight 
structural members, wall panels, floor decking; stucco and plaster 
mixes; pozzolan in cement; civil engineering, lightweight fill 
Abrasives 


Grill cleaners; scouring sticks for porcelain, tile, swimming pools; 
buffing wheel cleaners; cosmetic skin removal 


Stonewashing: water, pumice, and garments tumbled together in 
laundry machine; pumice must float; abrades and softens textile fibers 


Hand soaps; scouring compounds; rubber erasers; polishing 
compounds for glass, metal, plastics; dental cleaners; wood finishing; 
nonskid paints; cleaning printed circuit boards; tumble polishing; 
leather finishing; matches and striking surfaces 


Absorbents 


Potting soils; hydroponic media; pet litter; floor sweep; turf aeration 


Acid washing: impregnated with bleaching agents, tumbled dry with 
garments; requires high absorption rate; gas “charcoal” grills, absorbs 
fat and grease drippings 


Catalyst carriers; carriers for pesticides, herbicides, fungicides; 


Granular: crushing, screening, 


blending 
Blocks: sawing, irregular lumps as 
mined 


Coarse granular, +1.9 cm: crushing, 
screening 


Granular: drying, milling, screening, 
air flotation, blending 


Granular: crushing, screening 


Coarse granular, +1.9 cm: crushing, 
screening 


Granular: drying, crushing, milling 


Low density; good crushing strength; thermal 
insulator; acoustical insulator; fire resistance; 
moisture resistance 


Broken vesicle (bubble) walls form sharp- 
edged particles; wear continues to generate 
fresh cutting edges 


Broken vesicle (bubble) walls form sharp- 
edged particles; wear continues to generate 
fresh cutting edges 


Broken vesicle (bubble) walls form sharp- 
edged particles; wear continues to generate 
fresh cutting edges 


High porosity; large surface area; low 
chemical reactivity 


High porosity; large surface area; low 


screening; blending 
Architectural 


Looseill insulation; roofing granules; textured coatings; ground-cover 
resistance 


Landscaping; decorative interior and exterior veneer 
Fillers 


In rubber, paints, and plastics; mold-release compounds; hot asphalt 
mixes; brake linings; screening; blending 


Filter media 


Both expanded and unexpanded forms used to filter animal, vegetable, 
and mineral oils; screening; firing; air flotation 


Other uses include diluents; engineered fill; geotechnical uses; pottery 
clays 


Granular: crushing, screening 


Blocks: boulders as mined; sawn slabs 


Granular: crushing, drying, milling 


Granular: crushing, drying, milling 


Granular: crushing, drying, milling 


chemical reactivity 


Low density; thermal insulator; acoustical 
insulator; fire resistance; moisture 


Low density; easily shaped; low maintenance 


Particle shape; cost 


Particle shape; expandability 


Absorbency; particle shape; expandability; 
sealing qualities 





Epiclastic Deposits 


Epiclastic processes include erosion, transportation, and redeposi- 
tion by such mechanisms as w ater, wind, and mass movement. 
From a commercial standpoint, these processes can either de grade 
or enhance a pumice deposit. All could reduce pumice particle size 
and possibly intermix with nonpumice material, but wind and water 
can also sort by size and density and beneficiate the deposit by sep- 
arating pumice from crystals and rock fragments. Minable thick- 
nesses of pumicite were produced in the central United States when 
surface drainage w ashed t hin blankets of airbo me ash into lak e 
basins. 


Scoria and Cinder Deposits 


Scoria and cinder may be associated with many eruptive styles, but 
deposits exploited commercially are nearly all cinder cones. Cinder 
cones are unconsolidated piles of scoria and cinder formed by sub- 
aerial eruptions. Fresh cinder cone s are typically conical, steep- 
sided, and often have a central crater. They are rather small volcanic 
landforms with diameters ranging from 100 m to about 2.5 km and 
heights from 30 to 500 m with slopes to about 30° (Wood 1980a, 
1980b; Osburn 1982). Heights and slope angles are de graded with 
age and erosion, and composite cones of cinder and lava flows may 
have lower angles than cones of only cinders. 

Cinder cones formed from a single vent can be nearly circular, 
but elongate forms can develop under strong prevailing wind condi- 


tions or fr om fissure eruptions or multiple v ent eruptions. Varia- 
tions in color from red to blac k are often concentric around the 
vent. Cinders are black initially , but those dep osited near the vent 
are subject to heating after deposition, causing oxidation of iron to 
shades of brown and red. 


USES AND TECHNOLOGY OF PUMICE AND CINDER 


Pumice and cinder at first appear to be interchangeable in many 
applications. In fact, each has distinct qualities that preclu de direct 
substitution without so me change in performance. Both are used 
extensively as_ lightweight aggre gates in concrete produ cts, but 
pumice produces lighter weight and lighter color whereas cinder 
produces greater strength. Pumice is used in abrasives ranging from 
screened material for stone washing to highly processed abrasi ves 
for polishing optical glass. The ab rasive action of cinder is much 
too harsh for such ap plications. Cinder is used for road and high- 
way aggre gate an d surfacing, but pum ice of ten lac ks suf ficient 
mechanical strength to be similarly useful. Both are used as land- 
scaping material but with obvious differences in color, weight, and 
texture. 


Pumice 


Table 1 summarizes the uses, pro cessing, and ess ential properties 
of pumice. The largest volume end use in the United States is by 
far lightweight aggre gate in conc rete, followed by a brasives and 
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stonewashing. Because of the method used to collect production 
data, the lesser volume uses cannot be accurately ranked. 


Lightweight Aggregate 


Pumice is used as a lightweight aggregate in both cast concrete and 
concrete block units. Lightweight concrete reduces the total weight 
of the structure and reduces bear ing strength req uirements of th e 
supporting members wh ile contributing thermal and acoustical 
insulating qualities. Similar advantages are realized in pla ster and 
stucco applications. 

Decorative and structural co ncrete block units with pum ice 
aggregate are easily handled, reducing constru ction t ime a nd 
worker fatigue. A typical 0.2 x 0. 2 x 0.4 m structural b lock with 
sand and g ravel aggre gate wei ghs about 17 kg ( Figure 3). Com- 
monly, a mixture of the two aggregate types is used to produce a 
block that retains the advantages of lightweight aggregate with an 
increased strength while sacrificing some of the weight advantage. 
A block unit with a 50/50 mix of pumice aggre gate and sand and 
gravel aggregate weighs about 13 kg. 

The light color of pumice is also advantageous in p roducing 
decorative blocks using min eral pigments. Blocks prod uced with 
broken surfaces, or split faces, exhibit a color contrast between the 
pumice particles and the pigmented cement matrix (Figure 4). 

Pumice for lightweight aggregate is typically sold in sizes of 
<8 mm. Ame rican Soc iety for T esting and Mat erials (ASTM) 
Standard C331 gives grading requirements (particle-size distribu- 
tion) for concrete masonry units, but these may be waived for spe- 
cial applications that require particular texture, strength, weight, 
acoustical, or thermal properties. Grading is critical to the shrink- 
age characteristics of masonry units and is controlled in processing 
by crushing and dry screening. 

ASTM Standard C331 also specifies unit weights of oven-dry 
material from 880 kg/m ? for f ine agg regate to 1,120 kg/m ? for 
coarse agg regate. L ithic fra gments m ust be li mited toc ontrol 
weight, but obsidian fragments ar e deleterious because the y may 
hydrate to silica gel, wh ich expands and weakens the con crete. 
Organic debris and particle coatings of clay, iron oxide, or fine ash 
are also detrimental. 

Suitable crushing strength of pum ice particles is often tested 
qualitatively by hand or under foot, whereas quan titative measure- 
ments are made on masonry units. Schmidt (1956) reports ranges of 
compressive strengths and various other properties of concrete with 
pumice aggregate. 

Pumicite and finely ground pu mice are also added to con- 
crete mixtures as pozzolanic material, an application distinct from 
lightweight aggre gate. Pozzolans form cementitious compounds 
by reacting wi th calciu m h ydroxide, wh ich f orms as por tland 
cement hardens. Without the addition of pozzolanic material, cal- 
cium hydroxide can be leached from the concrete, ca using it to 
deteriorate. 


Abrasives 


Pumice abrasive products ar e sawn and shaped_ blocks, granules, 
and powders, and bonded and reconstituted forms. The glassy vesi- 
cle walls are brittle; exhibit conchoidal fracture forming thin, sharp 
cutting edges; and have a Mohs hardness of 5.0 to 5.5. Fresh cutting 
edges are contin uously generated as the friab le pumice particles 
wear down during use. 

Sawn and shaped _ blocks and irre gular lumps of pumice ar e 
used in applications requiring handheld abrasives for scouring vari- 
ous surfaces. The United States Pumice Co. produces sawn blocks 
from its block pumice deposits on Mono Craters near Lee Vining, 
California. Large lumps and blocks of uniformly vesicular pumice, 








Figure 4. An installation of pumice aggregate concrete blocks used 
as both structural and decorative elements. The smaller blocks are 
0.1 x 0.4 m and molded with smooth faces. The larger blocks are 
0.2 x 0.4 m with split faces formed by breaking apart a double block 
unit before the concrete has completely cured. 


free of li thic fragments, crystals, and o bsidian stringers, are sa wn 
into rectangular blocks of various sizes. The 7.6 x 7.6 x 15.2 cm 

blocks are sold under the b rand name of Grillmaster for cleaning 

restaurant grills (Figure 5). The pumice gently scours the grill while 
neither scra tching the me tal surf ace nor re moving the thin, sea - 
soned layer that pre vents food fro m adhering. Smal ler blocks are 

sold for home use to clean porcela in and tile surfaces and for cos- 
metic skin removal. Pumice blocks and lumps are still used to clean 
buffing wheels, but demand has dropped with the decreasing use of 
chrome plating by the automotive industry. 

Stonewashing of f abric—once the most rapidly gro wing seg- 
ment of the pumice i ndustry—is declining in favor of chemic al or 
enzyme syst ems. Stone washing in volves tw o distinct processes: 
abrasion, in which coarse granular pumice abrades the garment sur- 
face, and absorption, in which pumice acts as a carrier for bleaching 
chemicals. The term stonewashing is applied both to laundry use in 
general and to the abrasive process specifically in which finished 
garments, water, and pumice are tumbled together in large washing 
machines. The term acid washing refers specifically to the treatment 
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Figure 5. Scouring block produced by United States Pumice Co. 
from its Mono Craters deposit near Lee Vining, California. 


process using pumice as a chemical carrier. Both processes use pum- 
ice particles of 2 cm to more than 8 cm. Smaller particles produce a 
more uniformly worn effect whereas larger particles impart a more 
irregular effect (Hoffer 1991). Each process requires pumice of dif- 
ferent characteristics; acid w ashing is discussed in the section on 
absorbents in this chapter. 

The abrasive process of stonewashing uses pumice particles 
with a low enough density and a low enough permeability to float 
in the laundry machine. The pumice must be hard enough to survive 
at least one wash cycle, but not so hard that it unduly damages th e 
cloth fibers. Clean, light-colored pumice with few lithic fragments 
is p referred. The industry h as fe w standar dized specif ications. 
Often a new source of pumice is tested simply by using it—a poten- 
tially w asteful appr oach. Hof fer (1991, 1994) developed testing 
procedures to evaluate pumice for laundry use that measure particle 
density, absorption, surf ace fines, impregnation rate, and abrasion 
loss. Particle density and abrasion loss are the most important prop- 
erties for stonewashing pumice. 

The popularity of stonewashed garments led to the de velop- 
ment of many new pumice deposits, particularly in Turkey, Indone- 
sia, and several Latin American countries. Traditional producers of 
aggregate pumice supply some laundry pumice, but man y were 
unable to e xpand quickly enough to meet demand, some don ot 
have pumice with appropriate particle sizes or other characteristics, 
and some are reluctant to make extensive modifications to their cur- 
rent operation and product mix to serve what is an ephemeral mar- 
ket driven by clothing fashions. 

Pumicite and ground pumice are used in many abrasive prod- 
ucts as loose gran ules and compounded in such products as hand 
soaps, rubber erasers, and polishing compounds for metal, plastics, 
and glass. Particle sizes for fine polishing compounds range from a 
few millimeters for non skid coatings to <100 um. Consumer per- 
ception determines the particle size in some applications. Pumice is 
used in bar soaps, sof t soaps, and liquid soaps, but products mar- 
keted for heavy-duty hand cleaning are more ac ceptable if t hey 
contain coarser pumice, giving a rougher texture in use. There may 
be differences between producers and particle-size distributions of 
respective grades, but abrasive pumice is still described by the sys- 
tem reported by Hatmaker (1932). Letters F through FFFF describe 
progressively finer particles from about 150 um downward, and 
whole and fractional numbers from 0 through 10 are used for pro- 
gressively coarser particles up to about 5 mm. 


Most g ranular abrasives require uniformly f inely v esicular 
pumice. Typically, the vesicle diameters are several times smaller 
than the finished product particle size (Figure 1E). Crystal, obsid- 
ian, and lithic f ragment content must be very low to produce an 
abrasive with uniform hardness and wear characteristics. For exam- 
ple, pumice is used as an intermediate abrasive in polishing televi- 
sion tubes, optical components, and certain types of flat glass. It is 
used follo wing grinding by coarser abrasives and is follo wed by 
final polishing with metal oxides. In a recirculating slurry system, 
any harder or tougher particles will accumulate to intolerable levels 
and produ ce scratches. Less than 1.0% no npumice particles is 
required and less than 0.5% is pr eferred. Beneficiation to remo ve 
crystals, obsidian, and lithics is difficult, especially in fine particles, 
and few deposits have the low nonpumice content required. 

Processing pumice and pumicite for abrasives involves dry- 
ing crushing, milling, air flotation, screening, and blending. Sizing 
is often done with wire or cloth screens and equipment designed 
for flour m ills. Screening can be a dif ficult and ti me-consuming 
operation because the density, shape, and surface texture of pum- 
ice par ticles often cause clog ging, or blin ding, of the screens. 
Blending further controls product particle-size distribution. Abra- 
sive pumice prices of upt o 100 times ag gregate pumice pr ices 
reflect the rarity of suitable deposits, the higher capital and operat- 
ing costs of processing plants, and the higher pr oduct tolerances 
required for pumice abrasives. 


Absorbents 


The high porosity, large surface area, and low chemical reactivity of 
pumice make it suit able for m any absorbent applications ranging 
from floor-sweep products to cata lyst carriers. Processing ran ges 
from simple screening to the same sophisticated techniques used to 
produce fine pumice abrasives. 

Coarse granular pumice, +1.9 cm in size, is used to acid-wash 
garments. The pumice is impre gnated with bleaching chemicals by 
various immersion and v acuum techniques and then tumbled dry 
with finished garments. The chemicals are released as the pumice 
touches the fabric. Unlike pumice for abrasive stonewashing, acid- 
washing pumice does not ha ve to float and it must have sufficient 
porosity and permeability to absorb and release the chemicals. Sur- 
face coatings of fine ash or clays reduce the absorption rate, and the 
clays release the chemicals at a more rapid rate than pumice, caus- 
ing une ven bleaching. Surface fines should b e less than 5% by 
weight (Hoffer 1991). Iron oxides are also detrimental because they 
can be deposited on the fabric, producing a yellow or brown stain. 

Lumps of pumice about 5 cm in diameter are used in gas grills 
to absorb grease drippings and reduce flaming. The pumice is mar- 
keted both as the manufacturer’s original equipment in the grill and 
as a replacement product throu gh retail outlets. These markets are 
shared with scoria, but both have declined in favor of steel plates. 

Finer granular pumice is used in potting soils and as a hydro- 
ponic growth medium. Both the absorption and abr asive nonskid 
characteristics of pumice are valuable in its use as a floor-sweep 
material on machine shop or me _at-packing plant floors. Finely 
ground pumice is also used as a catalyst support and carrier, and it 
is compounded with pesticides, herbicides, and fungicides to permit 
uniform application of small amounts of chemicals. 


Architectural Applications 


Pumice has architectural applications in addition to its use as light- 
weight concrete aggregate. Its low density, fire and moisture resis- 
tance, and thermal and acoustical insulating qualities make it useful 
in textured plasters and coatings, as loose-fill insulation, and as 
roofing granules. The high r eflectivity of white pumice is also 
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advantageous in roofing applications. Coarse granules and pebbles 
as groundcover reduce the w_ ater ot herwise requ ired to maintain 
plant groundcovers, and pumice is distinctively colored and easily 
handled. 

Large blocks an d boulders of pumice are used in decorati ve 
landscaping. They are easily handled andcan be readily f itted 
together or sculpted to specific shapes such as planters and lanterns. 
Pumice can be bored and hollowed for electrical and plumbing sys- 
tems for fountains and waterfalls (Figure 6). 

Pumice blocks are sawn on one surface and used as decorative 
veneer (cantera stone) on both interior and exterior walls, produc- 
ing a highly textured, fire-resistant surface. The slabs can be shaped 
easily with hand tools for rapid and precise installation (Figure 7). 

Density, pattern, and color are important for both landscaping 
and veneer products, but the most specific requirement is lar ge 
block size. Few pumice deposits, primarily flows and domes, con- 
tain blocks of 1 m or more, and only one is currently in production 
in North Am erica, by Unit ed States Pumice Co, a subsi diary of 
Featherock, at Lee Vining, California. 


Fillers 


Mineral fillers are rock and mineral materials added to formulations 
to give products specific characteristics such as tensile strength in 
plastics, gloss (or lack of gloss) in paints, or weight and surface fin- 
ish in paper. Typically, fillers are added as very fine powders, and 
many factors affect the choice of materials used. 

The important attributes of pumice and pumicite as fillers are 
low cost, hardness, particle shape, particle size, absorbency, vesicu- 
larity, density , and lo wc hemical rea ctivity. Permeable vesicular 
pumice particle s are absorbent a nd can be used to v ary visco sity, 
impermeable vesicular pumice can be used to decrease the density 
of the product, and platy vesicle wall fragments can increase tensile 
strength. The hardness of pumice can increase the abrasion resis- 
tance of the finished product, but it also increases wear on process- 
ing equipment. V ery finely vesicular pumicite f rom Kern Co unty, 
California, has been tested successfully as an opacifying agent to 
partially replace titanium dioxide in paints. Grading, or particle-size 
distribution, is critical to the performa nce of asphalt, and pumic ite 
can be used to achieve the proper ratio of fines in asphalt mixes. 


Filter Media 


Liquids ranging from water, juices, and beverages to oils and fuels 
are clarified by filtration, which mechanically removes suspended 
particles. Filters can be beds of granular material (filter media) or 
granular material supported by porous membranes. Filter media can 
also be mixed into the liquid to remove more efficiently particles 
and to maintain porosity of the filter. Finer filter-media particles are 
required to remove finer particles from the liquid. 

Pumice is useful as a filter aid because of its fine particle size, 
particle shape, low chemical reactivity, and, in some applications, 
expandability by p yroprocessing. Pumicite in Kansas and adjoin- 
ing states is composed of brok en vesicle walls, which are used to 
form a filter bed of overlapping plates to remove fine particulates 
(Figure 8A). Some of the pumicites can be fired and expanded 
into hollow spheres similar to those formed by expanding perlite 
(Figure 8B). The expanded pumicite is then milled to produce 
filter-media particles of specific sizes and flow characteristics. 


Volcanic Cinder 


The uses of volcanic cinder and pumice overlap in some applica- 
tions, but cinder is not processed into as wide a variety of products 
as pumice. Volcanic cinder usually has thic ker vesicle walls than 
pumice and produces a heavier but stronger lightweight concrete 











Figure 6. Pumice landscaping boulders quarried from the Mono 
Craters deposit near Lee Vining, California, by United States Pumice 
Co., a wholly owned subsidiary of Featherock, Inc. 








Figure 7. Pumice veneer slabbed and palletized for delivery, Lee 
Vining, California 


with insulating qualities less than those of pumice concrete of com- 
parable strength and weight. Block units are gray or red depending 
on the cinder color. 

Cinder and scoria are also used in the same construction appli- 
cations as sand and gravel and crushed rock: base courses, road sur- 
facing, asp halt aggre gate, a nd railroad ba llast. Cinder for these 
purposes must meet the same specifications as any other aggregate 
material, inc luding abra sion re sistance, immersion disin tegration, 
and aggregate degradation. Cinders that qualify have a higher den- 
sity than those used for lightweight concrete. The friable, fragmen- 
tal nature of cinder deposits results in much lower production costs 
than from nonvesicular rock that must be crushed. 

Cinders are also used to sand highways to improve traction on 
icy surfaces. Cinders are typically crushed and scree ned to sizes 
from about —16 to +4 mm. Coarse r particles can damage v ehicle 
windshields, and f iner particles ca n retain moisture and freeze in 
stockpiles or during transit. 

Cinders and scoria are used in landscaping as both placed 
boulders and coarse granular ground cover. Scoria blocks are also 
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Figure 8. Pumicite from deposit near Mankato, Kansas: (A) Pit-run material composed of vesicle wall fragments; (B) Pumicite expanded by 


pyroprocessing for use in filtering 


Table 2. Sources of information on pumice and pumicite deposits 


World Anon. 1977 

Harben and Bates 1984 

McMichael 1990 

Robbins 1984 

USBM (now USGS) yearbooks, published annually 
United States 


Arizona Hoffer 1991 
California Chesterman 1956 
Colorado Williamson and Burgin 1960 


Idaho Asher 1965 


Kansas Bauleke 1962 

Hardy et al. 1965 
Nebraska Burchett 1990 
Nevada Horton 1964 
New Mexico Clippinger and Gay 1947 
Oklahoma Burwell 1949 
Oregon Moore 1937 

Geitgey 1992 
Utah Van Horn 1964 
Washington Carithers 1946 
Wyoming Harris and King 1986 





used as b uilding stones. Uniformity of color iso f importance in 
landscaping and decorative uses. Scoria lapilli is used as an absor- 
bent bed in gas cooking grills. 


DISTRIBUTION OF DEPOSITS 


The ephemeral nature of pumice and cinder deposit s limits the ir 
occurrence to areas of geologicall y recent volcanism such as the 
Circum-Pacific belt, the Mediterranean region, and oceanic ridges. 
Table 2 lists sources of information on pumice and pumicite. Most 
of those tab ulated ha ve e xtensive lists of ref erences to specif ic 
deposits and to more detailed descriptions. 

Pumice lapilli deposits in the United States are largely con- 
fined to the area west of the Rocky Mountains, and airbo rne ash 
from this area has formed pumic ite deposits throughout the Great 
Plains states. Pumice has been produced in the past for various pur- 


Table 3. Pumice and pumicite mines active in 2004 in the United 
States 


Deposit Location 








Company County State 
Aimcor Precast Bonneville Idaho 
California Lightweight Pumice Inc. Madera California 
Calvert Corporation Norton Kansas 
Cascade Pumice Co. Deschutes Oregon 
Copar Pumice Co. Santa Fe New Mexico 
C.R. Minerals Co. Santa Fe New Mexico 
Glass Mountain Pumice Co. Siskiyou California 
Hess Pumice Products Oneida Idaho 
Kansas Minerals Inc. Jewell Kansas 
Pacific Custom Materials Inc. Inyo California 
Producers Pumice Bonneville Idaho 

Sierra Cascade LLC Deschutes Oregon 
Super-Lite Block Inc. Coconino Arizona 
Tufflite Inc. Coconino Arizona 
United States Pumice Co. Mono California 
Utility Block Co. Bernalillo New Mexico 





Courtesy of USBM. 


poses from nearly every western state, inclu ding Hawaii, but cur- 
rently mines in only six states are active. Table 3 lists pumice mines 
active in 2004 in the United States. 

The principal pumice deposits are in north-central Arizona in 
the San Francisco volcanic field near Flagstaff in Coconino County. 
Several air-fall pumice lapilli and ash units occur in the area, and 
these have been mined for lightweight aggregate, horticultural, and 
laundry uses. In several other counties, epiclastic deposits of pum- 
ice and pumicite ha ve been mined for lightweight aggre gate and 
pozzolanic material (Hoffer 1991). 

Chesterman (1956) listed and described more than 60 depos- 
its of pumice and pumicite in California. All types of occurrences 
are represented, including flows, domes, air-fall, pyroclastic flow, 
and epi clastic la custrine and fluvial de posits. Si nce the first 
recorded pro duction in 1883, nu merous co mpanies ha ve been 
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active throughout the stat e, producing pumice an d pumicite fo r 
nearly every end use. Production from currently active areas illus- 
trates this wide range of markets. 

Pumice in the Glass Moun tain Area of Siskiyo u County in 
Northern California occurs as air-fall depo sits and block pumice 
flows. Glass Mountain Pumice pr oduces stonewashing pumice and 
lightweight aggregate from an air-fall deposit. Pumice for scouring 
blocks has been mine d from Glass Mountain in the past, but the 
block pumice deposits are not being mined at present. 

The Mono Craters deposit near Lee Vining in Mono County 
is a multiple dome and flow complex. The surface of the domes is 
a jumbled mass of pumice rubble at least 45 m thick through which 
spires and pinnacles of pumice protrude (Loney 1968). The flo w 
surfaces are covered with loose angular blocks and e xhibit com- 
plex mo vement pattern, and the flows te rminate in steep ta lus 
slopes. Blocks of up to 2 m are mined by United States Pumice Co. 
for landscaping and decorative veneers. The compan y pr oduces 
large blocks of coarsely vesicular pumice in a variety of colors and 
textures (Figure 1B; Figure 6). Smaller blocks are sawed into thin 
slabs for decorative veneer (Figure 7). Unit ed States Pumice Co. 
uses p umice of f iner te xture from the same depo sit to pr oduce 
abrasive blocks of several sizes for cleaning grills and ceramic sur- 
faces and for cosmetic purposes. Small trimmings are sold for use 
in gas cooking grills, so there is very little waste in the processing 
operation. 

California Lightweight Pumice Inc. mines water-laid pumi- 
cite in Madera Co unty, in central Califo rnia, and processes it for 
filler applications. Most of the pumicite particles in the deposit are 
—325 mesh (Chesterman 1956). 

Pumice and cinder occurrences in Idaho are associat ed with 
volcanics of the S nake River re gion in the southern part of Idaho 
(Asher 1965). The acti ve pumice mines are Producers Pumice near 
Idaho Falls and Hess Pumice Products north of Malad City in Oneida 
County, both of which supply graded material for lightweight aggre- 
gate. The Hess deposit is partially indurated, and the pumice is finely 
vesicular with avery low lithic and crystal content. From it , Hess 
produces high-quality abrasives for a wide range of markets, includ- 
ing glass polishing, metal finishing, soaps, and erasers. 

Numerous beds o f Plio cene and Pl eistocene v olcanic ash 
occur throughout the Great Plains states. The Valles Caldera, in the 
Jemez Mountains of north ern New Mexico, has been identif ied as 
the source for much of the airborne material. The ash occurs as thin 
air-fall blank ets and as re worked fluvial and la_custrine deposits 
with varying amounts of ad mixed detrital minerals. Some beds are 
altered to clays and others are co mposed of clean, unaltered glass 
fragments, nearly all of which are less than 100 um. 

Deposits in several states have been mined for abrasives, pol- 
ishes, asphalt filler, absorbents, and ceramics. Some of the pumi- 
cites bloat into hollow spheres under proper heating conditions, and 
extensive testing has been done to produce filter aids and cellular 
glass blocks (Ham 19 49; Bauleke 1962; Hardy et al. 1965). Cur- 
rently, two companies are mining two different beds of expandable 
pumicite in north-central Kansas. Kansas Minerals, near Mankato, 
produces filter aids by drying, air classifying, and expanding the 
pumicite and milling the expanded fragments to the d esired size 
ranges. Calv ert Cor poration, near the village of Cal vert, sells a 
dried and screened product that its customers use in both expanded 
and unexpanded forms to filter vegetable oils. 

Pumice oc curs in several areasin New Mexico, b ut t hose 
deposits currently being mined are air-fall units associated with the 
Valles Caldera volcanics. Copar Pumice, C.R. Minerals, and others 
have produced lightweight aggre gate, stone washing pumice, and 
material processed into gr anular abrasives. Several other areas of 


the state produced pumice in the past, including East Grants Ridge 
near Grants in Cibola County. 

Pumice production in Oregon is limited primarily to the Bend 
pumice, an air-fall lapilli unit around the city of Bend in Deschutes 
County. Cascade Pumice and Sierra Cascade produ ce lightweight 
aggregate, horticultural pumice, and landscaping material. Less than 
5% of the fragments in the Bend pumice are greater than 2.5 cm in 
diameter, b ut Ca scade Pumice screens thi s coarse r fraction for 
stonewashing material. 

A limited amount of pumice has also been produced from an 
extensive air -fall and p yroclastic flo w u nit formed when Mount 
Mazama collapsed, forming Crater Lake (Bacon 1983). The climac- 
tic air-fall lapilli unit now blankets an area of more than 5,200 km? 
with a thickness >1 m and an area of more than 900 km/ at a thick- 
ness >3 m, with little or no overburden. To date, the Mazama pumice 
has not proven as satisf actory as the Bend p umice for lightweight 
aggregate, but some of it has been sold for stone washing material 
(Geitgey 1992). 

Pumice d eposits are distributed in other v olcanic areas 
throughout the world. Historically, the relatively low value of light- 
weight aggre gate has limited large-scale producti on to dep osits 
such as those in Germany, Greece, and Italy that are near markets or 
near bulk transportation facilities. Increased industrialization has 
created greater markets for lightweight aggregates, and the higher 
value of stone washing pumice has led to the development of for- 
merly uneconomic deposits. The fo lowing summary of interna- 
tional pumice occurrences is ba sedonarticles published in 
Industrial Miner als ( Anon. 197 7; Robbins 1984; McMich  ael 
1990), Harben and Bates (19 84), various editions of the USBM 
Minerals Yearbook, and U.S. Geological Surv ey (USGS) Mineral 
Commodity data (Bolen 2004; Founie 2005). 

The Italian peninsula is well endowed with volcanic rocks, but 
the country’s most important comm ercial pumice deposit is on the 
island of Lipari, about 35 kmo__ ff the no rth coast of Sicily . An 
unconsolidated deposit of high-quality pumice has been the source 
of aggregate and industrial pumic e for Europe and North Amer ica 
for many decades. Pume x SpA (lItaly’s lar gest producer) supplies 
lightweight aggre gate, powders, and granular material for various 
industrial uses, and cosmetic stones. Italpomice SpA produces 
aggregate and stone washing pumic e. Both com panies c an loa d 
directly from their operations onto ocean-going vessels. 

Many of the islands of Greece, particularly the Cyclades and 
Dodecanese grou ps in the sout hern Ae gean Sea, ha ve pumice 
deposits. Se veral have b een mine d in the past, including Thera 
(Santorini), but production is now only on the island of Yali, where 
Lava Mining and Quarrying mines aggregate grade pumice for mar- 
kets th roughout Europe, North Am erica, North Af rica, and the 
Middle East. Yali is the principal source for lightweight aggre gate 
pumice for markets on the U.S. East Coast. 

Pumice exports from Turkey have increased over the last 10 to 
20 years from almost non e to ana verage of 832,000 tpy for the 
period from 2001 to 2004. Nearly all the production is stonewash- 
ing pumice, p rimarily for Europe an markets. The deposits are 
located in relatively remote areas of central and eastern Turkey, and 
the pumice must be transported | ong distances by truck to ports on 
the Mediterranean Sea. Small amounts are used domestically for 
construction, and some companies are now producing granular and 
powdered material. Pumice mines are operated b y about a dozen 
companies. 

Many other countries produce pumice for bothe xport and 
domestic use. Sp ain has active mines in the province of Ciudad 
Real and on Tenerife in the Canary Islands. Both Iceland and New 
Zealand are mining be yond local needs and are no w supplying 
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various e xport mark ets. Se veral countr ies, including Ecuador , 
Guatemala, and Indonesia, are shipping stonewashing pumice. 


Statistics 


The United States had 16 domestic producers with 17 active oper- 
ations in 2004, up 1 from 2003 (Bolen 2004; Founie 2005). The 
16 producers operated in six states. Ther e were 21 producers in 
1985, 19 in 1986 and 1987, 20 in 1988, 11 in 1990, 14 in 1991, 
and 12 in 1992. Just more than 76% of production came from Ari- 
zona, New Mexico, and Oregon. The remaining production came 
from California, Idaho, Kansas, and Nevada. 

During the period from 2000 to 2003, imports were mainly to 
markets on the East Coast and the Gulf Coast. Imports came from 
Greece, 80%; Italy, 14%; Turkey, 5%; and other sources, 1%. 

According to the USGS, in 2003 world production was, by 
country: Algeria (500,000 t); Chile (850,000 t); Ecuador (90,000 t); 
France (450,000 t); Germany (500,000 t); Greece (1,7 00,000 t); 
Guadeloupe (210,000 t); Guatemala (260,000 t); Italy (4,500,000 t); 
Tran (1,10 0,000 t); Spain (600,000 t); Turkey (800,000 t); and 
1,800,000 t were in other market economy countries. This is a total 
estimated world production of 14,400,000 t in 2003. 

Both domestic and import sales of pumice and pumicite were 
affected by the 1991-1992 recession. Demand for lightweight con- 
crete products decreased because of the decline of constr uction 
activity. A rebound in construction activity in the period from 1993 
to 2004 increased domestic production of pumice and pumicite. 

The most important mark ets for pumice and —_ pumicite are 
building blocks, horticulture an d landscaping, ston ewashing, laun- 
dries, abrasives, concrete aggregate, absorbents, diluents, filter aids, 
roofing granules, water treatment, pet litter, engineered fill, geotech- 
nical uses, pottery clays, and other unspecified uses (Table 1). 

In 2004, about 76% of pumice was used by the building block 
industry. The remainin g 24% was used in abrasi ves, millstones, 
abrasive wheels, laundr ies, aggre gates, insulation, pesticide and 
herbicide carriers, r oofing granules, and landscaping. Micro nized 
pumice is used in toothpaste, polishes, soaps, and other applications 
where a high-gloss finish is required. Micronized pumice has indi- 
vidual particles with sharp cutting edges, even though the mineral 
itself is relatively soft. 

The USGS estimates that identified domestic reserves of pum- 
ice and pumici te in t he western United S tates exceed 25 Mt. The 
estimated total pumice and pumicite resources, identified and undis- 
covered, in the western and Great Plains states are at least 250 Mt, 
and may total more than 1 billion t. 

All domestic mining was by open- pit methods and generally 
occurred in remote areas where land-use conflicts were not severe 
or were nonexistent. Mining and milling of pumice and pu micite 
generates reject fines that must be disposed of, but the environmen- 
tal impact is restricted to small, remote geographical areas. 


ALTERNATIVE MATERIALS 


Nearly every end use of pumice and cinder has natural or manufac- 
tured alternative materials that have similar performance character- 
istics. Lightweight concr ete is produced with blast furnace slag, 
expanded perlite,e xpanded clays, and ai r-entraining age nts. 
Numerous minerals are used as gr anular abrasives. Clays, diat o- 
mite, and zeolites function as various types of absorbents and carri- 
ers. Other rock s and v arious ma nufactured ma terials se rve for 
landscaping and veneer uses. Hollow microspheres of glass and 
plastic are used as lo w-density fillers, and diatomite and expanded 
perlite are used extensively as filter media. 

The choice of pumice and cinder is often a function of costs— 
both production cost s and transportation costs. Pumice and cinder 


deposits typically are not ind urated and relati vely inexpensive to 
mine. Unlike perlite, expandable clays, and diatomite, many pum- 
ice uses do not require expensive pyroprocessing. 

Pumice of fers uni que c haracteristics in some app lications 
such as lightweight landscaping boulders and stonewashing that are 
not precisely matched by either manufactured materials or other 
natural rocks. Similarly, block and granular pumice occupy unique 
niches in the abrasive field because of their texture and friability. 


PROBLEMS AND FUTURE TRENDS 


Caution should be exercised in interpreting pumice and cinder sta- 
tistics. Clear distinctions are not always made among various volca- 
nic materials or their end uses, either currently or historically. Some 
reports cite only volcanic materials with out sp ecifying pumice, 
pumicite, cinder or scoria, pozzolans, or other volcanic rocks. Vol- 
canics produced for construction materials can include pu mice or 
cinder for lightweight ag gregate, pumice or pumicite ground for 
pozzolan, and pozzo lanic materials other than pumice. Uniform 
methods of da ta collection are impossible, particularly when pro- 
duction is sporadic, mines are in remote areas, or production is only 
for local use. 

In the United States, mineral production statistics are reported 
to the USGS only on a voluntary basis. Through 1980, the USBM 
reported combined statistics of pumice, pumicite, and volcanic cin- 
der. Since 1981, v_ olcanic cinder _ statistics ha ve been reported 
instead with crushed stone, a more accurate reflection of the princi- 
pal market of cind er. The apparent abrupt decrease in production 
and number of producers in volcanic materials reflects a change in 
reporting procedures rather than a decline of the industry _. The 
USGS has modif ied its pumice que stionnaire to obt ain more - 
detailed data on specific products and markets. 

Problems have arisen in the United States concerning acquisi- 
tion of mineral rights to pumice on federal land. Man y pumice 
deposits occur on federal land admini stered by the U.S. Bureau of 
Land Management for the U.S. Forest Service. Access to minerals 
is obtained by leasing, by staking mining claims, or by purchase, 
depending on the mineral. Leases and min ing claims grant exclu- 
sive development right whereas saleable commodities are available 
to any purchaser. Leases require royalty payments; mining claims 
do not. Federal la w has been modi fied over the years to specify 
which minerals are acquired by which methods. 

Before 1955, pumice on federal land could be acquir ed by 
mining cla ims; andi f the se c laims ha ve been ma intained, the y 
remain valid. The Surface Resources Act of 1955 (U.S. Code, Title 
30, Section 611) names sand, stone, gravel, pumice, pumicite, and 
cinders as common v ariety materials. As such, the y can only be 
purchased; they cannot be acquired by staking mining claims. Bu t 
the act also expressly excludes block pumice from the list of com- 
mon variety materials, def ining block pumice as pumice “which 
occurs in nature in pieces ha ving one dimension of tw o inches or 
more.” Al so e xcluded are “ deposits of suc h minerals whic h are 
valuable because the deposit has some property giving it distinct 
and spec ial v alue.” Many pumice deposits h ave some particles 
larger than 5.1 cm, but that may not necessarily qualify the deposit 
as block pumice. Stone washing pumice has a much higher value 
than aggregate pumice, but particles as small as 2 cm may be suit- 
able. The courts and boar ds of appeal h ave given various, and 
sometimes conflicting, interpretations, and it is still unclear under 
what conditions, if any, exclusive mineral rights can be obtained for 
pumice found on federal land. Continued litigation is probable. 

Future trends in pumice production will depend principally on 
building construction an d fashion. Aggre gate pum ice re mains the 
largest volume market, and sales fluctuate with construction activity, 
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which in turn is a reflection of gen eral economic conditions. The 
appearance and softness of stonewashed garments remain in high 
demand, and as yet no satisfactory alternative to pumice has been 
developed. The higher value of laundry pumice has led to the devel- 
opment of ne w sources throu ghout the w orld, which may in turn 
lead to a more diversified pumice industry in those areas. 
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Pyrophyllite 


Tadataka Hida and Ryuji Kitagawa 


OVERVIEW 


Pyrophyllite isa hydrous al uminum silicate that is generally 
described by the molecular formula Al203*4Si02°H20. This alter- 
ation mineral is light green or white with a waxy texture. In nature, 
pyrophyllite rarely exists in its pure form and is normally associated 
with accessory minerals such as quartz, kaolin, diaspore, corundum, 
andalusite, bo ehmite, ser icite, c hlorite, and alunite. Pyr ophyllite 
ores c an al so include iron-containing imp urities such as __ pyrite, 
hematite, and limonite; therefore, different mineral samples that are 
classified as p yrophyllite can contain v arious combinations of 
accessory minerals and have different chemical compositions. It is 
important to understand the origins and distributions of pyrophyllite 
deposits in order to extend pyrophyllite applications. This chapter 
therefore describes basic methods for the mineral’ s identification 
and analysis. 

In Japan, p yrophyllite mined in the Mitsuishi District of the 
Okayama Prefecture was used in engraving from around 1800 until 
the early 1900s. With the introduction of primary school education 
in 1886, pyrophyllite ores began to be processed and used for slate 
pencils. During the 20th century, the demand for pyrophyllite ores 
as raw materials for ceramics—particularly refractory materials— 
grew inresponse tothe incr easing needs of in dustry. Quality 
checks during mining and strict quality control during the crushing 
and grinding processes are essential because the major, accessory, 
and trace ingredients of the r aw ores deter mine the pr operties of 
the pr oducts, in cluding refractory charact eristics, coefficients of 
thermal expansion and contraction, melting point, hardness, and 
color. 

Pyrophyllite ores have been used for many years in a range of 
applications. The quality requirements, however, ha ve recently 
become much stricter as a result of competition from several miner- 
als with similar properties. Consumption is also decreasing fora 
number of reasons, including advances in paper -manufacturing 
techniques, in which pyrophyllite is used as a filler; decreases in the 
number of dustings with insecticid es because of im provements in 
agrochemicals; and the trend toward the use of longer-lasting bricks 
in the refractory industry. 

Research is needed to expand the potential applications and, 
therefore, the demand for pyrophyllite ores. Low-quality ores might 
be used after removing impurities and by developing energy-saving 
furnaces t hat can ope rate at lo wer temperatures. In addition, 
advances in powder technologies are likely to increase the uses of 
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pyrophyllite ores in fine ceramics. Efficient usage remains impor- 
tant, ho wever, because th ese ores ha ve li mited di stributions a nd 
worldwide reserves. 


CLASSIFICATION OF PYROPHYLLITE ORES 


The name pyrophyllite derives from the Greek words pyro meaning 
fire, phyllon meaning leaf, and lithos meaning stone; it refers to the 
flaking or exfoliation that occurs on the surface of the mineral when 
itis fired. It is kno wn as roseki in Japan, nab-suk in South K orea, 
yelashi in China, agalmatolite in North and South America, and 
wonderstone in special grades in South Africa. In Japan, pyrophyl- 
lite ores are divided into three main types on the basis of their min- 
eral constituents: pyrophyllite, kaolin, and sericite (Table 1). This 
division is also applied to the ores in other parts of Asia. 


PRODUCTION, CONSUMPTION, AND TRADE 


Pyrophyllite is similar to talc in appearance, properties, and applica- 
tions, and is generally grouped with talc in published statistics. Fig- 
ures for p yrophyllite pro duction al one are the  refore oft en 
unavailable. Because it does not have an independent product classi- 
fication from the W orld Trade Organization, there are no indepen- 
dent int ernational trade st atistics for pyrophyl lite. It has been 
necessary to rely on the efforts of individual researchers and on lim- 
ited regional figures. Furthermore, the figures for ore reserves, pro- 
duction, and consumption in China have many gaps, and Ch ina is 
passed over by current research despite its large share of global pro- 
duction. This chapter pro vides pr eviously unavailable information 
on East Asia and Russia and covers pyrophyllite as a separate min- 
eral clearly distinguished from talc. 


Statistics 


Global production of pyrophyllite ores in 2002 was an estimated 
3 Mt, assuming a 1-Mt output for China and the United States, with 
Japan, the Republic of Korea, and China accounting for more than 
70% of th e total (T able 2). Japanese production fell slightly in 

2002, to an estimated 600 ,000 t. This production w as for use in 
refractories, c eramics, t iles, agri cultural c hemicals, ce ment, and 
glass fiber. Korea produced approximately 890,000 t that year, des- 
tined for use in cement ( 56.3%), tiles (7%), refractories (4.4%), 

ceramics (0.5%), and other applicat ions (glass f iber, re sin, etc., 
17.9%), and 13.9% w as exported for similar purp oses (MOCIE 
2003). Korean pyrophyllite ore e xports were in th e form of crude 
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Table 1. Classification and use of pyrophyllite ores in Japan 


Classification 


Mineral Composition" 














Large Grouping Main Division Subdivision Main Constituents Minor Constituents Usage 
Pyrophyllite ores Siliceous pyrophyllite Siliceous P ore Q, P K, D, S R, T, Cl, G 
Pyrophyllite Pyrophyllite ore P Q, K, D, S R, T, Cl, G 
High Al2O3 pyrophyllite D bearing P ore PD K,S,Q R 
C bearing P ore PC K,S,Q R 
A bearing P ore PRA K,Q R 
Kaolin ores Siliceous kaolin Siliceous K ore Qk D,P TG 
High AlzO3 kaolin Dickite K D, Q, P T, cl, G 
Diaspore D,K P,Q R 
Sericite ores None Pottery stone Q,$ P TGR 
Sericite S K,P,Q R,T 





Modified from Matsumoto and Yano 1995. 


* A = andalusite; C = corundum; Cl = clay powder; D = diaspore; G = glass fiber; K = kaolin minerals; P = pyrophyllite; Q = quartz; R = refractory; S = sericite; 


T = tile and other ceramics. 


Table 2. Production of pyrophyllite ores in the world, 1999 to 2003, t 








Country 1999 2000 2001 2002 2003° 
Argentina 3,400 3,877 2,754 2,341 2,500 
Australia 347 1,727 1,500* 868 1,000 
Brazil 160,000 150,000 189,500 200,000 200,000 
China wt Ww Ww Ww Ww 
India* 85,000 85,000 86,000 85,000 85,000 
Japan 694,317 692,998 623,097 600,000* 600,000 
Pakistan 67,670 54,365 55,000 57,500 55,000 
Peru” 8,000 8,000 8,000 8,000 8,000 
South Africa 13,277 11,989 14,386 15,587 13,968 
South Korea 754,657 917,973 1,101,825 889,961 900,000 
Thailand 38,053 46,011 59,602 103,496 103,000 
United tates S WwW Ww WwW WwW Ww 
Source: Virta 2004. 

* Estimated. 

t Withheld to avoid disclosing company proprietary data. 
ore, ship ped to Japan, Taiwan, and other countries in Sou theast Japan 


Asia. For reference, Chinese production was reported to be 623,000 
t in 1991, for application in building materials, refractories, ceram- 
ics, agricultural chemicals, glass fiber, cosmetics, and oth er prod- 
ucts (Zhu 1995). Other major produc ers are Brazil, India, th e 
United States, Pakistan, Thailand, South Africa, and Peru. 


Production Sites 


Most pyrophyllite deposits are found in subduction zones, related to 
plate movement, or in the region of old volcanoes formed at the site 
of collisions between tectonic plates. Global deposits are concen- 
trated primarily in East Asia (Figure 1). These deposits origin ate 
from rhyolite and dacite formed in the Late Mesozoic and are rela- 
tively large and of high qua lity. Because of its natural properties, 
pyrophyllite ore is used principally in refractories. High-quality ore 
is used in making long g lass fibers in East Asia; kaolin and silica 
sand are used for this purpose in the United States and Europe. Pyro- 
phyllite oreis extractedm ainly in low-cost open-pit mining, 
although some large-scale sites in both Japan and South K orea use 
trackless underground mining. 


The main pyrophyllite mines in Japan are located in the prefectur es 
of Okayama, Hiroshima, Nag asaki, and Hy ogo. These depo sits 
occur in rhyolite, dacite, and granite that is Cretaceous to Paleogene 
in age. In the Mitsuishi and Wake districts of the Okayama Prefec- 
ture, p yrophyllite ore is extracted by both op en-pit and trackless 
underground operations. The ore is chiefly composed of pyrophyl- 
lite, qua rtz, seri cite, and kaolinite. The Yano-Shokozan mine in 
Hiroshima Pre fecture uses ste pped-level open -pit extraction. The 
extracted ore consists of pyrophyllite, quartz, and kaolinite accompa- 
nied by diaspore, corun dum, sericite, alunite, and other minor con- 
stituents (Matsumoto and Yano 1995; Hida et al. 1996). Reserves in 
this mine were approximately 18 Mt in 2004, with a production rate 
of 70,000 tpy for use in glass fibers, agricultural chemicals, cement, 
refractories, and pharmaceuticals. 


South Korea 


Hydrothermal alteration in the Late C retaceous period formed the 
Korean pyrophyllite deposits, which are found in r hyolitic rocks. 
The main production sites are in the pro vinces of Chollanam-Do, 
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Figure 1. The distribution of main pyrophyllite deposits in the world 


Chungchongbuk-Do, Gyeongsangnam-Do, and Gyeongsangbuk-Do. 
Proven reserves have been calculated to contain 1.96 Mt, and proba- 
ble reserves contain 49.68 Mt, for a total of 51.64 Mt (Table 3). The 
main p yrophyllite mines inC hollanam-Do are in the distr icts of 
Nohwado (W ando mine) an d Haenam (Bakam, Bu gok). At th e 
Wando mine, stepped-level open- pit mining and track less under- 
ground excavation are used. The d eposits gener ally contain p yro- 
phyllite and quartz, accompanied by diaspore, corundum, kaolinite, 
and sericite (Naito et al. 1999). The Bakam and Bugok mines extract 
rock containing kaolinite, dickite, and quartz. Production showed a 
continuous upward trend until 2001 but has declined sin ce 2 002 
(Table 2). Exports accounted for 13.9% of production in 2002; the 
principal destinations were Japan, Taiwan, Sri Lanka, Indonesia, and 
Malaysia for use in cement, glass fibers, refractories, and other 
applications (MOCIE 2003). 


China 


Acidic igneous rock of Mesozoic age is found throughout the coastal 
regions of China, where pyrophyllite deposits have formed in rhyolite 
and dacite. Th e main production sites are in the provinces of Zhe- 
jiang, Fujian , and I nner Mong olia. Chinese figures for 1985 show 
proven reserves of 16.09 Mt, probable reserves of 22.79 Mt, and pos- 
sible reserves of 47.46 Mt, for a total of 86.35 Mt (Table 4). Fujian 
Province has open-pi t mines at Emei, Shoushan, Lu oyuan, Pingxi, 
and elsewhere. The Emei and Shoushan mines have seen the greatest 
development in recent years. In 1984, reserves in these districts were 
set at 4.81 Mt and 4.36 Mt, respectively. The extracted ore consists of 


Table 3. Reserves of pyrophyllite ores in South Korea (2002), kt 








Proven Probable 
Province Reserves Reserves Total 
Chungchongbuk-Do na” 8,915.0 8,915.0 
Chollanam-Do 1,601.4 32,079.4 33,680.8 
Gyeongsangbuk-Do 19.3 3,912.6 3,931.9 
Gyeongsangnam-Do 343.0 4,772.2 5,115.2 
Total 1,963.7 A9,679.2 51,642.9 





Source: MOCIE 2003. 
* na = not available. 


Table 4. Reserves of pyrophyllite ores in China (1985), kt 











Proven Probable Possible 

Province Reserves Reserves Reserves Total 
Fujian 8,970 14,820 31,220 
Zhejiang 5,040 9,420 20,990 
Hebei na" 3,300 5,640 
Beijing 2,090 2,500 4,590 
Inner Mongolia na 11,250 17,400 
Others na 6,150 6,500 

Total 16,090 22,790 47,460 86,350 





Source: China National Metals and Minerals Import and Export Corporation 


1989. 
* na = not available. 
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pyrophyllite and quartz, together with diaspore and kaolinite. Princi- 
pal uses are in glass fibers, refract ories, and handicrafts. In Fujian 
Province, production figures for 2002 were reported to be 150,000 t; 
the majority of this was used for manufacturing glass f ibers, both 
domestically and through exports to Japan and Sou th Korea. Zhe- 
jiang Pro vince has mining operat ions at T aishun, Qi ngtian, an d 
Shangyu, among others. At th e first two sites, corundum is mined 
along with pyrophyllite. Taishun is an open-pit mine, with reserves of 
some 50 Mt and an extraction rate of some 300,000 tpy, according to 
the author’s survey in 2003, used pr incipally in glass f iber pro duc- 
tion, refractories, and tiles. Known sites in Qingtian include Shankou, 
Lingtou, and Beishan, where underground mining is employed. At 
Shankou and Lingtou, the ore cons ists chiefly of pyrophyllite and 
quartz, whereas at Beishan, it also contains a relatively large amount 
of kaolinite. The production rate in the Qing tian District is approxi- 
mately 120,000 tpy, and the main uses of this pyrophyllite are in glass 
fibers, ceramics, tiles, and crucibles. The data in this paragraph were 
obtained from a survey conducted by the authors in 2003. 


Brazil 


Known p yrophyllite m ines in Bra zil incl ude t hose in the st ates of 
Minas Gerais, Sao P aolo, and P arana. In Minas Gerais, deposits are 
scattered along a 64-km stretch and are in the form of lenses or podi- 
form masses in sericite and sericite-chlorite schists. D emonstrated 
reserves of 5.7 Mt have been calculated (Ciullo and Thompson 1994). 
The agalmatolite contains pyrophyllite, sericite, diaspore, kyanite, and 
quartz; uses include refractories, ceramics, paints, and soaps. 


India 


Pyrophyllite mini ng is principally concentrated in the states of 
Madhya Pradesh, Uttar Pradesh, Rajasthan, Orissa, and Maharashtra. 
This pyrophyllite formed through hydrothermal alteration of Paleo- 
zoic clastic rock (Zaykov, Udachin, and Sinyakovskaya 1988). The 
main production sites are in Madhya Pradesh and Uttar Pradesh, with 
mineral reserves of 4.33 Mtan d3.05 Mt,r espectively ( Harpavat 
1995). 


Russia 


Large deposits of pyrophyllite have been identified in the alteration 
zones adjacent to sulfide depo sits inthe Urals. Although these 
pyrophyllite deposits ha ve not yet been developed, they have the 
potential f or sign ificant output. Recent te sting and research to 
investigate how these deposits can be economically exploited indi- 
cate suitability for refractories and ceramics in particular. 


Other Countries 


Commercial pyrophyllite deposits in the United States are located 
in volcanic metasedimentary rocks of Precambrian age in the Pied- 
mont plateau of North Caro lina. The pyrophyllite is found with 
kaolinite, sericite, andalusite, topaz, and diaspore and with lesser 
minerals (Harben and K uzvart 1997). The ore , which is extracted 
in open-pit mines, is used in the production of ceramics, refracto- 
ries, pottery, and insulators. 

South Africa h as three reported pyrophyllite mines: th e Wit 
Poort and Wonderstone sites in Ottosdal, North West Province, and 
the G and W Base mine in Mpumalanga. The pyrophyllite ore is 
found in the form of lenses or strata contained in rhyolite. Wonder- 
stone is black or gray and consists of pyrophyllite combined with 
kaolinite, diaspore, sericite, and rutile. The ores are used in the dia- 
mond industry andin ceramics and paper manuf acturing (pitch 
control). 

The only pyrophyllite mine in Vietnam is located in Tan Mai 
in Quang Ninh Pro vince. Geological surv eys from 1980 to 1985 
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Figure 2. Transmission electron micrograph of pyrophyllite crystals 
from Chistogor deposit in the Urals, Russia 
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estimated 28.81 Mt of proven reserves and 16.33 Mt of probable 
reserves, f oratotal of 4 5.14 Mt (Tran 1990) . Produ ction w as 
19,200 t in 1999. The ore contains pyrophyllite, kaolin, and quartz 
and small quan tities of chlorite, alunite, and d iaspore. Principal 
applications ar e for refractorie s and pottery, and some ore is 
exported to Japan for use in glass fiber and resin manufacture. 


MINERALOGY AND CHEMICAL PROPERTIES 


Mineralogy 


Pyrophyllite is a sof t mineral with a har dness of 1-2 on the Moh s 
scale, and its ores are easily processed into fine-grained powders. It 
is g enerally characterized as smooth and white, althoug h it can 
range from white to yello wish, pale green, or light gray; this v aria- 
tion is thought to be due to differences in the trace elements present. 

Pyrophyllite is a 2:1 phyllosilicate mineral that consists of an 
octahedral alumina sheet sandwiched between two silica tetrahedral 
sheets. T he ba sal oxy gens are adj acent at t he int erlayer of the 
sheets, and the interlayer bonding fo rces are belie ved to be weak 
Van der Waals forces, although elec trostatic attraction and h ydro- 
gen bonding are also indicated. The weak interlayer bonding forces 
account for the soft nature and smooth feel of p yrophyllite. Cleav- 
age pieces bend easily and the material is only slightly elastic. 

The idealc hemical formulao fp_ yrophyllite is 
AlySi4019(OH)>. Ea ch la yer is e lectrically neutral and interlayer 
cations are not generally present. In nature, the replacement of Si** 
in t he te trahedral shee t with Al+ is common; _ in additio n, the 
replacement of Al++ in the octahedral sheet with magnesium (Mg), 
Fe**, ferric iron, and titanium (T i) has sometimes been observ ed. 
The basal spacing of pyrophyllite is approximately 9.3A, and it has 
triclinic and monoclinic p olytypes with interlayer spacing of 4.3 
and 4.0A, respectively (Brindley and Wardle 1970). Hydrothermal 
synthesis revealed that the triclinic polytype forms at higher tem- 
peratures than the monoclinic polytype (Eberl 1979). The pure tri- 
clinic polytype is rare in natu __re, ho wever, and the monoclinic 
polytype or comple xes of the tw o are more freq uently observed. 
Pyrophyllite also occurs in as sociation with clay minerals such as 
kaolin, mica, and mixed layer minerals. 

The three most common forms of pyrophyllite ore are massive 
aggregates with or without a transparency, schistose structures, and 
radial aggregates of needle-like crystals. Irregular platiform crystals 
are commonly observed under elec tron microscopy, whereas fixed 
platiform crystals are relat ively rare (Figure 2). The go Id (Au) 
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Figure 3. Surface microtopographies showing malformed circular parallel growth patterns on pyrophyllite crystals by Au decoration method 


(A, B: Gay, South Urals; C, D: Kul-Yurt-Tau, South Urals) 


Table 5. Chemical composition of pure pyrophyllite in selected deposits in Russia and South Korea 




















Russia South Korea 
Chemical, % Gay Kul-Yurt-Tau Chistogor Berezousk Polar Ural Gussi Heanam Nohwado 
SiO2 67.6 66.5 67.0 67.2 66.9 66.2 66.0 67.6 
TiO2 0.4 na” na na na na na na 
Al2O3 28.3 28.6 28.2 27.9 27.7 28.7 28.6 28.9 
FeO 0.1 na na 0.1 0.3 0.1 0.2 0.3 
MnO na na 0.1 na na na na na 
Cr2O3 0.2 na na 0.1 na na na na 
MgO na 0.1 na na na na na na 
CaO 0.1 na na na na na na na 
Naz2O 0.1 0.2 na na na 0.2 0.2 0.2 
K2O na 0.1 0.1 na na na 0.3 0.1 
Total 96.7— “95.5 “95.4 95.3 “95.0 95.2 95.3 97.0 
* na = not available. 
Table 6. Chemical composition of selected pyrophyllite ores (by country and area) 
Japan South Korea China Brazil India United States South Africa Russia 
Matheus Madhya North 
Chemical, % Mitsuishi Shokozan Wando Hyeonsan Qingtian Taishun Leme Pradesh Carolina Klerksdorp Ural 
SiO2 80.12 75.23 73.88 79.80 65.75 74.90 63.64 64.50 76.32 59.20 78.59 
AlzO3 15.79 19.90 21.31 15.69 27.04 20.25 25.59 28.75 19.80 30.51 16.16 
Fe2O3 0.07 0.20 0.06 0.13 0.18 0.15 0.22 0.18 0.77 0.82 
TiO2 0.26 0.37 0.60 0.24 0.20 0.21 0.57 77 0.22 
Na2O 0.10 0.07 0.09 0.08 0.11 0.11 0.29 0.09 0.07 0.22 0.19 
K20 0.09 0.04 0.12 0.16 0.69 0.16 2.48 0.61 0.27 0.78 0.20 
LOl 3.11 4.01 3.92 3.37 5.68 3.85 4.81 5.19 3.44 6.77 3.50 
Total 99.54 99.82 99.98 99.47 99.65 99.63 96.81 99.93 100.08 100.02 99.68 
Reference Benbow Shokozan Shokozan Shokozan — Shokozan Shokozan Benbow Shokozan Cornish Shokozan Zaykov and 
1988 Research Research Research Research Research 1988 Research 1983 Research Udachin 
Laboratory” Laboratory” — Laboratory” Laboratory” Laboratory” Laboratory” Laboratory” 1994 





* Unpublished author data. 


decoration method has revealed the growth pattern of the dif ferent 
pyrophyllite crystal structures through microtopography (Figure 3). 
In this growth pattern, massive aggregates and schistose structures 
are formed by an elliptic two-dimensional crystal nucleus gro wth 
mechanism; by contrast, radial aggregates are formed by a polygo- 
nal spiral growth mechanism. The exact form of pyrophyllite might 
depend on the environmental conditions present during growth. 


Chemical Properties 

Pyrophyllite co nsists 0 f 66.60% SiO 2 (silicon dioxide), 28.30% 
Al ,O3 (aluminum oxide), and 5.00% H2O*. High-purity pyrophyllite, 
however, is rare both in natural and synthetic forms. Tables 5 and 6 
show the results of chemical anal yses of p yrophyllite from deposits 
in different countries. Slight differences in chemical composition are 
thought to influence the col or of pyrophyllite ores; for e xample, the 
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Source: Hemley et al. 1980. 
Figure 4. Phase diagram for the system Al2O3-SiO2-H2O at 
Px20 = 1 kbar 


pale blue green coloration of the ore from the Russian Gay deposit 
indicates that chromium (Cr) might be a coloring factor (Table 5). 

A number of researchers have investigated the Al 203—-SiO2— 
H20 system. According to Hemley et al. (1980), the temperature of 
the equilibrium boun dary between ka olinite and p yrophyllite at a 
pressure of 1 kbar varies as a function of the concentration of SiO%; 
as the S iO2 concentration increases, kaolinite becomes stable at 
higher temperatures (Figure 4). 

Pyrophyllite is inert and ele ctrically neutral and therefor e 
highly resistant to most strong alkalis and acids. It can, however, be 
decomposed to gelatinous aluminosilica with sulfuric acid. 


Physical Properties 


Pyrophyllite sho ws high f ire resistance, t hermal re sistance, and 
thermal condu ctivity. On heating, p yrophyllite deh ydroxylates at 
700°C and changes toa metastable phase. This dehydration is 
accomplished by the loss of an OH™ group between the octahedral 
and tetrahedral sheets. On further heating up to 1,200°C, pyrophyl- 
lite decomposes to cristobalite and mullite; the latter has a hardness 
of 7-8 on the Mohs scale. Thermal characteristics v ary between 
pyrophyllite ores, however, because of differences in their mineral- 
ogy and chemical comp osition. This variation c ontributes to th e 
wide range of applications of pyrophyllite ores. 

Because the water content of pyrophyllite is lower than that of 
other clay min erals such as ka olin, calcining is unnecessary. In 
addition, the coefficient of thermal expansion of fired pyrophyllite 
is lower than that of clay, resulting in more durable refractory prod- 
ucts (Harben 2002). 


GEOLOGY 

Distribution and Formation Age of Pyrophyllite Deposits 
Pyrophyllite deposits are mainly found in East Asia and the Ural 
District of Russia. Many of the East Asian deposits are distributed 
in the Japan—South Korea—China—Vietnam belt, which extends for 
more than 4,000 km; these deposit s are lar gely concentrated in 
Japan, South Korea, and China (Figures | and 5). 

No single report collates the dates of formation of p yrophyl- 
lite deposits worldwide. Several published studies do describ e the 
formation age of deposits in Japan on the basis of potassium—argon 
(K—Ar) radiometric dating of associ ated illite (Shiba ta and Fuji 1 
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Figure 7. Geological characteristics and occurrence of pyrophyllite deposits in East Asia 


1971; Shibata and Kamitani 1974; Kitag awaetal. 1999) ; these 
range from 100 to 25 million years ago (Ma) (Cretaceous and Ter- 
tiary). Most of the pyrophyllite deposits in the Chugoku Province of 
southwest Japan range in age fro m 87 to 63 Ma (late Cretaceous 
and early Tertiary; Figure 5). In South Korea, pyrophyllite deposits 
are found in the southwest and sout heast; the lar ger deposits ar e 
concentrated in the southwest, and their formation ages range from 
92 to 51 Ma (Kitagawa, Nishido, and Takeno 1988). In China, the 
formation ages range from 100 to 91 Ma (Kitag awa et al. 1999) . 
These data suggest that the form ation ages decrease from China to 
South Korea to Japan. 

In Russia, p yrophyllite is found in sulfide deposits scattered 
throughout a belt of approximately 2,000 km along the Ural Moun- 
tains (Figure 6). K-Ar radiometric dating of sericite in the deposits 
estimates the formation age at a bout 300 Ma near the end of the 
Carboniferous age (R. Kitagawa, personal communication). 


Geologic Occurrence and Genesis 


The shap es of p yrophyllite deposits can be rough ly divided in to 
massive, sheet, lenticular, and vein. The massive ore de posits tend 
to be the largest, as the name suggests, and also are the most com- 
mon. Pyrophyllite is generally formed by hydrothermal alteration, 
and its primary origins are as follows: first, the hydrothermal alter- 
ation of volcanic rocks such as rhyolite, dacite, andesite, and tuffs, 
in which associated granites are assumed to be the heat source; sec- 
ond, the top or upper parts of an intrusive body, such as quartz por- 


phyry, whichactsasth eheat source a ndi s_ affected by 
hydrothermal alteration; and third, the alteration zone of metallic 
ore deposits. 

In Japan, South Korea, and China, man y deposits are distrib- 
uted on the rim of circular structures with diameters of 10 to 35 km 
(Figure 7). These deposits are probably formed by hydrothermal 
activity atthe marginal part of t he caldera ina proce ss cl osely 
related to cauldron formation (Kim and Nagao 19 92; Ishihara and 
Imaoka 1999). 

Pyrophyllite from the alteration zone of metallic ore deposits, 
such as the K uroko deposit in Japan, is not mined because of the 
small quantities present. By contrast, the body of pyrophyllite in the 
hydrothermal alteration zone of the Russian Ural sulfide deposits is 
large enough to be mined. Pyrophyllite has also been found in the 
quartz vein of a gold deposit in Russia, although too little is present 
for mining. In addition to the methods described above, pyrophyl- 
lite can be formed by alteration in a geothermal field; such deposits 
occur in Japan but are not mined (Kimbara 1991). 


TECHNOLOGY 

Exploration 

Basic prospecting for pyrophyllite begins with selecting a suitable 
area for exploration using the available geological information. The 
geological features of the target area, such as lineaments, faults, and 
calderas, are then confirmed using satellite imagery and aerial pho- 
tographs. Th e Adv anced Spaceb orne Thermal Emission and 
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Reflection Radiometer (ASTER) sensor onboard the Terra satellite 
measures light rays from visible to thermal infrared wavelengths, 
which allows the identification of rocks and minerals. This tech- 
nique can be useful ine xploration. In undeveloped areas, it is 
important to id entify sites that might be dangerou s or difficult to 
investigate. First, a broad geological survey is carried out in the tar- 
get area with a topographic map, investigating the following param- 
eters: the extent of the deposit and the host rock, the distribution of 
the surrounding rocks, and the geological structure of the area. Sec- 
ond, a more localized re gion is c hosen for closer e xamination. A 
detailed geological survey, including drilling, is then used to deter- 
mine the three-dimensional shape of the pyrophyllite deposit. Once 
drilling def ines the deposit, under ground de velopment is per- 
formed. Third, a detailed map of the deposit is pr oduced though 
analysis of the drill core and samples taken during the underground 
development. If the p yrophyllite de posit is ne ar the surface, it is 
also useful to excavate trenches several meters wide. The most effi- 
cient methods for calculating the tonnage and grade are selected at 
this stage. The pyrophyllite deposits of East Asia are of rel atively 
high quality and large scale and often show the characteristics listed 
below (Matsumoto and Yano 1995; Hida 2000): 


Found in rhyolitic or dacitic rock of Late Mesozoic age 


Marginal to, or overlapping part of, a volcanic basin or caldera 


Sited in the specific layer of overlaying shale or unaltered rhy- 
olitic rocks 


Lenticular or stratified in st ructure concordant with the host 
rock 


Zonal distribution of the mineral assemblage 


Deposit controlled by faults and fissures 


Evaluation 


The results of the field survey, drilling, underground exploration, 
and trenching determine the geological structure, form, and zonal 
distribution of mineral assemblages. Mineral identification, chemi- 
cal analysis, thermal analysis, and calcination testing then allow the 
grade distribution of the deposit to be determined in detail and the 
ore reserve to be calculated. The production grade can be predicted 
for the early, middle, and late stages of mining, and the mine plan 
can be made to f it user requirements for grade and quantity . It is 
important to evaluate the location of the mining area; in addition, 
the mine plan, investment requirements, and management strate gy 
must all be accurately determined. 

Mining 

Pyrophyllite is mined using eith er open-pit or und erground meth- 
ods, both of which involve the use of large equipment. Bench-cut 
and inclined-slope techniques are used in open-pit mining. After 
blasting, the ore is classified on the basis of me gascopic obser va- 
tions of the ore’s size and quantities of alumina and iron present 
determined by chemical analysis. The blasted ore is loaded using 
hydraulic-power shovels, and dump trucks transport it to the pro- 
cessing plants. Some depo sits must be mined using underground 
methods because of their shape and ore grade. The room-and-pillar 
method is gener ally us ed in relati vely large mines. Under ground 
mining is common in the Qingtian District of the Zhejiang Province 
of China and in part of the Nohwado island area of the Haenam 
District, Chollanam-Do Province, Republic of Korea. In East Asia, 
electric trolley tra ins, mot orized bicycle-drawn car ts, and dump 
trucks transport the extracted ore through transportation tunnels to 
processing plants outside the pits. 


Ore Dressing and Processing 


Both dry and wet processing met hods are used in dr essing p yro- 
phyllite ores. The flow diagram in Figure 8 shows the dry and wet 
grinding processes used by the Shokozan Mining Co. Ltd., a major 
manufacturer of p yrophyllite powder products in Japan. This sys- 
tem is effective because the ores produced in the area are soft and 
contain relatively large amounts of clay-sized material. The ores are 
first crushed in a dry system to a particle size of less than 60 cm by 
a breaker at the working face or stockyard; they are then further 
reduced to 30 mm or less by a jaw-and-cone crusher. Particles of 
between 40 and 150 mm pass _ through the picking section , where 
corundum-bearing pyrophyllite and w aste ore are sorted by hand ; 
the former is valuable for use in specialized refractories and in 
some glass industries. Material less than 40 mm is screened to iden- 
tify particles of th e size requir ed by manufacturers o f tiles and 
refractories. Smaller clay particles (<1 mm) produced by drag clas- 
sifiers and filter presses in the wet system are used in the manufac- 
ture of bricks, cement, and roof tiles. The water from the filter-press 
process is recycled to the screen process, and it is not dischar ged 
from the plant. 

Pyrophyllite powder for use in agriculture and in the manufac- 
ture of glass fiber and plastics is produced by crushing ore to less 
than 30 mm and, for some customers, grinding it to -325 mesh in a 
roller mill. Accurate analysis of Al 203 values and quality-contro | 
testing are essential when producing clay for glass-f iber applica- 
tions; these processes account for a large proportion of the total cost 
of the products. 

Pyrophyllite powder for use in medicines, paint, and construc- 
tion materials is produced using wet processing. High-quality ore is 
crushed to a particle size of less than 10 mm and then ground in a 
tube mill. The fine pulverized powder, from which all quartz and 
heavy metals have been removed using a drag classifier, is then sent 
to a water tank, where aluminum sulfate is added to remove iron 
and bleach the powder. After being washed in clean water, passed 
through a filter press, dried to noodles, pulverized, and packed into 
bags, the powder is ready for shipment. The wet method is rarely 
used in East Asian countries, such as Japan, because of the costs of 
wastewater treatment; instead, dry grinding with a roller mill based 
on air elutriation is commonly used. By contrast, several of the ben- 
eficiation methods used to remo ve heavy metals and q_uartz in 
North Caro lina (United States) and Ne wfoundland (Canada) are 
based on wet systems (Collings and Andrews 1990). 


Packaging 


Powder products are temporarily stored in product silos and pack- 
aged according to the exact specifications of the c ustomer. Appro- 
priate packaging materials for deli very to consumers include tank 
lorries, f lexible container bags (500 to 1,000 kg), polypr opylene 
(PP) bags (40 to 50 kg), and paper bags (20 to 25 kg). The automa- 
tion of this process has impro_ ved rapidly in recent yea rs with the 
development of automated equipment for both packing and loading. 
Automatic filling machines and flexible container bags have greatly 
reduced the labor and costs involved in the packaging process. 


Transportation and Distribution 


Using containers for the overseas transportation of pyrophyllite is 
beginning to e xpand. It is common to distribute material directly 
using tank trucks to larger customers in Japan; for smaller consum- 
ers, the networks of major trucking companies are often used, and 
some com panies set up th eir own stock points inc ustomer “hot 
spots” from which they distribute these products. Distribution costs 
are a signif icant issue for long- distance transportation, and one 
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Figure 8. Flowsheet for crushing, screening, and grinding of pyrophyllite ore 


method of minimizin g this expenditure is to tak e advantage of the 
backhaul to the area of the customers. 


MARKETING 


Uses 


Pyrophyllite is used as a refrac tory raw material for various prod- 
ucts, including pottery, porcelain, and tiles. It is also used as a clay 
material in cement, gl ass f iber, a gricultural c hemicals, b uilding 
materials (mortar), paints, cleansers, rubber, medicinal clay (poul- 
tice), electrodes, resin fillers, and paper production as f iller and 
coating. S trict quality control is necessary, both inthe mine and 
during the crushing and grinding process, to ensure that the acces- 
sory mineral and trace element contents meet the specific require- 
ments for different applications. Good care should also be tak en to 
maintain product quality in transportation and other logistic opera- 
tions. In the future, the range of uses of pyrophyllite is expected to 
expand with adv ances in the de velopment of techno logies in th e 
chemical industry. 


Specialized Uses 


Pyrophyllite is occasionally associated with nacrite, barite, tourma- 
line, topaz, kyanite, zunyite, apatite, dumortierite, cookei te, s van- 
bergite, or gold (Cornish 1983). Corundum-bearing p yrophyllite 
from the Shokozan Area of Japan is used for spec ialized refracto- 


ries and in the glass industry. Diaspore-bearing pyrophyllite from 
the Mitsuishi Area of Japan, which is spherical or massive in shape, 
has applications in cr ucibles and specialized refractories. Dum or- 


tierite-bearing p yrophyllite from the Milyang deposit of South 


Korea is hand sorted for use in refractories. Kyanite-bearing pyro- 
phyllite, w hich is chiefly mined in Br azil, is used inf illers and 
ceramics. Finally, relatively pure pyrophyllite from South Africa, or 
wonderstone, is used asa mold for artificial diamond production 


and in electric heaters and ceramics. 


Product Grades and Specifications 


To efficiently use pyrophyllite in industrial applications, it is neces- 
sary to identify and characterize al] ac companying minerals and 
and specif ications 


impurities. The different properties, grades, 
required for specific applications can be summarized as follows. 


* Refractory: This requires an iron content of less than 1% and 
an absence of coarse quartz grains in the pyrophyllite ore. Fire 
resistance should exceed SK-30, and permanent expansion 


and good compaction on firing are necessary. 


phyllite ore should have a hi gh de gree of whiteness and an 


iron content of less than 0.5%. In addition, high fire resis- 
expansion on firing, andlo wh ydration 


tance, permanent 
expansion are required. 
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Table 7. Prices of pyrophyllite ores 





. Price, USS/t 
Price = ———____—__—_—____ 

Origin Grade Basis 1996 October 2005 
Australia Filler grade, f.0.b. 230 342 

300 mesh, milled Sydney 
South Korea Ceramic grade, f.0.b. 27-44 27-44" 

15%-19% Al2O3 Nohwado 

Fiberglass grade, f.0.b. 59-65 59-65 

refractory grade, Nohwado 

18%-21% Al2O3 

Clay filler grade, f.0.b. 110-150 110-150 


21%-27% Al2O3 Nohwado 


Source: Industrial Minerals 1996, 2005. 
* Minimal fluctuations in price over reporting period. 





¢ Cement: This re quires a p yrophyllite ore with low iron a nd 
alkaline contents and a high degree of whiteness after calcina- 
tion. 


¢ Building materials: A high degree of whiteness and a fine par- 
ticle size are required for this application. Clays with high or 
low silica content are required for different products. 

¢ Glass fiber: This requires clay with lo w iron, titanium, and 
alkaline con tents, along with a __ fine particle size and high 
chemical stability and consistency. 


Agricultural chemicals: This grade of clay should contain sta- 
ble particles and have high adherence and sticking tendencies. 
In general, it shou ld have low specific gravity and moistur e 
and be highly dispersible. A nearly neutral pH is required, as 
is stability over time when mixed with other chemicals. 


¢ Paper: Pyroph yllite of this grade should have a high Al 203 
content, a low SiO2 content, fine particles with no coarse ele- 
ments, a sta ble particle dist ribution, andahigh degree of 
whiteness. 


In addition to the markets listed above, pyrophyllite ores and 
clay are also used in paint, plastics, colored aggregates, and medi- 
cines. The persistence of f ine particles and chemical stability are 
valuable properties for most applications. 


Prices 


The price of p yrophyllite depends mainly on its Al 203 content, 
although it is also af fected by the presence of impur ities such as 
iron and alkalis. Table 7 shows pyrophyllite prices in Australia and 
South Korea. 


Competitive Substitutes 


Chemical composition is of particular importance for ores used as 
raw materials in the manufacture of ceramics, cement, and long 
glass fibers. By contrast, physical properties—such as color, hard- 
ness, and particle size—are most significant for ores used in plastic 
fillers, paints, and construction materials. Stable pH value, particle 
size, and chemical composition are important for ap plications in 
pesticides and medicines. Alt hough pyrophyllite was widely used 
as paper filler in the past, it has been largely replaced by soft kaolin, 
talc, and calcium carbonate in Japan. 


INDUSTRY STRUCTURE AND ECONOMIC 
AND COMPETITVE FACTORS 
Infrastructure 


In Japan, mater ials can be distr ibuted by w ater, rail, an d road. In 
recent years, motor vehicles have become the major form of trans- 


portation because of advances in the maintenance of highways and 
the increasing demand for door -to-door services. So me observers, 
however, predict that rail transport in Japan, which was once con- 
sidered a c ostly alternative, is becoming more competitive. Large 
port facilities allow a combination of sea and road transportation 
for the import and export of large consignments. South Korea has a 
complete network of water, rail, and road transport systems; ho w- 
ever, because of the ir relatively small size, trucks are most com- 
monly used. A main expressway system has been completed, and 
import and e xport ports are bei ng constructed, although there are 
too few at present. In China, restricted water and road transport sys- 
tems e xist; ho wever, in ternational trade has rapidly expanded in 
recent years and a trade promotion policy has improved the trans- 
port infrastructure in urban areas and on the coast. In India, the rail- 
way and road haulage system—a re sult of the British heritage—is 
the major means of transport, and the infrastructure is continuing to 
improve, albeit slowly. The growth of coastal shipping systems and 
navigable waters in less developed countries invariably lags behind 
that of developed nations, and almost all ports and harbors in these 
countries fail to meet international standards. 


Barriers to Entry 


Strict rules and regulations concerning security, resources, and the 
environment, along with th ee normous in vestment needed to 
develop a mine, make it difficult for newcomers to enter this indus- 
try. For example, in Japan, manufacturing commercial products for 
use in glass fibers requires highly specialized techniques for explo- 
ration, mining, grind ing, and mixing; well-organized quality con- 
trol; and accurate chemical analysis to prod uce good-quality 
pyrophyllite. In addition , custom er requirements in the m ining 
industry are often more deman ding than those in other areas of 
commerce. 


Economic Factors 


The use of pyrophyllite in Japan has declined in recent years. At the 
same ti me, p yrophyllite production has become more difficult, 
manufacturing e xpensesh ave in creased, and the price has 
decreased because of a__ lingering economic slump. Pyroph_yllite 
bricks, once th e mainstream of the refractory industry in Japan, 
have be en a Imost entirely replaced by b asic and high-alumina 
bricks. Low-grade bricks produced in Ch ina, where the manufac- 
turing costs are lower, are being imported into Japan in increasing 
quantities. Similarly, in the tile industry, pyrophyllite consumption 
is decreasing and talc consumption is increasing, and the number of 
imported tiles is also growing. High-quality p yrophyllite powder 
for the man ufacture of long glassf ibersis increasingly being 
imported from South K orea and China; in addition, the costs of 
importing kaolin and silica clay into Japan have fallen recently, and 
these materials have begun to supplant pyrophyllite. In China, the 
production of refractories and glass fibers is rapidly expanding as a 
result of increased demand (Table 8). 


Import Tariffs and Duties 


The 2004 import tariffs on pyrophyllite ore in South Korea and Tai- 
wan are 3 .0% and 2.5%, respectively, and there are no impor t 
restrictions. Japan, Canada, and Australia do not impose import tar- 
iffs or restrictions on pyrophyllite, and the United States im ple- 
ments restrictions for only a few countries. In India, the breakdown 
of import duties is as follows: basic customs, 25%; special customs, 
4%; and total customs, 30%. The import tariff in Braz il is about 
5.5%, although the country has a complicated tax system and the 

tax ratios differ by state. China imposes an import tariff of 3.0% for 
selected countries such as So uth K orea, Japan, and the Un ited 
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States, but the rate is 50% for a ll other nations; in addition, China 
emphasizes a protective trade policy. 


By-Products 


Most pyrophyllite containing high levels of iron and alkalis is dis- 

charged into waste piles or disposed of as unwanted stock. In Japan, 
some of this material is used inthe production of eco-fr iendly 
goods and colored aggregates or in land reclamation. In other coun- 
tries, including South Korea and China, the lo w-grade or es are 
partly used in eco-friendly goods, craft products, and road aggre- 

gates in the mining districts. 


Depletion Allowance 


Many countries, including the United States, Canada, Australia, and 
Europe, ha ve a depletion -allowance sy stem to encour age mining, 

which recognizes that companie s must continually acquirene w 
mines and explore ne w prospects. Suc h allo wances compensa te 
companies for the loss of depos its or property, which gradually 

become de pleted as the mines are operated. In Japan, there is no 
depletion-allowance system that resembles t he ones in the United 
States and Europe, but the government allo ws mining companie s 
either 12% of the sale proceeds from an ore or 50% of the income of 
a mining d ivision to be reserved every year as a mine-prospecting 
reserve fund. This fu nd remains for 3 y ears and is then included in 

profits for taxat ion purposes. Pyr ophyllite mining in Japan strictly 

follows this Japanese tax system. 


Costs and Timing 


Manufacturing expenses in the Japanese pyrophyllite industry have 
increased because of risin g labor costs, in vestment in plants and 
equipment, resource conservation and environmental protection, and 
controls on dust pro duced during grinding. Re gulations against 
overloading and exhaust control affect the costs of transportation. 
Despite increased manufacturing costs, the prices of most pyrophyl- 
lite products have declined in Japan. South Korea is also introducing 
stricter environmental regulations, although they are not as severe as 
those in Japan. In addition, the w ages of workers in the mining 
industry are r ising f aster than w ages in other sectors, leading to 
higher pr oduction costs. The prices _ of p yrophyllite products in 
South Korea are also increasing. Environmental regulations in China 
are less strict; ho wever, it might be necessary to establish a reserve 
fund for the reclamation of mined land when mining rights are 
acquired. At present, China has comparatively little mechanization 
in rural area s, and m ost mining is perform ed by human po wer. 
China, however, is beginning to use modern equipment for crushing 
and grinding. Under the guidance of the government, improvements 
in the manage ment of f actors such as quality control, the m ainte- 
nance of stable supplies, and safety issues in China are anticipated. 


ENVIRONMENT 


Safety, Health, and Environmental Sanitation 

The stricter en vironmental re gulations in Jap an require greater 
efforts in the de velopment of mines. In particular , safe working 
conditions during the mining, crus _ hing, grindin g, packing, and 
hauling processes are paramount. A compan y processing ore con- 
taining silica must use dust collectors, pe riodically me asure the 
concentration of dust, and provide respirators for workers. In addi- 
tion, periodic meetings about safety and health care are mandatory. 
Companies must recognize that managing the working environment 
is an important aspect of total quality control. Although these com- 
ments apply specifically to Japan, similar environmental require- 
ments exist in several countries, albeit less stringent in some. 





Table 8. Production of pyrophyllite ores for glass fiber in Fujian, 
China 

Year Output, t 

1999 53,500 

2000 73,500 

2001 83,500 

2002 143,500 

2003* 170,000 





Courtesy of Shokozan Mining Co., Ltd. 
* Estimated. 


Land Use and Restriction 


In general, facilities must be designed to minimize pollution, and 
mining is restricted in some instances because of potential contami- 
nation problems. The Japanese Mining Act allows companies to 
acquire a maximum of 350 ha of land per mine, with few excep- 
tions. To prevent pollution at landfill sites (waste rock reclamation), 
mining companies must perform routine maintenance and analysis 
of groundwater and must keep records of the results. 


Mined Land Reclamation 


When open-pit or underground mining ends, mining companies 
must take measures to prevent pollution and improve the appearance 
of the min ed land. For underground mining, acid water flow from 
the mine must be neutralized before the water can be discharged into 
nearby watercourses. To avoid this problem, levels and shafts should 
be filled in co mpletely, and pitheads should then be sealed. With 
bench cuts, which ar e pop ular in open-p it mining, re vegetation is 
required on the filled site or the berm of the mine to prevent the bed- 
rock from sloughing and to stop muddy water from flowing outside 
the mine during rainfall. Vegetation also improves the appearance of 
mined land, and trees and plants that can be acclimated to the natural 
features of the locality should be chosen for this purpose. 


Pollution Control 


All the processes involved in the manufacture of pyrophyllite prod- 
ucts, including mining, dressing, grinding, packing, and hauling, can 
pollute; therefore, preventive or protective measures must be imple- 
mented at each stage. Blasting in open-pit mining can cause vibra- 
tions and noise, and fly rocks may be thrown outside the area of the 
mine; these factors can cause serious problems for nearby residences 
or roads. F requent blasts of small charges are preferable to lar ge- 
scale blasting. Watering haul ro ads in the mine s controls dust, and 
workers must wear respirators when in a dusty environment. Side 
ditches or sand sedime ntation tanks are use d to settle suspended 
materials before the water is released into local channels. 

Dust control is particularly important during dressing, grind- 
ing, and packing . Although adequa te procedures and the rou _ tine 
maintenance of dust collectors can prevent mineral dust from dis- 
persing to some degree, workers must wear respirators to ensure 
that they are protected from inhaling dust. 

Finally, precise combustion- and emission-control systems to 
collect noxious gases are necessary to pre vent air pollution during 
the drying of p yrophyllite. Anti pollution procedures should also 
include taking routine measurements in the working environment, 
as specified by law. 


OUTLOOK AND FUTURE TRENDS 


Pyrophyllite deposits are concentrated in East Asia, with South 
Korea, China, and Japan predicte d to remain major producer s. In 
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China, in particular , the consumption and production of refracto- 
ries, cement, glass f ibers, and ce ramics should in crease signifi- 
cantly as industry and the economy develop further. The domestic 
demand for glass fibers in China has shown a strong increase o ver 
recent years, and this is likely to continue in the future. Kaolin and 
silica sand, which are alsoused in glass f iber applications, are 
abundant in United States and Eur ope; if these materials could b e 
mined inexpensively in East Asia, they might be used along with 
pyrophyllite as a raw material for glass fibers. Chinese pyrophyllite 
remains highly competitive, however, because of its quality and low 
price. Pyrophyllite is also used in various agricultural applications, 
although its consumption is declining in Japan because of the acre- 
age reduction policy in agriculture. 

The pyrophyllite output of Brazil has remained relatively con- 
stant. Despite unstable econom ic conditions, production le vels 
could increase if the prices fall below those of similar-grade materi- 
als produced in the United States. Significant reserves of pyrophyl- 
lite exist in the Indian states of Uttar Pradesh and Madhya Pradesh. 
The major dome stic uses of Indian pyrophyllite are in til es and 
ceramics. Despite low labor costs, India has yet to become compet- 
itive in the international p yrophyllite m arket, mainly because of 
high internal transportation costs. The production of wonderstone is 
increasing in the Republic of South Africa. Furthermore, a lar ge 
deposit of pyrophyllite containing iron sulfide was recently identi- 
fied in the Russian Ural province; this deposit was evaluated for use 
in refractories and ceramics, and further research and development 
is expected. Additional deposits exist in the Sikhote Alin Area of 
Russia, and near F angchenggang in the Guangxi region of China. 
The future of the p yrophyllite industry worldwide depends on the 
continued exploration and development of new deposits and on the 
development of new markets. 
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Bath wae. aa a 2 ee eee 
Rare Earth Elements 


Stephen B. Castor and James B. Hedrick 


INTRODUCTION 


The rare earth elements (REEs), which include the 15 lanthanide 
elements (Z = 57 through 71) and yttrium (Z = 39), are so called 
because most of them were origin ally isolated in the 18th and 19th 
centuries as oxides from rare minerals. Because of their reactivity, 
the REEs were found to be difficult to refine to pure metal. Further- 
more, efficient separation processes were not developed until th e 
20th century because o f REEs’ chemical similarity. A sta tement 
attributed to Sir William Crookes, a noted English scientist, betrays 
the frustrations of late 19th-century chemists with this group of ele- 
ments (Emsley 2001): 


The rare earth elements perple x us in our researches, baf- 
fleusinour speculations, andhauntus in ourv ery 
dreams. The y st retch lik e an unknown sea _ before us, 
mocking, mystifying and mu rmuring strange revelations 
and possibilities. 


All of the REEs wer e finally identified in the 20th centu ry. 
Promethium, the rarest, was not identified until 1945, and pure lute- 
tium metal was not refined until 1953 (Emsley 2001). Commercial 
markets for most of the REEs have arisen in only the past 50 years. 

Most REEs are not as uncom monin nature as the name 
implies. Cerium, the most abundant REE (Table 1), comprises more 
of the earth’s crust than copper or lead. Many REEs are more com- 
mon than tin and molybdenum, and all but promethium are more 
common than silver or mercury (Taylor and McClennan 1985). 

Promethium, best kno wn as an art ificial element, occ urs in 
very minute quantities in natural materials because it has no stable 
or long-lived isotopes. Lanthanide elements with low atomic num- 
bers are generally more abundant in the earth’s crust than those 
with high atomic numbers. Those with even atomic numbers are 
two to se ven times mo re abundant than adjacent lanthanides with 
odd atomic numbers (Table 1). 

The lanthanide elements tradit ionally have been divided into 
two gro ups: the light rar e earth elements (LREEs)—lanthanu m 
through europium (Z = 57 through 63); and the heavy rare earth ele- 
ments (HREEs) —gadolinium through lutetium (Z= 64 through 
71). Although yttrium is the lightest REE, it is usually grouped with 
the HREEs to which it is chemically and physically similar. 

The REEs are lithophile elements (elements enriched in the 
earth’s crust) that invariably occur together naturally because all are 
trivalent (except for Ce** and Eu*? in some environments) and have 
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Table 1. REEs, atomic numbers, and abundances 
Upper Crust Chondrite 
Atomic Abandence, Abundance, 

Element Symbol Number ppm ppmt 
Yttrium Y 39 22 nat 
Lanthanum la 57 30 0.34 
Cerium Ce 58 64 0.91 
Praseodymium Pr 59 7 !l 0.121 
Neodymium Nd 60 26 0.64 
Promethium Pm 61 na na 
Samarium Sm 62 4.5 0.195 
Europium Eu 63 0.88 0.073 
Gadolinium Gd 64 3.8 0.26 
Terbium Tb 65 0.64 0.047 
Dysprosium Dy 66 3:5 0.30 
Holmium Ho 67 0.80 0.078 
Erbium Er 68 2.3 0.20 
Thulium Tm 69 0.33 0.032 
Ytterbium Yb 70 2.2 0.22 
Lutetium Lu 7 0.32 0.034 





* Source: Taylor and McClennan 1985 
t Source: Wakita, Rey, and Schmitt 1971. 
tna = not available. 


similar ionic radii. An increase in atomic number in the lanthanide 
group is not accompanied by change in valence, and the lanthanide 
elements all inhabit the same cell in most versions of the periodic 
table. The similar radii and oxidation states of the REEs allow for 
liberal substitution of the REEs for each ot her into various crystal 
lattices. This substitution accounts for their wide dispersion in the 
earth’s crust and the characteristic multiple occurrences of REEs 
within a single mineral. The chemical and physical differences that 
exist wi thin the R EEs group are caused by small differences in 
ionic radius and generally result in segregation of REEs into depos- 
its enriched in either lig ht lanthanides or hea vy lanthanides plus 
yttrium. 

The relative abundance of individual lanthanide elements has 
been found useful in the understanding of magmatic processes and 
natural aqueous systems. Comparisons are generally made using a 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


770 Industrial Minerals and Rocks 





logarithmic plot of lanthanide abundances normalized to ab un- 
dances in chondritic (ston y) mete orites. The use of this method 
eliminates the abundance variation between lanthanides of odd and 
even atomic number, and allows determination of the extent of frac- 
tionation between the lanthanides, because such fractionation is not 
considered to ha ve tak en place during chondrite formation. The 
method also is useful because chondrites are thought to be compo- 
sitionally si milar to t he or iginal earth’s mantle. Europium (Eu) 
anomalies (positive or negative departures of europium from chon- 
drite-normalized plots) have been found to be particularly effective 
for petrogenetic m odeling. In addition , REE isotopes, particularly 
of neodymium and samarium, have found use in petrogenetic mod- 
eling and geochronology. 


HISTORY OF REE PRODUCTION 


REEs wer e 0 riginally prod uced in min or amo unts from small 
deposits in gr anitic pegmatite, the geologic en vironment in which 
they were first discovered. During the second half of the 19th cen- 
tury and the first half of the 20th century, REEs came mainly from 
placer deposits, particularly t hose of the southeastern United 
States. With the exception of the most ab undant lanthanide ele- 
ments ( cerium, lanthanu m, and neodymium), in dividual REEs 
were not commercia lly available until the 1940s. Between 1965 
and 1985, most of th e world’s REEs came from Mountain Pass, 
California. Heavy mineral sands from placers in many parts of the 
world, however, were also sources o f b y-product R EE minerals, 
and Australia was a major producer from such sources un til the 
early 1990s. Until recently, Russia also was an important REE pro- 
ducer from a hard rock source. During the 1980s, China emerged as 
a major producer of REE ra w materials, while the Austral ian and 
American market shares decreased dramatically (Figure 1). S ince 
1998, more than 80% of the world’s REE raw materials have come 
from China, and most of this production is from the Bayan Obo 
deposit in Inner Mongolia. Table 2 gives recent annual production 
figures by country, and Figure 2 sho ws locations of cur rently and 
recently productive REE mines. 


MINERALS THAT CONTAIN REES 


Although REEs comprise significant amounts of man y minerals, 
almost all production has come from less than 10 minerals. Table 3 
lists those that have yielded REEs commercially or have potential 
for production in the future. Extraction from a potentially economic 
REE resource is strongly dependant on its REE mineralogy. In the 
past, producing deposits were limited to those co ntaining REE- 
bearing minerals that are relatively easy to concentrate because of 
coarse grain size or other attributes. Minerals that are easily broken 
down, such as the car bonate bastnasite, are mo re desirable than 
those that are difficult to dissociate, such as the silicate all anite. 
Placer monazite, once an importa nt source of REEs, has been 
largely abandoned because of its high thorium co ntent. Recently, 
REEs absorbed on clay minerals in laterite have become important 
sources of REEs in Chin a. For more information on REE-bearing 
minerals, see works by Mariano (1989a); and Jones, Wall, and Wil- 
liams (1996). 


GEOLOGY OF REE DEPOSITS 

lron-REE Deposits 

Some iron deposits contain REE resources, and such deposits have 
been exploited in only one area—Bayan Obo, China. These depos- 
its constitute the largest known REE resource in the world (Table 4) 


and are no w the most important RE E source in the world (Haxel, 
Hedrick, and Orris 2002). 
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Figure 1. Production of REEs by China, the United States, Australia, 
and other countries, 1983-2003 


Iron-LREE-niobium deposits at Bayan Obo in Inner Mongolia, 
China, were discovered by Russian geologists in 1927 (Argall 1980) 
when Inner Mongolia was under the control of the former U.S.S.R. 
REEs are recovered from iron-REE-niobium (Fe-REE-Nb) ore bod- 
ies that ha ve been m ined from more than 20 sites since mining 
started in 1957 (Drew, Meng, and Sun 1990). The two largest are the 
Main and East ore bodies ( Figure 3), each of which incl ude iron- 
REE resources with more than 1,000 m of strike length and average 
5.41% and 5.18% rare earth oxides (REOs), respectively (Yuan et al. 
1992). Total reserves have been re ported as at least 1.5 b illion t of 
iron (average grade 35%), at leas t48 Mt of REOs (a verage grade 
6%), and ab out 1 Mt of niobium (average grade 0.13% ) (Drew, 
Meng, and Sun 1990). The REE ore consists of three major types: 
REE-iron ore, the most important type; REE ore in silicate rock; 
and REE ore in dolomite (Yuan et al. 1992). Massive REE-iron ore 
occurs in 100-m-thick lenses with local banded and breccia struc- 
tures. Banded and streaky fluorite-rich REE-iron ore has the high- 
est REE c ontent, 1 ocally more than 10 % REOs. Major oxide 
chemistries of se veral Bayan Obo ore types are shown in Table 5. 
REEs are mainly in ba stnasite and monazite, but at least 2 0 other 
REE-bearing minerals ha ve been iden tified (Y uan et al. 1992). 
Bayan Obo ore has e xtreme LREE enrichment with no europium 
anomalies (Figure 4) and lo w strontium ( 87§1/86Sr) (Nakai et al. 
1989; Philpo tts et al. 19 89). Alkali -rich alteration (fenitization), 
predominated by sodic amphibole and potash feldspar, is associated 
with the REE mineralization (Drew, Meng, and Sun 1990). 

The Bayan Obo ore is hosted by dolomite of the Bayan Obo 
Group, a Middle Proterozoic clas tic and carbon ate sedimentary 
sequence (Qiu, Wang, and Zhao 1983; Chao et al. 1997) that occurs 
in an 18-km-long syncline (Drew, Meng, and Sun 1990). The 
Bayan Obo Group was deposited unconformably on 2.35-Ga mig- 
matites, and, along with Carboniferou s volcanics, w as def ormed 
during a Permian continent-to-continent collision event dominated 
by folding and thrusting (Drew, Meng, and Sun 1990). Intrusion of 
large amounts of Permian granitoid rocks also resulted from this 
collision. 

The age of the REE mineralization is a ma tter of debate. It 
has been dated at 1600 Ma (Y uan et al. 1992) and 550 to 400 Ma 
(Chao et al. 1997). Most research ers agree that Fe-REE-Nb miner- 
alization at Bay an Obo took place overalong period of time. 
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Table 2. Estimated annual world mine production of REEs, by country 
1983 1985 1987 1989 1991 1993 1995 1997 1999 2001 2003" 
Country Metric Tons of REO Equivalent 
Australia 8,328 10,304 7,047 7,150 3,850 1,650 110 0 0 0 0 
Brazil 2,891 2,174 2,383 1,377 719 270 103 0 0 0 0 
China nat 8,500 15,100 25,220 16,150 22,100 48,000 53,000 70,000 80,600 90,000 
India 2,200 2,200 2,200 2,365 2,200 2,500 2,750 2,750 2,700 2,700 2,700 
Kyrgyzstan na na na 696 721 0 na na 6,115 3,800 na 
Malaysia 601 3,869 1,618 1,700 1,093 224 A452 422 631 281 450 
Mozambique 2 2 0 0 0 0 0 0 0 0 0 
South — frica A 0 0 660 660 237 237 0 0 0 0 0 
Sri Lanka 165 110 110 110 110 110 110 110 120 0 0 
Thailand 164 459 270 368 229 127 0 7 0 0 0 
Russia na na na 7,626 6,138 4,468 2,000 2,000 2,000 2,000 2,000 
United States 17,083 13,428 11,100 20,787 16,465 17,754 22,200 10,000 5,000 5,000 0 
Zaire 6 0 53 96 66 1] 5 0 0 0 0 
Total 31,439 41,047 40,541 68,155 47,978 49,449 75,730 68,288 86,566 94,381 95,150 





Courtesy of USGS. 
* Estimated. Some data have been added or modified using unpublished data from USGS files. 


tna = not available. 
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Capel and Yoganup, Australia 
Mount Weld, Australia 

Dubbo, Australia 

North Stradboke Island, Australia 
Elliot Lake, Canada 

Green Cove Springs, USA 
Camaratuba, Brazil 
Steenkampskraal, South Africa 
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Monazite by-product, coastal placers 
Monazite by-product, coastal placers 
Monazite by-product, coastal placers 
Lateritized carbonatite 

Altered alkaline complex 

Monazite by-product, coastal placers 
Uraniferous conglomerate 
Monazite by-product, placer 
Monazite by-product, coastal placers 
Monazite-apatite vein 
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Table 3. Minerals that contain REEs and occur in economic or 
potentially economic deposits 





REO 
Mineral Formula® wt %t # 
Aeschynite (Ln,Ca,Fe,Th) (Ti, Nb)2(0,OH)6 36 
Allanite (orthite) (Ca,Ln)2(Al, Fe)3(SiO4)3(OH) 30 
Anatase TiO2 3 
Ancylite SrLn(CO3)2(OH) ¢H20 46 
Apatite Cas5(PO4)3(F,Cl,OH) 19 
Bastnasite LnCO3F 76 
Brannerite (U,Ca,Ln)(Ti,Fe)2O6 6 
Britholite (Ln,Ca)5(SiO4,PO4)3(OH,F) 62 
Cerianite (Ce,Th)O2 818 
Cheralite (Ln,Ca,Th)(P,Si)O4 5 
Churchite YPO4®2H2O AAt 
Eudialyte Nay5Cae(Fe,Mn)3Zr3(Si, Nb)Si25O73(OH,Cl, 10 

H2O)s5 

Euxenite (Ln,Ca,U,Th}(Nb,Ta,Ti)2O6 <408 
Fergusonite Ln(Nb,Ti)O4 47 
Florencite LnAl3(PO4)2(OH)6 328 
Gadolinite LnFeBe2Si2O 10 52 
Huanghoite BaLn(CO3)2F 38 
Hydroxylbastnasite | LnCO3(OH,F) 75 
Kainosite Cap(Y,Ln)2Si4012CO32H2O 38 
Loparite (Ln,Na,Ca) (Ti, Nb)O3 36 
Monazite (Ln,Th)PO4 71 
Mosandrite (Ca,Na,Ln) 1 2(Ti,Zr)2Si7O3 1HoF4 <658 
Parisite CaLn2(CO3)3F2 64 
Samarskite (Ln,U,Fe)3(Nb,Ta,Ti)sO16 12 
Synchisite CaLn(CO3)2F 51 
Thalenite Y3Si3010(OH) 638 
Xenotime YPO4 618 
Yttrotantalite (Y,U, Fe) (Ta, Nb)O4 <248 





* Source for mineral formulas: Mandarino 1999, with Ln = lanthanide 


elements. 


t Sources for REO content: Frondel 1958; Overstreet 1967; Anon. 1980; 
Kapustin 1980; Mazzi and Munno 1983; Mariano 1989a. 
+ Where more than one analysis is available, the analysis with the highest 


REO content is reported (e.g., REO for monazite from the Mountain Pass 


carbonatite is reported; monazite from pegmatites and metamorphic rocks 


generally has lower REO). 


§ Stoichiometric calculation of REO content. 


Recent research poin tsto ore formation dur ing h ydrothermal 
replacement of sedimentary dolomite, possibly related to one of the 
following: 
¢ Alkaline or carbonatite magm atism (Dre w, Meng, and Sun 
1990; Campbell and Henders on 1997; Smith and Hend erson 
2000; Smith, Henderson, and Campbell 2000) 


¢ Original emplacement of bot h the host dolo mite and ore as 
igneous carbonatite with subsequent tectonic deformation (Le 
Bas, Spiro, and Yang 1997) 
¢ Formation of host and ore by marine exhalation of alkalic or 
carbonatite-related fluids 
Whatever its origin, the Bayan Obo deposits now dominate 
worldwide REE production and probably will do so for many years 
to come. 


The Pea Ridge iron deposit in Missouri co ntains an une x- 
ploited high-grade REE resource of unknown but probably small 
size in breccia pipes associated with 1 .48-Ga granite and syenite 
(Kisvarsanyi, Sims, and Kisvarsanyi 1989). Bulk samples of REE- 
rich breccia, which contain mona zite and xenotime, average about 
12% REEs (Nuelle et al. 1992). Although the Pea Ridge resource is 
LREE-dominated, it also contains significant HREEs. 

Mill tailings from processing magnetite deposits in Precam- 
brian gabbro and syenite at Mine ville, New York, are an REE 
resource of unknown size. They contain apatite that averages more 
than 11% REOs, including about 2% Y203 (McKeown and Klemic 
1956). 

The important magn etite and hematite deposits at Kiruna, 
Sweden, average 0.7% and 0.5% REOs, respectively, and other 
Swedish iron deposits contain similar amou nts of REOs (Parak 
1973). The REEs in these deposits are repor tedly in apatite and 
monazite. 

The huge Middle Proterozoic Olympic Dam copper-uranium- 
silver-gold deposit, South Au stralia, may also be included in this 
deposit type because most of the ore is breccia that contains 40% to 
90% hematite along wi th quartz, sericite, fluorite, barite, sulf ides, 
and REE minerals (Oreskes and Einaudi 1990). Olympic Dam is a 
potential source of by-product REEs, b ut typical content is about 
0.5% total REEs, and there are no plans for REE production from 
the deposit. Extremely fine-grained monazite and bastnasite are the 
most abundant REE minerals, and the LREE/HREE ratio is high in 
Olympic Dam ore. 


Carbonatite Deposits 


Many carbonatite intrusions are enriched inR EEs; Orris and 
Grauch (2002) list more than 100 carbonatite occurrences that con- 
tain REE minerals. Brief descriptions of REE mineral occurrences 
in carbonatites w orldwide may be found in w orks by Mariano 
(1989a), Woolley (1987), and Wall and Mariano (1996). 

Despite the abundance of REE-bearing carbonatites, REEs have 
been produced from only one, the Mountain Pass deposit in Califor- 
nia. Although the Mountain Pass mine and plant did not opera te in 
2003, REE products were shipped from stockpile (Hedrick 2004a). 
Beginning in 1954, the Mountain Pass deposit was mined exclusively 
for REEs by Molycorp, Inc. (originally Molybdenum Corp. of Amer- 
ica and now a subsidiary of Unocal). In 1987, proven and pr obable 
reserves totaled 29 Mt with an average grade of 8.9% REOs based on 
a 5% cutoff grade (Castor 1991). Current reserves are in excess of 
20 Mt of ore at similar grade (Castor and Nason 2004). The ore typi- 
cally contains 10% to 15% bastnasite, 65% calcite or dolomite, and 
20% to 25% barite. Other gangue minerals, such as strontianite and 
talc, are present in significant amounts locally . Galena is local ly 
abundant, but other sulfide minerals are rare. Bastnasite is the only 
mineral processed, although nine other REE minerals occur at Moun- 
tain Pass ( Castor and Na son 20 04). Mountain P ass ore has hig h 
LREEs and HREEs (Figure 4). The major oxide chemistry of Moun- 
tain Pass REE ore types is shown in Table 5. 

The Mountain Pass carbonatite, which has been dated at about 
1.4 Ga (DeW itt, Kwak, and Zart man 1987), is a moderately dip- 
ping, tabular intrusion (Figure 5) into granulite-grade gneiss. It is 
associated with ult rapotassic alkaline plutons of similar age, size, 
and orientation, as we ll as with abundant carbonatite and alkaline 
dikes, and is in a narrow north-trending zone of ul trapotassic alka- 
line igneous rocks at least 130 k m long (Castor 1991 ; Castor and 
Nason 2004). 

Elsewhere in the western Unit ed States, carbonatites h ave 
been investigated as possible sources of REEs, b ut none rival the 
Mountain Pass deposit as a REE resource. Similar to the Mountain 
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Table 4. Size and grade of some productive and potentially productive REE deposits 





Grade, Recent 
Deposit or District Country Size, t REO % REO Deposit Type Production Reference 
Bayan Obo China 48,000,000 6 lron-rich Yes Drew, Meng, and Sun 1990 
Araxa Brazil 8,100,000 1.8 Carbonatite laterite No Morteani and Preinfalk 1996 
Mountain Pass United States 1,800,000 8.9 Carbonatite Yes Castor and Nason 2004 
Mount Weld Australia 1,700,000 11.2 Carbonatite laterite No Mariano 1989b 
Dubbo Australia 700,000 0.86 Trachyte No Australian Zirconia Ltd. 2000 
Mrima Hill Kenya 300,000 5 Carbonatite laterite No Orris and Grauch 2002 
Nolan's Bore Australia 150,000 4 Vein No Anon. 2003 
Xunwu and Longnan China Unknown 0.05-0.2 Laterite Yes Wu, Yuan, and Bai 1996 
Lovozero Russia Unknown 0.01 Peralkaline syenite Yes Hedrick, Sinha, and Kosynkin 1997 
Maoniuping China Unknown 2 Vein Yes Wu, Yuan, and Bai 1996 
Weishan China Unknown 1.6 Vein Yes Wu, Yuan, and Bai 1996 
Aktyus Kyrgyzstan Unknown 0.25 Unknown Yes Geological Survey of Kyrgyzstan 2004 
Eneabba Australia Unknown 0.001 Placer Yes Griffiths 1984 





Pass carbonatite, most have hi gh LREE/HREE ratios. The lar ge 
Cambrian Iron Hill carbonatite in the Powderhorn District of Colo- 
rado has been considered a possible source of REEs, but Armbrust- 
macher (1980) reported a g rade of about 0.5% REEs. Carbonatite 
dikes in the Powderhorn District that contain up to 3% REOs con- 
stitute a resource of unknown size (Olson and Hedlund 1981), and 
dikes in the nearby Wet Mountains constitute a small resource with 
a grade of about 2.5% REOs (Armbrustmacher 1988). Phanerozoic 
carbonatite dik es t hat cont ain as m uch as 21% REOs (Cro wley 
1960), main ly in monazite, allani_ te, and anc ylite (Heinrich a nd 
Levinson 1961), are present in the North Fork Area on the Idaho— 
Montana bord er, but the size of this resource is probably small 
because dikes with high REO contents are ge nerally less than 1 m 
thick. 

Carbonatite complexes in easter n Canada also contain REE 
mineralization. A br itholite-bearing carbonatite dik e in Mesozoic 
carbonatite at Oka, Quebec, is an REE resource of unkno wn size 
and grade (Mariano 19 89a). B astnasite and monazi te zones _con- 
taining up to 4.5% LREEs have been identified in the Late Protero- 
zoic St-Honore Complex in Quebec, with one 80-m drill intercept 
averaging more than 3% REOs (Vallee and Dubuc 1970). 

Brazilian carbonatites contain significant REE resources but 
have yielded only minor production to date. Niobium ore in the 
Barreiro Comple x at Araxa4, Minas —_ Gerais, which comprise s 
450+ Mt a veraging 2.5% Nb 20s, co ntains ab out 4.4% REOs 
(Issa Filho, Lima, and Souza 1984). 

African c arbonatites also conta in LREE-dominated deposit s 
that are largely unexploited. Kang ankunde Hill, Mala wi, is under- 
lain by carbonatite dikes in which the main REE phase is monazite 
that is almost thorium-free (Garson 1966). The dikes are thought to 
contain a resource of several hundred thousand tons of monazite at 
an average grade of more than 5% (Deans 1966). Mariano (1 989a) 
suggested that monazite in Ka ngankunde Hill carbonatite is of pri- 
mary igneous origin like the bastnasite at Mountain Pass, but subse- 
quent w ork indicate d that the monaz_ ite, as wella s assoc iated 
bastnasite and florencite -goyazite, w as form ed from an original 
REE phase during hydrothermal activity (Wall and Mariano 1996). 
Carbonatite dikes at Wigu Hill, Tanzania, contain up to 20% REOs 
as monazite an d REE fluorocarbonate minerals of possible h ydro- 
thermal origin ( Deans 196 6). The P alabora car bonatite in South 
Africa, which occurs ina large Early Proterozoic potassic alkaline 
complex, has significant copper and apatite production and has been 
evaluated as a_ source of REEs . Poten tial by-pr oduct from apatite 














































































































[| Slate and schist 
Fj Marble and quartzite 


=] Amphibole, pyroxene, 
or dolomitic Fe ore 
Banded REE-Fe-F ore 
Disseminated Fe-REE ore 


Adapted from Chao et al. 1997. 
Figure 3. Geologic map of the Main and East iron-REE-niobium ore 
bodies at Bayan Obo, China 


ia Massive Fe ore 


Biotite schist 
Fe ore 


concentrates that contain 0.4% to 0.9% REOs has been estimated at 
4,250 tpy (Notholt, Highley, and Deans 1990). 

Sill-like lenses of bast nasite-fluorite-barite rock as much as 
30 m thick with about 5% REEs are associated with carbonatite at 
Kizilgaéren, Turkey (Hatzl et al. 1990). The carbonatite occurs in 
dikes associated with i ntrusive Tertiary phonolites and trachytes 
along with alkaline pyroclastic rocks. The une xploited Kizi I- 
gadren resource i s dominantly LREEs (G. Morteani, personal 
communication). 


Lateritic Deposits 


Lateritic deposits that occur o ver low-grade primary sources, such 
as carb onatites and syenites, h ave been studied as pot ential REE 
sources since the 1980s. Such deposits may constitute lar ge 
resources and some h ave high RE E contents; h owever, only tw o 
deposits in China have been exploited to date. 

REEs have been produced in increasing quantities in recent 
years from surficial clay deposits in southern China, and Orris and 
Grauch (2002) list 18 Chinese 0 ccurrences of such materi al. In 
1992, REEs from these dep osits comprised 14% of Chinese pro- 
duction (Wu, Yuan, and Bai 1996), and this source hash ada 
strong impact on yttrium supp lies sin ce 19 88. Th e de posits 
reportedly form weath ering crusts over granite (Ren 1985; W u, 
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Table 5. Major oxide chemistry of ore samples from Bayan Obo and Mountain Pass 
Bayan Obo’ Mountain Passt 

Samples Mfe Ffe AeFe RiFe MDT 7B30-20 7B30-45A 7B30-28B 7B31-10 85-4 R-724 
SiO2 4.81 2.18 23.86 10.79 8.74 nat na na na 0.40 1.63 
TiO2 0.27 0.62 0.56 0.55 0.28 1.00 0.15 0.23 0.08 0.01 0.01 
Al2O3 0.22 0.66 1:55 0.83 0.74 0.06 0.25 0.17 0.26 0.01 0.01 
Fe2038 74.73 39.29 31.61 44.59 11.69 7.72 13.87 37.17 5.00 0.24 1.77 
MnO 0.79 0.12 0.07 5.95 1.18 0.01 0.03 0.02 0.01 0.24 0.45 
MgO 0.99 0.31 0.30 3.52 13.23 <0.03 0.07 0.25 0.12 0.04 6.4] 
CaO 8.78 26.26 11.59 16.15 27.09 27.98 27.98 3.92 8.67 21.30 11.73 
SrO 0.36 3.90 5.67 1.15 0.25 0.05 0.10 0.07 0.09 14.15 2.49 
BaO na na na na na 0.04 3.80 2.79 2.46 14.63 25.12 
Na2O 0.25 0.25 4.06 0.62 0.12 na na na na 0.05 0.07 
K20 0.09 0.08 0.57 0.92 0.58 <0.24 <0.24 <0.24 <0.24 0.05 0.09 
P205 0.94 2.7) 2.85 1.16 1.47 na na na na 0.04 0.29 
F 5.89 16.83 7.25 8.31 1.83 17.00 14.4 1.68 4.49 0.70 1.40 
CO2 na na na na na na na na na 19.84 18.26 
SO3 na na na na na na na na na 18.26 15.43 
LOI 2.89 5.15 5.62 5.60 25.23 na na na na na na 
RE2O3 2.73 9.49 7.72 3.24 3.98 19.32 8.67 10.89 A2.75 9.89 13.18 
Nb205 na na na na na 0.36 0.02 0.05 0.53 0.001 0.004 

Total 103.74 107.85 103.28 103.38 96.41 73.54 69.34 57.24 64.46 99.85 98.34 
Source: Yuan et al 1992; Chao et al. 1997; Castor and Nason 2004. 7B30-45A = bastnasite-apatite-pyroxene-fluorite ore 

*Bayan Obo: 7B30-28B = high-Fe, REEs, and fluorite ore 


Mfe = massive REE-Fe ore 

Ffe = fluorite REE-Fe ore 

AeFe = aegerine REE-Fe ore 

RiFe = riebeckite REE-Fe ore 

MDT = magnetite-dolomite ore 

7B30-20 = high-REE, low-FE banded ore 


1,000,000 
Lo O Bayan Obo Fe-REE-aegerine ore | 
< @ Bayan Obo Fe-REE-fluorite ore 


Z\ Mountain Pass beforsite ore 


A Mountain Pass sovite ore 





Sample:Chondrite 
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NOTE: REE data not normalized to 100% prior to chondrite normalization. 


Figure 4. Chondrite-normalized plot of REEs in ores from Bayan 
Obo, China, and Mountain Pass, United States (data sources: Castor 
1986; Yuan et al. 1992) 


Yuan, and Bai 19 96). The ore, referred to as REE-bearing ionic 
absorption clay, mostly comes from two sites in Jiangxi Pro v- 
ince—Longnan an d Xu nwu,t he former yielding HREE- an d 
yttrium-rich material and the other, LREE-ri_ ch material 
(O’Driscoll 200 3). Ore fr om Lon gnan has an HR EE-dominated 


7B31-10 = high-REE, low-Fe, and low-F ore 
Tt Mountain Pass: 
85-4 = bastnasite-barite sovite, Sulphide Queen ore body 
R-724 = bastnasite-barite beforsite, Sulphide Queen ore body. 
tna = not available. 
§ All Fe as Fe2O3. 


distribution pattern very similar to that of xenotime, whereas ore 
from Xunwu is rel atively enriched in lanthanum (Hedrick 1992; 
Figure 6). Both ores have relatively low cerium content, suggest- 
ing deposition from REE-bearing groundw ater with depleted 
cerium that results from the element’s insolubility in the oxidized 
(Ce*4) state. The ore bodies are 3 to 10 m thick and occur mainly 
in a wholly weathered zone composed of halloysite and kaolinite 
with residual quartz and feldspar; grades are reported at 0.05% to 
0.2% REOs (Wu, Yuan, and Bai 19 96). The deposits are consid - 
ered to be laterites and show similarities to a number of other lat- 
eritic deposits formed over alkaline igneous rocks and carbonatite 
(Morteani and Preinfalk 1996). 

REE-enriched later itic mater ial overlying carbonatite is 
present in many sites worldwide, mostly in the tropics. Orris and 
Grauch (2002) list more than 50 su ch occurrences, but, other than 
the Chinese dep osits, none ha ve produced significant amounts of 
REEs. 

The Mount Weld REE deposit in southern Western Australia 
is in the laterized cap over a large carbonatite (Figure 7) dated at 2.0 
Ga (Duncan and Willett 1990). Although LREE/HREE ratios are 
generally high, the la terite is loc ally en riched i n HR EEs a nd 
yttrium. Published reserve figures are 15.4 Mt with 11.2% REOs + 
Y 203 ( Mariano 1989 a), and 2.3 Mt with 18.0% REOs (W illis 
2002). Large volumes of ore contain an a verage of 0.33% Y203, 
and niob ium and tantalum enrich ment h as also been reported 
(O’Driscoll 1988). Data from Lott ermoser (1990) indicate that 
unweathered carbonatite at depth contains 0.1% to 0.2% REOs. 
REE enrichment at Mount Weld is thought to have been caused. by 
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Alkaline Rock 
Outcrop 





Adapted from W. Buckovic, personal communication. 

Figure 5. Stacked cross sections through the Mountain Pass REE 
carbonatite ore body (gray) and a major associated alkaline rock 
mass (patterned) 
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Figure 6. Chondrite-normalized plot of REE distribution (normalized 
to 100%) in ion absorption clay ores from China and loparite from 
Russia (data source: Hedrick 1992) 


long-term leaching and redeposition by groundwater; it mainly con- 
sists of REE phosphates (Mariano 1989a), including the yttrium- 
rich mineral churchite (Lottermoser 1988). During the formation of 
the weathered profile since Permian glaciation, LREEs were incor- 
porated in phosphate and alumino-phosphate minerals in the upper 
part of the profile, and HREEs and Y were deposited as churchite at 
lower levels (Lottermoser 1990), leading to the formation of bo th 
LREE- and HREE-en riched ore (Figure 8). The Yangibana REE 
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Adapted from Duncan and Willett 1990. 
Figure 7. _East-west geological cross section through the Mount 
Weld carbonatite and its weathered cap 
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NOTE: REE data not normalized to 100% prior to chondrite normalization. 


Figure 8. Chondrite-normalized plot of REEs in laterite and 
carbonatite from Mount Weld, Australia (data source: Lottermoser 
1990) 


prospect in northern Western Australia, a gossa n contain ing as 
much as 11% R EOs (O’Driscoll 1 988), is thought to ha ve been 
formed by weathering from acarbonatite associated with Early Pro- 
terozoic alkaline rocks. 

The Araxa carbonatite complex in Brazil contains 800,000 t of 
supergene-enriched laterite that averages 13.5% REOs, mainly in 
the phosphate minerals gorceixite and goyazite (Mariano 1989a). In 
the Catalao I Complex about 300 km southeast of Araxa, phosphatic 
laterite comprises ar esource of about 2 Mt a veraging 12% REOs. 
The REEs are mainly in secondary phosphate minerals, such as gor- 
ceixite (Mariano 1989a; Morteani and Preinfalk 19 96). Later ized 
carbonatite in the Maicuru Complex, Para, northern Brazil, contains 
phosphatic material with as much as 17% REEs (Costa et al. 1991). 
Cerro Impacto, a large circular structure thoug ht to be a deeply 
weathered carbonatite that is located in the Amazon region of Vene- 
zuela, contains as much as 11% REEs in thick laterite (O’Driscoll 
1988). 

Deeply weathered Br azilian ca rbonatites that contain large 
titanium resources inthe form of anatase with associated RE E 
phosphate minerals are also a poten tial source of by-product REEs 
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with high LREE/HREE ratios (Mariano 1989a). Titanium concen- 
trates from a pilot plant contain more than 3% REEs that must be 
removed to produce commercial titania. Reserves are known to be 
substantial; the largest deposit, at Serra Negra, Minas Gerais, con- 
tains 200 Mt a veraging 27.7% TiO2 (Anon. 1984). Other poorly 
explored carbonatites in the Amazon region of South America are 
known to host supergene REE mineralization (Mariano 1989b). 

REE-enriched laterites occur at 17 sites in Africa (Orris and 
Grauch 2002). The most th oroughly investigated deposit is proba- 
bly monazite-rich laterite that includes 6 Mt of material with about 
5% REOs that overlies carbonatite at Mrima Hill, K enya. REE 
enrichment in the form of secondary hydroxylbastnasite and other 
minerals has been reported in karst-r elated lateritic deposits in 
Europe, such as_ upper Jurassic bauxite depo sits in Montene gro 
(Maksimovi¢ and Panté 1996). 


Placer Deposits 


Most placer accumulations with significant amounts of REE miner- 
als are Tertiary or Quaternary deposits derived from source areas 
that include granitic rocks or high-grade metamorphic rocks; how- 
ever, paleoplacer deposits that ar e as old as Precambrian contain 
REE resources. Orris and Grauch (2002) list more than 360 REE- 
bearing placers. Most commercial deposits are in sands of marin e 
origin along or near present coastlines and consist of titanium min- 
eral placer s with by-produ ct zircon and monazite ; some contain 
xenotime. In the 1980s, monazite and xenotime from titania-zircon 
paleobeach pla cers in Au stralia were the third most imp ortant 
source of REEs in the world, but Australia currently exports little or 
no REE minerals from such sour ces, owing to their high thorium 
content. 

Placer rutile-zircon-ilmenite deposits at Eneabba on Austra- 
lia’s west coast north of Perth, which produced about 2,500 t of 
monazite annually, were brought into production in the late 19 70s. 
These deposits are still productive, but little or no monazite is cur- 
rently marketed from them. Heavy minerals comprise about 6% of 
the sand mined at Eneabba, and monazite makes up 0.5% to 7.0% 
of the heavy minerals (Shepherd 1990). The heavy mineral sands 
lie 30 m or more above present sea level and were deposited in late 
Tertiary or early Pleistocene ti me (Lissiman and Ox enford 1975). 
Archean metamorphic rocks in the interior provided heavy minerals 
to Mesozoic sedimentary rocks that were re worked to form th e 
deposits. In the Geogr aphe Bay area near Capel, ilmenite-zircon 
paleobeach d eposits that ha ve been mined since the mid-1950s 
occur along a strike length of about 50 km in Pleistocene to Recent 
sands (W elch, Sofoulis, and Fi tzgerald 1 975). Th e setting and 
source are similar to those de_ scribed for Eneabba. Although th e 
average heavy mineral grade of Geographe Bay deposits is some- 
what higher than at Eneabba, the monazite con tent of heavy min- 
eral concentrates is lower, at 0.04% to 1.1% (Welch, Sofoulis, and 
Fitzgerald 1975). 

Minor amounts of monazite were once produced from placers 
along Australia’s east coast. Rutile and zircon are the main mineral 
products from these operations, which exploit Quaternary beach 
placers and sand dunes. Heavy mineral content in some of the 
deposits is less than 0.5% (Griffiths 1984), and monazite comprises 
less than 1% of the hea vy mineral concentrate (McK ellar 1975). 
The WIM 150 deposit, a placer in an interior basin in Victoria, con- 
tains large REE mineral resources. A 14-m-thick titanium and zir- 
conium mineral sand deposit, itun derlies ane xtensive area 
amenable to dredging. Es timated REE mi neral res erves exceed 
580,000 t monazite and 170,000 t xenotime (O’Driscoll 1988). 

In additio n to Au stralia, by-product monazite has been 
extracted from beach deposits in Brazil, India, Malaysia, Thailand, 


China, Taiwan, New Zealand, Sri Lanka, Indonesia, Zaire, K orea, 
and the United States. Present-day production is from India, Malay- 
sia, Sri Lanka, Thailand, and Brazil. In India, monazite production 
from titania-zircon placers is government controlled, and a domes- 
tic plant processes mo nazite co ncentrate into REE products. In 
southeast Asia, monazite and xenotime are won from concentrates 
produced during placer tin, zirc on, and titan ia mining. Prior to 
1988, when China began to dominate yttrium production, xenotime 
from Ma laysia w as the largest source of ytt rium int he w orld. 
Approximately 500 t of _monazite per year were produced from 
1952 to 1994 as a by-pr oduct of titan ia-zircon prod uction from 
Pleistocene sands near Green Cove Springs in Florida. 

Prior to large-scale exploitation of the Mountain Pass deposit, 
REE production in the United States came almost exclusively from 
nonmarine placers, althou gh none comes from such sources now. 
The Carolina monazite belt, from which a total of about 5,000 t of 
monazite was produced between 1885 and 1917, has co nsiderable 
placer reserv es that a verage 0.25 kg/m 3 of monazite (Overstreet 
1967). In Idaho, REE minerals were produced in the 1950s from 
placers. Dredging operations near Cascade produced about 7,000 t 
of monazite from gravels containing about 1 kg/m 3, and monazite 
reserves are estimated at 38,000 t (Overstreet 1967). Bear Valley, 
Idaho, where monazite and yttrium-bearing eux enite were mined 
by dredging, contains an estimated 10,000 t of REOs along with 
significant niobium and tantalum, on the basis of data from Kline 
et al. (1953). Some Idaho placer s con tain x enotime, p articularly 
those in northern Idaho, and REEs ar ea possible by-p roduct of 
placer gold mining in that area. 

Metamorphosed Early Proterozoic conglomer ate mined for 
uranium at Blind River, Ontario, Canada, contains REEs in mona- 
zite, uraninite, and brannerite (Roscoe 1969), and was the source of 
minor REE productio n from the 1950s to 1970s and again from 
1986 to 1990. The heavy minerals in this ore are believed to be pri- 
marily of placer origin with possible enrichment during metamor- 
phism or hydrothermal activity. Of the approximately 230 Mt of ore 
averaging 0.1% U3Os estimated to be present in the district in 1973 
(Robertson 19 81), p erhaps half remained unmined in the early 
1990s, even though uranium mining didn’t end until 1996. 

At Music Valley in Southern California, xenotime- and mona- 
zite-rich zones with as much as 16% REOs (including 6% Y203) in 
Precambrian gneiss are th ought to have originated as placer accu- 
mulations (Ev ans 1964). At Bald Mountain, Wyoming, a_paleo- 
placer monazite resource was identified in Cambrian conglomerate 
(Borrowman and Rosenbaum 1962). 

REE distribution plots of monazite and x enotime from most 
placer deposits ha ve pr onounced negative eur opium anomalies 
(Figure 9), indicating der ivation from sources containing plagio- 
clase. In ad dition, placer monaz ite has relatively high HREE con- 
tents compared with the strongly LREE-d ominated hard-rock 
deposits at Bayan Obo and Mountain Pass. 


HREE Deposits in Peralkaline Igneous Rocks 


Although many REE depos its occur in peralk aline igneous rocks 
and resources can be large, most such deposits are relatively low 
grade, and only a single deposit in Russia has been mined. Peralka- 
line REE deposits are typically en riched in yttrium, HREEs, and 
zirconium. Future development of such deposits is dependent on 
the markets for these elements. 

REE-bearing loparite has been pr oduced for about 50 years 
from ne pheline syeni tes in th e peral kaline Paleozoic L ovozero 
massif on the Kola Peninsula in Russia. The massif is layered and 
is compose dof four rock su ites (V1 asov, K uz’menko, and 
Yes’kova 1966). The upper 30% of the massif is eudialytic syenite. 
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The bottom, loparite-bearing section of the massif, o ver 1,000 m 
thick, comprises 65% of its volume and consists of alternating lay- 
ers of nephelinites, nepheline syenites, and associated rocks. Late 
syenites occur as relatively small intrusions, and late mafic dikes 
are rare. T he main rock-forming minerals are nepheline, micro- 
cline, and ae girine with acce ssory a rfvedsonite, hydrosodal ite, 
natrolite, and sodalite. 

The lopar ite mostly 0 ccurs as 0.2- to 0.6- mm gr ains and 
rarely as larger crystals (Smirnov 1977; Vlasov, Kuz’menko, and 
Yes’kova 1966). Loparite contents are highest in areas of greatest 
differentiation and in rocks enriched in nepheline. It is found pri- 
marily in porphyritic rocks with c oncentrations in the urtit es and 
their feldspar-aegerine equivalents, juvite, and malignite. The ore, 
in banded hori zons from se veral c entimeters t o se veral me ters 
thick, grades 2% to 3% lopar ite (Hedrick, Sinha, and K osynkin 
1997). The loparite contains 38.5% titanium ox ide, 30% to 36% 
REOs, and 1 0% to 12 % niobium and tantalum ox ides. In the 
1990s, 30,000 tpy of loparite were concentrated locally from ore 
from two mines and shipped to Esto nia and Kazakhstan for pro- 
cessing (K ogarko et al. 1 995). Lo parite mi ning has cea sed in 
recent ye ars, but renewed pr oduction is be ing co nsidered. The 
loparite REE distribution is weakly enriched in LRE Es relative to 
HREEs (Figure 6). 

During the 1980s wh en yttrium demande xceeded supply , 
exploration for yttrium-rich REE deposits led to the discovery of 
zirconium and HREE-dominated resources that are associated with 
peralkaline syenitic and granitic rocks. Some have associated beryl- 
lium, niobium, and tantalum. These resources are large but have 
low RE Ec ontents com pared wi th commercial L REE-dominated 
deposits. Richardson and Birkett (1996) give an overview of Cana- 
dian pera lkaline rock- associated deposits and com pare them with 
similar deposits worldwide. 

An HREE-zircon ium deposit at Pajarito Mountain in Ne w 
Mexico containing 2.4 Mt of rock with 0.18% Y203 and 1.2% ZrO» 
(Sherer 1990) consists of a 10-km? dome-shaped syenite intrusion 
(Kelley 1968). The main zircon ium-REE phase w as found to b e 
eudialyte (Mariano 1989a). 

Foliated syenite at Kipa wa Lake, Ontario, in cludes a 1,300- 
by-100-m zone of yttrium- and zirconium-rich rock that contains 
eudialyte, mosandrite, and britholite (J. Allan, personal commun i- 
cation). The Y 203 content of this deposit is com parable to that at 
Pajarito Mountain, b ut grade varies widely within the deposit, 
which was intensely deformed during the Grenville orogeny. 

The Strange Lake zirconium-HREE-niobium-beryllium deposit 
in Quebec—Labrador isin acirc ular peralkali ne granite comple x 
about 6 km in diameter (Currie 1985). Reserves are reported at 5 Mt 
containing 0.5% yttrium and 3% zirconium along with berylli um, 
niobium, and tantalum credits (Miller 1988), and total reserves in the 
complex could be much larger. Most of the REEs are in gadolinite, 
bastnasite, and k ainosite (A.N. Mariano, personal com munication). 
Alkaline comple xes in the Shallo w Lake and Leti tia Lake areas in 
Labrador, abo ut 250 k m sout heast o f Str ange Lake, alsoi nclude 
rocks with high yttrium content (Currie 1976; Miller 1988). Granite- 
and syenite-associated HREE resources with Y 203 contents of about 
0.2% have also been identified at Bokan Mountain in southeastern 
Alaska (Barker and Mardock 1988) and at Thor Lak e in the North- 
west Territories, Canada (Trueman etal. 1988; Taylor and Po lard 
1996). 

A Late Proterozoic peralkaline syenite complex at Ilimaussaq 
in southern Greenland contains layers with as much as 27% eudia- 
lyte (Ferguson 1970); the discovery of ore bodies containing 0.12% 
Y 203 and 1.2% ZrO 2 has been repo rted (O’Driscoll 1988). Th e 
richest layer is 3.5 m thick and contains about 1 Mt of rock that 
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Figure 9. Chondrite-normalized plot of REE distribution (normalized 
to 100%) in placer monazite and xenotime (data source: Hedrick 
1992) 


averages 4% ZrO> (Steenfelt 1991). At Norra Karr, Sweden, Mid- 
dle Proterozoic eudialyte-bearing peralkaline syenite has been eval- 
uated as a source of zirconium (Lundqvist 1980). Eudialyte from 
Norra Karr contains 1.3% yttrium (Fryer and Edgar 1977). 

Four Saudi Arabian deposits carrying R EEs and zirconium 
occur in alkaline granites. Th e deposits include both LREE- and 
HREE-rich types, and estimated sizes range from 6 to 440 Mt with 
yttrium contents from 0.13% to 0.52% (Drysdall et al. 1984). The 
Brockman deposit in northern Australia has been evaluated for zir- 
conium, yttrium, HREEs, niobium, and tantalu m. The deposit, in 
metamorphosed lo wer Proterozoic rhyolite tuff, consists of 9 Mt 
containing 1.3% zirconium, 0.15% Y 203,and 0.12% HREEs 
(O’ Driscoll 1988). A deposit of altered Jurassic intrusive trachyte at 
Dubbo, New South W ales, Australia, is probably in this class. I t 
contains 83 Mt with 1.9% zirconia, 0.14% Y203, 0.12% REOs, and 
tantalum credits (Australian Zirconia Ltd. 2000). At Pocos de Cal- 
das, Brazil, a Me sozoic or Early Tertiary peralkaline syenite com- 
plex 3 0 km in diameter (Woolley 1987) containslo cal 
concentrations of eudialyte. On the Kola Peninsula, Russia, Paleo- 
zoic peralkaline syenite complexes at Khibina and Lovozero con- 
tain large amounts of eudialyte-bearing rock (Gerasimovsky et al. 
1974; Kogarko et al. 1995). 


Vein Deposits 


REE deposits in veins are typically small in comparison to the com- 
mercial hard-rock deposits at Bayan Obo and Mountain Pass. Nev- 
ertheless, REEs were produced from two vein deposits in Africa in 
the past, and more recently from two such deposits in China. 

In recent years, Chinese vein deposits have become important 
REE sources. I n 1992, produc tion from the Maoniuping mine, 
Sichuan Pro vince, and the Weishan mine, Shang dong Pro vince, 
together accounted for 24% of Chinese REE production (Wu, Yuan, 
and Bai 1996). Both are described as bastn asite-barite-carbonate 
veins associated with quartz sy enite. The y may be car bonatite 
dikes; published descriptions are not conclusive. The Maoniuping 
deposit, which is repo rtedly the second lar gest REE deposit in 
China (Pu, Chen, and Yang 2001), consists of swarms of veins and 
adjacent veinlets as much as 1,000 m long and 20 m wide that aver- 
age about 2% REOs (Wu, Yuan, and Bai 1996). The ore mineral is 
coarse-grained bastnasite. Other REE minerals include chev- 
kinite, xenotime, britholite, allanite, and monazite. Gangue miner- 
als are barite, calcite, quart z, fluorite, feldspars, ae gerine-augite, 
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and sulfide minerals. Ore at the Weishan mine occurs in v eins as 
much as several hundred meters long and 1 m wide, with an aver- 
age grade of 1.6% REOs. The mineral assemblage is similar to that 
at Maoniuping but also includes dolomite, amphiboles, thorite, tita- 
nium minerals, and niobium minerals (Wu, Yuan, and Bai 1996). 

In South Africa, more than 50,000 t of monazite were __ pro- 
duced in the 1950s and 1960s at Steenkampskraal (Neary and High- 
ley 19 84) from a monazite-apatite-qu  artz v ein in Proterozoic 
granite. The vein, which occupies a shear zone, is about 300 m long 
and 1 m thick (Andreoli et al . 1994). Monazite comprises as much 
as 75% of the vein material (Overstreet 1967), accompanied by apa- 
tite, magnetite, and sulfide. The ore contains as much as 39% REOs 
with LREEs dominating HREEs and a prono unced negative 
europium anom aly (Andreoli et al. 1994). A similar monazite- 
apatite vein cuts Precambrian granite near Crescent Peak in Nevada 
about 30 km east of the Mountain Pass REE deposit (Castor 1991). 

At Karonge, Burundi, in east Africa, quartz-barite-bastnasite- 
monazite stockwork veins that cut Precambrian quartzite and schist 
have produced small amounts of REEs (Notho It, High ley, and 
Deans 1990). The bastnasite and monazite have high LREEs typical 
of carbo natites, b ut secondary cerianite an d rhabdophane ha ve 
abnormally high or low cerium contents because of oxidation (Van 
Wambeke 1977). In South Africa, small REE reserves have been 
estimated for britholite-bearing veins in the Pilanesberg peralkaline 
complex (Lurie 1986). 

REE- and thorium-bearing quartz veins scattered over an area 
of about 250 km? at Lemhi Pass on the Idaho—Montana border in 
the United States comprise a REE resource of 370,000 t ( Staatz, 
Sharp, and Hetland 197 9). The mi neralization is m ostly L REE- 
dominated and averages less than 1% REOs , but some veins con- 
tain as much as 0.3% Y203 and 2.0% total REOs. A small area at 
Diamond Creek abo ut 50 km northwest of Lemhi P ass contains 
veins with similar mineralogy but with low LREE/HREE ratios. 
The Sno whbird o ccurrence in nor thwestern Mont ana is an REE 
resource of unknown size with 0.1% to 0.2% Y 203. The REE min- 
erals are ina Cretaceous _—_ quartz-carbonate-fluorite-parisite v ein 
considered to be of hydrothermal origin (Metz et al. 1985). Thorite- 
bearing quartz-carbonate-fluorite veins at Hall Mountain near Port- 
hill in northernmost Idaho contain as much as 0.2% Y2O3. The Ter- 
tiary Bear Lodge trachyte-phonolite complex in Wyoming contains 
a minor REE resource in veins that average about 3% REOs (Staatz 
1983), but the veins are narrow and commercial development is 
unlikely. 

Veinlike deposits of apatite at | Nolan’ s Bore, near Alice 
Springs in Australia, contain a significant amount of REEs. An 
inferred resource of 3.8 Mt of ore contains 4.0% REOs and 17% 
POs (Anon. 2003). The REEs reportedly occur in the apatite and in 
REE minerals, with the latter possibly occurring as cr oss-cutting 
zones of cheralite. 


Other Deposits 

Some REE accumulations that do not fit into the deposit types pre- 
viously discussed have had REE production or have been evaluated 
as possible sources. In recent y ears, a deposit near Aktyus_ in the 
Tien Shan Range of Kyrgyzstan has seen significant REE produc- 
tion. Although little information on this deposit exists in the litera- 
ture, the deposit is sa id to contain complex ore from which lead, 
molybdenum, silv er, and bismuth are also produced (Geological 
Survey of Kyrgyzstan 2004). The average REE content of the ore is 
reported to be 0.25%, with yttrium and HREEs making up 43.7% of 
the total REEs. The deposit cons ists of tw o stock-shaped bodies 
that contain sy nchisite-(Y), bastnasite, monazite, x enotime, and 
zircon (Roskill Information Services Ltd. 1996). 


Some fluorspar deposits offer potential for REE production 
from associated REE minerals or from REEs that substitute for cal- 
cium in fluorite. Fluorspar mining at Naboomspruit in South Africa 
produced a small amount of monazi te in the 1980s (Hedrick and 
Templeton 1991). About 65 t of bastnasite concentrate were p ro- 
duced from a fluorspar deposit in the Gall inas Mountains, Ne w 
Mexico, in the 1950s (Adams 1965). 

Near-economic HREE-uranium mineralization occur s as 
xenotime accumulatio ns in sandsto ne of t he L ate P recambrian 
Athabasca Group near Wheeler Ri ver in Alberta, Canada. Similar 
accumulations of HRE Es and uranium are in q uartzite in Western 
Australia (Mariano 1989a). 

REE deposits in Vietnam are re ported to contain se veral mil- 
lion tons with grades thatra  nge from 1.4% to5% REOs with 
LREE- to mod erate HREE -enriched distributions. T he deposits 
have been described as crushe dzonesinP  aleozoic limestone 
affected by metasomatic processes (Premoli 1989). 

Marine phosphorites have been proposed as a potential source 
of REEs (Altschuler, Berman, and Cuttitta 1967). Certain members 
of the Permian Ph osphoria Formation, which are mined for phos- 
phate in large quantities in Montana and Idaho, contain sig nificant 
amounts of REEs, including as much as 0.1% yttrium (Gulbrandsen 
1966). 

Pegmatite REE deposits are common but generally too small 
or too low in grade to be commercially exploited. Production of 
REEs from pegmatite mined for other minerals, such as feldspar or 
mica, ho wever, is possible. Alla nite-bearing pe gmatites are re la- 
tively common, generally with high LREE/HREE ratios. In Austra- 
lia’s Northern Territory, a pe gmatite deposit containing 1 Mt with 
4% allanite w as in vestigated as a sour ceof REEs ( O’Driscoll 
1988). 


ORIGIN OF DEPOSITS 


The concentration and distribution of REEs in natural deposits are 
dependent on several petrogenetic processes, including enrichment 
and complexing in la te-stage ma gmatic or h ydrothermal fluids, 
fractionation into mineral phases, oxidation or reduction, and redis- 
tribution durin g weathering. LREE enrichment in igneous ro cks 
generally is ascribed to fractionation of HREE into minerals such as 
garnet and p yroxene during partial melting of source materials or 
during f ractional crystallization. In ad dition, an omalously lo w 
europium/chondrite contents, a co mmon feature in highly e volved 
igneous rocks of crustal derivation, are considered to be the result 
of Eu fractionation into plagioclase. Eu/Eu* (measured europium 
divided by europium calculated from interpolation between samar- 
ium and g adolinium; Henderson 1984) generally is near unity in 
mantle-derived rocks such as carbonatites but low in granitic rocks 
thought to have been derived by partial melting of crustal materials. 
Lanthanum/gadolinium (L a/Gd), as a measure of LRE Es/ 
HREEs, plotted against Eu/Eu* (Figure 10) is helpful in the classi- 
fication of REE deposits and __ the inter pretation of their origin. 
Whole rock and mineral plots for carbonatite REE deposits and lat- 
erite derived from carbonatite fall in a field of high La/Gd and Eu/ 
Eu*. Carbonatites are considered to be mantle- derived rocks with 
little or no contrib ution from the crust. By compar ison, monazite 
concentrates from Australian, Chinese, and Florida placer deposits 
plot in a tight cluster with hi gh La/Gd and lo w Eu/Eu*, probably 
reflecting derivation from rocks that contained plagioclase or were 
produced by partial meltin g of pl agioclase-bearing crustal rocks. 
HREE deposits in peralkaline rocks plot in a diffuse field with rela- 
tively low La/Gd and Eu/Eu*, probably because of derivation of the 
host pe ralkaline rock s fro m pla gioclase-bearing cr ustal sour ces, 
and placer xenotime from Malaysia plots near the peralkaline field. 
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Some iron-REE deposits occupy a linear field that appears to con- 
nect the carbonatite and peralkaline HREE deposit fields, suggest- 
ing mixed crustal and mantle sources for the REEs, wh ereas ore 
from the Bayan Obo deposit plots within the carbonatite field, sug- 
gesting mantle derivation. 

Most significant natural concentrations of REEs in nature are 
in, or associated with, alkaline igneous rocks and carbonatites. For 
deposits such as those at Mountain Pass, Mount Weld, Araxa, Pea 
Ridge, an d Lo vozero, this associ ation is clear . At Bayan Obo, 
which emerged as the world’s most important source of REEs in the 
1990s, the as sociation is 1 ess clear. Some researchers believe that 
the Bayan Obo deposits originated as carbonatite (Bai and Y uan 
1985; Le Bas, Sp iro, and Y ang 1997). Others believe that th e 
deposit is hydrothermal, but call on an alkaline igneous or carbon- 
atite source for the fluids (e.g., Drew, Meng, and Sun 1990; Yuan 
et al. 1992; Campbell and Hen derson 1997). Still others call on 
mobilization of lower crustal REEs and deposition by hydrothermal 
activity during a protracted period of subduction (Chao et al. 1997). 
In addition, the Bayan Obo iron deposits have been compared to 
banded-iron formation deposits (Qiu, Wang, and Zhao 1983). 

Hitzman, Oresk es, and Eina udi (1992) pr oposed a class of 
dominantly Pr oterozoic ir on oxi de (cop per-uranium-gold-REE 
[Cu-U-Au-REE]) deposits th at includes the Bayan Obo, Olympic 
Dam, Kiruna, and Pea Ridge deposits. The y suggested that these 
deposits formed at relatively shallow crustal levels (< 4 to 6 km) 
from igneous-hydrothermal systems tapped by deep crustal struc- 
tures associated with global rifting, possibly during break-up of a 
Proterozoic su percontinent. Hi tzmanm, O reskes, an d Ei naudi 
(1992) did not call for man tle or carbonatite-related fluids for this 
class of depo sits, instead proposing release of lar ge v olumes of 
magmatic-hydrothermal fluid during magmatic underplating of the 
crust. By contrast, Chao et al. (1997) proposed a protracted P aleo- 
zoic lower crustal origin for REE-rich fluids at Bayan Obo on the 
basis of ages of amp hiboles re lated to REE de position. Smi th 
(2001) noted evidence that the Olympic Dam deposit w as formed 
from hypersaline brines and proposed that it shou Id be placed in a 
separate cate gory from Bayan Obo, which shows no evidence of 
such fluids. 

The Mountain Pass deposit shares features with other carbon- 
atites in the world: (1) textural and structural features that support 
igneous intrusive origin (Olson et al. 1954); (2) associated alkali- 
rich fe nitic alteration; and (3) lo w 87Sr/*Sr (Powell, Hurley, and 
Fairbairn 1966; E. DeWitt, personal communication). But the shape 
of the carbonatite ore body , its ultrapotassic alkaline association 
(most carbonatites are associated with alkaline rocks that are domi- 
nantly sodic), and chemistry (it is unusually low in iron, phospho- 
tus, and niobium for REE-rich ca rbonatite) suggest that its source 
was dif ferent than that of most other carbonatites (Castor and 
Nason 2004). The chemistry of the ultrapotassic alkaline rocks at 
Mountain Pass suggests that the y were derived from primiti ve or 
depleted mantle mix ed with an enriched mantle or crustal compo- 
nent, and the carbonatite lik ely came from a similar source. Th e 
Mountain P ass LREE deposit 0 ccursina_northeasterly-trending 
belt of anorogenic Mi ddle Proterozoic plu tonism that crosses th e 
North American continent (Ande rson 1983) and con tains eig ht 
Middle to Late Proterozoic REE deposits (Castor 1993, 1994). 

Although there are mineral and chemical similarities between 
the Mountain P ass and Bayan Obo deposits, there are also major 
differences. Like the Bayan Obo ore, the Mountain Pass carbonatite 
ore has extreme L REE enrichment with no eu ropium anomalies 
(Figure 4) and low °7S1/6Sr. As at Bayan Obo, alkali-rich alteration 
is associated with the Mountain Pass carbonatite; in b oth areas, 
alteration assemblages include sodic amphibole and potash feldspar 
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Figure 10. Plot of La/Gd against Eu/Eu* for some REE-rich mineral 
concentrate and rock samples (data sources: Deans 1966; Fryer and 
Edgar 1977; Qiu, Wang, and Zhao 1983; Drysdall et al. 1984; 
Hedrick 1985; Roeder et al. 1987; Barker and Mardock 1988; 
Nelson et al. 1988; Mariano 19894; Costa et al. 1991; G. Morteani, 
personal communication; L. Tucker, personal communication) 


(Olson et al. 195 4; Drew, Meng, and Sun 1990). The Bayan Obo 
and Mountain Pass deposits are both enriched in barium and fluo- 
rine (Wu, Yuan, and Bai 1996; Castor and Nason 2004). Samples of 
Bayan Obo ore, h owever, have an a verage BaO content of abou t 
2.4%, and a maximum barium content of 7.7% (based on data from 
Chao et al. 1997), much lower than Mountain Pass ore (Table 5). 
The fluorine content of Bayan Obo ore, which averages more than 
9%, is much higher than that of Mountain Pass ore, and Bayan Obo 
ore also has hig her phosphorus and niobium con tents (Table 5). 
Deposits such as those at Bayan Obo, Pea Ridge, and Mineville are 
clearly different from Mountain Pass in their association with large 
amounts of iron. Whereas Mountai n Pass ore con tains about 10 
times as much bastnasite as monazite, Bayan Obo deposits contain 
approximately equal amou nts of ba stnasite and m onazite (Y. Qiu, 
personal communication), although bastnasite-rich ore is selec- 
tively mined. REE-chondrite patterns for Bayan Obo show enrich- 
ment in HREEs relati ve to Mountain P ass (Figure 4). Finally, the 
ultrapotassic alkaline intrusions that are associated with the Moun- 
tain Pass carbonatite are not found at Bayan Obo. On the basis of its 
relatively high P, Fe, and Nb contents, if the Bayan Obo deposit has 
a carbonatite-related origin, it is probably to a nephelinite-carb on- 
atite system rather than to an ultrapotassic-carbonatite system as at 
Mountain Pass. 

The chemical compositions and mineral assemblages of most 
vein-type REE deposits suggest a genetic relationship with carbon- 
atite-alkaline complexes. Such a relationship has been proposed for 
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the Karonge, Burundi, veins (Van Wambeke 1977). The monazite- 
apatite vein at Crescent Peak, Nevada, though, has REE distrib u- 
tion that includes a prominent negative europium anomaly that sug- 
gests a different origin than the Mountain Pass deposit 30 km away. 

Although REE minerals are considered to be relatively unaf- 
fected by weathering, some lateritic REE deposits sho __w signs of 
mobilization and redeposition of REEs. Residual concentration of 
REE minerals such as monazite is possible in laterite, and Morteani 
and Preinfalk (1996) reported that the REEs behaved as rather immo- 
bile elements in laterites at Araxa and Cataldo in Brazi 1. Differences 
in REE distributions in dif ferent lateritic deposits may result from 
differences in parent rocks. For instance, Morteani and Preinfalk 
(1996) noted that REE distributions in the Araxa and Cataldo laterites 
mirrored tho se in un derlying alkaline rocks, and the v ery different 
REE distributions in the Xunwu and Longnan deposits in southern 
China (Figure 6) may be caused by different REE distributions in the 
parent rocks. As noted by Mariano (1989a), however, development of 
REE mineralization in laterites does not require derivation from inde- 
pendent REE minerals in the parent rock but may come from REEs 
in minerals that are less resistant to breaking down during weather- 
ing. Fractionation of the REE elements cle arly takes place during 
weathering, as indicated by differences in REE distributions at differ- 
ent levels in the weathering cap above the Mount Weld carbonatite 
(Lottermoser 1990; Figure 8). The production of cerium anomalies 
(either positive or negative) during the breakdown of R EE-bearing 
minerals in an oxygen-rich environment is to be e xpected; however, 
laterite depo sits may or may no t show such fractionation (compare 
Figure 8 with Figure 6). Mari ano (1989b) proposed that differences 
in the mineral assemblages in carbonatite-derived laterites may result 
from factors other than parent rock composition, such as age, depth 
of weathering, and geomorphology. 


TECHNOLOGY 


Exploration Techniques 


Geologic conditions f avorable for REE deposits are widespread, 
but most of the world’s hard-rock deposi ts are restricted to areas 
underlain by Precambrian rock. The Bayan Obo deposits, which are 
in Proterozoic rock, were o riginally disco vered as r idge-forming 
surficial deposits of dark brown and black iron oxide (Argall 1980). 
Carbonatite REE deposits and many HREE deposits occur in or are 
associated with alkaline rocks in circular complexes, generally in 
Precambrian host ro cks. Such comp lexes may be identif ied using 
aerial photography, even in deeply weathered and highly vegetated 
areas. Although isolated alkaline- carbonatite comple xes such as 
Mount Weld in Australia do 0 ccur, most are in clusters or linear 
belts like those associated with rift zones in eastern Africa and the 
Araxa—Catalao belt in Brazil. 

Sources for p lacer REE deposits include gran itic rocks or 
high-grade metamorphic rocks, or both. Coastal monazite-bearing 
placers in W estern Australia, Brazil, In dia, Sri Lanka, and th e 
southeastern Unit ed S tates we re deri ved from highly metamor- 
phosed Precambrian shield rocks; whereas monazite and xenotime- 
producing placers in Eastern Australia, Malaysia, Indonesia, China, 
and K orea were eroded from Phan erozoic granites, including tin- 
rich granites. Sources of monazite, euxenite, and xenotime in Idaho 
placers include both highly metamorphosed Precambrian rocks and 
Mesozoic granitic rocks. 

Because REEs are associated with thorium and uranium, radi- 
ometric exploration techniques are extremely useful in REE explo- 
ration. REE-rich carbonatite at Mountain P ass was discovered 
during surf ace prospecting for uraniu musing ag _ eiger counter 
(Olson et al. 1954). Man y other REE deposits were fo und by sur- 
face or airborne radiometric surveying. Although most placer REE 


deposits yield only subtle radiometric signatures, careful data col- 
lection and analysis can be used to locate favorable intrabasin areas 
or horizons. 

Geochemical prospec ting using heavy-mineral concentration 
of active stream sediments can be very effective because most REE 
minerals are relatively heavy and resistant. Concentrates made by 
hand panning, mechanized gra vity concentration, or hea vy media 
separation can be analyzed for REEs using inexpensive mul tiele- 
ment analytical techniques. Because many REE minerals are resis- 
tant to chemical b reakdown, use of analytical methods that do not 
require dissolution, such as x-ray fluorescence or neutron activation 
analysis, is desirable, or care must be taken to use methods that 
assure total dissolution when using a technique such as inductively 
coupled plasma (ICP) spectrosc opy. During prospecting f or REE 
placer depo sits in Idaho, the senior author found that favorable 
basins yield heavy-mineral concentrates with 1% or more cerium 
and 0.1% or more yttrium. Spli ts of he avy-mineral concentrates 
taken during exploration should be saved so mineral determinations 
can be performed using microscopic or other techniques. 

Regional geochemical surveys c an be used to find ig neous 
rocks that are likely to host or be associated with REE deposi ts. 
Carbonatite deposits were delineated in Greenland using multiele- 
ment analysis of fine stream sediment samples collected at a den- 
sity of 1 sample/30 k m? (Steen felt 1 991). The Mag net Cove 
alkaline-carbonatite compl ex in Arkansas w as de lineated usi ng 
REEs, titanium, and fluorine contents of stream silt samples col- 
lected at a density of 1 sample/10 km? (Sadeghi and Steele 1989). 
Peralkaline roc ks t hat host HREE deposit sin Greenland were 
delineated usi ng ni obium co ntent in fine stream sedime nts col- 
lected at 1 sample /6.25 km (Steenfelt 1991). The Strange Lake 
deposit in Canada was discovered using regional lake water and 
sediment surveys, with subsequent tracing of glacially transported 
boulders that were init ially recognized 20 km f rom their so urce 
(Richardson and Birkett 1996). 

Biogeochemical prospecting may be useful in defining buried 
REE targets. REE contents of plant ash have been analyzed in areas 
that contain pegmatitic and vein occurrences in Finland and Can- 
ada, and extreme LREE enrichment has been noted in plant ash 
from the Bayan Obo area (Dunn 1995). 

Normal surface exploration techniques, such as trenching and 
pitting by hea vy equipment, are used to e valuate poorly exposed 
REE deposits. Exploratory dredging is used to locate beach placer 
deposits. In countries with low labor costs, hand pitting may be 
used to evaluate placer deposits or unconsolidated deposits such as 
those in laterite. 

Drilling techniques utilized for hard-rock REE exploration and 
prospect evaluation are mainl y core drilling and dual-t ube rotary or 
hammer dri Iling. The method of choice for most heavy-mineral 
placer evaluations is dual-tube rotary drilling. The collection of large 
samples, such as are necessary to e valuate gold placers, generally is 
not needed because the nugget effect is not a factor in most heavy- 
mineral sands that contain REEs. 

Because of the economic importance of dif ferences in p ro- 
cessing REE-bearing mi nerals, ide ntification of the RE E-bearing 
phases in prospective deposits is important. Light-colored REE 
minerals, such as bastnasite and monazite, may generally be distin- 
guished by a green luminescence when illuminated by a mercury 
vapor light (Murata and Bastron 1956). A conventional black light 
with the purple filter removed may be used for this test. This lumi- 
nescence, which is caused by absorption and indicates the presence 
of significant amounts of neo dymium, has been used successfully 
for preliminary REE-grade dete rmination du ring core logging at 
Mountain Pass. Because the test is based on neodymium content, 
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HREE minerals may n ot respond. Absorption bands in the visible 
spectrum may also be used to distinguish REE minerals with the 
aid of a hand spectroscope (Mertie 1960). 

Geophysical methods that can be used to search for buried 
iron-REE depo sits and some REE carbon atite deposits in clude 
gravity surv eys and airborn e or surf ace magnetic surv eys. The 
effectiveness of such methods is based on anomalous density and 
magnetic susceptibility of ade posit and the assoc iated roc ks. 
Because man y carbonati te comple xes have acentral carbonatite 
mass surrounded by mafic alkaline rocks, a common signature is a 
magnetic bull’s-eye with high central values combined with a cen- 
trally located gravity low and a concentric gravity high. The Moun- 
tain Pass carbonatite, however, does not follow this pattern because 
of its high density (caused by ab undant barite and bastn asite) and 
lack of magnetite. The Mount W_ eld carbo natite w as discovered 
during interpretation of ar egional aeromagnetic surv ey, and its 
detailed magnetic expression exhibits concentric zoning (Gunn and 
Dentith 1997). Oth er geophysical techniques include seismic sur- 
veys, which may be used in conjunction with drilling to determine 
the depth to bedrock of placer deposits. 

Mining 

At Mountain P ass, REE ore was mined until October 2001 in an 
open pit approximately 150 m deep using 80-t haul trucks and a 
10-m? shovel. Blast holes drilled at 3 to 4 m spacing were assayed 
for total REOs and other elements by x-ray fluorescence methods. 
Approximately 300,000 tp y were mined with a stripping ratio of 
5:1 or higher. The ore was crushed using jaw and impact crushers at 
the upper lip of the pit and fed to an adjacent mill. Minin g opera- 
tions may be restarted in 2006 following governmental approval for 
pit e xpansion andane w tailings disposal site; ho wever, newly 
enacted California mining regulations could block the resu mption 
of mining. 

At Bayan Obo, iron and REE ore is mined from __ two lar ge 
open pits at a rate of at least 15,000 tpd using electric shovels and 
rail haulage (Argall 1980). Because water is lacking near the mine, 
crushed ore is hauled about 150 km by railroad to milling facilities 
at Baotou. According to Argall (1980), there was no selective min- 
ing at Bayan Obo to maximize production of any group of minerals. 
Originally, REO minerals may have been reco vered from iron ore 
waste. According to Jackson and Christiansen (1993), ho wever, 
REO in the iron ore is locked in slag during ref ining and is not 
recovered, and REO is produced strictly from bastnasite ore that 
occurs in certain zones. According to L. Drew (personal communi- 
cation), during the late 1980s, REE ore came from areas mined spe- 
cifically for REE production, al though iron ore and REE or e were 
hauled on the same trains to Baotou, where most cars were routed 
to steel mills and some to nearby REE processing facilities. During 
the 1990s, REE ore enrichment by hand cobbing was witnessed at 
the mining operation. 

Russia’s loparite was mined as a primary produ ct by under- 
ground and open-pit methods from ore bodies in the Lo vozero 
alkali massif near the city of Revda. The mining compan y, Lovo- 
zersky GOK, has plans to reopen and expand its mining capacity to 
2.6 Mtpy of ore; however, problems with downstream processing 
of loparite concentrate in Estonia probably precludes expansion in 
the near future. 

REE placer mining is done by either dry land mining or by 
dredging techniques. Although Australia does not currently export 
monazite from titania and zircon placer operations, descriptions of 
the placer mining operations in that country are probably represen- 
tative of placer min ing that y ields monazite a nd x enotime else- 
where. Dredges with capacities of as much as 2,80 0 tph (Anon. 


1987) were used in the 1980s to mine beach and dune sand depos- 
its, particularly along the east coast. Dry land techniques, including 
loader and truck, scr aper, drag line, or b ucket wheel mining, are 
used for most of the heavy mineral sand mining in Western Austra- 
lia (Griffiths 1984). 


Processing 


Flotation was used at Mountain Pass to make a bastnasite concen- 
trate containing about 60% REOs until late in 2001. Figure 11 is a 
simplified flow chart for concentrate production at Mountain P ass. 
This concentrate was used either (1) on sit e as feed for chemical 
separation of REEs; (2) leached wi th dilute HCl to produce a 70% 
REO concentrate; or (3) shipped as is. Current sales are from stock- 
pile. Flotation that pro duces concentrate containing about 6 0% 
REOs is used at Baotou to pr ocess REE ore from the Bayan Obo 
deposit. In Russia, lopar ite ore was processed using g ravity and 
electromagnetic separation methods to produce a 95% loparite con- 
centrate. The mill has the capacity to produce about 6,500 t of con- 
tained REOs in loparite concentrate annually, and an e xpansion to 
12,500 t of capacity is planned. 

REE minerals are sepa rated com mercially f rom associated 
minerals in placer de posits using a combination of gravity, mag- 
netic, and electrostatic techniques (Griffiths 1984). Figure 12 is a 
typical b eneficiation flow diag ram for mona zite and xenotime. 
Gravity methods include the use of jigs, spiral and cone concentra- 
tors, and shaking tables. Sizin g and preconcentration commonly is 
performed at the mine site by trommels, shaking screens, and grav- 
ity separation. Many dredges have such facilities on board or utilize 
floating preconcentration plants. 

REE e xtraction from monazite and —_- xenotime is accom- 
plished by dissolution in hot con centrated base or acid solutions. 
During pas t processing of mo nazite ore, REEs were extracted 
using a concentrated so lution of sodium hydroxide at 140° to 
150°C (Kaczmarek 1980). After cooling, hydroxides of REEs and 
thorium were reco vered by filtration, and thorium was separated 
by dissolution and selective precipitation. Monazite and xenotime 
also have been processed u sing hot sulfuric acid digestion and 
water leaching to remove phosphate. This is followed by selective 
precipitation of thorium during dilution and precipitation of REEs 
as double sulfates. 

At Mountain Pass, bastnasite was calcined to drive off CO2 
and fluorine and leached with HCl to dissolve most of the trivalent 
REEs (Figure 11). The residue, which consists mostly of CeO2, was 
sold as a polishing abrasi ve. At Baotou, Bayan Obo R EE mineral 
concentrate is bak ed with sulf uric acid at 300°C to 600°C and 
leached wit h w ater, taking REEs int o sol ution an d pre cipitating 
other elements as waste (Chegwidden and Kingsnorth 2002). REEs 
are then precipitated as double sulfates and con verted to hydrox- 
ides, whic h are le ached with HCl for pur ification using solvent 
extraction (SX) and other methods. Because this method is very 
similar to pl acer monazite processing, the Bayan Obo concentr ate 
is assumed to contain significant amounts of monazite. 

Russian loparite concentrate is produced by a mill with the 
capacity to generate about 6,500 tpy. The concentration process 
uses gravity and electromagnetic separation methods, and yields a 
concentrate containing 95% loparite. The mill also produces ae gir- 
ine and nepheline-feldspar concentrates. If mining expansion plans 
move forw ard, e xpansion of the mill will produce 3,000t of 
loparite concentrate ina _ pilot phase fo lowed by 12,500 t in the 
commercial phase. Additionale xpansion, if w arranted, w ould 
increase loparite concentrate capacity to 25,000 tpy. 

Russian loparite concentrate is processed using gaseous chlo- 
rination at high temper ature in the presence of reducing agents 
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Figure 11. Generalized bastnasite beneficiation flow diagram (Mountain Pass, California) 
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Figure 12. Generalized flow diagram for extraction of monazite and xenotime from Ti-Zr-REE mineral sand 
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Figure 13. Loparite refinery flow diagram (Irtysh, East Kazakstan Oblast, Kazakhstan, and Sillamjae, Estonia) 


(Mikhaillichenko, Mikhlin, and Pattrikeev 1987). The more volatile 
chlorides of titanium, niobium, and tantalum are separated from the 
less volatile chlorides of REEs and other elements, which remain as 
a fusion cake (Figure 13). The fusion cake is dissolved in hot sulfu- 
ric acid in the presence of | ammonium su Ifate (K osynkin et al. 
1993). The solution is diluted with water, dropping out double sul- 
fates of rare earths and thorium that are converted to carbonates by 
the addition of sodium carbon ate. The car bonate is dissolv ed in 
nitric acid, and thorium is precipitated by raising solution alkalinity 
(Hedrick and Sinha 1994) or by solvent extraction. The remaining 
rare earth nitrate solution is separated and purified by selective pre- 
cipitation and solvent extraction. 

Because of their chemical similarity, the trivalent REEs are dif- 
ficult to separate. Although fr —_actional crystalli zation and ion- 
exchange techniques are used to separate them in small amounts, 
commercial separation generally is done using liquid-liquid solvent 
extraction (Kaczmarek 1980). This pr ocess consists of addition of a 
solvent composed of a mixture of organic compounds to the pregnant 
aqueous solution in a series of mixing/settling cells that allow repeti- 
tive fractionation du ring a mo re-or-less co ntinuously flowing pro- 
cess. Figure 14 is a simplif ied diagram of the SX process used at 
Mountain P ass. F ollowing precipitation an d dr ying, specific REE 
compounds with purities in e xcess of 99 .99% can be produced by 
this process. At Mountain Pass, a REE fraction produced during SX 
was treated to separate europi um by reduction to the di valent state, 
with ultimate purification as europium oxylate (D. Witham, personal 
communication). Ot her in dividual R EE comp ounds were pr ecipi- 
tated as hydroxides, carbonates, and oxylates following complex iter- 
ative SX processes. 


Specifications and Testing 


Specifications for REE mineral concentrates, compounds, and met- 
als vary depending onuse. Purity spec ifications for some com- 
pounds may be determined by reference to Table 6. Testing of REE 
products mainly consists of pur ity determinations. In ad dition to 
specific wet che mical ana lytical proc edures, the most effective 
techniques used to test products for individual REE content are 
x-ray fluorescence, ICP emission spectroscopy, and instrumental 


neutron activation analyses. Impurities, such as phosphate, silica, 
lead, and thorium, may be deleterious to product utilization or the 
environment. The need to limi t such impurities depends on use. 
Physical specifications, such as particle-size distribution, color, and 
moisture content, also are important for some products. 

Advances in processing in recent years have removed markets 
for some relati vely low-spec REE products. For instance, a 90% 
cerium oxide product used mainly by the glass industry and manu- 
factured cheaply for years at Mountain Pass has been supplanted by 
higher-grade cerium products with little or no price increase. 


ECONOMIC FACTORS 
Prices 


REE mineral co ncentrates and in termediate com pounds had rela- 
tively steady price and production increases from the 1960s through 
the 1980s, when markets were created in response to new technolo- 
gies (Castor 1994), while REE sou rces remained relatively steady. 
In recent years, prices for REE concentrates and intermediate com- 
pounds can be considered in expensive when compared with many 
other mineral products (Table 6) and have lagged behind inflation. 
REE production increases accelera ted f ollowing signif icant Chi- 
nese impact on the market in the 1990s (Figure 1), while prices for 
all REE commodities have decreased (Table 7). Therefore, despite a 
total annual pro duction increase on the or der of 30 0% since the 
early 1980s, the overall dollar value of the REE mark et has proba- 
bly remained static or even decreased. 

Prices for individual REOs and metals were generally lower in 
the late 1990s and early 2000s than in the 1960s, 1970s, and 1980s. 
Individual REE compounds vary widely in value (Table 7), mostly 
because of relati ve ab undance and production costs. The most 
expensive REE is the hea viest—lutetium, which sold as the high- 
purity oxide for as much as $9,000/kg in 1989 (Hedrick 1991a) and 
declined to a lo w of $2,4 00/kg in 2003. Metallic REEs typically 
have higher prices than their equivalent oxides or other compounds. 
Mischmetal, a mixture of metallic REEs, was quoted at $12.35/kg 
at the end of 1989 (Hedrick 199 1a). During the 1980s, individual 
REE prices generally were static or increased slightly , but, since 
then, m arket change s ha ve c aused price decreases for indi vidual 
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Table 6. U.S. prices for rare earth concentrates and compounds in 2003 





ell 







SX Stripping 
Mixer-Settlers 








Eu 
Solution 





Purification 


(Eu) 


Precipitation, Filter, 


and Calcine 


Europium Oxide 





Product Purity,” % Quantity, kg Price,t $/kg* 

Concentrates8 
Bastnasite concentrate, unleached 58-63 500 3.64 (contained LnO basis) 
Bastnasite concentrate, leached 68-73 500 4.08 (contained LnO basis) 
Bastnasite concentrate, leached and calcined 85-90 500 5.51 (contained LnO basis) 
Lanthanum hydrate 75 minimum 907 5.51 (contained LnO basis) 
Lanthanum-lanthanide chloride 46 159 3.20 (contained LnCl basis) 

Oxides”* 
Lanthanum 99.5 12.00 
Cerium 99.5 18.00 
Praseodymium 99.5 30.00 
Neodymium 99.5 18.00 
Samarium 99.9 58.00 
Europium 99.99 1,120.00 
Gadolinium 99.9 55.00 
Terbium 99.9 440.00 
Dysprosium 99.5 90.00 
Holmium 99.9 245.00 
Erbium 99.9 135.00 
Thulium 99.9 1,950.00 
Ytterbium 99.9 360.00 
Lutetium 99.9 2,400.00 








* Purity as total lanthanide (Ln) oxides equivalent. 
t Prices are nominal and subject to change on a daily basis, priced on a contained Ln oxide or Ln chloride basis. 
t Prices for metric-ton quantities or long-term contracts are typically lower. 
§ Rare earth concentrate prices from Molycorp, Inc., free on board (f.0.b.) Mountain Pass, California. 
** REO prices from Hefa Rare Earth Canada Co. Ltd., 1 kg quantity, f.o.b. Vancouver, Canada. 
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Table 7. Comparative U.S. prices for rare earth metals and oxides, 
USS$/kg 

















Year 
Oxides" 1963t =1973t ~=—s- 19838 = 1993" =~. 20031t 
Lanthanum 12 10 19 19 12 
Cerium 17 11 20 23 18 
Praseodymium 88 7 130 37 30 
Neodymium 66 26 80 88 18 
Samarium 99 66 130 66 58 
Europium 1,411 992 1,900 992 1,120 
Gadolinium 176 99 140 121 55 
Terbium 860 606 1,200 827 440 
Dysprosium 187 88 110 132 90 
Holmium 254 265 650 485 245 
Erbium 187 99 200 143 135 
Thulium 2,756 2,205 3,400 2,750 1,950 
Ytterbium 331 187 225 220 360 
Lutetium 7,661 4,409 5,200 5,500 2,400 
Yttrium 119 66 94 80 52 
Year 
Metals** 196388 1973" 1983ttt 1993#F 2003588 
Lanthanum 309 88 125 150 25 
Cerium 304 88 125 350 30 
Praseodymium 386 353 310 540 70 
Neodymium 386 220 260 340 30 
Samarium 397 298 330 300 80 
Europium 3,307 5,952 7,500 7,600 1,600 
Gadolinium 463 463 485 500 78 
Terbium 2,315 1,543 2,800 2,800 630 
Dysprosium 661 265 300 500 120 
Holmium 661 606 1,600 1,400 350 
Erbium 664 309 650 725 180 
Thulium 8,378 5,291 8,000 6,500 3,000 
Ytterbium 1,047 507 875 1,200 484 
Lutetium 9,370 12,125 14,200 13,000 4,000 
Yttrium 717 309 430 340 96 





* REO prices from U.S., French, and Chinese producers. 

t Cerium and lutetium prices from American Potash & Chemical Corp., 
2-99-lb quantity, f.o.b. Chicago, Illinois; all other REO prices from Michigan 
Chemical Corp., 2-99-lb quantity, 99.9% purity, f.0.b., St. Louis, Missouri. 

+REO prices from Research Chemicals, Inc., 2-49-Ib quantity, 99.9% purity, 
f.o.b., Phoenix, Arizona. 

§ REO prices from Research Chemicals, Inc., 1-5-kg quantity, 99.9% purity, 
f.0.b., Phoenix, Arizona. 


** Holmium, thulium, ytterbium, lutetium, and yttrium oxide prices from Rhéne- 


Poulenc Basic Chemicals Co., 1-kg quantity, f.o.b. Phoenix, Arizona; all 
other oxide prices from Molycorp, Inc., 25-300-lb quantity, f.o.b. Mourtain 
Pass, California. 

tt REO prices from Hefa Rare Earth Canada Co. Ltd., 1-kg quantity, 99.5% 
99.99% purity, f.o.b. Vancouver, Canada. 

tt Rare earth metal prices from U.S., French, and Chinese producers. 

§§ Rare earth metal prices from American Potash & Chemical Corp., 1-4-lb 
quantity, f.o.b., Chicago, Illinois. 

***Rare earth metal prices from Research Chemicals, Inc., converted from 
2-10-lb ingot price, f.o.b., Phoenix, Arizona. 

tttRare earth metal prices from Research Chemicals, Inc., 1-5-kg quantity, 
ingot price, f.0.b., Phoenix, Arizona. 

tttRare earth metal prices from Rhdne-Poulenc Basic Chemicals Co., 1-5-kg 
quantity, ingot price, f.o.b., Phoenix, Arizona. 

§§§Rare earth metal prices from Hefa Rare Earth Canada Co. Ltd., 1-kg quan- 
tity, 99.5%-99.99% purity, f.o.b. Vancouver, Canada. 


Table 8. REE uses and applications by industry 
Automotive Catalysts for pollution control; catalytic converter 
catalyst substrate; rechargeable batteries; fuel cells; 
colored plastics 


Ceramics Oxygen sensors; structural ceramics for bearings; jet 
engine coatings; investment molds; refractories; 


pigments 


Chemicals Oil refinery fluid cracking catalysts; pharmaceuticals; 
water treatment; catalysts; moisture control, dryers, and 


detection 


Defense Lasers; missile guidance and control; visual displays; 
radar; electronic countermeasures; communication; 


shielding 


Electronics Capacitors; cathodes; electrodes; semiconductors; 
thermistors; traveling wave tubes (TWTs); radio 
frequency circulators and toroids; yttrium iron garnet 


(YIG) ferrites 


Glass Polishing compounds; decolorizing; colorizing; 
increase refraction; decrease dispersion; radiation 
stabilization; absorber 


Illumination Trichromatic fluorescent lamps; mercury lamps; carbon 
arc lamps; gas mantles; auto headlamps; long-glow 
phosphors 

Magnets Speakers and headphones; linear motors; antilock 


braking systems; tape and disk drives; gauges; electric 
motors; pumps; ignition 


Magnetostrictive Sonar systems; precise actuators; precision positioning; 


vibratory screens; speakers; ultrasonics to kill bacteria 


Medical Contrast agents; magnetic resonance imaging (MRI); 
positron emission tomography (PET); radioisotope 


tracers and emitters 


Alloying agents in aluminum, magnesium, iron, nickel, 
and steel alloys; superalloys; pyrophoric alloys; lighter 
flints; armaments 


Metallurgy 


Cathode-ray tubes (CRTs); fluorescent lighting; radar 
and cockpit displays; x-ray intensifying screens; 
temperature sensors 


Phosphors 


Other Simulated gemstones; textiles; magnetic refrigeration; 
hydrogen fuel storage; lubrication; photography; 
nuclear uses 





REE commodi ties. Samarium oxid e, fo r wh ich deman d of ten 
exceeded supply during the late 1980s, sold for $187/kg in 1988 
but currently is available at $58/kg because neodymi um-iron- 
boron mag netsh ave su pplanted much of it s market share. 
Europium oxide also has decreased in price from about $2,000/kg 
in 1980 to $1,120/kg in 2003. REE prices are generally lower for 
metric-ton quantities or long-term contracts. 

Yttrium raw ma terials v aried grea tly in pric e dur ing the 
1980s, selling for as much as $50/k g for contained Y203 in a 60% 
concentrate in the mid-1980s, retreating to $32/kg by 1989. In the 
1990s, yttrium-enriched ion-adsorption lateritic clays from south- 
ern China began supplying increasing amounts of low-cost yttrium 
oxide, significantly reducing demand for other yttrium concentrates 
derived from monazite and x enotime. The availability of lo w-cost 
yttrium oxide ($7 to $10/k g in metric-ton quantities in 2003) has 
essentially eliminated the competition in yttrium concentrate. 


Rare Earth Uses and Markets 


REEs are used in a wide variety of applications (Table 8). Compris- 
ing one of the widest ranges of consumer products of an y element 
group, their usage is believed to be a significant economic indicator. 
Traditional REE app lications in lighter flints, car bon arc lighting, 
and iron and steel additi ves have declined from 75% of the o verall 
international REE market in the 1950s to about 20% in the 20 00s. 
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Figure 15. Rare earth markets by weight 


Uses in glass polishing and ceramics are the largest market for REE 
commodities by weight (Figure 15). Substantial amounts of cerium 
concentrates and cerium oxide are used in glass-po lishing applica- 
tions. The automotive catalyst in dustry also con sumes signif icant 
REEs by weight, using cerium carbonate and cerium oxide in the 
catalyst substrate and as a component of the converter’s oxidizing 
catalyst system. Duringthe 1980s,REE production incr eases 
resulted from the rising use of cerium in automotive catalytic con- 
verters (O’Driscoll 1988). The use of lanthanum-rich mixed REE 
compounds in fluid cracking catalysts (FCCs) in petroleum refining 
also has been a major market (Figure 15). Although this application 
initially decl ined substantially in the mid-1980s when legislation 
mandated the use of unleaded fuels, the yield of gasoline and other 
light-fraction produ cts was so reduced that consumption of REE- 
containing FCCs were r estored. Phosphors, electronics, and laser 
crystals provide relatively minor markets by weight, although most 
are high value. 

Although it only comprises 3% of REE production by weight, 
the phosphor market is probably the most important in terms of dol- 
lar value. Be ginning in the 1960s, color tele vision manufacturers 
spurred demand for high-v alue REE phosphors based _ on yttrium 
and europium; later, g adolinium and terbium compounds wer e 
added as phosphors. More recently, their use in tr ichromatic phos- 
phors in fluorescent lighting resulted in increased production. 

The introduction of high-strength samarium-cobalt permanent 
magnets developed by Karl Strnat in the 1970s, particularly for use 
in small electric motors and headphones, created a dynamic new 
REE market. Alth ough higher -strength, lo wer-cost neodymium- 
iron-boron permanent magnets are no w substituted for the more 
expensive samarium-coba lt magnets in most a pplications, sa mar- 
ium-cobalt magnets are still used in applications requiring higher 
temperatures. 

Proposed ne w uses have increa sed a wareness of po tential 
profits in REE raw materials. Superconducting substances contain- 
ing lanthanum or yttrium ha ve been in the spo tlight since 1986. 
Volume markets for these substanc es, however, await further tech- 
nological breakthroughs. New methods have been devised for REEs 
used in hydrogen-based refrig eration and ener gy storage. Mar ket 
expansion for yttrium has provided an incentive for increased pro- 
duction from HREE deposits. In addition to its use in tele vision, 
computer, and lighting phosphors, yttrium has found increased use 
in stabilized-zirconia ceramics applied in structural parts, bearings, 


oxygen sensors, simulate d gemstones, golf clubs and shoe cleats, 
shirt buttons, and coatings in the exhaust section of jet engines. 

Although w orldwide demand for REEs has had a general 
upward trend for many decades, REEs’ economics are as comple x 
as their chemistry. Because individual REEs occur together in most 
deposits in fixed ratios, the economic riddle is how to balance pro- 
duction ag ainst ma rket de mand. To ac complish this, e ach REE 
must be assigned a factor based on its natural abundance in the ore 
mineral in order to de velop marketing equations, such as determi- 
nation of price. Comple xity of these equations are enhan ced by 
variations in separation and purification costs between the REEs. In 
addition, markets for individual REEs may change rapidly because 
of technological changes and other factors. Mark eting variability 
may also lead to stockpiling of unmarketable REE frac tions and 
products by producers. 

The prin cipal sourc e of RE Eores is Chin a, with sma ller 
amounts available from India, Kazakhstan, K yrgyzstan, Malaysia, 
Russia, Thailand, and the United States. Refined rare earth prod- 
ucts, including compounds, metals, and allo ys, are primarily p ro- 
duced in China and France. 

U.S. imports were dominated by Chinese material in 2003, 
with 75% of domestic imports, by weight. France, with 10% , was 
the next largest source of U.S. imports (down from 30% in 2000), 
and Japan was third, with 4%. France and Japan, ho wever, do not 
mine REEs and source the majority of their supplies from China. 
Therefore, the amount of Chinese REEs that the United States actu- 
ally imported in 2003 w as probably 89%. F or the rare earth trade 
categories of domestic imports, the percentage of shipments sup- 
plied by China, by weight, were as follows: 


* Cerium compounds: 84% 

¢ Yttrium compounds: 63% 

¢ Individual REE compounds (except cerium): 64% 

¢ Mixtures of REOs (except cerium): 97% 

¢ REE metals (intermixed or interalloyed): 73% 

¢ Mixtures of REE chlorides: 94% 
China was the leading source of ma terials for all rare earth impor t 
categories except ferrocerium and other pyrophoric alloys, a small 
volume trade category supplied mainly from France, at 82% of the 
import market. 

In the mid-1980s, U.S. imports exhibited a very different dis- 
tribution, at lower quantities because of high REE production from 
Mountain Pass. The leading supplier of domestic imports in 1985 
in each category by percenta ge of shipments by weight, were as 
follows: 

¢ Cerium compounds (except oxide): France, 89% 

¢ Cerium oxide: France, 98% 

¢ Individual REOs (excluding cerium): France, 84% 

¢ REE alloys (including mischmetal): Brazil, 87% 

¢ REE metals: former U.S.S.R., 65% 

¢ Other REE metals: Federal Republic of Germany, 21% 
¢ Ferrocerium and other pyrophoric alloys: France, 59% 

In 1985, the majority of rare earth imports came from France, 
at 48%, with China supplying only about 1%. 

Domestic production trende d upward from the 1960s, when 
bastnasite production from Mountai n Pass became commercially 
available, to the 1990s. Concentrate production at Mountain P ass 
ceased during 2001, when the mi ne and mill were put on stan dby 


status. Stocks of bastnasite concentrates and some REE intermedi- 
ate and purified compounds are available from stockpiles, however. 
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Table 9. Harmonized Tariff Schedule for rare earth commodities imported into the United States in 2004 





Heading/ Normal Trade Non-normal Trade 
Subheading Codes Article Description Relations Relations Special Program Codes" 
2530.90.8050 Mineral substances not elsewhere specified or included; rare Free 0.3¢/kg 
earth metal ores, e.g., xenotime (complex phosphate) and 
gadolinite, ytterbite, and cerite (complex silicates) 
2612.20.0000 Thorium ores and concentrates; rare earth metal ores, e.g., Free Free 


monazite (thorium and rare earth phosphate) 
2805 .30.0000 
intermixed or interalloyed, ad valorem 


2846.10.0000 


Cerium compounds, including oxides, carbonates, 


hydroxides, nitrates, sulfates, chlorides, oxalates, and so forth 


2846.90.2010 


Mixtures of rare earth oxides, including yttrium and 
scandium, other than cerium oxides 


2846.90.2050 
2846.90.4000 


Mixtures of rare earth chlorides, except cerium chloride 


Yttrium-bearing materials and compounds containing by 
weight >19% but <85% yttrium oxide equivalent 


2846.90.8000 


cerium compounds, mixtures of REOs, and mixtures of rare 
earth chlorides) 


2844.40.0020 


Other radioactive elements, isotopes, and compounds 
(includes promethium, gadolinium 157, and so forth) 


3606.90.3000  Ferrocerium and other pyrophoric alloys 


7202.99.5040 


55% silicon, other (e.g., rare earth silicide) 


Rare earth metals, including scandium and yttrium, whether 


Rare earth compounds, including individual REOs, rare earth 
hydroxide, rare earth nitrate, and other compounds (excludes 


Other ferrosilicon alloys, containing by weight not more than 


5.0% ad valorem 31.3% ad valorem Free A+, CA, CL, D, E, ILJ, JO, 


MX, 3.7% (SG) 

5.5% ad valorem 35% ad valorem Free A, CA, CL, E, IL, J, JO, 
MX, 4.1% (SG) 

Free 25% ad valorem 

Free 25% ad valorem 

Free 25% ad valorem 


3.7% ad valorem 25% ad valorem Free A, CA, CL, E, IL, J, JO, K, 


MX, SG 


Free Free 


5.9% ad valorem 56.7% ad valorem Free A+, CA, CL, D, E, IL, J, 


JO, MX, 4.4% (SG) 


Free 4.4¢/kg on silicon 
content 





* Products eligible for special tariff treatment: 
A = Generalized System of Preferences (GSP) (duty-free treatment). 


A+ = Only imports from least-developed beneficiary developing countries eligible 


for GSP under that subheading (duty-free treatment). 
CA = North American Free Trade Agreement (NAFTA) for Canada (duty-free 
treatment). 
CL =Chile Special Rate. 
D = Africa Growth and Opportunity Act (duty-free treatment). 


Although REE ra w material production is do minated by one 
country, worldwide REE commodity markets are comple x because 
of the variety of ores and commodities. Also, REE separation facili- 
ties are located in various countries that import all of their plant feed 
material, which means th at high- purity REE products may be 
shipped back to the countries that or iginally produced the REE raw 
material. France and Japan, which have no internal REE raw mate- 
rial sources, a re major producers of processed REE commodities, 
exporting approximately $20 million and $15 million worth, respec- 
tively, of REE compounds and metals to the United States in 2003. 
Separated REE production in France is by a single company, Rhodia 
Electronics & Catalysis. Originally, it utilized monazi te and x eno- 
time from Australia and the United States; however, restrictions on 
the disposal of thorium waste forced Rhodia to shift to intermediate 
REE thorium-free compounds, including rare earth chlorides and 
nitrates. Sixteen European count ries exported REE commodities to 
the United States in 2003: Austria, Belgium, Estonia, France, Ger- 
many, Hungary, Ireland, Italy, Liechtenstein, the Netherlands, Nor- 
way, Russia, Spain, Sweden, Switzerland, and the United Kingdom. 
At least 20 companies in Japan produce REE commod ities that are 
used by that country’s steel, auto, and electronics industries. Japa- 
nese REE producers have used increasing amounts of Chinese raw 
and purified REE materials for their industry. 


GOVERNMENTAL CONSIDERATIONS 


Tariff Rates, Depletion Provisions, and Government Policies 


The classification of China as a most favored nation in 1978 by the 
United States had a str ong impact on REE markets, and the U.S. 


E 
| 


= Caribbean Basin Initiative (CBI). 
L = Israel Special Rate (duty-free treatment). 
J = Andean Trade Preference Act (ATPA). 
JO = Jordan Special Rate. 
K = Agreement on Trade in Pharmaceutical Products (duty-free treatment). 
MX = NAFTA for Mexico (duty-free treatment). 
SG = Singapore Special Rate. 


government has shown little interest in protecting domestic produc- 
ers. U.S. tariff rates are shown in Table 9. 

While keeping the value of its currency low, the Chinese go v- 
ernment has aggressively promoted its REE industry. Peking Univer- 
sity is reported to have a research staff of 1,400 scientists working on 
all facets of REE production and marketing (D. Witham, personal 
communication). Development of Ch inese REE depo sits does not 
seem to have been impeded by normal market considerations, leading 
to signif icant overproduction of REEs in recent years. Man y of 
China’s REE mines, processi ng facilities, and manufacturing plants 
are said to be underfunded (O’ Driscoll 2003). In 2003, the Chinese 
government announced that it w ould assert control o ver its REE 
industry, setting up two oversight groups: one centered on the Bayan 
Obo-Baotou operations in the nort h and one that will be de veloped 
mainly around the lat eritic (ionic cl ay) REE deposits i n southern 
China. 


Environmental Concerns 


In the Unit ed States, REE mines and processing plants are 
required to meet the same environmental quality guidelines as 
other mini ng and_ chemical f acilities. The U.S. En vironmental 
Protection Agency (EPA) is responsible for setting air -, water-, 
and soi I-quality standards for such operations nat ionwide, b ut 
standards for some individual states are more stringent. Reclama- 
tion requirements for mining are under state authority and differ 
from state to state; however, reclamation on federally owned land 
is overseen by agencies such as the U.S. Forest Service and U.S. 
Bureau of Land Management. 
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REE ores and commodities, as well as by-products and waste 
materials from REE processing, are naturally radioactive, mostly 
because of contained th orium. The thorium content of monazite 
typically ranges fro m 4% to 10% ThO 2, where as th orium com - 
prises less than 1,000 ppm in bastnasite from Mountain Pass (Mari- 
ano 1989 a) and may b e even lower in Chinese REE concentrate. 
Handling, shipping, storage, and disposal of such materials are con- 
trolled by federal and state agencies. Less than 10 t of thorium com- 
modities, all from imported or stockpiled material, are consumed in 
the United States annually (Hedr ick 2004 b). Therefore, thoriu m 
produced during REE pro cessing presents an e xpensive disposal 
problem for the industry. 

The Rhodia plant in Freepo rt, Texas, extracted REEs from 
largely impor ted monazite un til 1992, when the feedstock w as 
switched to Chinese REE concentrates. Production from this opera- 
tion has declined su bstantially in recent years. Th e company’s La 
Rochelle, France, pl ant is now the world’s only signif icant REE 
separation plant outside of China, and it imports most of its REEs 
as carbonates, chlorides, and nitrates from China (Chegwidden and 
Kingsnorth 2002). 

Although the bastnasite produ ced by Molycorp, Inc., at 
Mountain Pass has relatively low thorium, chemical processing was 
suspended by the California EPA in 1998, mainly because of the 
radioactive element content of w aste involved in a sp ill incident. 
Between 1998 and the present, Molycorp has sold REE commodi- 
ties from stockpile and has purchased, tested, and resold imported 
REE com modities. T he com pany pl ans to resume pro duction at 
Mountain Pass and its environmental impact statement is currently 
under review. 

Environmental concerns centered on the d isposal of radioac- 
tive waste have precluded the development of REEe xtraction 
plants in Australia, where environmental policies are mainly under 
state control. A processing facility in Western Australia designed to 
produce REEs from 15,000 t of monazite annually, originally slated 
to begin production in 1989, was not constructed because of lack of 
approval from the Environmental Protection Authority of Western 
Australia. Groups concerned about radioactive contamination of the 
environment have become active worldwide, as shown by protests 
of plans to be gin processing REEs in Mal aysia in the late 1980s. 
Malaysian production of xenotime ore ceased in 1994 because of 
environmental regulatory compliance problems, along with the col- 
lapse of market prices for xenotime. 

On the other hand, c onsumption of REEs in automoti ve and 
industrial emission catalysts is directly dependent on environmental 
regulations for air pollution control. Use and composition of REE- 
containing refinery FCCs are functions of both the feedstock and 
the fuel quality required, both of which also relate back to air pollu- 
tion regulations. 


FUTURE TRENDS 

The future use of REEs is expected to increase, especially in auto- 
motive poll ution ca talysts, FCCs , and p ermanent magn ets. Rar e 
earth applications are expected to need greater amounts of higher - 
purity mixed and separated products, requiring specificity in their 
unique properties. Stro ng deman d for cerium, lanthanum, and 
neodymium is expected to continue throughout the decade as auto- 
motive and electr onic usagee xpands with population gro wth. 
Future growth also is forecast for REEs used in lasers, fiber optics, 
and medical applications that include MRI contrast agents, PET 
scintillation de tectors, me dical is otopes, and dental and sur _ gical 
lasers. On the other hand , demand is expected to de cline over the 
next decade for REE phosphors used in CRTs, as flat-panel display 
use inc reases. A slight dec line also is fore cast for rechargeable 


nickel-hydride batteries, as lithium ion batteries gain wider use in 
portable electro nics. Lon g-term gr owth is forecast for REEs uti- 
lized in magnetic refri geration allo ys and other technologies that 
exhibit energy efficiency and cost benefits. 

World reserves are suf ficient to meet foreca st world demand 
well into the 21st century. Se veral w orld-class R EE deposits in 
Australia and Chin a (Mount W eld and Maoniuping, respecti vely) 
have yet to be fully developed and contain substantial reserves. Pro- 
duction may resume at idle deposits that produced in the past, such 
as Mountain P ass, United States , and Steenk ampskraal, South 
Africa. Other substantia | reserves are contained in hea vy-mineral 
sands deposits worldwide. As demand continues to increase, future 
development of new REE deposits is likely. 

U.S. companies ha ve shifted a way from using — radioactive 
REE ores, which has negatively affected monazite-containing min- 
eral-sands operations worldwide. The cost to dispose of radioactive 
waste p roducts in the United States is e xpected to continue to 
increase, severely limiting domestic use of lo w-cost monazite and 
other thorium-bearing REE ores. Worldwide demand for monazite 
is expected to increase in th e long term, ho wever, because of its 
abundant supply and its recovery as a low-cost by-product. 

World REE markets are expected to continue to be very com- 
petitive in response to China’s large resources, competitive prices, 
low-cost wages, inexpensive utilities, and minimal environmental 
and permitting requireme nts. Chi na is e xpected tor emain the 
world’s principal rare earth su pplier. In addition, cconomic growth 
in se veral de veloping countries will pro vide ne w and potentially 
large markets in Southeast Asia and Eastern Europe. 

The long-term outlook is for an increasingly competitive and 
diverse group of REE suppliers. As research and technolog y con- 
tinue to advance the knowledge of REEs and their interactions with 
other elements, the economic base of the REE industry is expected 
to continue to grow. New REE applications are expected to con- 
tinue to be discovered and developed. 
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Salt 


Susan R. Feldman 


Sodium is an unstable, silver-colored, metallic element that reacts 
violently in the presence of water, and chlorine is a dangerous and 
potentially lethal, greenish-colored gaseous element. Yet combined, 
these two ele ments form sodium chloride, commonly kno wn as 
salt, which is a white-colored com pound essential to life itself. Salt 
is perhaps the only miner al in the world that is used by virtually 
every human being. W orld history is peppered with e xamples of 
salt’s profound influence. Sources of salt have even determined the 
location of c ities, such as Salzburg, Austria; Salzgitter, Germ any; 
and Saltville, Virginia. Populations have migrated in search of salt, 
and wars have been fought to obtain or to protect it. 

Although there is no reco rd of when prehistoric ci vilization 
first discovered salt, cult ures appreciated its unique and distinctive 
taste. The y also noticed anim als attracted to salt springs and salt 
licks, satisfying t heir innate cravings. Hunters and g atherers knew 
that where there was salt, they would find animals. Because prehis- 
toric people were not aware of their physiological need for salt, they 
automatically received their salt re quirements from eating the meat 
of animals. A Mesopotamian tale tells of a wounded pig that ran into 
the ocean and drowned. After be ing reco vered f rom the ocean, 
where it was saturated in the salt brine, the pork was found to taste 
better than unsalted meat. It was not until ci vilization graduated 
from a nomadic to an agricultural society and vegetables and cereals 
were introduced into the diet, that the need for additio nal supple- 
ments of salt was realized. The Sumerians ate salted meat and used 
salt to preserve food about 3500 BC. In approximately 1000 BC, the 
Trojans learned to use salt for preserving fish. The maritime civiliza- 
tions, such as_the Phoenicians, e ngaged in ane xtensive salt trade 
throughout the Mediterranean. 

Many superstitions, customs, and traditions surround the reli- 
gious, social, economic, and poli tical aspe cts o f ci vilization. 
Although some commodities have provided the basis of some age- 
less metaphors and cliches (i.e., heart of gold, strong as steel, eyes 
of coal), none are more commonly used as those pertaining to salt. 
Being “the salt of the earth” re ferred to a person’s worthiness, as 
referenced in Matthe w 5:13 of the Bible. Someone “not w orth his 
salt” reportedly w as used in ancien t Greece in bartering salt for 
slaves. When laborers were worth their salt, they were paid a “sal- 
ary” (sal is Latin for salt), a term still in use today that dates back to 
Roman times when part of a soldier’s pay was paid in salt rations. 
Fearing those around him, the Roman leader Pompey was known to 
add a grain of salt to his drin ks as a supposed antidote to poison. 
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Hence, “taking it with a grain of salt” is to regard something with 
suspicion. Kurlansky (2002) menti ons that Haitia ns broke spells 
and brought zombies back to life with salt. 

The earliest known record of salt production was in China 
about 2000 BC when Emperor Yu decreed that salt had to be sup- 
plied to the court as a tri bute. Because salt was a commodity that 
had universal demand, governments often intervened to control salt 
production and distribution to gene rate revenue for major national 
projects. State-run salt mono polies were common in history—for 
example, in Rome about 506 BC. Revenue was also deri ved from 
taxes levied on salt sales. The word gabelle refers to the direct salt 
tax used in France. This tax was so despised that it was a major 
cause of the French Revolution. Although the tax w as repealed in 
1790, it was reinstated in 1805 to raise re venue f or Napoleon’ s 
wars. France continued to use the gabelle until 1945. Because of the 
unique properties of preservation for food stores, salt became one 
of the first international trade commodities. 

Salt makin g w as an important economic acti vity inman y 
areas of the world. Archaeological evidence indicates that salt was 
quarried from hills near the Dead Sea before the Bronze Age. At 
Hallstatt in the eastern Alps of Austria, rock salt was mined as early 
as 1400 Bc. Solar salt was being produced in the northern Yucatan 
peninsula by the Mayan civilization about 1000 BC to AD 300; how- 
ever, even earlier Mexican saltworks were found in Oaxaca. By the 
1500s, salt was in such demand by civilizations that during the war 
beginning in 1568 between Spain and the Dutch, the Dutch were 
cut off from their supply of Spanish salt. They were able to confis- 
cate Spanish salt from the beach at Aragy in Venezuela and from 
sea salt ponds in B onaire in the Dutch Antilles. The Spanish also 
lost salt to the British on Tortuga, another Caribbean island close to 
Venezuela. In 1541 , when Hernando DeSoto, _ the e xplorer, w as 
traveling up the Mississip pi River, he remarked in his log that salt 
was collected along the r iver, marking the rudimentary solar salt 
gathering works by the native Indians of that region. 

Other than the prehistoric use of salt in the southwestern part of 
the United States by Native Americans, the first production of salt by 
the American colonists began in June 1614 on Smith ’s Island, V ir- 
ginia, 7 years after the founding of the Jamestown colony. The short- 
lived activity was in response to the high price of salt being charged 
by ships’ captains who brought salt over as ballast from England. 

History in the Americas is filled with salt wars. This trend 
continued until after the Civil War. The early Aztecs held power 
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over theirenemies by den ying them access to salt. Although 
Nathaniel Loomis, in 1790, is credited with starting the first com- 
mercial inland salt production in the United States at New York’s 
Onondaga Lake, salt had been made by individuals for private use 
many years earlier. Indians had long known of the salt springs in the 
Kanawha Valley of V irginia (now West Virginia). In 1755, Mary 
Ingles, a white settler, was kidnapped by Indians and was forced to 
make salt from the saline springs. After her escape, she told other 
settlers how to ma ke salt. At Sa Itville, Virginia, Arthur Campbell 
began makin g salt in 1782 by _ boiling brine obtained from salt 
springs. In 1799, William King sank a shaft about 3.0 m (9.8 ft) in 
diameter down about 6 1.0 m (200. 1 ft) to the u nderlying Saltville 
salt deposits. The shaft flood ed before he could extract any rock 
salt; however, King has the distinc tion of digging the shaft of th e 
first salt mine in the United States. Figures 1 and 2 show the King 
site as it appears t oday in Saltville, Virginia. Production of brine 
from the shaft co ntinued until 1892. Settlersmo ved into the 
Kanawha V alley in 1785 ,butitw asn’tuntil 1806 that Elish a 
Brooks established the first commercial salt works in Kanawha. 


GEOLOGY 


In 1849, J. Usiglio, an Italian scientist, illustrated the sequence for 
precipitation of chemical compounds fro m sea water u sing w ater 
collected from the Mediterranean S ea. His order of precipitation 
was iron hydroxide, calcium carbonate, calcium sulf ate, sodium 
chloride, and the soluble salts of potassium and magnesium in the 
mother liquors. Although the deposit at Strassfurt, Germany, is a 
classic example of this sequence, this sequence was not correct. 


Mineralogy 


Pure sodium chloride contains by weigh t 39.3 4% so dium and 
60.66% chlorine. The mineralogical name for salt is halite, from the 
Greek word hals, meaning salt. Because of its simple crystal struc- 
ture, it was the first structure to be analyzed by x-rays. Salt has the 
following properties: 


Formula: NaCl 
Crystallography: isometric, hexoctahedral, 4/m 32/m 
Cell contents: NaaCla 
Habit: usually cubic, rarely octahedral; massive, granular 
to compact 
Physical properties: 
Refractive index: 1.554 
Twinning: observed on {111} 
Cleavage: {001} perfect 
Fracture: conchoidal, brittle 
Hardness: Mohs hardness of 2 
Specific gravity: 2.168 
Melting point: 804°C (1,479°F) 
Boiling point: 1,413°C (2,575°F) 
Luster: vitreous, normally colorless to white, but 
occasionally red, yellow, blue, and purple 
Solubility: 0°C: 35.7 parts per 100 parts of water 
100°C: 39.8 parts per 100 parts of water 


Classification of Deposits 


Salt deposits are found in solution or ina_ solid state. Itisth e 
method of recovery from these two forms that ca tegorizes salt as 
rock salt, solar salt, salt brine, or vacuum pan salt. 


Solution 


Solutions of salt are found in the oceans, lakes, natural brines, and 
groundwater. 





pe 


ee 





Courtesy of Dave Hubbard. 
Figure 1. Location of t he fir st salt mine in the United States, 
Saltville, Virginia (within fenced area). The shaft was filled in many 
years ago for safet y reason s. Note th e rebuil t salt-boil ing block, 
patterned after one used during the Civil War to produce salt for the 
Confederacy. 


pia 








Figure 2. View of Saltville, Virginia, circa 1900, showing the fenced 
area of the King salt mine (arrow) 


Oceans. The oceans provide us with the largest resource of 
salt in the world. The world’s oceans contain about 530 million km? 
of water. About 42% of salt is dissolved in the oceans. One cubic 
kilometer of seawater contains 93 Mt of dissolved matter, of which 
78 Mt is salt. To visualize what this quantity of salt looks like, it 
would take about 18 Vertical Assembly Buildings (the world’s larg- 
est building in terms of volume) like the one at the Kennedy Space 
Center at Cape Canaveral, Florida, to hold all the salt contained in a 
single cubic kilometer of seawater. 

The salt content of the oceans varies from 1% to 5%, depend- 
ing on the location, depth, and e xternal influences, but it averages 
about 3.5%. In coastal areas, wh ere evaporation rates e xceed pre- 
cipitation rates, solar e vaporation of sea water may be the more 
advantageous method to produce salt. In certain countries that have 
limited technology and markets, the operations may be cru de and 
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relatively unchanged from methods _ their ancestors used. Some 
facilities in arid regions take advantage of natural, shallow depres- 
sions along the coastlines. The seawater is introduced during high 
tides or storms an d evaporated during dry periods, lea ving a dry 
crust of salt on the surface. Most of these operations are small and 
the salt is marketed for local consumption. In other nations, modern 
operations that use more advanced scientific techniques to improve 
product quality and quantity wh ile maintaining lo w prod uction 
costs have become major competitors in world markets. 

Lakes. Lakes are the result of natural accumulations of water 
in topographical depressions, or behind natural obstructions. Usu- 
ally water carries dissolved material whose composition depends 
on the type and solubility of the rocks and material exposed to dis- 
solution by the ground and surface waters. Clarke (1924) classified 
mineralized lakes as follows 


¢ Sodium chloride lakes 

¢ Natural bittern lakes—magnesium salts dominate 
¢ Sulfate water lakes 

¢ Sulfate-chloride lakes 


¢ Alkaline lakes; carbonate la kes, carbonate-chlor ide lakes, 
chloride-sulfate-carbonate lakes 


Sodium and calcium cations that dominate most mineralized 
lake deposits give rise to deposits rich in sodium sulfate (both mira- 
bilite and thenardite), burkeite, gaylussite, trona, and halite. Landes 
(1960) reported that the sodium chloride lakes are “either separated 
bodies of ocean water or they owe their composition to the presence 
of salt within the rocks that floor the watershed.” Land-locked bod- 
ies of saline water provide a natural source of salt to develop, such 
as the Great Salt Lake in Utah, where several solar salt evaporation 
facilities ha ve been constructed. Alkaline lakes, such as Searles 
Lake and Owens Lake, both in California, are more noted for their 
sodium carbonate content than their sodium chloride potential. 

Groundwater. Groundwaters are classif ied as either connate 
or meteoric water. Connate waters are those that are trapped in the 
country rock at the time of formation and reflect the composition of 
the water at the time. Most sedimentary rocks were deposited at the 
bottom of the sea, so a substantial quantity of connate water could 
have been entrapped during the _ process. Ho wever, sed imentary 
rocks are also formed in freshwater lakes and interior salt lakes. 

Meteoric, or rainwater, is fresh as it is precipitated; however, 
it absorbs soluble material as it descends through the air, and into 
the soil, ro cks, and so f orth. Depending on the environment, the 
composition and the sali nity of groundwater vary. The salinity of 
the groundwater can increase on contact with sodium ch loride— 
rich strata. Clarke (1924) classified groundwaters into the follow- 
ing groups: chloride, sulfate, carbonate, mixed (chloride-sulfate, 
chloride-carbonate, sulfate-carbonate, chloride-sulfate-carbonate), 
siliceous, borate, nitrate, phosphate, and acid. 

Groundwaters range in chemical content from practically nil 
to as much as 254 000 ppm. Man y groundwaters that were satu- 
rated with salt provided the source of surface salt springs that were 
used by animals and prehistoric man. The salt-b earing gr ound- 
waters in New York, Virginia, and West Virginia were commercial- 
ized tota ke advantage of thi s re source. Som e bri nes are not 
processed for the salt but for their bromine or magnesium contents. 


Solid Salt 


Crystalline salt is found in playa lake deposits, bedded salt deposits, 
and salt domes. Halite may be t he dominant mineral; however, it 
also may be commingled with other sedimentary minerals. 

Playa Salts. A playa is a naturally occurring sandy, salty, mud- 
covered floor of a desert basin, according to Grabau (1913). During 


an influx of rain, the playa may be covered with rainwater, which dis- 
solves part of the soluble playa surface. After the water evaporates, a 
soluble evaporite remains that may be concentrated in one part of the 
playa. With subsequent periods of additional precipitation and evapo- 
ration, salts dissolved from the playa surface will deposit out as crys- 
tals of various substances, the majority of which is sodium chloride. 
The crystal’s surface promotes the continued growth of the size of the 
crystalline deposit. Searles Lak e in California is considered one 
example of a crystal body in a playa lake. 

Playa lak e deposit s general ly are common inari_ dre gions. 
Saline playas are formed from the evaporation of a mineralized lak e 
that was created by the leaching of the rocks in the area surrounding 
the enclosed basin. Sodium chlori de—bearing solutions contribute to 
the salt content of the playa. The presence of certain other minerals 
may indicate that other geologic processes occurred in the area. F or 
example, the presence of borates would indicate recent volcanism in 
the area. 

Salt is not the only mineral found in playa deposits. The min- 
eralogic composition of a playa may vary considerably . Se veral 
playa lakes in California illustrate this c learly. Cadiz Lake is pre - 
dominantly composed of calcium chloride, while Bristol Lake is 
predominantly salt and Owens Lake is chiefly sodium carbonate. 
Searles Lak e contains a mixt ure of man y compounds, primarily 
salt, sodium carbonate, sodium sulfate, potash, and borates. 

Bedded Salt Deposits. Salt is also found as sedimentary, bed- 
ded deposits of varying thicknesses. It is usually associated with 
other sedimentary rocks, such as shal es, li mestones, dolomites, 
gypsum, anhydrite, and so forth. Salt deposits are fou nd in every 
geologic period from the Cambrian to the Tertiary, and evidence 
indicates that some deposits are Precambrian. Table | lists exam- 
ples of salt deposits in the different geologic periods. 

Although bedded salt deposits are found in many countries 
throughout the w orld, geologists have been intrigued with the ori- 
gin of the very thick deposits, such as P aradox Basin, some of 
which exceed several hundred meters in thickness and co ver many 
hundreds of square kilo meters. The concept of the time span and 
the amount of e vaporation required to produ ce that magnitude of 
salt overpowers the imagination. 

Various theories have been developed to explain the formation 
of bedded salt deposits. None of the ideas adequately account for 
the extremely thick beds, or for the concept of how salt may be the 
dominant mineral in one basin w ith gypsum-anhydrite in another. 
The generally accepted theory of formation involves the precipita- 
tion of salt from an e vaporating body of salt w ater. Landes (1960) 
outlined the classification of the various theories as follows 

I. Terrestrial type: Evaporating interior sea becomes saline as 

a result of 

A. Primary sodium chlo ride produced as a weathering 
product. 

B. Flushing of connate water from sed imentary ro cks 
cropping out above water level in drainage basin. 

C. Leaching of salt from sedimentary rocks cr opping out 
in the drainage basin. 

II. Marine type: Concentration of ocean water in cutoff sea: 

A. Without further enrichment 
B. With enrichment by 
1. Wind-blown salt 
2. Ocean water 
a. Marginal salt pans 
Marine salinas 
Barred lagoons 
. Silled downwarping basins 


aos 
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Table 1. Ages of salt deposits 


Location 





Cenozoic Era 


Algeria, Cyprus, Czech Republic, Dominican Republic, Egypt, Iran, Iraq, Morocco, Poland, Spain, Sudan, Syria, Trucial States, Turkey, 


Recent Mexico, United States” (solar salt operations and playa lakes) 
Pleistocene Israel, Mexico, United States (CA, NV), Russia 
Pliocene Italy, Jordan, United States (NV, UT) 
Miocene 
Russia 
Oligocene France, Germany, Iran, Iraq, Spain, Turkey 
Eocene Belize, Iran, Morocco, Pakistan,t United States (Green River Basin, WY) 


Mesozoic Era 


Angola, Bolivia, Brazil, Colombia, Congo, Gabon, Libya, Mexico, Morocco, Nigeria, Peru, Senegal, United States (FL), Russia, Democratic 


Cretaceous 

Republic of Congo 
Jurassic Aden, Chile, Cuba, Germany, Kuwait, Tanzania, United States (ID, Gulf Coast area) 
Triassic 


Portugal, Spain, Switzerland, Tunisia, United Kingdom 
Paleozoic Era 


Permian 
Supai Basin, Williston Basin), Russia 


Pennsylvanian Brazil, United States (CO, UT, Paradox Basin) 


Algeria, Bolivia, Bulgaria,t Ethiopia, France, Germany, Greece, Libya, Mexico (Isthmus of Tehuantepec), Morocco, the Netherlands, Peru, 


Australia,t Brazil, Denmark, Germany, Greece,t the Netherlands, Mexico, Peru, Poland, United Kingdom, United States (Permian Basin, 


Mississippian Canada (New Brunswick, Nova Scotia), United States (VA, Williston Basin) 
Devonian Australia, Canada, United States (Williston Basin, WY), Russia 

Silurian Canada, United States (Salina Basin) 

Ordovician Bolivia,t United States (Williston Basin, WY) 

Cambrian Australia, Canada (Northwest Territories), Iran, Pakistan,t Russia 


Precambrian Era 


Australia, Iran, Pakistant 





Adapted from Lefond 1969. 
* See Figure 3 for more information on U.S. deposits. 
t Unconfirmed. 


Landes (1960) also suggests the following stages for the for- 
mation of a major bedded salt deposit: 


1. Peneplanation of the continental platform so that it is a nearly 
flat land of very little elevation above the sea. 


2. Submergence of wide areas be neath the sea. Shallow ocean 
waters spread over a considerable part of the continent. 


3. Beginning or rene wed do wnwarping of a basi n marginal to 
this epicontinental sea. 


4. Sedimentation of both basin and epic ontinental sea. Main ly 
clastic and organic (reef) deposits. 


5. Lowering of sea to approxima _ tely si Il1 evel. Period of 
evaporite deposition. Enrichment by seawater flowing across 
sill. Because of the shallowness of the water, and the distance 
from the open ocean in such areas as the Michigan Basin, the 
brine crossing the sill may ha ve been abnormally strong. 
Some enrichment could also take place by wind-blown salt, 
for the flat topography and sc antiness of land v egetation no 
doubt resulted in incessant winds of considerable magnitude. 


As more salt and/or sediments are deposited onto the layer of 
salt crystals on the sea floor, the water is squeezed out and the salt 
crystals become compacted or recrystallized into massive salt beds. 
Other theories of salt formation suggest that salt may have been 
deposited from deep density-layered brine contained in basins that 
did not dry up. This theory raises more questions than it resolves. 

Salt Domes. One of salt’s properties is that it will flow plasti- 
cally when compressional forces are exerted on competent s trata 
that contain salt beds. The forces may be due to the static weight of 


the overlying sediments, or other tectonic factors. If the pres sure 
increases, the salt will flow into zones of decreased pressure, usu- 
ally vertically upw ard through the overlying sediments. The salt 
will resemble “domes” or “diapiric folds.” Salt domes are found in 
the Gulf Coast of the United St ates and in the P aradox Basin of 
Colorado-Utah. The y are also found in Algeria, German jy, Iran, 
Mexico, Romania, Tunisia, and elsewhere. Some times the _ salt 
dome reaches the surface and appears as a circular expression, such 
as the A very Island, Louisiana, salt dome. A sa It dome can also 
flow like a glacier onto the surface, such as the Kuh-i Namak salt 
plug in the Persian Gulf area. 


Distribution of Major Deposits 


Solid deposits of salt or salt-bearing solutions are found in virtually 
every country in the world. Although the world contains abundant 
reserves of salt, the location and size of the deposits in re lation to 
the location and size of the salt markets are im portant factors to 
consider when developing a commercial salt operation. For exam- 
ple, transportation is a variable in the total cost to the purchaser. To 
remain competitive, these types of added expenses must be e valu- 
ated to determine whether a business in a particular location makes 
sense economically. 


The United States 


The United States is the world’s largest salt producer. Its domestic 
salt reso urces are located primarily in four depositional basins 
covering an area totaling about 1.3 million km? (0.5 million mi”) 
in 18 states. Figure 3 sho ws the distribution of domest ic (North 
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Adapted from Salt Institute 2004. 
Figure 3. Major salt deposits and dry salt production sites in North 
America 


American) salt resources. Although large regions of the country are 
underlain with bedded, dome, or brine salt depo sits, the northwest 
and most of t he eastern S tates are devoid of salt. F or consumers 
located in these regions, salt must be imported. The total identified 
resource of salt in the United States is estimated at 49.8 trillion t. At 
the present rate of mining, only 45 Mt are being depleted annually 
from this resource. 

The four depositional basins are (1) the Gulf Coast of Permian- 
Jurassic age, which co vers part of Alabama, Arkansas, Flor ida, 
Mississippi, eastern Texas, and all of Louisiana; (2) the Permian of 
Permian age, which includes part of Colorado, Kansas, New Mex- 
ico, Oklahoma, and western T exas; (3) the Salina of Silurian age, 
which covers part of Michigan, New York, Ohio, Pennsylvania, and 
West Virginia; and (4) the Williston of Or dovician-Permian age, 
which includes portions of North and South Dakota, Montana, and 
Wyoming. The Salina and W illiston basins e xtend into Ca nada 
while the Gulf Coast and Permian basins reach into Mexico. 

There are also a few other minor basins that contain salt. They 
are (1) the Supai of Permian age, in part of eastern Arizona and 
western Ne w Me xico; (2) th e Paradox of Pen nsylvanian age, in 
southeast Utah and southwest Colorado; (3) the Se vier, in central 
Utah; and (4) the Green Ri ver of Eocene age, in southwest W yo- 
ming. There is also some bedded salt in the overthrust area of Utah/ 
Wyoming. 


World 


Salt is produced in Canada in the provinces of Alberta, New Brun- 
swick, Nova Scotia, Ontario, Quebec, and Saskatchewan. Although 
Canada has large reserves of salt, about 62% of Canadian salt pro- 
duction is in Ontario, where transport economics are the dominant 
market force. 

Rock salt deposits in Me xico occur near Monterrey, Coatza- 
coalcos, and Punta Gorda. Salt domes and salt anticlines are associ- 
ated with the deposit at Coat zacoalcos. At Monterrey, the salt is 
solution mined and used as feedstock for the one local synthetic 
soda-ash plant. Although there we re extensive solar w orks in th e 
northern Yucatan peninsula that had been used by the early Mayan 


civilization, the major solar salt production in Me xico today is at 
Guerrero Negro along the Pacific coast of Baja California. 

Brazil has large salt reserves in the Amazon basin, Ser gipe, 
and in offshore salt domes. Salt is also found in Ar gentina, Chile, 
and Colombia. Except for the underground salt mine at Zipaquira, 
Colombia, the majority of salt produced in South America is from 
playa lake deposits or solar salt pans. 

The salt industry of Europe can be traced back to early Roman 
times. The Romans introduced open-pan evaporation of seawater to 
England. Salt has been produced in Austria since the eighth cen- 
tury, and the rock salt mine at Wieliczka, Poland, has been in con- 
tinuous operation since the th irteenth century . England, France, 
Germany, Italy, the Netherlands, Poland, and Romania, and Russia 
are the major salt-producing countries of Europe. Approximately 
one-fourth of the salt produced is rock salt, and most of the remain- 
der is salt brine for use by the European chemical industry. 

One of the major salt deposits in Europe is the Zechstein (Per- 
mian) salt formation that extends from eastern England to western 
Poland. In Germany, the Keuper (Triassic) salt beds are well devel- 
oped. Salt beds of the Miocene, Oligocene, and Jurassic periods are 
found in several European countries. Solar salt is produced along 
the coasts of France, Greece, Italy, Portugal, and Spain. 

Although rock salt deposits are found in Africa, most salt is 
produced by solar evaporation from seawater and saline lakes. The 
countries that are kno wn to produc e salt include Algeria, Benin, 
Burkina Faso, Djibouti, Egypt, Ghana, Kenya, Libya, Madagascar, 
Mali, M auritania, M auritius, Morocco, Mozambique, Namibia, 
Niger, Sene gal, Sierra Leone, Somalia, the Rep ublic of Sout h 
Africa, Sudan, Tanzania, Tunisia, and Uganda. 

China is the largest salt-producing nation in Asia and the sec- 
ond largest in the world. Coastal solar salt works and inland drilling 
for salt brines have been conducted since about 2000 Bc. Though a 
major salt user, Japan has no indi genous rock salt or salt spring 
deposits; therefore, it must depend on imports to satisfy most of its 
salt requirements. Japan does, however, produce food-grade salt by 
processing seawater using ion-exchange electrodialysis technology, 
which is v ery energy intensive. The improper climate and lack of 
available coastal land make solar salt production impractical. Rock 
salt deposits in Asia are found in China, India, Pakistan, and Thai- 
land. W ithin the last decade, co untries such as_ India, Pakistan, 
Thailand, Vietnam, and many African coastal nations have begun to 
explore the commercial aspects of solar salt produ ction, and many 
have developed production sites. 


TECHNOLOGY 
Exploration and Development 


Many salt deposits were discovered while exploring for oil, gas, 
and potash. For example, salt was found in Morocco’s Mohamme- 
dia region by a Uni ted Nations exploration tea m searching for 
commercial-grade pot ash int he Khe mmiset-Berrechid basins. 
Accidental discoveries of salt occurred in Brazil, France, Morocco, 
Portugal, and Thailand. 

Although man y reconnaissance pr ojects ha ve located salt 
resources, it is the task of the exploration geologist to delineate the 
ore zone and attempt to quantify the salt reserves. The exploration 
method is governed to a lar ge extent by the proposed method for 
recovering the salt—that is, by either con ventional underground 
room-and-pillar mining or by so lution mining, including the pro- 
jected use of the resultant cavity. 

If the salt bo dy isto be dry mined, the e xploration project 
must be more extensive and greater care taken in det ailing the 
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results than if the deposit were to be mined using solu tion-mining 
techniques. The extra care is necessary because of the greater capi- 
tal investment incu rred with un derground dry minin g than is 
incurred in developing a brine field. 


Evaluation of Geologic Factors 


When evaluating a salt deposit for dry mining, the geologic cond i- 
tions surrounding the deposit are almost as important as the deposit 
itself. These conditions include 


1. Groundwater. The quantity of groundwater and its hydrostatic 
head will ha ve a direct infl uence on the method an d cost of 
shaft sinking. If the groundwater is a potable water supply for 
acommunity, the protection of the aquifer requires caref ul 
hydrological in vestigation. Sh aft sinking dif ficulties will 
increase if an aquifer contains brine or significant amounts of 
hydrogen sulfide, ammonia, or hydrocarbon gases, or if th e 
hydrostatic pressure is very high. 


2. Overburden characteristics. Considering the overburden as the 
alluvium plus the rock sequences above the salt deposit, it is 
essential that the ph ysical characteristics of these horizons be 
known as fully as possible. It is particularly important that this 
information is ga thered from the area in whic h the shaft or 
shafts are to be sunk. The data should include the thickness and 
hardness of the beds, drillability, fracture pattern, friability, and 
tendency to oxidize. Contractors that sink the shafts frequently 
make physical examinations of the drill cores themselves. 


3. Physical characteristics of rocks associated with the salt. The 
structural integrity of the sedimentary rocks underlying and 
overlying the salt bed is par _ ticularly important. The roof 
spans, pillar size, percentage of extraction, mine layout, and 
the roof-bolting program are some of the mine features that 
will be dictated by the character of the rocks surround ing the 
deposit. 

4. Faults. Fault systems, common to many salt formations, can 
create numerous serious pr oblems and should be defined as 
carefully as possible dur ing the exploration project (Jacoby 
1969). Salt domes in the United States gulf coastal area have 
many faults associated with the spines that characterize their 
upper lim its. These vertical or near-vertical fractures ofte n 
contain brine, oil, and/or gases. Failure to develop mining 
patterns to a void creating dif ferential st resses ac ross t hese 
features to seal o ff the liquid intrusions often results in great 
expenditures of time, energy, and money. 


5. Facies changes. Major and minor facies changes may occur in 
salt beds o ver relati vely short distances. This has been 
documented in the Michigan Salina salts; the Rea Imonte, 
Sicily salts; and the potash salts of the Khemmiset Basin of 
Morocco. In Michig an, the A-1 salt changes from apur_ e 
anhydrite on the basin’ s edge near Detroit to an almost pure 
saltinE ast China Township, Michigan, and finallytoa 
heavily contaminated potash salt at Midlan d. Inth e 
Khemmiset Basin, salts grade from a lean potash ore at 
Berrechid toa98.3% sodium chloride in Mo hammedia. 
Although the salt at Realmonte, Sicily, is metamorphosed, it 
shows asimi lar gradational change from lean potash 
mineralization to a pur e halite. Most salt consumers prefer a 
product of uniform chemical composition; therefore, th e 
exploration program must define the limits of the various salt 
grades laterally and vertically within the bed and the reserves 
of a uniform or standard product. 


6. Attitudes and position. The attitude and position of bedded 
salt and the flowage lines in salt domes influence the mining 


system, the percentage of extraction, the depth of the mining 
level, the selection of a shaft versus an inclined entry, and the 
rock mech anics of superimpos ing p illars whe re m ultilevel 
systems are contemplated. Whenever the internal features of 
the deposit or the continuity of the salt quality is questionable, 
a mill sample should be obtained by a bored shaft or inclined 
entry. Structures within a salt bed, such as folding (e.g., Cane 
Creek potash mine in southern Utah), can also add p roblems 
to under ground mining. In the caseofCane Creek, this 
structural change ca used t he owners t 0 swit ch to solution 
mining from under ground mining. When solution mining is 
considered, e xploration is con ducted concu rrently with the 
expansion orreplacement of the current brin ing f acilities. 
Evaluating the regional geology leads to the selection of the 
brine field site. Based on previously published information, a 
decision may bemadeonwh_ etheror not geophysical 
information w ould be beneficial in guiding — subsequent 
drilling. Wher e domes are in volved, or where the beds are 
known toha ve been altere d by diapirism or f aulting, 
geophysical studies may have distinct value (Mattox 1968). 


7. Chemical composition. The deposit generally should h ave a 
minimum sodium chloride content of 95% to be commercially 
acceptable. The northeastern section of the United States has 
an average sodium chloride content 0 f 97%. Salt obtained 
from sou thern salt domes or from solar e vaporation has a 
higher sodium chloride content of about 99%. Depending on 
the saltendu__ se, v arious tr ace el ements suc h as boron, 
chromium, copper, iron, and vanadium, as well as ammonia, 
and water insolubles, such as gypsum, must be considered. 


Drilling and Coring 


If seismic or other geophysical data sho w a uniform top elevation 
of the salt, the drilling fluid can be changed from water to saturated 
brine just above the top of the salt formation. Where zo nes of lost 
circulation have been encountered “up the hole,” a casing point is 
usually selected above the top of the salt and a string of protective 
casing installed. Depending on the well design and the economics, 
the ca sing is either set tem porarily on a pack er or permanently 

cemented in the hole. When drill holes e xpose shales that swell, 
spall, or slough in the presence of freshwater, early conversion to a 
saturated salt-brine drilling fluid often is justified. 

A clean and fully saturated or supersaturated b rine drilling 
fluid is very important so that the salt is not etched or leached. The 
solubility of salt at different temperatures is also very important. 

Once the drill rig cuts and recovers the cores, the cores are cut 
into 0.33 m (1 ft) lengths and halved. One section is halved again to 
form a qu arter, which is crushed and ground for chemical tests. 
Physical testing is usually done on a second quarter of the core. 

Once the c ore hole i s completed, it should be logged with 
gamma-neutron, sonic, or 3-dimensional equipment. The logs are 
then correlated with the physical core sections and the geolograph 
that records the rate of drill penetration. Because faults, especially 
low-angle thrust faults, are difficult to rec ognize in cores of sal t 
beds, the correlation with logs will often show repeat sequences of 
rock strat a. Subse quently, a core reexamination may indi cate a 
fine-grained granular halite section o f co re that was pr eviously 
unrecorded. Sonic logging differentiates anhydritic dolomite from 
dolomitic anhydrite, while gamma-neutron will clearly depict salt 
from anhydrite (Leroy 1951). 


Evaluation of Deposits and Plant Siting 


Jacoby (1972) outlined a good procedure fore valuating a salt 
deposit with respect to its development using solution mining: 
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I. Preliminary considerations 


A. Plant requirements 

1. Quantity of brine 

2. Quality of brine 

3. Degree of saturation required 
B. Subsurface factors 

1. Geology 

2. Rock mechanics 

3. Hydrology 

4. Previous extractive operations and environment 
C. Surface factors 

1. Environment 

2. Topography 

3. Property boundaries 

4. Plant-brine field relationships 
D. Feasibility study 
Preliminary brine-field layout 
Capital investment 
Cost of capital 
Operating cost 
Brine treatment cost 
Taxes and tax incentives 
Return on investment 


Syne Boe 


II. Preliminary engineering 


A. Property 
1. Acquisition 
a. Option of surface and mineral rights 
b. Rights of well sites 
c. Ingress and egress rights 
d. Right-of-way for roads, pipelines, and power 
lines 
e. Storage rights 
f. Conditions of abandonment 
B. Water supply 
1. Environmental considerations 
a. Groundwater table 
b. Salt water encroachment 
c. Effect on local agriculture, industry, and 
domestic use 
2. Supply characteristics 
a. Volume (continuity and cyclic variations) 
b. Quality 
C. Salt supply 
1. Exploration 
a. Geophysical surveys 
(1) Seismic 
(2) Gravity 
b. Drill holes 
(1) Cores 
(2) Geophysical logs 
(3) Hydrological tests 
2. Design data development 
a. Analyses of well logs and cores 
b. Physical testing of cores 
c. Water supply evaluation 
d. Equilibrium studies 


III. Design and cost analysis 


A. Brine-field layout and cost 

Salt wells design and cost 
Subsidence grid system design 
Roadways and well sites 
Pipelines and power lines 
Cathodic protection 


ne Ge Ose 


Pump and pump facilities 

Feedwater treatment facilities 

Reservoirs and aeration 
9. Security 

. Supervision costs 

. Operating costs 

. Maintenance costs 

. Taxes and insurance 
Depletion and depreciation 

. Cost of capital 

. Return on investment 


CO OY 
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Methods of Recovery 


Data pertaining to commercially produced salt in the United States 
have been reported since 1797. A good reference for this is Kauf- 
mann (1960). Table 2 lists domestic salt production, by type, from 
1990 through 2002. 


Underground Mining 


Mining underground bedded salt or salt dome deposits includes 
constructing and developing underground rock salt mines, solution 
mining of the subsurface solid salt, or producing and de veloping 
natural saline brines. 

Rock Salt Mining. All U.S. and Canadian rock salt min es use 
the room-and-pillar method of underground mining. The height of 
the pillars is limited to the thickness of the salt bed and the vertical 
section of salt that can be economically and safely e xtracted. Usu- 
ally a certain amount of salt is left behind in the floor and the roof to 
avoid mining into the und erlying and o verlying non-salt beds that 
would contaminate the quality of the salt being mined. Bedded sa It 
deposits generally are vertically restrictive but laterally unrestricted, 
while salt dome deposits a re laterally restricted but vertically unre- 
stricted. Room heights can range from about 3.0 m (9.8 ft) in a bed 
to more than 30.0 m (98.4 ft) in a dome. The height of pillars in salt 
domes, therefore, can be substantially higher than those in bedded 


Table 2. Salt production in the United States, kf 





Vacuum 

Pans and 
Year Open Pans _Solart Rock? BrineS Total” 
1990 3,660 2,990 2,800 17,400 36,800 
1991 3,650 2,810 1,200 18,700 36,300 
1992 3,810 3,220 1,400 17,600 36,000 
1993 3,860 2,960 14,300 18,100 39,200 
1994 3,960 3,020 15,100 18,000 40,100 
1995 3,950 3,540 4,000 20,600 42,100 
1996 3,920 3,270 13,500 21,500 42,200 
1997 3,980 3,170 12,900 21,400 41,400 
1998 4,040 3,190 12,900 21,100 41,200 
1999 4,190 3,580 4,400 22,700 44,900 
2000 4,200 3,801 5,000 22,500 45,600 
2001 4,120 3,310 17,000 20,400 44,800 
2002 4,100 3,390 13,500 19,300 40,300 








Source: U.S. Geological Survey 2004. 
* Production data are actual production data. 
t Includes bulk, packaged, compressed pellets, and pressed blocks. 
t Includes bulk, packaged, and pressed blocks. 
§ Tons of anhydrous salt contained on a bulk basis. 
** Data may not add to totals shown because of independent rounding. 
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Courtesy of Fonville Winans. 


Figure 4. A 1939 view of Cargill Salt’s Avery Island rock salt mine 


salt operations. The room widths are basically a function of the 
thickness of the overlying incompetent rocks and the physical char- 
acteristics and thickness of the sa_ It that forms the roof. Figure 4 
shows a view of Cargill Salt’s Avery Island rock salt m ine with its 
rooms that are 30.0 m (98.4 ft) high. 

The pillar widths are controlled by the percentage of extraction 
permissible at the various depths and room widths. Most room-and- 
pillar operations recover about 45% to 65% of the resource, with the 
remainder left beh ind as pillar supports. Most mines in bedded 
deposits use roof bolts to support their haulage ways, shaft entries, 
and permanent work areas. Roof bolts are used in bedded salt mines 
to prevent roof collapses. They are effective safety devices when 
properly applied. The length, diameter, and spacing of the bolts vary 
with the circumstances. Most mines use bolts 1.1 m (3.6 ft) to 3.0 m 
(9.8 ft) long on 1.1 m (3.6 ft) spacing centers. Very little roof bolting 
is done in salt dome mines because of the pro blems encountered in 
bolting in sa It. Bolt holes in salt ha ve a smoot h, slick surface that 
form poor seats for bolt anchors, and that deforms plastically over 
time because of the pressures. 

The majority of dome stic rock salt mining uses conventional 
mining equipment because of the physical properties of salt. Con- 
tinuous mining equipment, which uses rotating drum heads fitted 
with tungsten-carbide cutting tips, has been tested in some mining 
operations, but it tended to pulverize a lot more of the salt into use- 
less fine particles. Ne wer types of con tinuous mining equipment 
have improved to such a de gree that they are finding wider accep- 
tance in sal t mining. In conventional mining, the working face is 
first horizontally undercut about 3.0 m (9.8 ft) into the face to pro- 
duce ak erf. This allows a smoot her floor to work from later on. 
Next, a drill rig is used to drill a series of h orizontal (or slightly 
angled) holes abo ut 3.0m (9.8 ft) deep into the salt. Ex plosives, 
usually ammonium nitrate and fuel oil (ANFO), are pneumatically 
blown into the drill holes and set off electrically la ter a fter the 
working shift is over. One Kansas mine has experimented success- 
fully with making the first horizontal cut at the ceiling level, rather 
than along the floor. The result is a smooth ceiling. 

After the salt is blasted free, front-end loaders pick up the 
loose rock salt and transport it to a breaker-feeder unit that crushes 
and conveys the salt on belt conveyors to other underground crush- 
ing and screening stations. The salt can be stockpiled underground 
or hoisted to the surface and stored in silos or bins for processing at 


a later time. Some operations prefer to crush and screen the salt to 
different sizes at the surface. 

In 2004, eight companies operated 14 rock salt mines in the 
United States. The plant locations span Kansas, Louisiana, Michigan, 
Nevada, New York, Ohio, and Texas. Rock salt mining accounted for 
400 Mt, or 66% of total U.S. salt production in 2002. 

Solution Mining. The practice of solution mining is more than 
2,200 years old; however, the concept remains the same today 
although there ha ve been a fe _w impr ovements made since 1965. 
Solution mining involves injecting a solvent to dissolve and recover 
underground soluble minerals. Before 1955 _, all solution mining 
used either “annulus injection” th at employed a p air of concentric 
pipes (one carried the solvent downward and the other contained the 
brine upward) or “tubing injection” that introduced the solvent at the 
bottom of the tube. Several holes are usually drilled and the solvent 
(usually water) is pumped into the holes under pressure, dissolving 
the salt and leaving the insolubles in the bottom of th e re sulting 
cavity. The saturated brine can be pumped to the surface for recov- 
ery and further processing. One advantage of this technique is that 
specific beds can be mined, thereby reducing any subsidence. 

Hydraulic fracturing has been used in the oil and gas industry 
for many years and was adopted by the salt industry. This technol- 
ogy was preferred for the following reasons: 


1. Italtered the cavity configuration from the “morning g lory” 
shape to hemispheres and el lipsoids, thusi ncreasing the 
stability of openings and reducing the likelihood of subsidence. 


2. It increased the percentage of extraction from less than 5% to 
something in excess of 40%. 


3. It reduced brining costs in most operations by 50%. 


It increased the pro ductive capacity of wells from 
approximately 3 L/s (50 gpm) to ab out 31 L/s (500 gpm) or 
more. 


5. It reduced well maintenance co sts toless than 5% of their 
former amount. 


Solution mining is used to obtain a sodium chloride feedstock 
for vacuum-pan salt production and for synthetic soda ash, chlorine, 
and caustic soda manufacture. Only the quantity of manuf actured 
vacuum-pan salt is reported. The amount of underground salt that is 
dissolved and recovered is not reported. The quantity of brine used 
to make chloralkali chemicals is reported as either the amount of 
captive brine used or brine sold. The chemical industry is the largest 
consumer of salt brine in the w orld, using about 45% of total salt 
sales. Brine represented about 89% of the salt feedstock for the 
chemical industry. Although the same companies that use it produce 
most salt brine, many chloralkali manufacturers now purchase brine 
from independent brine supply competitors. 

Most salt and chemical companies use contract drillers to drill 
brine wells. Almost all new wells are constructed with rotary drill- 
ing equipment. Steel-cased pipes are inserted in the drill holes and 
cemented on the outside back to the surface. Most companies use a 
series of well pairs to establish a brine field. One well pair consists 
of (1) an injection well, in whic h the water solvent is introduced, 
and (2) a productio n well, in wh ich the salt-bearing solution is 
pumped to the surface for processing. Some chemical companies 
have turned over the routine responsibility of operating and main- 
taining the brine field and pipelines to brine supply companies. The 
chemical producers are charged by the meter for ho w much brine 
they receive. 

The cavities created during solution mining are often used for 
underground storage of a v ariety of products. The empty caverns 
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provide an inert and sealed environment to store hydrocarbons, 
ethylene dichloride, and compressed air. 


Solar and Mechanical Evaporation 


Other than recovering salt from underground deposits, salt can b e 
obtained from seawater along coastal margins, and from landlocked 
bodies of natural saline water and artificial brines. Salt production 
uses the wind and sun to evaporate water, leaving behind relatively 
pure crystals of salt. Solar salt production is restricted to regions of 
the world that ha ve high e vaporation rates and low precipitation. 
The practice of solar salt production from sea water can be traced 
back many hundreds of years and has not changed much throughout 
history. Laborers in some countries today, such as Colombia, India, 
Jordan, and Thailand, continue to produce solar salt in the same 
manner as their ancestors. 

Seawater Evaporation. Seawater contains v arious dissolved 
salts that will separate depending on their relative solubilities. Cal- 
cium carbonate, which is the least so luble, will separate out first. 
Highly soluble magnesium salts tend to separate last. The mineral 
salt separation order fro m se awater, from first to last, is calcite, 
gypsum, hal ite, astrakanite,e psomite, kainite,he xahydrite, 
kieserite, carnallite, and bishofite. 

In the United States, solar salt production from sea water is 
restricted to the San Francisco Bay area and southern California. 
Seawater from the Pacific Ocean is collected and allowed to evapo- 
rate in spe cially constructed concentration and e vaporation ponds. 
The initial step concentrates the brine to raise the salinity and to 
allow various calcium, magnesium, and iron compounds to precipi- 
tate from solution. The brine circulates among a netw ork of inter- 
connecting gravity-fed ponds, with salinity increasing with each 
transfer. It takes approximately 2 to 5 years from the time seawater 
is initially introduced before the first salt is ready for harvest. 

The brine is treated with lime to remove excess sulfate as cal- 
cium sulfate and then pumped to e vaporation ponds and h arvesting 
ponds to permit the salt to crystallize. After about 85% of the salt has 
crystallized, the remaining supern atant liquid, called “bitt ern,” is 
drained. Some companies pump the bittern to adjacent ponds for sub- 
sequent extraction of magnesium , potassium, bromine, and sodium 
compounds. Dep ending on the location of the plant, frequency of 
harvest can vary. In most industrialized countries, solar salt is har- 
vested by mechanical harvesting equipment. Less industrialized 
countries still use manual labor to obtain the salt. 

Inland Solar Evaporation. Solar salt is pro duced from the 
Great Salt Lake in Utah, which is an example of a landlocked body 
of salt water. The principles of solar salt concentration and produc- 
tion are similar to those along coastal margins except that salinity 
of inland lakes usually is greater than that of seawater and a yearly 
crop of salt can b e harvested. As water flows over or beneath the 
surface, it dissolves minerals from underlying soils and rocks. The 
salt lakes are topographically lower than most of the surrounding 
areas and, therefore, become excellent sumps for mineral accumu- 
lation. For example, the Great Salt Lake receives about 2 Mt of new 
minerals annually by this process. The salt per centage in the lak e 
varies, depending on the influx of freshwater. 

A second form of inland solar evaporation includes evaporating 
artificial brines that were dischar ged as waste products into contain- 
ment ponds. One example is the solar salt operations in New Mexico 
that are associated wi th pot ash minin g. Un derground-commingled 
deposits of halite and sylvite are mined for the potash, and the salt is 
discharged during pota sh processing as a brine to tailing ponds and 
left to evaporate. Over the years, many feet of salt have accumulated 
and various companies have been attracted to recover and sell t he 
salt. Although a network of concentration and evaporation ponds is 


not required in this case, the harvesting equipment is similar. The arid 
location permits virtually year-round harvesting. 

The total quantity of solar salt produced in 2002 in the United 
States was 3.4 Mt, or 8.4% of U.S. salt production. Nine salt 
companies operated 14 solar e vaporation facilities in the United 
States. Solar salt from seawater was harvested in California. Solar 
salt from inland solar e vaporation was produced in Arizona, Cali- 
fornia, New Mexico, Oklahoma, and Utah. 


Vacuum Pan Salt 


Vacuum pan salt is so lution- or dry -mined and is p roduced using 
mechanical evaporation technology. Although any of the other three 
types of salt may be dissolved to make vacuum pan salt (i.e., rock 
salt, solar salt, and salt brine), virtually all domestic vacuum pan salt 
is obtained by solution mining underground salt formations. 

Salt is obtained by deh ydrating the incoming brine using heat 
alone or in combinati on witha vacuum. The vacuum pan process 
conserves energy by using multiple-effect evaporators connected to 
vacuum pumps. A saturated salt solution will boil at a higher temper- 
ature than freshwater; however, when a vacuum is applied, the brine 
boils at alo wer temperature, enabling the generated superheated 
vapor to act as the heating medium for the next evaporator. 

Another mechanical evaporation process used in the United 
States on a small scale is the open-pan process. Round and rectan- 
gular pans with steam-heated immersion coils are used to evaporate 
the water from the brine. Rotating rakes scrape the salt that has 
accumulated on the pan bottom into a sump, or up a ramp depend- 
ing on the method, and onto conveyors for d ebrining and d rying. 
The open-pan process produces a fl ake-shaped crystal rather than 
the typical cubic form. Flake salt is preferred to pro duce cheese, 
butter, and baked goods. The Alberger process is a modified open- 
pan technique that produces flake salt that possesses a hopper shape 
in complete crystals. 

Five companies operated 19 vacuum-pan salt plants, account- 
ing for 10% of total U.S. salt production in 2002. Vacuum pan salt 
is produced in California, Kansas, Louisiana, Michigan, New York, 
Ohio, and Texas. 


Processing 


After rock salt is mined and sola r salt is harvested, the material 
undergoes some basic mechanical processing that usually consists 
of crushing and screening to reduce and separate the particles into 
different mark etable size f ractions. Rock salt mines ha ve under- 
ground stations consisting of a combination of primary crusher and 
feeder units that load the salt onto conveyor belts for transport to 
secondary crushers elsewhere in the mine. Some mines have under- 
ground screening equipment to size the fragments; other operations 
conduct the screening at the surf ace. After screening , the salt is 
shipped to either underground or surface storage bins, each contain- 
ing a dif ferent size fraction. From this poi nt, the salt is ready for 
packaging and shipping or loading as bulk salt into railcars, trucks, 
barges, or ships. 

Solar salt processing consists of hauling the salt to wash plants 
or direct ly to a stockpile. There are di fferent variations of w ash 
plants, but the y should be designed to f it the local condit ions and 
quality requirements. After solar salt is dumped into a pit at a typical 
wash plant, the salt is fed toa vibrating feeder or screw conveyor 
where it gets washed with saturated salt brine to minimize dissolving 
the salt crystals. Depending on the amount of surf ace insolubles or 
occluded dirt and debris, the use of seawater or dilute brine is of ten 
implemented. The washed salt goes to a classifier and then on for 
dewatering before being con veyed to a storage site. Some solar salt 
operations dry the salt in rotary dryers and screen the salt before 
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sending it to the stock pile. Others do some wet screening but allow 
the wet salt to drain in large windrows for periods not less than 
2 weeks but up to several months before shipping. 

Vacuum-pan process salt is produced by heating salt brine in 
large vertical e vaporators. Thi s processing method _ is usually 
applied to green brines fo rmed from the solutio n mining method. 
Three to five evaporators are placed in series with each one in line 
under a greater vacuum than the preceding one. A unit consisting of 
three evaporators is also known as a trip le-effect evaporator sys- 
tem. When pressure is lowered in an evaporator, the temperature at 
which water will boil also is reduced. Steam is fed to the first pan 
causing the brine to boil. The steam liberated by the boiling brine is 
used to heat the brine in the second pan. The pressure in the second 
pan is less, thereby allowing the steam made by the boiling action 
in the first pan to boil the brine in the second evaporator. The pres- 
sure co ntinues to be reduced ineach succeeding — evaporator. 
Although the boiling process could be done using only one vacuum 
pan, more salt can be made per pound of steam using se veral pans 
in a row, and this multiple-effect process saves energy. 

Brine processing can also consist of remo ving the majority of 
dissolved impurities from the salt in the solution. Calcium and mag- 
nesium are two common ions associated with salt that are precipi - 
tated and removed during brine purification treatment. Soda ash, also 
known as so dium carbonate, is used to remove calcium ions, which 
precipitates as calcium carbonate. Magnesium ions are precipitat ed 
and removed by adding caustic so da or lime. The resulting precipi- 
tates—magnesium hydroxide or ma gnesium carbonate—finally set- 
tle out along with the calcium carbonate. Barium carbonate is used to 
remove calcium sulfate from brines by forming insoluble barium sul- 
fate. Sometimes hydrogen sulfide is dissolved in the brine but can be 
eliminated by reacting it with sulfuric acid to produce the gaseous 
oxides of sulfur and neutralizing the acid with lime. Once the salt has 
been purified, bringing the purity level above 99.9% sodium chloride, 
the salt is dried in either a rotary dryer or a fluid-bed dryer to keep the 
salt from caking during the drying process. If anticaking agents such 
as yellow prussiate of soda are adde d, they are added before drying. 
Free-flowing additives or other additives are added to the dry salt i n 
mixing conveyors before storage or packaging. 

A similar type of process c alled a recrystallizer process ha s 
been applied to solid sa Its, such a s solar and rock, but is nota s 
energy efficient and thus has lost popularity with processors. Solid 
salt requires dissolving before applying the recrystallization process. 


Product Forms 


Salt is marketed and shi pped in various forms, the most common 
being bulk. Most large chemical and industrial salt consumers buy 
in bulk quantities to reduce costs. Bulk salt purchasers should have 
adequate stor age space to accommodate the v olume of ma terial 
purchased. Bulk shipping costs are usually less than those for pack- 
aged salt. 

Packaged salt consists of salt sold in round cans, boxes, shak- 
ers, single-serve packets, kraft paper bags with p olyethylene film 
liners, or plastic bags. Big bags or super sacks, holding up to a ton 
of salt, are used as a means of shipping a small bulk quantity. These 
bags can be palletized for easy handling by forklift. Many purchas- 
ers use these contain ers to deli ver pre-weighed quantities of bulk 
salt to their batch processes. Whatever t he cont ainer si ze, most 
packaged products are sold and sh ipped as un itized pallet quanti- 
ties. Most vacuum pan salt for human consumption is packaged in 
one or more type o f container. Because of the packaging and han- 
dling costs, the unit price is higher than for bulk salt. The majority 
of packaged salt is sold through grocery, food service, institutional, 
and related outlets, or to food processors or manufacturers. 


Pressed blo cks include lar ge salt bric ks, spo ols, sma Mer 
bricks, pellets or “pillows,” and other compressed forms used by 
the water conditioning and agricultural sectors. Fifty-pound blocks 
are the most common pressed block sold. Very high hydraulic pres- 
sures are used to press the salt blocks. Blocks sold for animal nutri- 
tion often have trace minerals ad ded to them, based on veterinary 
advice, to supplement wh at is missing from the normal diet of the 
animal. Because of an animal’s natural craving for salt, this method 
of nutrient supplementation w orks well to deli ver just the right 
amount without overfeeding. 

Pellets and pillo ws are briquett e-shaped pieces of salt that 
have been compressed for ease of handling, reduced mushing, and 
slower dissolution rate. Most co mpressed salt pr oducts are for 
water softening applicatio ns. Although no longer commonplace, 
salt tablets were sold as compressed pellets and used to replace lost 
minerals during excessive fluid loss such as sweating and f or can- 
ning applications. 


Additives 


Temperature and moisture (even as humidity) affect salt in storage 
or in use. For these reasons, free-flowing agents are added to help 
the salt pour freely. The agent should have very good adsorptive, 
covering, and adh ering propert ies; be food g rade and nontoxic, 
odorless, colo rless, dustless, tasteless, ine xpensive, and soluble 
enough or fine enough to sho w no sediment in brine (Kaufmann 
1960). For example, the agent also should not cover the salt grain 
so completely as to slo w up the re cognition of the salt taste when 
preparing food, and it should keep deicing salt, used for melting ice 
and snow, free flowing. 

Between 0.5% to 1.0% of free-flowing additives are normally 
added to table salt. The agents could include sodium silicoalumi- 
nate, magnesium carbonate, calcium silicate, di- or tricalcium phos- 
phate, and calcium carbonate. 

Salt is an excellent carrier of potassium iodide or potassium 
iodate, which are used to pre vent iodine deficiency disorders 
(IDD) in humans. Nearly one billion people are at risk of con- 
tracting IDD throughout the world, mainly in the underdeveloped 
nations. IDD includes several abnormalities, such as goiters, men- 
tal retardation, deaf mutism, squint, difficulty standing and walk- 
ing, and stunted limbs. Without treating the population by simply 
using iodized salt, the social and economic progress of countries 
becomes adversely affected. The cost to prevent IDD is $0.05 per 
person per year. The International Council for Control of Iodine 
Deficiency Disorders, the Unite d Nations Children’ s Fund, the 
Micronutrient Initiati ve,and the Salt Institute ha ve joined 
together as the Netw ork for the Sustained Elimination of Iodine 
Deficiency, the umbrella group coordinating the global effort to 
overcome thi s international, treatable problem. Inde veloped 
countries, iodized salt contai ns 0.01 % po tassium iod ide, wi th 
0.2% of a stabilizing mixture of sodium thiosulfate and cal cium 
hydrate or dextrose and sodium bicarbonate. Where iodine stabil- 
ity may be an issue, pot assium iodate is used g lobally for both 
animals and for humans. 


Specifications 


Salt is sold to various end-use markets with specific chemical and 
physical specifications formulated by re putable scientific agencies 
and/or medical organizations, or on niche specifications established 
for particular branded pro ducts by th e producing companies. The 

specifications are important to ensure that consumers are obtaining 
a safe, consistent, and reliable grade of salt for their requirements. 
The specifications of salt for human consumption are different than 
those for highway deicing. The purity and quality of salt also varies 
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Table 3. Specifications applying to the salt industry 


Type Specification Title 


Designation 


Jurisdiction 





Food Chemicals Codex (FCC), 5th ed. 


United States Pharmacopeia—National 


American Society for Testing and Materials 


Institute of Medicine, National Academies 


AOAC International, Official Methods of 
Analysis 


American Society for Testing and Materials 


American Association of State Highway 
Transportation Officials 


Strategic Highway Research Program 


U.S. Pharmacopeia Convention 


Analysis Standard Methods for Chemical Analysis of ASTM-E-534-98 (2003) 
Sodium Chloride 
Food Sodium Chloride 
Salt AOAC 925.55 
Highway Standard Specification for Sodium Chloride ASTM-D-632-01 
Standard Specification for Sodium Chloride AASHTO-M-143 
Handbook of Test Methods for Evaluating SHRP-H-332 
Chemical Deicers 
Medical Official Monograph on Sodium Chloride 
Formulary, 2005 
Reagent Sodium Chloride 


Standard Test Methods for Water-Soluble 
Chlorides Present as Admixes in Graded 
Aggregate Road Mixes 


Soil stabilization 


Reagent Chemicals, 9th ed. 
ASTM-D-141 1-99 


American Chemical Society 


American Society for Testing and Materials 


Table salt Salt, Table, lodized AA 20041B U.S. Department of Agriculture 

Water Federal Specification Commercial Item, A-AZ-694 General Services Administration 
Description, Sodium Chloride, Technical 
(Water Conditioning Grade) 
AWWA Standard for Sodium Chloride ANSI/AWWA-B200-03 American National Standards Institute/ 


American Water Works Association 





Adapted from the Salt Institute 2005. 


depending on the type of salt; rock salt is generally less pure than 
more refined vacuum pan salt. T able 3 lists the specifications that 
apply to salt sold in the United States. 


USES 


World salt use is equal to world salt productio n, assuming that 
inventories on a global basis are discounted. Therefore, the total 
quantity of salt used in the world in 2002 was 210 Mt. 

The pattern of en d-use markets is very similar among devel- 
oped nations in the world with the chemical industry as the lar gest 
international consumer of salt. Most markets are mature and show 
minimal growth rates for salt usage. Less developed countries tend 
to use more salt for human and agricultural applications. Table 4 
lists the trends of the top 10 salt -producing countries of the w orld 
since 1990. Salt use in gen eral in the United States has increased 
during the past 200 years. Various events have affected domestic 
per capita salt usage. Before the beginnings of the chemical indus- 
try in the United States in about 1884, most of the salt used was for 
food and animal hide preservation and in refrigeration. 

New chemicals made from salt and new applications using salt 
contributed to a significant increase in salt use during the early twen- 
tieth century. It should be noted th at the chemical and highway deic- 
ing sectors were responsible for the greatest increases in salt usage. 

There are more than 14,000 direct and indirect uses of salt—it 
would be virtually impos sible to collect data for al 1 of them. The 
U.S. Geological Survey and the Salt Institute, the trade association 
of the North Am erican salt industry, survey end-use consumption 
information on 28 indi vidual uses ine ight ma jor c ategories t hat 
include chemical, food processing, general industrial, agricultural, 
water treatment, ice control, distributors, and miscellaneous. These 
industries are the f irst-tier consumers of salt; information on most 
of the other downstream customers (such as who the distributors 
sell salt to) is unavailable. Changes in the quantity of salt consumed 
by the chemical industry and for highway deicing changed substan- 
tially during the twentieth century. Highway deicing salt usage has 


Table 4. World salt production (1990-2002), kt 








Country 1990 1995 2000 2002" 
Australia 7,227 8,148 8,778 9,887 
Canada 11,097 2,980 12,164 12,313 
China 20,000 10,957 31,280 32,835 
Fates 6,450 7,539 7,000 7,000 
Germany. 13,258 10,800 15,700 15,700 
India 9,503 9,500 14,453 14,503 
Mexico 7,135 7,670 8,884 8,500 
The Netherlands 3,650 3,500 5,000 5,000 
United Kingdom 6,434 6,650 5,800 5,800 
United States 36,794 42,200 45,600 40,300 
Other 71,945 82,056 57,341 58,162 
World Totals 193,493 192,000 212,000 210,000 





Source: U.S. Geological Survey 2004. 
* Estimated value. 


been controlled mainly through “Sensible Salting” techniques rec- 

ommended by the Salt Institute, and training seminars that educate 
workers to spread highw ay salt judiciously and ef fectively. The 
result is achieving dry pavement using the least amount of salt per 

storm, thus protecting the environment from excess salt brine runoff 
and cost-effectiveness. 


Chemical Industry 

The U.S. chemical industry is the largest consumer of salt, r epre- 
senting 45% of reported consumption in 2002. This category is dis- 
tinguished by two important categories: the chloralkali industry and 
other chemical manufacturers. 
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Chloralkali 


The chloralkali industry is the largest segment of the chemical sector 
that uses salt. Traditionally, this end use included salt consumed for 
chlorine, coproduct sodium hydroxide (also known as caustic soda 
and lye), and synthetic soda ash; however, since 198 6, no synthetic 
soda ash has been manuf actured in the Uni ted States. Outside the 
United States, many manufacturers continue to use salt for synthetic 
soda ash production. 

Salt is used as the primary raw material in chlorine manufac- 
ture because it is the chief sour ce of chlorine ions. F or sodium 
hydroxide production, salt is the main sour ce of sodium ions. 
Approximately 98% of domestic chlorine and sodium hydroxide 
produced are obtained from the electrolysis of salt brine feedstock 
using three dif ferent cell technol ogies: (1) diaphragm, 78% ; (2) 
mercury, 14%; and (3) membrane, 6%. It takes about 1.59 t of salt 
to make 0.9 t of chlorine and 1 t of coprodu ct caustic soda. Th e 
electrolytic process splits sodium chloride into ions that selectively 
pass through special memb ranes. Chlorine gas forms at the anod e 
while sodium ions migrate through the membranes toward the cath- 
ode where sod ium hydroxide forms and hydrogen gas evolves. In 
2002, 10.3 Mt of chlorine and 8.2 Mt of caustic soda were produced 
in the United States. 

Making synthetic soda ash had been the prima ry method for 
obtaining soda ash in the United States until 1971, when natural 
soda ash production exceeded that of synthetic. The main process 
for making soda ash was the Solvay process, developed in the early 
1860s. Today, it is still the main technique used by the rest of the 
world. Carbon dioxide gas is percolated through a carbonation tower 
containing nearly saturated salt brine to wh ich ammonia has been 
added. Ammonium bicarbonate fo rms, which reacts with the brine 
to form sodium bicarbonate and ammonium chloride. The sodium 
bicarbonate precipitate is collected, filtered, and calcined into soda 
ash. Residual sodium chloride is discharged as plant effluent. The 
chloralkali subsector is classified under Standard Industrial Classifi- 
cation (SIC) code 28 12 and since 1997, under the North American 
Industry Classification System (NAICS) code 325181. 


Other Chemicals 


The other subsector that uses salt includes chemical establishments 
that make sodium chlorate, metallic sodium, and other do wnstream 
chemical operations that use salt as a feedstock. In powdered soaps 
and detergents, salt is used as a bulking agent, and as a coagulant for 
colloidal dispersion after saponification. In pharmaceuticals, salt is a 
chemical reagent, and it is used as the electrolyte in saline solutions. 
Additionally, it is the base ingredient for hemodialy sis fluids and is 
used as a polishing agent for pharmaceutical tablets and caplets. Salt 
is used as a cofeedstock with sulfuric acid to produce sodium sulfate 
and hydrochloric acid. This subsector is relatively small, comprising 
only 10% of domestic sa It sales for the entire c hemical sector and 
only 4% _ of total domestic salt consumption. These chem icals are 
classified under SIC 2899 (NAICS 3251998), excluding SIC 2 812 
(NAICS 325181)—alkalis and chlorine. 


Food Processing Industry 


Although every person uses some quantity of salt in their food, the 
entire category only represented 4% of reported usage in 2002. Salt is 
added to food as a flavor enhancer, preservative, binder, fermentation 
control additive, texture aid, and color developer. This major category 
is subdivided int o six subsectors, in descend ing order of salt con - 
sumption: meat p ackers, can ning, other food processing, b aking, 
dairy, and grain mill products. Additional sa It for human consump- 

tion is also included in grocery wholesalers. It is estimated that about 


75% of th e grocery st ore cate gory is salt for food processing; the 
remainder is for other household applications. 


Meat Packers 


Salt added to processed meats pr omotes the color de velopment in 
bacon, ham, and other processed meat products. As a preservative, 
salt inhibits the g rowth of bact eria, which would lead to p roduct 
spoilage. Salt acts asa binder in sausages, forming a binding gel 
comprised of me at, f at, and moisture. Salt also acts as a fla vor 
enhancer and a tenderizer . This s ubsector is eng aged in slau ghter- 
ing and processing meat and poultr y products and in sausage and 

other prepared meat manufacturing. It includes SIC codes 2011, 

2013, and 2016, with th eir corresponding NAICS codes, 311611, 
311612, and 311615. 


Canning 


Salt is primarily added to the ca nning process as a fla vor enhancer 
and preservative. It also is used as a dehydrating agent, tenderizer, 
enzyme inhibitor, and as a carrier for other ingredients. Establish- 
ments that can v egetables, v egetable juices, jams, jellies, pickled 
fruits, and specialty products such as baby foods and seafood are in 
this cate gory. It includes SIC 2032, 2033 , 2034, 2035, and 2091. 
The NAICS codes for these products are 311422, 311999, 311421, 
and 311941. 


Other Food Processing 


Salt is used mainly as a seasoning agent, adding flavor to f ood in 
this end use. Other food processing includes miscellaneous manu- 
facturers that make food for human consumption (i.e., potato chips, 
pretzels, and other snack food items) and domestic pet consumption 
(i.e., dog and cat food). They are included in SIC 206, 207, 208, 2047, 
2099, and any other food category not included in the aforementioned 
SIC codes. NAICS codes correspo nd with 311111, 111998, 31134, 
311911, 311423, 311991, 31183, 311823, and 311999. 


Baking 


Salt is ad ded to control the ra te of fermentation in bread dough. 
Additionally, it is used to strengthen the gluten (the elastic protein- 
water complex in certain doughs) and as a flavor enhancer, such as 
a topping on baked goods. This subsector includes companies mak- 
ing bread, cakes, cookies, and other per ishable bakery products. It 
includes SIC codes 205, 2051, and 2052. The NAICS equivalents 
are 311812, 311821, and 311919. 


Dairy 

Salt is added to c heese as a fermentation control agent and as a 
color and texture control agent. The dairy subsector includes com- 
panies tha t ma nufacture creamery b utter, natu ral and processed 
cheese, condensed and evaporated milk, ice cream, frozen desserts, 
and specialty dairy products. It incorporates SIC codes 202 , 2021, 
2022, 2023, 2024, and 2026. NAICS codes are 311512, 311513, 
31152, 311514, and 311511. 


Grain Mill Products 


This group includes establishments engaged in milling flour and rice, 
and manufacturing cereal breakfast foods, and blended or p repared 
flour. SIC codes are 204 (excluding 2047), 2041, 2043, 2044, and 
2045. NAICS codes are 311211, 31192, 31123, 311212, and 311822. 


General Industrial 


The industrial uses of salt are di verse. This major sector of salt 
consumption includes, in descending order of salt usa ge: oil and 
gas exploration where salt is used in the dril ling process, metal 
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processing, other industrial, pulp and paper, textiles and dyeing, 
tanning and leather treatment, and ru bber manufacture. General 
industrial applications accounted for 6% of 2002’s total re ported 
salt usage. The numbers are in decline in the United States because 
many of these manufacturing industries are moving overseas. 


Oil and Gas Exploration 


Salt is an important component of drilling fluids used in well drill- 
ing. It is used as a flocculent and as a compound to increase drilling 
fluid density to overcome high down-well gas pressures. Whenever 
drilling acti vities enc ounter salt f ormations, salt is added to the 
drilling fluid to saturate the solution and minimize the dissolution 
within the salt strata. Salt is also used to increase the set rate of con- 
crete in cement ca sings. T his S IC ca tegory in cludes com panies 
engaged in oil, gas, crude petroleum, and refining and comp ound- 
ing lubricating oil. It includes SIC major groups 13 and 29. NAICS 
codes are 211111, 213112, and 336611. 


Metal Processing 


Salt is used inc oncentrating uranium ore into uranium oxide, or 
yellow cake. It is also used in processing aluminum, beryllium, 
copper, steel, and vanadium. Establishments engaged in the smelt- 
ing, refining, and fabrication of ferrous and nonferrous metals rep- 
resent this category, which includes SIC 33, 34, 35, and 37. NAICS 
equivalents are 422690, 333994, and 213114. 


Other Industrial 


This subsector is represented by any group not included in any of 
the general industrial groups in this major category. 


Pulp and Paper 


Salt is used to bleach w ood pulp. It also is used to make sodium 
chlorate, which is added with sulfuric acid and water to manufac- 
ture chlorine dioxide—an excellent oxygen-based bleaching chemi- 
cal. Although the chlorine dioxide process originated in Germany 
after World War I, it has become more popular because of environ- 
mental pressures to reduce or eliminate chlorinated bleaching com- 
pounds. Companies that manufacture wood pulp, cellulose f ibers, 
pulp from rags, paper and paperboard, and paper and pap erboard 
converted products are included in this sub-gr oup, which includes 
SIC group 24 and NAICS groups 322121, 322130, and 322122. 


Textiles and Dyeing 


In commercial dye manufacture, salt is used as a brine rinse to sep- 
arate organic contaminants, promote “salting out” of dyestuff pre- 
cipitates, and blending with dyes to standardize concentrated dyes. 
One main role for sodium chloride is to ac tas amordant (color 
fixer); that is, to provide the positive ion charge to promote the 
absorption of negatively charged dye ions. The textile and dyeing 
industry includes businesses involved in fiber preparation and sub- 
sequent yarn and w oven fabrics manufacturing, and fiber dyeing 
and finishing. This includes SIC group 22 and also NAICS 313311. 


Tanning and Leather Treatment 


Salt is added to animal hides to inhibit bacterial decomposition on the 
underside of the hides, to remove some of the moisture in the hides, 
and to remo ve some of the blood. This process is cal led “curing” 
(Kaufmann 1960). This subsecto r includes establishments that cure 

and/or tan animal hides. It includes SIC 311 or NAICS 316110. 


Rubber Manufacture 


Salt is used to mak e neoprene rubber, white rubber, and Buna rub- 
ber. Salt br ine and sulfuric acid are used toc oagulate emulsified 
latex made from chlorinated butadiene. Businesses that make rubber 


and rubber products, such as synthetic rubber, tires and inner tubes, 
rubber and plastic footwear, recl aimed rubber, rubber and _ plastic 
hose and belting, and other fabricated rubber products, comprise this 
category. It includes SIC codes 282 2, 30 (excluding 3079), 3011, 
3021, 3031, 3041, and 3069. The N AICS corresponding n umbers 
are 325212, 326211, 316211, and 31332. 


Agricultural Industry 


Since prehistoric times, humans have noticed that animals satisfied 
their salt hun ger by locating salt springs, salt licks, or playa lake 
salt crusts. Barn yard and grazing livestock need supp lementary 
salt rations to maintain proper nutrition. Veterinarians have advo- 
cated adding salt in commercially mixed feeds or in block forms, 
which are sold to farmers and ranchers. Salt also acts as an excel- 
lent carrier for trace e lements not found in the vegetation con- 
sumed by grazing livestock. Sulfur, selenium, and other essential 
elements are commonly added to salt licks, or salt blocks, for free- 
choice feeding. 

The ag ricultural end-use sector contains three subg roups— 
feed retailers and/or dealers and mixers, feed manufacturers, and 
direct buying end users. The en tire category represents 4% of total 
reported usage in 20 02, even when including agricultural distribu- 
tion (contained under “‘distributors”’). 


Feed Retailers/Dealers/Retailers-Mixers 


Establishments eng aged in the re tail distribution of animal feeds, 
fertilizers, agricultural chemicals, pesticides, seeds, and other farm 
supplies represent this subgroup. It incorporates feed retailers who 
mix on-site some or all of the feed they sell and whose primary cus- 
tomers are feed end users, not other feed retailers. There are no suit- 
able SIC classifications for this subsector, but the NAICS codes are 
311111 and 311119. 


Feed Manufacturers 


This subcate gory includes establishments engaged in preparing 
feeds and feed ingredients and adjuncts for animals and fo wl, 
including poultry and livestock feed and feed ingredients such as 
feed supplements and concentrat es and premix es.It does no t 
include the local dealer-mixer, whose primary business is reselling 
prepackaged feed and feed ingredients to end users, but who does a 
moderate amount of custom mixing secon darily. The end use 
includes SIC 2048 and NAICS 311611. 


Direct-Buying End Users 


Salt used in this subsector is for consumption by farms, ranches, 
dairies, feed lots, and so forth, buying on a direct basis from salt 
producers. It includes SIC major group 2. Also, this would include 
NAICS 112000 series. 


Agricultural Distribution 


This subcategory of “distributors” is a secondary, or second-tier, con- 
sumer of salt, and includes companies involved in the wholesale dis- 
tribution of animal feed products, fertilizers, agricultural chemicals, 
pesticides, seeds, and other farm supplies to retail feed dealers and 
some large end users who buy on a wholesale basis. It includes co-op 
(except mixing operations) and independent wholesalers/distributors. 
SIC 5159 is the cate gory classification. The corresponding N AICS 
code is 42259. 


Water Treatment 


Approximately 1 .2 trillion L (0.3 trillion gal) of water are used 
daily in the Un ited St ates for re sidential an d co mmercial use s. 
Many a reas of t he Uni ted St ates ha ve “har d” w ater, containing 
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excessive calcium and magnesium that contrib ute to buildup of a 
scale or film of alkaline mineral deposits in household and industrial 
equipment. Commercial and residential w ater softening units use 
salt to regenerate inactive sites on ion-exchange resin beds that work 
to soften water by removing the ions causing water hardness. Typi- 
cal hardness ions, calcium and magnesium, are removed from water 
sources by passing the water supply through an ion-exchange resin 
bed where they exchange places with sodium ions that reside within 
the resin. Once depleted, flushing with salt brine recharges the resin 
bed. The sodium ions from the brine are exchanged for calcium and 
magnesium that have been in sites on the resin b ed. In 2003, water 
treatment represented 4% of total domestic reported usage. Du ring 
the past 10 years, potassium chloride has become increasingly popu- 
lar for re generating home water softener systems. Sodium chloride, 
however, is still the most popular regenerant on the market. 

Since the turn of the twenty-first century, some municipalities 
have begun to restrict the use of water softeners claiming that the 
discharge from home softeners increases the total dissolved solids 
that impact municipal water treatment systems. This restriction has 
been most prevalent in some areas of Southern California where 
water reclamation is of considerable concern. 

Government and commercial water treatment are the primary 
subgroupings of water treatment; and water treatment distr ibution 
is the secondary subgroup, which is the second-tier market for salt 
sales. 


Government 


This subsector includes local, state, and federal customers purchas- 
ing directly fr om salt pr oducers fo r w ater treatment u sage. It 
includes SIC 2899 and the corresponding NAICS code, 422690. 


Commercial 


All commercial est ablishments tha t purcha se salt prim arily for 
water treatment, and not classified elsewhere, are in this category. It 
includes car w ashes, laundries, and utilities. It is included in SIC 
2899 and NAICS code 421720. 


Water Treatment Distributors 


Water-conditioning salt-route opera tors and distributors whose 
exclusive or d ominant business is distributing w ater conditioning 
products toh ome or industry represent this subcate gory. It is 
included in SIC 7399 or NAICS 221310. 


Ice Control and Road Stabilization 


The second largest end use of salt in North America and Europe is 
for highway deicing. Salt has been used to melt sno w and ice on 
roadways for the past 60 years. Gabriel Daniel F ahrenheit, th e 
developer of the Fahrenheit temperature scale, discovered that salt 
mixed with ice (at a temperature below the freezing point) creates a 
solution with a lower freezing point than water itself. When salt is 
applied to an ice-covered road, it bores through the ice, melting as it 
proceeds, and forms brine as it mixes with the melted liquid from 
the ice. The brine collects below the surface of the ice and snow and 
prevents the water from refreezing into ice and bonding to the road 
surface. The phase diagram (see Figure 5) for sodi um ch loride 
demonstrates the freezing point depression of brine, as opposed to 
plain water, alon g with the dif ferent phases of solid and liqu id 
brine. The manner in which _ brine freezes depends on the initial 
strength of the brine. It is sometimes mistakenly assumed that the 
stronger the brine , the lower the temperature at which freezing 
begins. This is true only for brine strengths up to 23.31% by weight 
of sodium chloride. These issues are critical to t he proper use of 
Sensible Salting techniques recommended by the Salt Institute. 
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Figure 5. Phase diagram for sodium chloride water freezing point 
depression 


Table 5. Economic impact of a 1-day shutdown—economic impact 
in $ million 





; Wages/ State/Local Federal Retail 
State/Province Salaries Taxes Taxes Sales Total 
Illinois 220.66 10.79 19.64 98.48 349.57 
Indiana 88.23 4.59 6.35 41.18 140.35 
lowa 38.25 1.99 2.52 19.91 62.67 
Michigan 165.33 8.75 12.90 71.50 258.48 
Minnesota 95.79 5.69 7.66 40.32 149.46 
Missouri 90.70 4.01 6.44 39.05 140.19 
New Jersey 174.44 8.68 17.09 80.66 280.87 
New York 381.63 22.50 31.68 161.76 597.57 
Ohio 179.29 10,23 12.91 79.07 281.50 
Pennsylvania 214.17 12.02 17.35 93.17 336.70 
Virginia 130.39 6.43 11.21 56.95 204.98 
Wisconsin 84.82 4.40 6.36 38.78 134.36 
Ontario 272.02 17.36 34.43 33.33 357.14 
Quebec 142.77 14.39 13.62 19.23 190.01 





Adapted from the Salt Institute 2004. 
* Links to the methodology and downloadable one-page summaries for each 
state and province are found at http://www.saltinstitute.org/30. html. 


The public in a dynamic societ y demands that go vernments 
keep commerce mobile by keeping traffic arteries open during win- 
ter snowfalls. A 2004 study by the economic consulting firm Global 
Insight Inc. (Waltham, Massachusetts) found enormous costs asso- 
ciated with blizzards that might shut down various states and prov- 
inces. The results of the study are shown in Table 5. The public also 
expects traffic accidents to be mi nimized. Salt is an inexpensive, 
widely a vailable, a nd e ffective ic e control a gent to me et the se 
demands. It does, ho wever, become less effective as the tempera- 
ture decreases belo w —21.2°C (— 6.0°F). At lo wer te mperatures, 
more salt would have to be appl ied to maintain higher brine con- 
centrations to pro vide the same degree of melti ng. Mo st winter 
snowstorms and ice storms oc cur between —6°C (20°F) and 0°C 
(32°F), a range in which salt is most effective. 
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Table 6. Length of corrosion perforation warranties on model year 2000 automobiles sold in the United States 











Length of Warranty Length of Warranty 

Make Years Miles Make Years Miles 
Acura 5 Unlimited Lincoln 5 Unlimited 
Audi 12 Unlimited Mazda 5 Unlimited 
BMW 6 Unlimited Mercedes-Benz 4 50,000 
Buick 6 100,000 Mercury 6 Unlimited 
Cadillac 6 100,000 Mitsubishi 7 100,000 
Chevrolet 6 100,000 Nissan 5 Unlimited 
Daewoo 5 Unlimited Oldsmobile 6 100,000 
Dodge 5 100,000 Plymouth 5 100,000 
Ford 5 Unlimited Pontiac 6 100,000 
GMC 6 100,000 Porsche 10 Unlimited 
Honda 5 Unlimited Saab 6 Unlimited 
Hyundai 5 Unlimited Saturn 6 100,000 
Infiniti 7 Unlimited Subaru 5 Unlimited 
Isuzu 6 100,000 Suzuki 3 100,000 
Jaguar 6 100,000 Toyota 5 Unlimited 
Kia 5 100,000 Volkswagen 6 Unlimited 
Land Rover 6 100,000 Volvo 8 Unlimited 
Lexus 6 Unlimited 








Source: Johnson 2000. 


Since about 1994, there has been increasing use of pre-wetted 
salt and anti-icing techniques to improve the ability to gain a “bare 
pavement” road condition as quickly, safely, and as cost-effectively 
as possible, while still meeting the needs of the affected communi- 
ties. Studies have documented the vital economic role of clearing 
ice and snow from roadways. Ice and snow also cause higher fuel 
costs as cars lose traction because of lower tire friction and spin 
their wheels to travel a gi ven distance. A car that under normal 
weather conditions gets 25 mpg may get only 15 mpg ona slippery 
road (Hanalby 1994). 

In addition, salt is added to stabilize the soil and provide firm- 
ness on whic h highways are built. The salt acts to m inimize the 
effects of shifting brought about by changes in humidity and traffic 
load in the subsurface. 

In highway deicing, salt has been associated with corrosion of 
motor vehicles, bridge decks, unprotected steel structures, and rein- 
forcement bar and wir e used in road construction. The automobile 
industry has made g reat strides in reducing the most costly impact 
from using deicing salt. Manufacturers have been successful in engi- 
neering corrosion resistance into their vehicles through better design 
and use of noncorrosi ve materials, such as f iberglass and plastics. 
The use of noncorrosive materials has lo wered corr osion perfora- 
tions significantly. The ages of pa ssenger vehicles on the road has 
shown an upward trend for the past 20 to 25 years. This has allowed 
vehicle manufacturers to provide corrosion perforation warranties of 
up to 12 years for some mod el vehicles (see Table 6 and Figure 6). 
According to Rendahl (19 98), “...some mo dels nearly manage to 
avoid corrosion completely, by a combination of improved construc- 
tion and materials, together with a careful application of anti-rust 
agent and adhesives, penetrating and covering crevice surfaces.” 

Surface runoff, vehicle spraying, and windblown actions can 
also affect roadside vegetation, soil, and local sur face and ground- 
water supplies. Although there is e vidence of some environmental 
salt loading during peak usage, the spring rains and thaws usually 
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Figure 6. Average mean and median ag es of passenger vehicles 
from 1970 to 1994 


provide sufficient water to dil ute the con centrations of sodium in 
the area. Adverse environmental action can also be controlled and 
minimized by effective spreading techniques recommen ded by the 
National Local Technical Assistance Program Association and by 
the Salt Institute. 

The deicing category includes government (state, federal, and 
local) and com mercial subsectors of consumption. Approximately 
31% of total reported consumption was used in this category during 
2002. 


Government Deicing 


More than 95% of this major cate gory is for usage by separate 
local, state, and federal agencies to ensure safe and navigable roads 
during adverse climatic conditions. 
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Commercial Deicing 


This subsector includes companies that purchase salt for ic e con- 
trol, such as transportation companies, shopping centers, ice control 
service contractors, and so forth. It includes any distributors whose 
primary or exclusive business is the distribution of salt for ice con- 
trol pur poses to b usiness and/or government. It does n ot include 
institutional purchasers. There are no suitable SIC/NAICS codes 
for this section. 


Other Uses of Salt 


The other uses of salt include any consumer that is not included in 
any of the aforementioned categories. It also includes sales by dis- 
tributors, e xcluding those by agricultural and w ater conditioning 
distributors that are included as subgroups under agriculture and 
water treatment. It includes part of grocery who lesale and retail, 
institutional whole sale distri butors, U.S. government resale, and 
other wholesalers/retailers. 


Institutional Wholesale Distributors 


This subcategory includes companies engaged in the distribution of 
food and other salt pr oducts to rest aurants, hospitals, schools, and 
other institutional establishments. These are included in SIC groups 
58 and 70 and correspondingly, NAICS 722 series. 


U.S. Government Resale 


Included in this category are government units such as mi litary 
commissaries that purchase salt for resale to armed forces person- 

nel and dependents at the retail le vel. It also includes purchases by 
the government of food -grade salt used by armed forces/g overn- 
ment food-services facilities, as well as all other government salt 
purchases not classified elsewhere. SIC 9199 or NAICS 92119 per- 
tains to this subgroup. 


Other Wholesale and Retail 


This sub sector includes wholesaler s, not included else where, pri- 
marily engaged in distributing merchandise for personal and house- 
hold con sumption to re tailers, such as ha rdware stores, home 
centers, filling stations, and discount centers. It also includes all 
retail outlets that sell merchandise for personal or household con- 
sumption that purchase directly from salt producers. The SIC cate- 
gory is 5251, while the NAICS number is 44413. 


ECONOMIC FACTORS 
Prices 


The price of salt depends on the type of salt, production location, 
product form, and nature of sale. Salt brine is the least expensive 
type of salt because it is not expensive to produce and processing is 
minimal. Vacuum pan salt is th e most e xpensive because of th e 
energy input and de gree of final-product purity. The price of salt 
also can vary because of regional differences in labor rates, energy 
costs, packaging, transportation, and other operating factors. Large 
consumers of salt generally prefer to purchase salt in bulk quantities. 
When salt is packaged in bags, cylinders, or single-serve packets, or 
sold in compressed pellets or pressed blocks, the sales price increases 
compared with the b ulk price. The price of salt can also vary if the 
consumer is buying based on bid contracts or spot purchases. 


Foreign Trade 


Salt is one of the largest internationally traded mineral commodities 
in the world. The estimated total world salt trade in 2002 is abo ut 
15% of total world salt producti on. Because salt isa low-valued 
material, it is uneconomic to tran sport long distances, particular ly 


over land. Ov erland transportation rates often are more e xpensive 
than ocean freight rates; therefore, some countries tend to import 
salt to certain r egions where rail or truck rates from dome stic salt 
production sites are cost-prohibitive. 


Imports 


Some countries import salt to satisfy demand requirements when 
indigenous salt resources are minimal or pr oduction capacity is 
inadequate. Japan is an example of a nation that imports the majority 
of its salt because it does not have any rock salt deposits. Climate 
and lack of available coastal land are not favorable for solar salt pro- 
duction. Other countries import salt because of economics. 
Although the United States is the largest salt producer in the w orld, 
it im ported almost twelve time s what ite xported in 2002. L ess 
expensive labor costs, tran sportation costs, and currenc y exchange 
rates are the main cost considerations for importing lar ge quantities 
of salt into the Uni ted States. Most sa It imported into the United 
States comes from Canada, Chile, the Caribbean, and Mexico. This 
salt is mainly consume d by the chemical industry or as deicing salt 
in areas of the country where there are no local salt deposits, such as 
the P acific Northwest andthe S outheast. The majority of sa It 
imports are in b ulk form, but there is also some imported product 
packaged in bags, sacks, barrels, and other forms. Before 1989, all 
imported salt was classified under the Tariff Schedule of the United 
States (TSUS), Annotated. The TSUS codes fo r salt in brine, b ulk 
salt, and other salt were num bers 4209200, 4209400, and 4209600, 
respectively. Beginning in 1989, after the passage of th e Omnibus 
Trade and Competitiveness Act of 1988, the United States adopted 
the internationally used Harmonized T ariff System (HT S) that 
aggregated the three classifications into one named “Salt (including 
table and den atured salt) and pure sodium chloride, whether or not 
in aqueous solu. tion, sea water.” This HTS co de number is 
2501.00.0000. Table 7 lists some of the recent U.S. import statistics. 


Exports 


Canadian exports to the United States make up the majority of for- 
eign salt imports; however, the majority of U.S. salt exports are to 
the Canadian provinces of Ontario and Quebec. Canada represents 
about 87% of total U.S. exports. The remainder of e xport sales is 
small shipments mainly to other countries in the W estern Hemi- 
sphere. Table 7 lists the trend in U.S. salt exports since 1970 (USGS 
2004). 


Transportation and Storage 


Overland and waterborne transportation rates of salt are impor tant 
economic factors to salt consumers. Transportation charges gener- 
ally are always higher than the sales price of the salt being carried. 
Rock salt, solar salt, and vacuum pan salt are shipped in bulk or in 
some packaged form, such as shrink-wrapped bags on pallets, and 
1-t “big bags.” Because salt brine isa solution, itis transported 
through underground or surface pipelines. 


Overland 


Overland movements include salt moved by rail, truck, and pipeline 
from salt production localities to regional consumers. Because over- 
land transportation rates are more costly than the salt, it is typically 
not economical to ship salto verland farther than about a 500-km 
(311-mi) radius from the p roduction site. Co mpetition from other 
salt producers is usually encountered at distances beyond that radius. 

Rail Movement. Boxcars are use d to con vey packaged sal t 
loaded on pallets. Forklifts and conveyor belts assist the loading of 
the salt into the boxcars. The majority of all railcars used to trans- 
port bulk salt are covered hopper cars. The protected cars prevent 
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Table 7. U.S. imports and exports of salt, kt 





Year Primary Production Imports Exports Apparent Usage Unit Value, $/t Unit Value, 98$/t — World Production 
1990 36,900 5,970 2,270 40,600 22.39 27.93 183,000 
1991 35,900 6, 190 1,780 40,300 22.32 26.71 202,000 
1992 34,800 5,390 992 39,200 23.07 26.80 185,000 
1993 38,200 5,870 688 43,400 23.66 26.70 187,000 
1994 39,700 9,630 742 48,600 24.94 27.43 191,000 
1995 40,800 7,090 670 47,200 24.51 26.22 199,000 
1996 42,900 10,600 869 52,600 24.7) 25.68 204,000 
1997 40,600 9,160 748 49,000 24.46 24.84 221,000 
1998 40,800 8,770 731 48,800 24.17 24.17 200,000 
1999 44,400 8,870 892 52,400 25.00 24.46 210,000 
2000 43,300 8,960 642 51,600 24.02 22.74 212,000 
2001 42,200 12,900 1,120 54,000 26.30 24.21 217,000 
2002 37,700 8,160 689 45,000 26.79 24.27 210,000 





Source: U.S. Geological Survey 2004. 


inclement weather from affecting the salt. To avoid caking resulting 
from moisture and humidity, deicing salt is treated with 40-60 ppm 
of ferric ferrocyanide (known as Prussian Blue) or sodium ferrocya- 
nide (yellow prussiate of soda, or YPS). 

To reduce freight rates, most producers ship in unit trains that 
contain up to 12 railcars. The loading and unloading of co vered 
hopper cars includes pneumatic equipment using flexible hoses and 
pipes. Many cars are equip ped with botto m-dump doors or gates 
that allow faster unloading. Conveyors beneath the railcars take the 
salt to truck-transfer stations or to warehouses or stockpiles. 

Truck Movement. Trucks are used in shorter hauls from pro- 
duction sites to customers’ locations, or from distribution centers 
and warehouses to consumers. Bulk salt is carried in dump trucks 
or specially built pneumatic and tank trucks. Dump trucks can drop 
their loads directly into hoppers or onto a surface pad so that the 
salt can be picked up by front-end loaders. Open trucks should b e 
covered properly with tarps to prevent caking or salt losses from 
being blown or shaken off the vehicle. Dump trucks can also unload 
into pits, which are convenient for companies that convert dry salt 
into brine. 

Pipeline. Some salt brine i s transported b y pipeline between 
production sites and consumers’ locations. The chemical industry is 
the largest consumer of brine, but some chloralkali operations are not 
located adjacent to salt deposits that could be solution mined. Several 
chemical companies in Louisiana and New York rely on brine supply 
companies to provide a continual supply of brine feedstock. Some of 
the pipelines are only acouple of kilometers in length ; ho wever, 
others can be up to 100.0 km (62.1 mi) long or more. 


Waterborne 


Waterborne movements of salt include salt shipped in bar ges and 
freighters. This type of transportation is the most economical method 
to move salt great distances. Although rock salt and solar salt are the 
two major types of salt shipped on the water, bulk vacuum pan salt 
from the Netherlands is also shipped on water to v arious locations, 
including the southeastern United States. 

Barge. The Erie Canal and t he Ches apeake & Ohi o Canal 
owe part of their origin to the early salt industry of the eastern 
United States. Barges we re the easiest way to transport salt and 
other goods to customers far away. Barges are used today in ship- 
ping salt along the Intracoastal Waterway of the Gulf Coast, up the 
Mississippi River to other rivers, such as the Ohio, and to the Great 
Lake ports, the Florida coast, and inland waterways. They are also 


used to transport salt across the Great Lak es to and from Canada, 

and from Me xico tothe Pacific Northwest. Se veral bar ges are 

linked together and towed inexpensively to distant locations. When 
freezing winter conditions in the Midwest affect the major ri vers 
and their tributaries, salt movements by barge cease until the ice is 
broken or thaws. Low water levels on the Mississippi River have, 
on occasion, halted barge traffic for weeks at a time. 

Salt is usually loaded onto ba rges using con veyor belts with 
moveable swing arms to evenly distribute the salt in the hold. A 
conveyor system is also foun d in the bottom holds of many barges 
to unload the salt at the final destination. Barge-mounted or shore- 
mounted cranes with clamshell buckets are also used to unload salt. 

Freighter. Bulk freighters are the dominant method of trans- 
porting waterborne salt throughout the world. Salt may represent a 
partial cargo or the entire cargo on a ship. When the Jamestown and 
Plymouth colonial settlers arrived in the New World, imported salt 
was carried as ba Ilastin the hulls of sailing ships arriving from 
England. Today, modern bulk freighters may range in size from 6 to 
more than 90.7 kt (100 thousand st). 

Some freighters ha ve self-unl oading equipment to dischar ge 
the salt from the cargo hold. The most common method of unload- 
ing bulk salt is by clamshell bucket and crane. The ship is brought 
alongside the dock and the salt is transferred to a dockside storage 
site or to a transportation system. 


Storage 


Bulk salt may be stored outside on specially engineered pads that 
reduce the amount of runoff that threatens surface and groundwater. 
The storage sites are usually located near areas accessible by water, 
rail, or truck. Salt is stor ed in conical-shaped piles or long wind- 
rows. Plastic, canvass, or burlap covers are often used to protect the 
salt from the wind and rain. These tarps are secur ed by adding 
weights or heavy tires to keep them from blowing off. 

Inside storage bins, silos, and warehouses are also used to store 
bulk salt. For convenience, the site is usually loca ted near the rail, 
truck, or ship loading facilities. P ackaged sal t is often stored in 
warehouses adjacent to where the salt is b agged or containerized. 
Some manufacturers will lease warehouse space near active markets 
that are located at some distance from their plants. 


ENVIRONMENTAL AND HEALTH CONSIDERATIONS 


Since the early 1970s, people throughout the world have become 
more conscious about the environmental effects of pollution caused 
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by industrialized societies. In pursuit of better living conditions and 
longer life spans, man y people have changed their lifestyles based 
on advice foun d in liter ature and publicized in the media. These 
topics have a bearing on _ salt c onsumption, and theref ore, salt 
demand. 

The nati onal ener gy c risis t hat be gan in 1973 a dversely 
affected se veral ener gy-intensive industries, one being the syn - 
thetic soda ash industry that us ed tremendous quantities of salt. 
Higher ener gy cost s, en vironmental pr oblems pertaining to dis- 
charges of sodium chloride and calcium ch loride to groundwater 
supplies, and competition f rom natural soda ash source s contrib- 
uted to the closure by 1979 of seven of the eight synthetic soda ash 
plants th at operated dur ing the 19 70s. The | ast pl ant c losed in 
1986, which ironically was the first plant constructed in 1881 and 
commenced production in 18 84. The demise of this sector of the 
domestic chemical industry resulted in the significant loss of salt 
production. 

In the highw ay-salt mark etplace, the U.S. salt industry, 
through its membership in th e Salt Institute, initiated a Sensible 
Salting Program in 1972 to ed ucate transportation departments on 
proper ways to store, hand le, and apply deicing salt to protect the 
environment whi le ma intaining winter m obility and safe ty. The 
practice of knowing when to use salt, what alternative ice control 
agents to use, andho wmuchsa Itto apply has contributed to 
improved environmental protection from overuse of salt. Deicing 
salt is the fastest, least expensive, and most effective agent to con- 
trol the h azards associated with ice and snow. Without salt, ther e 
would be significant increases in the number o f traffic accidents, 
loss of life, and productivity. 

Population increases ha ve caus ed incr eases in municipal 
waste treatment, resulting in elevated salinities in w aterways. As 
individuals consume salt in their diets and in ho usehold activities, 
sodium and chloride are dischar ged to the en vironment th rough 
municipal sewage systems. The cities with growing populations are 
experiencing these increases. Al though runoff from irrigated agr i- 
culture influences salinity, especially in the western United States, 
chloride trends are not appreciably correlated with changes in irr i- 
gated acreage nationwide. 

In the late 1960s and early 1970s, health authorities attributed 
salt as one of the alleged causes of hypertension, or high blood pres- 
sure. People be gan restricting their salt i ntake and measuring the 
sodium levels in ingested food. It was not until the mid -1980s that 
other medical research suggested that other factors beside salt con- 
tributed to hypertension. In 1988, the U.S. Environmental Protection 
Agency (EPA) issued the National Primary Drinking Water Regula- 
tions that eliminated sodium as a regulated drinking water contami- 
nant. The EPA rationale was that evidence was building that salt did 
not “cause” hypertension, and that the quantity of sodium in drink- 
ing water was very low compared with what is contained in food 
and other beverages. 

Most ingested sodium comes from food, not be verages. Salt 
intake influences man y bodily functions, the mo st discussed of 
which is blood pressure. For 4,000 years science has known that 
salt intakes can affect blood pressure through signals to the muscles 
of blood vessels trying to maintain blood pressure within a proper 
range. It is also accepted thata minority of the population can lower 
their blood pressure by restricting dietary salt. Elevated blood pres- 
sure, “hypertension,” is a well-documented risk factor for cardio- 
vascular e vents s uch as he art attacks and strok es. It has been 
suggested that becau se salt intakes are related to blood pressure, 
and because cardiovascular risks are also related to blood pressure, 
that, surely, salt intake levels are related to cardiovascular risk. This 
is the “salt hypothesis” or “sodium hypothesis.” Data are needed to 


confirm or reject this hypothesis. Until the 1990s, scientists had 
never tested the “salt h ypothesis” by documentin g whether reduc- 
ing dietary salt actually r educes a person’ s chances of having a 
heart attack or a stroke. As of 2004, there are ten “health outcomes” 
studies of sodium reduction. Not a single study has found an associ- 
ation in the general population —_ between lo w-sodium diets and 
reduced incidence o f cardiovascular e vents like str oke or h eart 
attack. See www.saltinstitute.org/27.html for a list of the studies. It 
is also accepted that a minority of the population can lower blood 
pressure by restricting dietary salt. 

Canada advises that only a minority of its population—th ose 
with high blood pressure or “high risk of de veloping high blood 
pressure” need concern themselves about the intake of sodium in 
their diet. 

Official policy in the United States is for virtually everyone to 
reduce dietary salt. But conflicting recommendations exist even in 
the United States. The U.S. Pre ventive Services Task Force (2004, 
p. 634) states, for example: 


There is insufficient evidence that, for the general popu- 
lation, redu cing dietary sodium intak e or increasing 
dietary intake of iron, beta-carotene, or other antioxidants 
results in improved health outcomes (“C” reco mmenda- 
tion); recommendations to reduce so dium intake may be 
made ono ther g rounds, including potential beneficial 
effects on blood pressure in salt sensitive persons. 


The debate has confused the public, but there is a clear down- 
ward trend in consumer concern about dietary salt—tracking the 
new science. The International Food Information Council reported 
in early 2004 that only 5% of consumers are trying to avoid salt in 
their diets. 

It is likely that new studies using the higher standards of evi- 
dence-based medicine will reduce the ongoing controversy, better 
inform public policy, and reduce consumer confusion. 


FUTURE TRENDS 


Despite the environmental concerns regarding deicing salt, rock salt 
will continue as the deicing agent of choice. Further improvements 
in technolog y for weather forecasting and instrumentation will 
allow calibrating technical application to ac tual ice-melting needs 
in ways not possible earlier. This will allow safer roads with less 
product usage. Other deicing products, such as calcium magnesium 
acetate, are commercially available but are more e xpensive, and 
more must be used to have the same effect as salt. 

Human salt intakes are a function of population (intake levels 
are unchanged o ver the past ce ntury); thu s continuing global 
increases are expected for the next 15 years. Because most markets 
for salt are mature, domestic and world consumption will grow pro- 
portional to the rise of population and the gross domestic product of 
countries. 

The United States will remain the largest salt-pr oducing 
nation in the world for years to come, though the rapid industrial 
growth in China may change its relative position in the c oming 
decades. Since the middle of the twentieth century, the U.S. salt 
industry has restructured itself through acquisitions, name changes, 
and consolidations to become a more integrated North American 
industry competing in the Western Hemisphere. 

The world will continue to mine, harvest, process, transport, 
and sell salt among neighboring countries. New deposits will be 
developed in the future that will pr obably compete with e xisting 
facilities. The facilities having the lowest production costs, offering 
a high-quality product, and having low transportation costs will be 
the leaders of the world salt industry. 
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Industrial Sand 
and Sandstone 


Steven Herron 


Industrial sand is a term normally applied to high-purity silica sand 
products with closely controlled sizing. It is a more precise product 
than common concrete and asphalt gr avels. Although deposits of 
common construction sand and gra vel are wide spread, i ndustrial 
sand deposits are lim ited. The spec ial proper ties of ind ustrial 
sands—purity, grain size, color, inertness, hardness, and re sistance 
to high temperatures—make them often irreplaceable in a variety of 
industrial applications. Their higher silica content allows for more 
specialized, higher margin applications than construction sand and 
gravel. 

Industrial sand is found in many forms, colors, and grades. In 
general terms, the mineral quartz (SiO2) is the predominant compo- 
nent of industrial sand. Although most industrial sand deposits con- 
tain a high percentage of quartz (95% plus), using industrial sands 
with lower quartz content is becoming more common as demand 
for industrial sand outpaces prod uction in certain markets, particu- 
larly in the western United States. 

Silica is found in most rock types of every geologic age and 
virtually everywhere in the world. Silica can be found in products 
that are used daily. From fiber-optic cables to be verage containers 
and insul ation, it is difficult to imagine a w orld witho ut sil ica- 
derived products. 

The crystal structure of silicon dioxide consists of one atom of 
silicon bonded to four surrounding atoms of oxygen to form a 
three-dimensional network of SiO, tetrahedra. Approximately 64% 
of the crust of the earth (Klein and Hurlbut 1999) is composed of 
minerals b uilt aroun d a three-di mensional frame work of link ed 
SiO4 tetrahedra. These minerals belong to the tectosilicate class in 
which all the oxygen ions in each SiO, tetrahedron are shared with 
neighboring tetrahedral. This results in a stable, strongly bonded 
structure in which the Si:O ratio is 1:2. 

There are at leastnine known polymorphs of SiO», one of 
which is synthetic. Each polymorph has its own space group, cell 
dimensions, char acteristic morphology , an d lattice ener gy. Th e 
principal naturally occurring SiOz polymorphs fall into three struc- 
tural categories: low quart z, lo w t ridymite, and low cri stobalite. 
This chapter focuses on industrial sands containing th e low-quartz 
polymorph. 

Quartz is characterized by its glassy luster, conchoidal frac- 
ture, and crystal form. A great many different types of quartz exist, 
to which varietal names ha ve been given. Although the mineral 
quartz is common, deposits of hi gh-quality industr ial sand and 
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sandstone are rare. Most industrial sands that consumers prefer are 
products with a high percentage of pure quartz and corresponding 
low percentages of “contaminants ” (e. g., ac cessory m inerals). 
However, many consumers sacrifice quartz grade for other consid- 
erations such as color, price, and availability. A number of consum- 
ers evaluate competing products and accept lower grade industrial 
sand products. 


USES AND SPECIFICATIONS 


Industrial sand that is mined and _ beneficiated for industrial uses 
must meet or e xceed specif ications deri ved by the product end 
users. Specifications are as varied as the users, and often consider 
freight and availability. In the United States, the glass industry con- 
sumes approximately 40% (Dolley 2003) of all industrial sand pro- 
duction. Other relevant mark ets includ e foundry (approximately 
20%), ground silica (PV), abrasives (approximately 5%), proppants 
(approximately 5%), filtration products, and recreation and build- 
ing materials (including stuccos, thin sets, and grouts). 


Glass and Ceramic Sand 


Quartz is the principal glass-forming compound in a glass batch. 
Glass manufacturers enjoy some flexibility in c hemical spec ifica- 
tions; therefore, most specifications are indexed to the chemistry of 
certain de posits. These s pecifications (Tables 1 and 2) define the 
limits and ranges for chemical properties and size distribution that 
can be permitted in a specific furnace. Some specifications such as 
heavy mineral content or total ir on oxide content (Mills 1983) are 
critical to a gl ass manufacturer and require stri ngent limits. Iron 
oxide is present in almost e very raw material used in a glass batch 
and must be strictly controlled so that a consistent color is main- 
tained in the finished product. Heavy minerals must also be strictly 
controlled. Because of the refractory nature of many heavy miner- 
als (e.g., corundum, zircon, and ilmenite), they do not fully melt in 
the furnac e, which res ults in st ones or “feathers” in t he finished 
products. 

Glass-grade industrial sand can be sold into se veral mark ets 
within the glass market segment. Sand is used in the production of 
flat, container, fiber, and specia Ity glass products. Specialty glass 
consists of many products. The largest portion of the specialty glass 
business is laboratory and lighting glass (incandescent and fluores- 
cent light bulbs). Specialty glass also includes components in the 
electronics industry such as optical fiber and semiconductors. 
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Table 1. Glass sand specifications for flat glass 














Chemical 
SiOz 99.5% minimum 
Fe2O3 0.04% maximum 
AlzO3 0.030% maximum 
TiOg 0.1% maximum 
Cr2O3 2 ppm maximum 
MnO2 0.002 ppm maximum 
H20 0.05% maximum 
Physical 
Size, mm Cumulative Retained, % 
1.18 0.0 
0.85 0.01 maximum 
0.425 0.10 maximum 
0.106 92.0 minimum 
0.075 99.5 minimum 





Source: Zdunczyk and Linkous 1994. 


Table 2. Glass sand specifications for flint container glass 














Chemical 
SiOz 98.5% minimum 
Fe2O3 0.035% maximum 
Al2O3 0.5% maximum 
CaO + MgO 0.2% maximum 
TiO2 0.03% maximum 
ZrO2 0.01% maximum 
H2O 0.1% maximum 
Cr203 0.05% maximum 
Physical 
Size, mm Cumulative Retained, % 
1.18 0.0 
0.850 0.0 
0.600 4 maximum 
0.425 25 minimum 
0.106 95 minimum 





Source: Zdunczyk and Linkous 1994. 


Glass-grade, whole-grain industrial sand is also sold into the 
ceramics market. Up to 32% of the ceramic body of sanitary ware 
(toilets, sinks, etc.) is composed of whole-grain industrial sand. 

It is dif ficult for industrial sand producers to tightly control 
the chemistry of a deposit. Therefore, most consumers work closely 
with producers to develop a specification that can be acceptable to 
both parties. In general terms, the consumers of industrial sand are 
most concerned about consistency, which allows for more efficient 
furnace operation and consistent products. 


Foundry Sand 


In terms of volume, foundry sand consumers are the second highest 
consumers of in dustrial sand. The American F oundry Society 

(AFS) estimates that there are 2,950 foundries in all 50 states of the 
United States, and nearly 60% of | them are in Illinois, India na, 
Michigan, Ohio, and W_ isconsin. F oundry sand must generally 
exceed 98% SiO> in purity, and limits are placed on the amounts of 
CaO and MgO. Specif ications for some fou ndries, ho wever, can 
vary greatly, depending on price a nd availability. Much like glass 


consumers, foundry consumers are most concerned about consis- 
tency of the sand. 

The pro perties important for commercial foundry sand are 
grain shape, size distribution, base permeability, sintering point, clay 
content, and mineralogical composition (Dietert 1966). Foundries 
use industrial sand in the manufacture of molds and cores for casting 
metals such as steel, ductile iron, gray iron, and aluminum- and cop- 
per-based alloys (W ilborg and Henderson 19 83). A casting isa 
metal part formed by pouring molten metal intoasand mold or 
metal die. The mold comprises two halves that, when mated, form a 
cavity into which the molten metal is poured (Whitlatch 1939). If an 
internal cavity is required in the casting, a core is placed inside the 
mold cavity. In molds, f ine- to medium-grained sand _ is generally 
preferred, and coarser sands are preferred for cores. 

Specialty sands such as chromite, olivine, fused silica, and zir- 
con are increasingly displacing quartz sand in foundry applications. 
However, q uartz-rich industrial sand still h olds the predominan t 
market share in fo undry applicati ons (Ho yt 1 987) because of its 
abundance, which translates into cost savings for the end user. The 
use of specialty sand an d ind ustrial sand blends _ is increasing. 
Blends cost less than specialty sands and can create a superior mold 
by increasing permeability. 

The effect of grain si ze on the per meability of foundr y sand 
cannot be understated. Af ter ramming, the permeability of the sand 
must remain high enough to allo _w gases to escape. Ev ena small 
amount of f ine sand (— 0.106 mm) will greatly reduce the per for- 
mance of foundry sand (Dietert 1966). The AFS grain fineness num- 
ber is used in desc ribing the results of a sieve analysis and is also a 
means of calculating the mean diameter of sand particles. The AFS 
grain fineness number is approximately the number of openings per 
inch corresponding to a sie ve that would just pass a sand sample if 
its grains were of uniform size. It is appro ximately proportional to 
the surface area per unit weight of sand exclusive of any clay binder 
or matrix (Anon. 1978). To further characterize the size profile of a 
sand grain, the number of adjacent scr eens having 10% or more of 
the material retained on them can be noted (Hoyt 1987). 

In addition to size , the shape of sand grains also affects the 
porosity of the mold (Zdunczyk and Linkous 1994). High porosity 
promotes high green str ength and allows use of less binder in a 
mold. The more angular the sand grain, the lower the porosity and 
green strength of a mold. Angular grains also tend to resist compac- 
tion; therefore, the mold densities are 8% to 10% lo wer than for 
round grains (Zdunczyk and Linkous 1994). 


Ground Silica 


Ground silica (P V) is used asa_ functional filler and e xtender in 
many industrial applications, including paints and coatings, caulks, 
epoxy-based compounds, sealants, precision castings, and synthetic 
rubber. It is also the major batch com ponent in the production of 
fiberglass. PV is an essential component of the glaze and body for- 
mulations of all types of ceramic products, including tableware, san- 
itary ware, and floor and wall til e. In the ceramic body, silica is the 
skeletal structure on which clays and flux components at tach. The 
SiO» contribution is used to modi fy thermal expansion, re gulate 
drying and shrinkage, and improve structural integrity and appear- 
ance. PV products are also used as the pri mary aggregate in both 
shape and monolithic-type refractories to provide high-temperature 
resistance to acidic attack in industrial furnaces. 

The term PV contains two primary subsets of products: silica 
flour and ground sili ca. Silica flou r generally is sold into lower 
value markets, and ground silica is generally sold into higher value 
markets. Table 3 presen ts typical chemical and physical specifica- 
tions for PV products. 
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Surface-modified P V (chemically treated) and uncoated PV 
are conventionally used as a functional filler to modify the physical 
properties of a product (e.g., altering its thermal characteristics). In 
paint, PV is used in aran ge of products to increase durability , to 
improve weatherability, and as a pigment extender. Pigment extend- 
ers can pro vide significant value to consumers of PV , because a 
high-quality PV can reduce the need for high-priced pigments such 
as titanium dioxide (G uillet and Kriens 1984) . Paint formulators 
select mi crometer-sized produc ts to im prove the a ppearance and 
durability of architectural and industrial paint and coatings. High- 
purity sil ica c ontributes c ritical performance p roperties such as 
brightness and reflectance, color consistency, and oil absorption. In 
architectural paints, silica fillers improve tint retention, durability, 
and resistance to dirt, milde w, cracking, and weat hering. Low oil 
absorption allo ws increased pigment loadin g for improved finish 
color. In marine and maintenance coatings, the durability of silica 
imparts abrasion and corrosion resistance. In plastics, PV provides 
dielectric properties and enhances the strength of the final product. 
PV is al so valued for i ts stable chemistry, and i t is used a s inert 
filler. 

PV is also used in the production of chemicals. Silicon-based 
chemicals are the foundation of thousands of everyday applications, 
ranging from food processing to soap and dye production. PV is the 
main component in the production of sodium silicate, silicon tetra- 
chloride, and silicon gels. These chemicals are used in househo Id 
and industrial cleaners, to manufacture fiber-optic materials, and to 
remove impurities from cooking oil and brewed beverages. 


Abrasives 


Industrial sand enjoys significant market share as an abra sive. It is 
used to clean surfaces and is valued for its relatively low price, cut- 
ting capability, blasting profile, and availability. High-quality abra- 
sive sand must be free of impuritie s such as carbonates or caliche, 
organics, and aluminum silicate minerals. Impurities greatly affect 
performance by reducing the cutting ability of the sand, creating a 
nonuniform blasting profile, or creating dust. Most consumers pre- 
fer angular sand. 

Abrasive grade s or si zes are indexed to application. Coarse 
grades are primarily used for large-scale blasting of iron or steel 
structures, and for removing thick coatings of unwanted material 
from a surface. Conversely, fine grades of sand are used for polish- 
ing surfaces and cleaning softer alloys such as brass and aluminum. 
Silica sand is also used in the apparel industry for “stone washing” 
denim products. 

The abrasives market is highly competitive, and consumers 
are generally price conscious and often will compromise quality for 
price. In addition, health co ncerns regarding respirable silica have 
been a major f actor in the abrasi ves market. Industrial sand also 
competes with many other abrasive products such as slag, garnet, 
fused alumina, and walnut shells, which do not contain crystalline 
silica. Although respirable dust can be mitigated by treating the sur- 
face of b lasting-grade industrial sand with a chemical dust surf ac- 
tant, producers can n ever fully mitigate the concerns surrounding 
respirable silica. 


Proppant Sand 


Known commonly as_proppant, or fr ac sand, in dustrial sand is 

pumped down holes in deep well a pplications to “prop” open rock 
fissures and increase the flow rate of natural gas or oil. Proppant 
sands are generally added to the “pay zone” of an oil or gas well to 
increase the conductivity of the well. The conductivity of the well is 
the sum of the permeability of the pr oppant multiplied by the 
propped width of the fissure. Proppant sands are f irst cate gorized 


Table 3. Specifications for PV 














Chemical 
Fe2O3 0.10% maximum 
Al2O3 0.38% maximum 
Na203 0.10% maximum 
K2O 0.10% maximum 
Physical 
Size, mm Cumulative Retained, % 
0.250 0.0 
0.075 1 maximum 
0.045 3 maximum 





Source: Zdunczyk and Linkous 1994. 


Table 4. Proppant stress range 





Proppant Stress Range, psig 
Class C sands 0-4,000 
Class D sands 0-5,000 
Class E sands 2,000-6,000 
Surface modified sands (resin) 4,000-12,000 
Ceramics 10,000-16,000 





by the stress range that they can support (Table 4), and then by the 
mesh or sieve size. Mesh size is important to performance because 
sizing is a relative measure of strength. The smaller the porosity in 
proppants (smaller mesh sands), the more contact area available to 
support stress. Therefore, all lar ger mesh size san ds e xhibit less 
strength compared to smaller mesh size sands. The final method of 
categorizing proppant sand is the American Petroleum Institute’ s 
(APD) specifications. The API testing procedure is known as RP-56. 
The sand can be surface modified (resin coated) or n onmodi- 
fied. The highest valued sands are clean, relatively dust-free, and 
round, ande xhibit bette r permeability at hig her well closure 
stresses. Under the same stress values, larger mesh sands are more 
permeable than sma ller me shed sands. The hardness and 0 verall 
structural inte grity of silica sa nd combine to deliver the required 
crush resistance of the high pressures present in wells up to 2.450 m 
deep. Its relative chemical nonreactivity is required to resist chemi- 
cal attack in the corrosive environments found downhole. 
Nonmodified prop pant mark ets primar ily use tw o sands— 
“brown sand” and “white sand.” Brown sand is primarily from the 
Hickory Sandstone of Texas and the eolian sand deposits of south- 
ern Colorado. The API recognizes the Hickory sand as a Class D 
sand and the Colorado sands as Class C sand. White sand is mostly 
produced from the St. Peter Sandstone near the Ottawa, Illinois, 
area, and is recognized by the API as Class E. In general terms, the 
brown sand is used in shallow well applications and the white sand 
is used in deep wells. The primary differences between the Class E 
and Class D sands ar __e round ness, acid solubility , and crush 
strength. Class C sands contain feldspar, which significantly affects 
the performance of the material at depth. However, Class C sands 
can demonstrate superior performance compared to Class D and E 
sands in wells with lower closure levels. This is due to the angular- 
ity of the sand. Under higher stress loading (>4,000 psig), angular 
silica and feldspar particles crush and lodge in the pore throats of 
the sand pack; however, under low-stress environments, the Class C 
sands actually increase the permeability of the sand pack. T able 5 
illustrates typical proppant grades. Each grade is used for a specific 
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Table 5. Typical proppant grades (sizes) 





Metric, mm U.S. Mesh Size 
2.36 x 1.18 8x16 
1.70 x 0.850 12 x 20 
1.18 x 0.60 16 x 30 
0.850 x 0.425 20 x 40 
0.600 x 0.300 30 x 50 
0.425 x 0.212 AO x 70 


Table 6. Typical chemical composition and grain size of filtration 








application. For each grade, 90% of the product should be with in 
the size range specified. 


Filtration Sand 


Industrial sand is used in filtration of drinking water, processing of 
wastewater, and production of water from wel Is. Uniform grain 
shapes and grain size distributions produce efficient filtration bed 
operation to remove contaminants in both potable water and waste- 
water. Chem ically inert, si lica will not degrade or react when it 
comes in contact with a cids, contaminants, volatile organics, or 
solvents. Silica gravel is use d as packing mat erial in dee p-water 
wells to increase yield f rom the aquifer by expanding the perme- 
able zone around the well screen and preventing the infiltration of 
fine particles from the formation. 

The Ameri can Water Works As sociation (A WWA) and NSF 
International largely govern sand specifications used in filtration. No 
specifications strictly govern the shape of the sand grains; in general, 
both round and angular grains perform well. Round grains are valued 
for their flow characteristics, and angular grains are valued for their 
ability to trap solids. However, if the grains are too angular, they can 
lock and inhibit flow in a filter media. It is critical that the sand be 
uniform, be clean, and have a low effective size and a low uniformity 
coefficient. The effective size is the size of a sieve opening that will 
pass 10% by weight of a representative sample. For example, if the 
size distribution of a sand is such that 10% by weight is finer than 
0.45 mm, the sand has an effective size of 0.45 mm ( Anon. 1989). 
The uniformity coef ficient of af ilter sand is arat io calculated by 
dividing the size of a sieve opening that will pass 60% of a represen- 
tative sample of the sand by the size of a sieve opening that will pass 
10% of the sample (the ef fective size) ( Anon. 19 89). In general 
terms, if the sand has a low uniformity coefficient, the sand will per- 
form better as af ilter media. Excess f ines tend to retard flo w, and 
excess coarse ma terial does not offer suf ficient filtering. Table 6 
illustrates typical commercial filtration sand specifications. 


Recreation and Building Materials 


Industrial sand is used for golf co urse bunkers and greens and the 
construction of natural or synthetic ath letic fields. Bunker sand is 
frequently blasted f rom greenside b unkers onto putting greens; 
therefore, an ideal bunker sand should contain less than 3% gravel 
(2 to 4 mm) and 7% coarse sand (0.25 to 1.0 mm). Further, an ideal 
bunker should contain 65% or more particles in the 0.25 to 1.0 mm 
range and 25% or less in the 0.05 to 0.25 mm range. Bunker sands 
should also be clean and contain low carbonates. Sands high in car- 
bonates tend to exhibit crusting and setup. Crusting is the formation 
of a thin hard shell on the surface, and setup is the formation of a 
thick crust that e xtends as deep as water penetrates. Crusting and 
setup increase op erating costs by r equiring more maintenan ce to 
keep the bunker in a playable condition. 

In golf and sports turf applications, industrial sand is the struc- 
tural component o fan _ inert, uncontaminated, gro wing media. 
Industrial sand is also used to repair greens and to facilitate every- 
day main tenance like ro ot aeration an d fertilization. The natural 





sand’ 
Chemical 
SiO2 99.39 
Fe2O3 0.24 
AlnO3 0.19 
TiO2 0.12 
CaO 0.01 
MgO 0.004 
Loss on ignition (LOI) 0.046 
Physical 





Size Range, mm Cumulative Retained, % 





0.40-0.50 1.60 maximum 
0.50-0.60 1.60 maximum 
0.60-0.70 1.60 maximum 
0.70-0.80 1.60 maximum 
0.80-1.00 1.65 maximum 
1.00-1.50 1.70 maximum 





Source: Zdunczyk and Linkous 1994. 
* Acid solubility (1:1 HCl) 0.08%-0.11%. Specific gravity 2.64-2.66. 


grain shape and controlled partic le-size distribution of silica sand 
provide the required per meability and co mpaction properties for 

drainage, healthy plant gro wth, and sta bility. The United States 
Golf Association (USGA) typ ically controls the specifications for 
recreation sand grades used in golf bunkers and in green mixes. 
Typically, root-zone sand should contain no more than 3% particles 
ranging from 2 to 4mm. Sands free of gravel are preferred. Sands 
containing more than 3% gravel are likely to damage mower blades 
and bed kni ves. An ideal root-zone sand should contain 60% or 
more particles in the 0.25 to 1.0 mm range, and no more than 10% 
of the particles in the 1.0 to 2.0 mm range, with an additional 5% or 
less in the 0.05 to 0.15 mm range. 

Surface-modified industrial sand has also been recently intro- 
duced into recreation markets. The sand is coated with a dye to cre- 
ate a product that has many colors (blue, orange, black, red, purple, 
etc.). The colored sand is used primarily as play sand product. 

Industrial sand is also the pr imary structural component in a 
wide variety of building and construction products. Because of its 
inert nature and wear strength, industrial sand has significant value 
in the building materials industry. Whole grain silica is used in 
flooring compou nds, mortars, spec ialty cements, stucco , roof ing 
shingles, skid-resistant surf aces, and asphalt mixtures to pro vide 
packing den sity and fle xural strength with out adversely affecting 
the chemical properties of the binding system. The building materi- 
als product lines of industrial sand producers have enjoyed signifi- 
cant gro wth during the 1990s, and demand continues to gro w. 
Although in dustrial san d has signi ficant competition from other 
industrial minerals (e .g., limestone), indus trial sand tends to be 
more durable than competing materials, and thus more suitable for 
use in building materials applications. 


GEOLOGY AND DISTRIBUTION OF MAJOR DESPOSITS 
IN THE UNITED STATES AND CANADA 


The indust rial sand deposits mi ned in the Uni_ ted Stat es v ary 
greatly in chemistry, location, and physical characteristics. In gen- 
eral terms, the highest quality industrial sand deposits are located 
in the Midwest. The deposits usually contain less than 20% delete- 
rious materials (Pettijohn, Potter, and Sie ver 1987), and are con - 
tained within the mid continent marine quartz arenites. T able 7 
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Table 7. Typical processed chemistry of the St. Peter Sandstone 


Element or Oxide Result (%, unless otherwise noted) 





Na <0.05 
Mg <0.05 
SiOz 99.6 
P205 <0.05 
S <0.05 
cl <0.05 
K20 0.02 
CazO <0.01 
TiO2 0.03 
MnO <0.01 
BaO <0.01 
Cr <10 ppm 
Zr 40 ppm 
Pb <10 ppm 





Table 8. Typical chemistry of the Santiago Formation 





Analyte Result, % 
SiOz 80.98 
Al2O3 9.96 
Fe2O3 0.34 
CaO 1.69 
MgO 0.05 
Na2O 1.93 
K2O 3.35 
Cr203 <0.01 
TiO2 0.52 
MnO 0.02 
P205 0.02 
SrO 0.03 
BaO 0.12 
Lol 0.64 





shows typical chemistry of a high-quality midcontinent sand, from 
the St. Peter Sandstone. 

Industrial sand deposits in the western and southwestern 
United S tates are generally of lo wer quality t han t he ind ustrial 
sands p roduced in the Midwest. The western and southwestern 
deposits have not undergone as many cycles of erosion and weath- 
ering; therefore, these sands te nd to be less rounded and contain 
more deleterious material. In some cases, feldspar content exceeds 
25%. Table 8 depicts the chemistry of a typical Pacific Coast sand, 
from the Santiago Formation. 

Industrial sand deposits in the continental United States occur 
in five geologic provinces (Heinrich 1981): Pacific Coast, Rocky 
Mountain Cordillera, Mi dcontinent, Coastal Plain, an d App ala- 
chian Belt (Figure 1). Each province yields industrial sand products 
that are unique and directly related to the local geologic conditions. 
The geologic history of the deposit directly influences its size dis- 
tribution, gr ain shape, and chemistry. The se para meters the n 
directly influence the markets and commercial value of the deposit. 


Pacific Coast 


Production from California dominates the Pacific Coast province. 
Minor industrial sand deposits are used for local markets in Oregon 





Adapted from Adapted from Zdunczyk and Linkous 1994. 
Figure 1. Geologic provinces of industrial sand deposits in the 
United States 


and Washington; the majority of commercial production, however, 
comes from California. Pacific Coast province production is prima- 
rily from im mature, fe Idspathic, c layey sands of Paleocene to 
Pliocene/Pleistocene age. Commercial production also tak es place 
in central California where hydraulic gold tailings are reprocessed 
to yield industrial-grade and filtration products. 


Santiago Formation 


Sand is extracted from the Eocene Santiago Formation in Orange 
County, California, and sold into the industrial/building materials 
markets. The medium-grained sandstone consists of approximately 
70% quartz, and the remainder of nearly equal percentages of clay 
and feldspar (Silva 1985). Table 8 shows the typical chemistry of 
Santiago Formation industrial sand. The sand crops out for several 
miles to the north and south of the developed deposit near San Juan 
Capistrano. The formation contains evidence of several local sea- 
level transgressions on the basis of sand gradation and the presence 
of unpredictable clay/s hale banding. Three mapp able members of 
the Santiago F ormation ar e recogn ized: t he 1 ower, mi ddle, a nd 
upper members represent an overall transgressive sequence of non- 
marine t o estu arine t o shal low ma rine sandsto ne, silt stone, a nd 
mudstone. The deposit is more th an 400 m thick, and f aulting of 
regional and local nature is common. The deposit has a gradational 
contact with the underlying Silverado Formation, the source deposit 
of past industrial sand production near Corona. 


Saugus Formation 


Five miles north of Santa Susana in V entura County, California, 
sand is extracted from the Pleist ocene Saugus F ormation and sold 
into industrial/building material markets. The formation is typical 
of deltaic deposits, consisting of conglomerate, sandstone, and silt- 
stone. The mining area is inthe Soledad Basin, a depression that 
was c ut of f fromt he se a unt il subsidence during the Miocene 
allowed marine transgression into its western extension. The Sau- 
gus Formation represents the resumption of fresh water deposition 
after the sea regressed at the end of the Pliocene (Norris and Webb 
1990). 


Recent Beach Deposits 


Beach sands ha ve beencommer cially de veloped in Montere y 
County, California. The sand is harvested using dredges and sold 
into filtration and industrial/b uilding materials markets. The sands 
are of Holocene age and are regenerated annually by storm events. 
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The sand is coarse grained and characterized by high feldspar con- 
tent and iron staining. 


Fluvial Sands and Gravel 


In the Marysville and Yuba City area of north-central California, 
hydraulic mining tails are rep rocessed to produce f iltration and 
industrial/building materials products. The deposits are the result of 
historical hydraulic gold minin g in which vast quantities of quar t- 
zose Tertiary sand and gravel flowed into streams draining into the 
Yuba and American rivers. They are typically high in feldspar and 
other accessory minerals. The sands are a lo w-grade pr oduct; 
because of the location and market demands, however, they have a 
high commercial value. 


lone Formation 


Sand is extracted f rom the Eo cene Ione F ormation in Am ador 
County, California. The sand is mined froma site south of the 
town of Ione and is used in glass production. The deposit is com- 
posed of quartz sand and clay inanap proximately 6 0-40 mix 
(Silva 1985). The Ione Formation is locally exposed from Oroville 
in Butte County to the north to Knights Ferry in Stanislaus County 
to the south. The source of t he Ione sediments was deeply weath - 
ered granitic and met amorphic rocks of the ancest ral Sierra 

Nevada that were uplifted in the Late Jurassic during the Nevadan 
Orogeny. The sedimen ts were depo sited in lagoons and shallow 
basins along a broad, swampy coastal plain bordering the Eocene 
sea. The sediments were altered by chemical weathering, covered 
by volcanic material in the Mi ocene and Pliocene (Anon. 1956; 
Zdunczyk and Linkous 1994), and eventually exposed by renewed 
uplift and erosion. 


Oro Grande Quarizite 


Western San Bernardino County has been the principal source of 
manufactured industrial sands f or Southern California. The depos- 
its are located east of the town of Oro Grande and north of Victor- 
ville. Massi vely bedded quartzite (thought to be of the Carbon- 
iferous) Oro Grande and Hodge Series occur in extensive bodies as 
much as 100 m thick (Silva 1985) with typical silica content of 98% 
to 99%. Although the quartzite is relatively pure, it has not been 
used extensively in industrial markets. The material is used prima- 
rily in the ceramic and filler markets. 


Puget Group Sands 


A commercial deposit of industrial sand in King County, Washing- 
ton, is mined for feldspathic sand used in the local glass and recre- 
ation markets. The sands are derived from glacial outw ash 
sediments from the last ice age—part of the Fraser Glaciation. The 
sands are not high quality and are used in local markets because of 
freight advantages. 


Rocky Mountain Cordillera 


The Rocky Mountain Cordillera is not a major source of industrial 
sand production. Commercial depos its e xist in Colorado, Idaho, 
Nevada, and eastern Washington. The commercial Colorado depos- 
its are Quaternary dune deposits. The Idaho deposit is a lacustrine 
Pliocene-Pleistocene deposit. The Nevada deposits are tectonically 
crushed quartzite and r eworked sandstone. Washington industrial 
sand is a manufactured industrial sand from weathered quartzite. 


Quaternary Eolian Dunes 


The Co lorado Pied mont of fers some oppor tunities for ind ustrial 
sand exploration and production. The Colorado Piedmont is a broad 
erosional trench that separates the southern Rocky Mountains from 


the High Plains. Structurally, the site lies along the western flank of 
the Denver Basin. Relatively flat uplands and broad valleys charac- 
terize the present-day topography of the Colorado Piedmont in this 
region. In El Paso County, Colorado, Quaternary eolian dunes and 
other surficial deposits are mined for proppant, filtration, industrial, 
and recreation sands. The eolian sand deposits are coarse to 
medium sand derived mainly from stream alluvium and distributed 
east of the source area by wind. The source rock appears to be the 
Pikes Peak Granite. The sand is subrounded to subangular, frosted, 
and contains approximately 90% to 95% quartz and5% to 10% 
feldspar. The eolian dunes range in thickness from 1 to 10 m. Other 
surficial de posits have been commercially viable and are consid- 
ered to be typical eolian and fluvial transported sands and gravels. 
These deposits also range in thickness from 1 to 10 m. 


Idaho Group 


The Emmett feldspathic sand operation is located in and near the 
town of Emmett in Gem County, Idaho. The deposit is mined for a 
wide r ange of products, which are sold into the glass, foundry, 
building materials, and golf course industries. The feldspathic sand 
is marketed on the basis of product chemistry and physical specifi- 
cations (W.A. Bratney, personal communication). 

Within the structural graben represented by the Late Miocene 
to Early Pliocene rift that de veloped along the present-day cou rse 
of the Snake River, volcanic eruptive events associated w ith t he 
Columbia River basalts blocked the natural stream drainages. His- 
torical Lak e Idaho de veloped as afr eshwater lake into which 
Pliocene-Pleistocene sedi ments were dep osited. Sed imentation is 
interpreted to have occurred in many lakes interconnected at times 
by a river system that was present in the newly formed rift environ- 
ment. This assemblage, collecti vely known as the Idaho Group, is 
divided into a number of recogni zed formations, including, from 
oldest to youngest, the Poison Creek, Banbury Basalt, Chalk Hills, 
and Glenns Ferry formations. Many of the Idaho Group sediments 
are co vered by basalt flo ws and sediments deposited in recen t 
times. Coarse-grained sand a nd gravel detritus from the tonalites 
and quartz diorites of the Idaho Batholith eroded rapid ly into Lake 
Idaho during a period of active regional uplift and formed a coarse 
fluvio-deltaic wedge in the finer grained lacustrine deposits near 
the top of the Idaho Group. Mining takes place at or near the con- 
tact of the Chalk Hills with the overlying Glenns Ferry Formation. 
The stratigraphic section here is approximately 30 m thick ( W.A. 
Bratney, personal communication). Mine exposures exhibit promi- 
nent cross-bedding, scour channels, and extreme variability in sedi- 
ment size. The mine has fine clay horizons at the top and bottom of 
the developed zone. Mining is accomplished with a front-end wheel 
loader that fills over-the-road trucks. 

The ore horizon consists of quartz clasts present in amounts 
up to 80% (W.A. Bratney, personal communication). Feldspars are 
the pri ncipal ac cessory minerals. Microcline occurs in amo unts 
ranging from 16% to 19% by weight. Oligoclase is v ery abundant 
and can range between 45% an d 55% by weight (W .A. Bratney, 
personal communication). Muscovite and, to a lesser extent, biotite 
are abundant in the finer grained lenses frequently observed in the 
deposit. The micaceous minerals have not been quantified, but they 
are estimated at less than 5% of the mineral assem blage. T race 
amounts of magnetite, ilmenite, rutile, and garnet also occur. 


Baseline Formation 


The Cretaceous Baseline Formation is mined f or glass, foundry, 
industrial, ceramic, andf_ iller a pplications near Ov erton, Clark 
County, Ne vada. The Baseline F ormation is relati vely limited in 
outcrop and currently hosts only one com mercial ope ration. The 
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Baseline is int erpreted to be reworked Jurassic age Aztec S and- 
stone. It is white to buff and is weakly cemented by clay, calcium 
carbonate, and minor to moderate iron oxide. The sand is mined by 
scrapers, washed in the open pit, and slurried to a screening plant at 
Overton. Unprocessed sand contains approximately 97% SiOz, and 
washed product contains approximately 99% SiO» (S. Castor, per- 
sonal communication). 


Eureka Quarizite 


The Eureka Quartzite is mined near Mercury, Nevada. The deposit 
produces limited quantities of industrial- and recreation-grade man- 
ufactured sands for local and regional markets. It consists of a lim - 
ited east-west zone of intensely fractured quartzite. The deposit is 
unique in that it has undergone intense cataclastic brecciation, most 
likely caused by local and re_ gional faulting. The deposit is esti- 
mated to be more than 50 m thick; it is overlain, however, by thick 
limestone/dolomite o verburden. T he E ureka Qua rtzite is wide - 
spread throughout Utah and Nevada, but most deposits are not close 
enough to transportation or markets to be commercially viable. 


Addy Quarizite 


The Addy Quartzite, mined in Stevens County, Washington, for use 
in the glass industry, varies from unconsolidated sand to competent 
quartzite. The deposit has been described as tabular in nature, 60 to 
90 m thick, and 5 km long (Zdunczyk and Link ous 1994). Where 
mined, the material has been leached to a highly friable condition. 
It is buff to white (Reed 1974), and grain shapes vary from angular 
to subangular. 


Midcontinent 


Zdunczyk and Link ous (1994) described the industrial sand 
resources of the Midcontinent Area in detail, and the distribution of 
deposits in this area has changed little since that publication, from 
which the following text borrows heavily. 

These Midwest sands are mature to supermature, multicycle 
sheet sands that are Early Paleozoic in age, flat lying, and moderately 
consolidated. The quality of the de posits has been greatly enhanced 
by multiple cycles of erosion, winnowing, and redeposition. 


St. Peter Sandstone 


The Ordovician St. Peter Sandstone is the type deposit for multi-use, 
high-quality industrial sands. The formation is uniform, widespread, 
quartz arenite sheet sand. Itis exposed in southeastern Minnesota 
and crops out across the southern margin of the Wisconsin Dome 
into eastern Iowa. Exposures extend south into Illinois, and acro ss 
the flanks of the Ozark Dome in eastern Missouri and northern 
Arkansas (Bates 1960). The St. Pete r has also been disco vered in 
the subsurface in South Dakota, where it joins with basal clastics of 
the Winnipeg Formation (Bunker et al. 1989) 

The St. Peter is generally interpreted as having a marine ori- 
gin. It is a multicycled sand whose source is inferred to have been 
Precambrian quartzites of the Canadian Shield and Cambrian and 
Early Ordovician sandstones (Lamar 1927). Studies have shown the 
St. Peter to be a transgressive sheet sand of reworked beach depos- 
its formed along the edge of a northwestward advancing sea (Bates 
1960). The St. Peter is v alued for its well-rounded, homogeneous, 
and inclusion- free sand grains. Sand chemistry usually e xceeds 
97% silica, with min or amounts of clay and feldspar (Harben and 
Bates 1990). Table 7 gives the ty pical chemistry of processed St. 
Peter Sa ndstone. The material is white tob uff andis typically 
referred to in the industry as white sand. 

In the Ottawa District of Illinois, the best known commercial 
mining area for St. Peter Sandstone, the formation was deposited on 


an erosional surface of underlying Shakopee Dolomite and is up to 
130 m thick (Bates 1960). Postdepositional erosion has reduced the 
deposit to approximately 70 m thick. Most production occurs in the 
upper portion of the deposit because the deposit typically becomes 
finer with depth, and feldspar, clay, and iron also increase. Because 
of the nature of the deposit, mining costs are lo w and recovery is 
high. Although the St. Peter Sandstone is, arguably, the most valued 
industrial sand on the market, the selling prices are some of the 
lowest on the market. This is due to its wide distribution and market 
saturation. More than six major operations e xist within a 60-km 
radius, and a lar gev olume of high-quality sand is a vailable. 
Because of low production costs, Ottawa District sands can be eco- 
nomically tr ansported to western United St ates gl ass, filtration, 
proppant, and industrial markets. 


Hickory Sandstone 


The Hickory Sandstone member of the Cambrian Riley Formation is 
mined near Brady , Texas. The Hick ory is as much as 167 m thick 
(Cornish 1975), but mining thicknesses generally average 30 to 40 m. 
The Hickory yields products used in the proppant, filtration, and 
foundry markets. It is of ten referred to in the industry as a brown 
sand. The Hickory outcrops along northeast-trending fault blocks 
of the Llano uplift area of central Texas and dips away from the 
uplift in all directions. It lies unconformably on the irre gular sur- 
face of the Precambrian Texas craton. The contrasting and variable 
thickening and thinning of the Hickory suggest topographic control 
during deposition. 

The Hick ory is o ne of many lower Paleozoic cratonic sand- 
stones of North America. The depositional environment was largely 
transgressive. The Hick ory can be divided into the 1 ower, middle, 
and upper facies (Pettigrew 1988). The lower facies is afine- to 
coarse-grained, poorly sorted sand with round ed to subr ounded 
grains and minor to moderat e am ounts of siltstone an d shale. The 
lower facies can be most easily recognized by the planar and festoon 
crossbeds with large-scale foresets (Cornish 1975). It contains minor 
to moderate amounts of feldspar. The middle facies interfingers with 
the lower facies and is composed of layers of coar se- to medium- 
grained sand interbedded with fine-grained sand, silt, and shale. The 
middle Hickory can be most easily id entified by the massi ve bed- 
ding of the coarse sand zones, and the planar to wavy laminations in 
the fine-grained zones. The upper f acies is medium to coarse 
grained, well rounded, an d hematitic (Cornish 1975). The upper 
facies has not been comm ercially mined. To date, all commercial 
activities take place in the lower and middle facies. 


Black Hand Sandstone 


The Mississipp ian-age Black Hand Sandstone Member of the 
Cuyahoga F ormation isupto 60mthick an dconsists almost 
entirely of nonmarine, cross-bedded, coarse-grained, conglomeratic 
sandstone (Kammer 2002). The Black Hand has been interpreted as 
braided river sediments filling incised-valleys within finer-grained 
marine sediments of the Cuyahoga. The Black Hand has been 
mined for more than 100 years as a source of glass san d, PV, and 
recreational sand fo rlocal and regional mark ets of the Knox 
County, Ohio, area. The san ds vary from buff to dark b rown, and 
subangular to angular. 


Massillon Sandstone 


The Massillon Sandstone Member of the Pennsylvanian-age Potts- 
ville Formation has been a source for glass and recreation sand for 
more than 100 years. The commer cial deposit in Perry County, 
Ohio, produces industrial sand for local and regional markets. The 
sand is white to buff, medium to coarse grained, and subangular to 
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angular. The deposit a verages approximately 15 m thick, with 
upper and lower 1-m borders containing moderate to high amounts 
of iron oxide or iron sulfide or both. 


Sylvania Formation 


The Sylvania Formation is found in southern Michigan and north- 
ern Ohio. It is recognized as a high-quality gla ss sand. The sand 
was interpreted by Bates (1960) as a basal-blanket quartz arenite of 
Middle De vonian a ge, and is th e lowermost unit of the Detroit 
River Group. The deposit, which dips gently to the northwest, has 
been structurally influenced b y the Michig an Basin and by the 
Findlay Arch in Ohio, where the Sylvania rests on the northwestern 
flank. Heinrich (1977) suggested that the source for the Sylvania is 
the St. Peter Formation, which outcrops to the north. The Sylvania 
is believed to be a littoral eolian sand that was deposited in a near - 
shore environment. It is friable, pure, and often weakly cemented 
by carbonates. The sand is fairly well sorted; significant variations, 
however, can occur along strike. The larger grains of the deposit are 
well rounded; small size fractions can be angular, however, because 
of secondary silica overgrowths, which make the rock resistant to 
weathering (Heinrich 1977). 


Oil Creek and McLish Formations 


The Oil Creek and McLish formations of southwestern Oklahoma 
yield high-quality glass, ceramic, and PV-grade sand. The deposits 
are generally poorly con solidated and contain minor amo_ unts of 
clay. The grains tend to be well rounded and frosted, and the grada- 
tion trends toward af ine sand. Because of the re latively fine- 
grained nature of the deposits, the y tend to have more value in PV 
applications thanasagla sssand. The deposits are part of the 
Ordovician Simpson Group, which consists of 300 to70 Om of 
sandstone and limestone with in terbedded green shales (Buttram 
1913). The Oil Creek and McLish formations within this group 
have been considered lithologically equivalent to, and of the same 
age as, the St. Peter Sandstone (Ham 1945). 


Jordan Sandstone 


The Jordan Sandsto ne consists of th ree distinct members: (1) the 
Norwalk Member, a fine-grained, silty, yellow quartzose sandstone; 
(2) the Van Oser Me mber, a coa rse- to medium-grained, white or 
yellow orthoquartzite that is mined for proppant and foundry sands; 
and (3) the Sunset Point Member, a d olomitic and a rgillaceous 
quartz sandstone containing pebble-size clasts of dolomitic sand- 

stone (Ojakang as and Matsch 1982) . During the Late Cambr ian, 
most of the central Midcontinent Area was covered by an epiconti- 
nental sea characterized by carbonate deposition. The regression of 
this sea was followed by the prograding of sandstone units eroding 
from the Wisconsin Dome across much of present-day Minnesota, 
Iowa, and northeastern Missouri. These Upper Cambrian sandstone 
units included the Lower Jordan Sandstone in Minnesota (Bunker 
et al. 1989; Zdunczyk and Link ous 1994). The Jordan is primarily 
mined in Minnesota for proppant and foundry applications. 


Appalachian Belt 


Zdunczyk and Linkous (1994) described the Appalachian Belt area 
in detail. The distribution of deposits there has changed little since 
1994. Therefore, this section borrows heavily from their work. The 
area produces some high-quality industrial sands for regional mar- 
kets. Although the sands are more than adequate for regional mar- 
kets, they lack the preferred physic al and chemical characteristics 
of the Midwest sands. The sands were deposited in thick wedges 
of nonm arine cl astic sediments during the Taconic Oroge ny in 
Late Ordovician time. As er osional unloading occurred following 


large-scale te ctonic e vents, terri genous material shed fr om the 
fold-thrust mountain belt was deposited westward into an adjacent 
foreland basin. Following the orogenic e vents—the Silurian and 
Early Devonian—were periods of relative quiescence. When ero- 
sion and subsidence slowed, the siliclastic sediments that accumu- 
lated in the fore land ba sin were re worked into high quart z 
sandstones (Smosna 1992). 


Clinch Formation 


The Clinch Formation is mined near Rogersville, Tennessee, for 
glass, PV, recreation, an d building materials. The sand grains are 

subrounded to subangular . The geologic history of the depo sit is 
complex and includes alluvial f an, coastal plain, and tidal ri_ ver 
environments, and near-shore shelf sand wave complexes (De Witt 
and Milici 1989). The Clinch is inte rpreted to be the stratigraphic 

equivalent of the Tuscarora Formation to the north. 


Oriskany Group 


The Lower Devonian Oriskany is actually the Ridgeley Member of 
the Old Port Formation. The dep osit, however, has typically been 
referred to as th e Oriskany. The Oriskany has been a sig nificant 
source of high-quality industrial sands used in glass, foundry, PV, 
and b uilding m aterials markets. The commercial po rtion of the 
Oriskany is a hard, white to bluish-gray, clean marine quartz arenite 
that extends from New York into Virginia. Current mining is lim- 
ited to a folded belt of th e Central Appalachians in the Virginia, 
West Virginia, and Pennsylvania tristate area. In this area, the Oris- 
kany is well sorted and averages 90 m thick. Fracturing and jointing 
have allo wed groundw ater to leach out the calcareous matrix, 
resulting in a friable to loose sandstone (Harben and Bates 1990). 

South of New York, the source of the Oriskany sand w as most 
likely the Silurian and Cambrian quartzites in s outheastern Penn- 
sylvania (Berk heiser 1985). The predominance of marine fossils 
and conglomerate lenses suggests that it was deposited under tec- 
tonically stable, near-shore, shallow water conditions (Bates 1960). 


Coastal Plain 


Along the Atlantic coastal plain, unconsolidated, nearly horizontal 
sediments of Late Cretaceous to Holocene age are mined for many 
industrial applications. The distribution of deposits in the Coastal 
Plain Area has chan ged little since 1994. This sectio n borro ws 
heavily from Zdunczyk and Linkous (1994). 


Cohansey Formation 


In the coastal plain of southern New Jersey, sand of the Miocene 
Cohansey F ormation is mined fo rusei nglass,c eramics, PV, 
foundry, filtration, building materials, and recreation markets. The 
formation consists of a 30- to 70-m-thick section of poorly sorted, 
subangular, fine- to medium-gra ined sand containing minor clay 
(Zdunczyk and Linkous 1994). Tertiary sediments that make up the 
New Jersey Coastal Plain are inferred to have been deposited in an 
environment that ranged from continental to midshelf or outer-shelf 
marine. The sources of these sedi ments appear to be the Piedmont 
Lowland, Valley, and Rid ge; the New Jersey highlands pro vinces; 
and Cretaceous and Tertiary beach sands. The sediments were car- 
ried and deposited on a submerged coastal shelf by southeastward- 
flowing streams and were then re worked and upgraded by marine 
action (Wolfe 1977). 


Pinehurst Formation 


The Late Miocene to Early Pliocene Pinehurst Formation of central 
South Carolina and south-central North Ca rolinaisa v aluable 
source of high-quality industrial sand. The Pinehurst ranges from a 
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thin veneer to more than 10 m thick and contains angular to sub- 
rounded sand that is generally poorly sorted and medium to v_ ery 
coarse in grain size (Zdunczyk and Linkous 1994). The sand varies 
from nearly white to yellow-orange and averages about 90% quartz. 
The Pinehurst is inferred to be of eolian origin based on the p_res- 
ence of well-defined dune topography, in verse gr ading in some 
cross beds, and the lack of clay _, silt, or fos sils (N ystrom, Wil- 
loughby, and Price 1991). 


McNairy Sand 


The McNairy Sand is a source of industrial sand in western Tennes- 
see. The McNairy is part of the Gulf Coastal Plain-Upper Missis- 
sippi Embayment. The McNairy was considered by Russell and 
Parks (1975) to have been deposited in acyclic, near-shore geologic 
environment. The ou tcrop belt parallels th e Tennessee River and 
varies f rom approximately 19 km wide in McNairy County to 
approximately 13 km wide in Benton County. Zdunczyk and Link- 
ous (1994) describe the McNairy section as (1) are gressive, near- 
shore basal sand that is f ine grained and contains heavy minerals; 
(2) a middle wedge of coarser-grained sand that appears to be flu- 
vial, deltaic, and partly estuarine in origin; and (3) an upper tr ans- 
gressive marine sand, whichis _ present only in southwestern 
McNairy County. 


Florida 


Industrial san ds are produced thr oughout Flor ida fo rlocal an d 
regional markets. Glass-gra de sa nd is pr oduced n ear Da venport, 
Plant, and Edgar. Zdunczyk and Linkous (1994) described the Cit- 
ronelle Formation as a fluvial blanket deposit of highly cross-bedded 
sand, clays, and gravel extending across western F lorida, Alabama, 
and Mississippi. It attains a maximum thickness of approximately 
50 m in western Alabama. It is inferred that that the Citronelle sed- 
iments were deposited as coalescing deltas by se veral rivers that 
emptied into the Gulf of Me xico (MacNeil 1950). Closely associ- 
ated with the Citronelle Formation are the Pleistocene marine ter- 
races near Davenport, Plant City , and Edg ar (Olson 1970). F our 
marine shorelines have been recognized in the Gulf Coast terraces, 
representing the inland limits of transgressive seas. These marine 
terraces consist of fine- to medium-grained, well-sorted, unconsoli- 
dated sand. The quartz grains are generally clear to milky, and iron 
staining and organic materials are not uncommon (Cathcart 1963). 


Canada 


Industrial sand production takes place across Can ada. The pro v- 
inces of Quebec, Ontario, and Alberta are the primary producers of 
industrial sand, followed by Saskatchewan, British Columbia, and 
Nova Scotia (Dumont 2001). 

In Ne wfoundland and Labrador , the Ro y’s Kno b quartzite 
deposit is mined for use in silic on metal. New Brunswick has two 
active operations where material is mined and processed for use in 
blasting, foundry, filtration, recreation, and flux mark ets. Qu ebec 
has several active operations where quartzite is mined near Saint- 
Donat-de-Montcalm, no rth of La Mabaie,and from sandstone 
deposits at Saint-Canut, Sainte-Clotide-de-Chateauguay, and Saint- 
Remi-d’ Amherst. Unconsolidated deposits are mined for mixed uses 
at Saint-Joseph-d u-Lac, Ormstown, an d Saint-Bruno-de-Guigues. 
Ontario has the lar gest production with sources at Badgeley Island, 
Elgin Quarry, Fripp Quarry, and the Ellis Quarry. Industrial sand is 
produced in Saskatchewan in the Amisk Lake area, northeast of the 
village of Hudson Bay, and Prince Albert. Sand dunes are mined in 
Alberta in the Bruderheim Area. Industrial sand is also produ ced in 
Peace River. In the Golden Area of British Columbia, industrial sand 
is mined for varied industrial applications. 


Mt. Wilson Formation 

In the Rocky Mountains near Golden, British Columbia, a zone of 
friable quart zite within the Or dovician Mt. W ilson Formation is 
mined for mixed industrial uses. The rock is f ine grained, white, 
and massive (Zdunczyk and Linkous 1994). The quartz grains are 

well rounded and average 0.25 to 1 mm_ in diameter. The friable 
zone that is mined lies along the crest of an anticline at the north- 
western exposure of the formation (Zdunczyk and Linkous 1994). 


Potsdam Formation 


Near St. Canut, Quebec, the Cambrian Potsdam Formation is mined 
for high-purity industrial sand. In southeastern Ontario, the Pots- 
dam isthe lowermost P aleozoic formation pre sent, and _ it is 

assumed to be the stratigraphic equivalent to the Potsdam in Ne w 
York (K eith 1 949). Both deep-w ater and near -shore facies have 
been identified. The near-shore facies appear to contain the purest 
sandstone (Guillet and Kriens 1984). 

The Potsdam canv ary from wh ite tored , dep ending on 
whether the matrix is primarily ferruginous, calcareous, or siliceous 
(Zdunczyk and Link ous 1994). Where mined, the material is a 
white, massi ve, saccharoidal sandstone with a siliceous cement 
(Keith 1949). When crushed, the sandstone easily breaks into angu- 
lar to subrounded grains, more than 80% of which are between 0.60 
and 0.15 mm. 


Bar River Formation 


On Badgeley Island, the Precambrian Bar River Formation is mined 
for varied industrial applications. According to Guillet and Kriens 
(1984), the Bar River is the youngest and purest of a series of three 
quartzite un its at the top of the Cobalt Group inthe Huronian 
Supergroup of mid dle to late Precambrian ag e. The Bar Ri ver is 
typically light gray to white (Zdunczyk and Linkous 1994). Where 
completely recrystallized by m etamorphism, it c onsists of i nter- 
locking grains o f quartz, which ca used the rock t 0 be e xtremely 
hard and to break across grains w ith a conchoidal fracture (Hewitt 
1963). Where metamorphism was less intense, it is easier to see that 
the Bar River was originally made up of inter gradational units of 
well-sorted and -rounded, fine- to medium-size sand grains (Guillet 
and Kriens 1984). 


GEOLOGY AND DISTRIBUTION OF MAJOR 
DEPOSITS OUTSIDE NORTH AMERICA 


Little h as been published on depo sits of in dustrial sand outside 
North America. Harben and Bate s (1990) briefly described some 
European deposits, and information is available on some Australian 
deposits. Industrial sa nd deposits in China and I ndia, ho wever, 
which may become important in the near future, are not described 
in the literature. 


Europe 


The industrial sand deposits mined in Europe vary greatly in chem- 
istry, loc ation, and physical characteristics. The primary markets 
are glass, foundry, and building materials. The author could not find 
information in English-language literature on deposits in man y of 
the important prod ucing countries in Europe, such as Germany, 
Austria, France, and Spain. 

Industrial sand is pro duced in the Mol, Maasmechelen, and 
Charleroi districts of Belgium, and in th e “sil versand” area near 
Heerlen, the Netherlands (Harbe n and Bates 1990 ). According to 
Harben and Bates (1990 ), the depos its are Pliocene sands that are 
valued for their low iron content (le ss than 0.0 1% Fe 203). The 
high-grade, low-iron sands are used in the production _ of crystal 
glass, and the lo wer-quality sands are used in the production of 
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sheet glass, ceramics, silica flour, and silica carbide, and in building 
materials. The combined production of Belgium and the Nether- 
lands is estimated to be greater than 20 Mtpy. 

Scandinavia and Portug al pr oduce high- quality ind ustrial 
sands as a by-product of feldspar production from quartz-rich peg- 
matites. The silica sands pr oduced from these sources contain 
99.6% to 99.75% SiO 2, 0.03% to 0.06% Al203, and 0.2% to 0.5% 
Fe203 (Harben and Bates 1990). 

In the United Kingdom, industrial sand deposits range in age 
from Carboniferous to Recent (Harben and Bates 1990). More than 
50% of the production comes from Pleistocene to Holocene depos- 
its of fluvioglacial, in terstadial, and eolian origin. Cheshire and 
Lancashire are important areas of production for glass, ceramics, 
and foundry sands. Approximately one third of the production is 
derived from Cretaceous beds south of London. 


Australia 


Australia produces industrial sands for local and regional markets. 
The primary mark ets are in glass and foundry applications. In th e 
New South W ales area, container glass deposits are concentrated 
near the “inner barrier” dune deposits on the Tilligerry Peninsula 
near Tanilba Bay. The primary so urce for high- iron sand used in 
amber glass is the Salt Ash mine at Williamtown and a deposit at 
Londonerry, near Penrith. The Ne w South Wales area is also a 
major producer of foundry sand from the “outer barrier” dunes of 
Stockton Bight. 

In So uth Australia, industrial sand for foundry markets is 
mined from Holocene d unes near Sandy Creek, Tailem Bend, and 
Balaklava. Other signi ficant industrial sand sources are the Glen- 
shera sand pit near Mount Comp ass, 50km southof Adelaide 
(Pain, Sha w, and Valentine 1999 ), and the 2 3-Mile lu mp silica 
deposit near Whyalla. 

The Glenshera deposit contai ns Permian fluvioglacial sand, 
and portions of the deposit were reworked during the Tertiary. Up 
to 10 m of high-iron sand overlies approximately 80 m of low-iron 
sand. The lo w-iron sand is proce ssed for container glass mark ets, 
and the high-iron sand is pr ocessed for amber glass and foundry 
markets (Valentine 1989). 

Industrial sand is m ined at the 23-Mile deposit for use as an 
additive in blast fur naces (V alentine 1989). The deposit w as 
described by Valentine (1989) as a north-south trending quartz reef. 
The deposit is approximately 8 km long within dark gray volcano- 
clastic grit and sandstone of the Proterozoic Moonabie Formation. 


TECHNOLOGY 


Exploration 


Like most industrial minerals, exploration for industrial sand begins 
with transportation and marketing studies. Understanding the loca- 
tion of competitors and distance to markets allows a potential pro- 
ducer to determine if a project w arrants further investigation. For 
example, man y potential high- grade manuf actured sand sources 
exist in Idaho, Utah, and Ne vada; the deposits h ave ne ver been 
commercially viable, however, because of their distance from mar- 
kets. Nonet heless, the com plexion of ind ustrial sand e xploration 
has been ch anging in the last 10 years. Most deposits are well 
known, but the increase in demand in the western United States and 
emigration of population to that area ha ve created a shift in indus- 
trial sand exploration. Consumers are now willing to consider local, 
more cost-effective sources of industrial sand rather than pay high 
freight premiums. This is particularly true in the building materials 
and recreation markets. 

Although con ventional e xploration methods still apply , pro- 
gressive industrial sand suppliers must now consider whether or not 


a deposit can be p ermitted before investing significant capital into 
an exploration program. Plann ing, land use, zoni ng, and general 
regulatory requirements are as important as the chemical and phys- 
ical properties for any potential deposit. Industrial sand exploration 
has become increasing ly computerized, and computer processing 
allows rapid inte gration with ma rketing and re gulatory concerns. 
With the adv ent of af fordable geograp hic inf ormation softw are 
(GIS) and glob al positioning system (GPS) technology, industrial 
sand suppliers can quickly andef ficiently re view and catalog 
deposits. Transportation networks can be easily integrated into the 
model, and the company can quickly determine haul rates and com- 
mercial viability. Likewise, where available, county zon ing maps 
and wildlife habitat, floodplain, wetland, and population density 
overlays can be placed on the model to determine if the deposit can 
be permitted. 

Exploration targets can cover entire physiographic regions or 
can be limited to a certain “haul distance” from a given consumer. 
After deter mining what mark ets the supplier desires to serv e, the 
supplier then be gins the process of exploration. This will involve 
detailed literature searches. Many states and counties ha ve readily 
available information that will assist the potential producer in deter- 
mining if a location warrants further review. Once a site is identi- 
fied, the company should conduct a detailed re gulatory and land 
status review to determine if the deposit can be permitted within the 
allotted time and ata reasonable cost. Once the company de ter- 
mines that the deposit can be permitted, physical evaluation can be 
initiated. 

Depending on location, exploration permitting can be a 
lengthy process. If the deposit is located on public land, community 
involvement and participation will take place. It is in the best inter- 
est of the company to develop relationships with all stakeholders 
and conduct business in a tr ansparent and responsible manner . In 
the current regulatory environment, it is critical to develop relation- 
ships with all stakeholders: neighbors, elected officials, regulators, 
and en vironmental gro ups. Alth ough ad ditional costs an d delays 
may occur because of the relationship-building phase of the explo- 
ration pro ject, the company will quickly learn if the public will 
“allow” a site to be permitted. 

During exploration, it is important to collect clean, unoxidized 
samples. The type of laboratory analysis that is required is contin- 
gent on the projected markets to be served. Roundness, gradation, 
chemistry, and sphericity must be analyzed for proppant, foundry, 
and filtration mark ets, whereas a stucco consumer may be con- 
cerned with only gradation and iron content. Furthermore, end mar- 
ket considerations vary by region. Colorado stucco sand consumers 
prefer round sand and Californ ia stucco consumers prefer angular 
sand. It is important that th e company fully understand aesthetic 
and chemical requirements for their prospective markets. 

As population centers continue to shift, deposits that have had 
no commercial v alue are garnering the attention of major produc- 
ers. Several small start-up operators tried to develop deposits in the 
1990s, but most were unsuccessful. This trend appeared related to 
the drop in gold prices in the 1990s and subsequent migration of 
small gold e xploration companies in to industrial minerals, and a 
rapid increase in the industrial sand de mand in Ca lifornia. Most 
startups are unsuccessful; this generally is related to the complexi- 
ties of the mark et and a general lack of understan ding of freigh t 
costs. 

Economic industrial sand deposits are mark et driven; there- 
fore, deposits are developed in a wide variety of geologic regions. 
Physical exploration techniques are varied and depend on th e site 
conditions. In unconsolidated deposits where the water table is high 
(Gulf Coast deposits), a rotary drill rig with a split-spoon sampler 
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or a vibracore rig is recommended. In this type of exploration, con- 
tamination from the sides of the hole is common. If contamination 
is a concern, care must be taken to stabilize the walls of the hole. 
Bentonite-based drilling mud can be used, but clay-based mud can 
lead to erroneous chemical results and inflated clay matrix values. 

Auger and suction drilling can also be used in unconsolidated 
deposits. Auger and — suction d rilling is recommended on ly in 
unconsolidated deposits where the water table is nota concern. 
Auger and suction drilling should be used only where contamina- 
tion (sloughing and mixing) is not a major concern. When using an 
auger, the flights are either driven into the deposit by hand or 
rotated me chanically. In suct ion drilling,a polyvinyl ch loride 
(PVC) pipe is d riven into the de posit and connected to a suction 
device. Both methods will yield quick and inexpensive results; the 
sample integrity, however, is not as good as split-spoon sampling. 

In consolidated deposits, re verse circulation can be used for 
quick and inexpensive (compared to core) results. Reverse circula- 
tion drilling, tho ugh, may mix samp les and is lik ely to add clay 
from the drilling fluid to the sample matrix. Reverse circulation is 
an excellent tool when used with core drilling. 

Core drilling yields the best data for geologic modeling. A 
drill rig equipped with NX size (54.9-mm diameter) wireline coring 
capability is gene rally a dequate to a ttain s amples. If the rock i s 
fractured or friable, the geolo gist should consider using a lar ger 
diameter core. 

Percussion drilling can also be used. Percussion drilling is not 
a preferred method but can yield meaningful data if the deposit is 
well understood. The cuttings generated by percussion rigs are valu- 
able as a“ quick and dirty” asse ssment or for inf illing data holes. 
Percussion drilling shoul d not be used as an exclusive exploration 
tool. 

If the deposit permits, trenching can also be a valuable tool. 
However, care must be given to sampling methods and the safety of 
the sampling team. Trenches can yield invaluable information and 
should not be discounted as a tool when conditions permit. 

Once samples are collected, it is imperative that the field geol- 
ogist work closely with the production team to ensure that the sam- 
ples are thor oughly described and prepared for analysis. The 
geologist should include the type ofiron minerals pr esent and 
severity of iron staining in sample descriptions. Matrix material and 
cement, r efractory minerals, and mineral inc lusions within th e 
quartz are also important characteristics to note. Grain size, particle 
distribution, and grain shape are also market-critical concerns that 
the geologist must consider. 

Once all of the data are collected, reserve estimates must be 
calculated. There are many definitions for reporting reserves, but if 
the company is publicly traded, they must comply with the Security 
and Exchange Commission’ s (SEC’s) industry guide (SEC 2005). 
If the compan y is not publicly trad ed, then the company can use 
their discretion as to how to report reserves. Nonetheless, an indus- 
try-recognized standard should be selected such that the results of 
the modeling are cred ible. Computerized reserve calculation mod- 
els are an invaluable tool, and most operators no w use computer - 
assisted modeling. Most geology departments are understaffed, and 
computer modeling allows a company to develop a quick and accu- 
rate model. The model is only as accurate as the data; therefore, the 
use of models must be based on a reasonable understanding of th e 
geology and proper laboratory procedures. 


Laboratory Testing 


The type of laboratory testing requi red is directly re lated to the 
market served. In general terms, all deposits should be analyzed for 
a full suite of oxides and elements. Samples should also be washed, 


dried, and sie ved. If the proposed market is proppant sand, then 
acid solubility, crush strength, and conductivity tests must occur. If 
the filtration market is being considered, then leach tests must be 
performed to en sure that the material will note xceed drinking 
water standards. In general terms, a company should consider con- 
ducting as many tests as possible. Many consumers require analyti- 
cal data, and market penetration should not be limited by lack of 
product testing. 

In today’s market, it is imperative that all industrial sand pro- 
ducers have an inter nal quality assurance and qua lity control p ro- 
gram. Each load shipped should be sampled, and each load should 
be correlated to a “lot number.” Outside quality control laboratories 
generally specialize only in conducting product samples and are not 
equipped to provide data on mine run and processing stream sam- 
ples. Therefore, industrial sand pr oducers must ha ve bench-scale 
capabilities. At a minimum, a pr oducer should have an x-ray fluo- 
rescence (or equivalent) machine and sieving, washing, drying, and 
crushing facilities for sample preparation. Depending on processing 
techniques and markets served, internal laboratory equipment may 
need to include flotation, attrition scrub bing, and hea vy mineral 
separation. 

Mining 

Industrial sand mining methods are contingent on depo sit type. 
Unconsolidated deposits such as those in Colorado are mined using 
front-end loader s, scr apers, or bulldozers. Material is dug, exca- 
vated, and pushed to a central point. The ore-grade material is then 
loaded onto a truck using standard earth-moving equipment, where 
it then reports to a stockpile or a plant. Other unconsolidated depos- 
its, like those found in the Atlantic Coastal Plain and on or near flu- 
vial channe Is in Nort hern California, are mined with dr edges or 
draglines. A h ydraulic dredge uses a suction pipe to excavate the 
sand, which is pumped through a pipeline to surge piles or directly 
toa processing plant. Although draglines can be mor e expensive 
than hydraulic dredges, they are still used along the American and 
Yuba rivers in Northern California. The channel or tailings deposit 
is e xcavated, scalped, and pla ced in ast ockpile. The ore- grade 
material is loaded into haul trucks for transportation to a processing 
plant. 

Loosely consolidated material such as the St. Peter Sandstone 
canb emined using a high-pressure hyd raulic monitor . Sand 
washed from the working face is collected in a sump, from which it 
is usually pumped to a dewatering/surge pile, where the material is 
allowed to free drain. Once drained, the sand reports to a plant. 

At well-consolidated deposits such as the Hickory Sandstone, 
conventional dr ill-and-blast methods are used. Once blasted, the 
sandstone is “muck ed” using a front-end loader, placed into haul 
trucks, and transported to a pr imary crusher. Following crushing, 
the material may report to a sec ondary or tertiary cru shing plant. 
The sized material is then transported to a processing plant, usually 
by a conveyance system. 

Although uncommon, underground mining can also be used to 
extract c ompetent, we ll-lithified sandstone or quartzite, which is 
extracted using conventional drill-and-blast methods. The material 
is then loaded b y power equipment and h auled or conveyed to a 
plant or surge pile. I n general terms, under ground mining is the 
most expensive method, and because of the modest selling prices 
for industrial sand, it is usually cost-prohibitive. 


Processing 


Processing is what distinguishes industrial sand from common con- 
struction sand. Th e type of pr ocessing or beneficiation is directly 
related to the relative purity of the deposit and wh ich markets the 
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Table 9. Historical industrial sand production in the United States and world production, t 











Primary Apparent Unit Value, Unit Value, World 
Year Production Imports Exports Consumption S/t $98/t Production 
985 26,700,000 73,500 786,000 26,000,000 3.58 20.58 15,000,000 
986 24,900,000 79,800 770,000 24,200,000 4.06 20.91 13,000,000 
987 25,400,000 94,300 688,000 24,800,000 3.86 19.88 13,000,000 
988 25,800,000 39,000 962,000 24,900,000 4.4] 19.86 20,000,000 
989 26,500,000 31,800 1,870,000 24,700,000 3.55 17.81 18,000,000 
990 25,800,000 66,200 1,050,000 24,800,000 4.32 17.86 10,000,000 
991 23,200,000 82,600 1,490,000 21,800,000 3.07 15.64 11,000,000 
992 25,200,000 164,000 1,340,000 24,000,000 4.03 16.30 12,000,000 
993 26,200,000 44,000 1,750,000 24,500,000 4.12 15.92 04,000,000 
994 27,300,000 24,000 1,880,000 25,400,000 3.75 15.12 17,000,000 
995 28,200,000 59,000 1,870,000 26,400,000 3.90 14.87 21,000,000 
996 27,800,000 7,000 1,430,000 26,400,000 3.32 13.84 06,000,000 
997 28,500,000 39,000 980,000 27,600,000 2.38 12.58 94,600,000 
998 28,200,000 44,000 2,400,000 25,800,000 4.23 14.23 93,900,000 
999 28,900,000 211,000 1,670,000 27,400,000 4.96 14.64 95,700,000 
2000 28,400,000 247,000 1,660,000 27,400,000 4.4] 13.64 96,000,000 
2001 27,900,000 172,000 1,540,000 26,500,000 5.98 14.71 96,400,000 
2002 27,300,000 250,000 1,410,000 26,100,000 6.70 15.13 94,900,000 








Source: Kelly et al. 2004. 


supplier desires to serve. Regardless of markets, sands are, at a mini- 
mum, washed, dried, and screened. A typical process circuit w ould 
include washing to remove clay and other deleterious material. At 
this point, some pr ocesses may require that the material report to a 
rod or ball mill. After leaving the wash-and-mill circuit, a sand-water 
slurry is pumped to a desliming circuit in wh ich hydrocyclones 
remove the slimes, which report as tailings to a thickener circuit or 
directly to settling po nds. The w ashed sand is then subjected to a 
coarse separation cut b y hydrosizing or wet screening. The sand is 
further dewatered by reporting to sur ge piles or cyclones. Once the 
sand contains approximately 70% solids, it reports to attrition scrub- 
bing, wh ich is perf ormed in tank s equip ped with prop eller-type 
blades. Attrition scr ubbing removes clays, iron oxid es, and other 
materials that may be on the surface of the sand grains. It also creates 
a fresh surface on nonquartz minerals to enhance reagent attachment, 
if flotation is used dur ing further processing. Flotation is used only 
when high-purity quartz is requ ired for the mark et. Many deposits 
that serv ice filtration, pr oppant, ab rasives, b uilding materials, and 
recreation markets do n ot require flotation. If flotation is required, 
there are two types: cationic and anionic. 

Some customers will accept nondried material, but all v alue- 
added mar kets require dr y sand. Once washing and flotation (if 
required) is completed, the sand is dried. If a producer makes finer 
grade products, then those pr oducts generally report to a flu id bed 
dryer, whereas coarser grades generally report to arotary dryer. 
Once dry, the sand is processed by dry screening. Once sized, the 
product reports to silos for bulk shipments, or to packaging, where 
the material is placed in bags or “super sacks.” 


ECONOMIC FACTORS 

Market Trends 

Industrial sand production in the United States from 1995 to 2002 
remained relatively flat (Table 9), averaging 28.1 Mt (Dolley 2002). 
World production in 2002 was approximately 95 Mt (Dolley 2002). 
The United States was the leading producer, followed by Germany, 
Austria, France, Sp ain, Australia, and the United Kingdom. Th e 


market forecast for industrial sand suggests an increase o ver the 
next several years; ho wever, the increases are likely to be minor 
(1% to 3% per annum). The United States is the largest producer of 
industrial sand and is capable of meeting approximately 99% of the 
market requiremen ts (Dolle y 2002). The most signif icant mark et 
threats come from Mexico, Canada, China, and India. 

Glass sand sales are expected to increase slightly, but sales are 
expected to vary from market segment to market se gment. Market 
growth is expected in the flat glass and specialty glass markets; this 
growth, however, is likely to be of fset by declines in fiberglass and 
container glass mark ets. Currently, a mark et shift to areas west of 
the Mississippi River is occurring in the glass industry. One major 
flat glass plant w as re cently commi ssioned in Okla homa, and 
another plant is scheduled to be b_uilt in Washington. A large pro- 
ducer of container glass is also planning a significant new facility in 
northern Colorado. 

Recycling laws enacted in many areas have affected the con- 
tainer glass market by increasing the supply of post-consumer cul- 
let. To reduce costs, container glass producers have turned to cullet 
as a feedstock, displacing raw glass sand. Significant competition 
in the con tainer glass segment has come from plastic, aluminum, 
and cardboard. Overcapacity in the glass-grade sand industry and 
the threat from packaging substitutes are likely to affect the price 
and sales of container glass sands. Nonetheless, since the early- to 
mid-1990s, container glass has e xperienced some gro wth in sales 
because of the increase in sales of designer alcoholic beverages. 

Foundry sand demand is directly linked with automobile pro- 
duction. Another important factor is the amount of recycling. In the 
1990s, several foundries moved to Mexico and new, state-of-the-art 
foundries were built there. Although some foundry sand sales were 
affected by the move, the high-quality sands produced in the United 
States are still quite competitive in Mexican markets. Foundry sand 
sales are also experiencing a significant threat from China. Increas- 
ing market presence in the United States of st eel from Chine se 
foundries has disp laced foundr y sands produced inthe United 
States. At the same time, it appears as though recycling of foundry 
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sand has increased. The o verall trend in foundry sales is lik ely to 
decrease over the next decade. 

Proppant sand sales are directly related to oil and gas drilling, 
and so the proppant mark et is highl y cyclical. For instance, in th e 
early 1980s the market was depressed owing to a lack of well devel- 
opment. The late 1990s through 2 003 witnessed steady production 
and sales in this market—particularly in deep-gas well applications. 
Canada, Wyoming, and the western slope of the Rocky Mountains 
have seen considerable gro wth in gas well production. Surf ace- 
modified sand and wh ite sand sales ha ve benef ited from th e 
increase in natural gas wells, which is related to the construction of 
natural gas-fired power plants. Currently, there is not enough g as 
production to meet demand, and the major industrial sand produc- 
ers are aggressi vely selling pro ppant-grade pr oducts into the g as 
and oil f ields. Industrial sand produ cers are likely to continue to 
produce significant tons for the proppant markets. This high le vel 
of production will create production imbalances and is likely to 
lower pricing for glass, foundry, and abrasives applications. 

The industrial sand industry has experienced consolidation, and 
very few new operations have come online in the last 10 years. Cur- 
rently, there are 4 major producers of industrial sand, and 10 produc- 
ers control 76% of the U.S. market (Dolley 2002). Additional market 
consolidation is 1 ikely because of the dominance of one producer . 
Two of the f our leading producers of industrial sand are suffering 
from serious debt issues related to acquisitions and tort litigation due 
to silicosis lawsuits. 

The location of produ ction facilities will continue to drive 
exploration and e xpansions. As ma rkets move west, deposits that 
were usually thought to have no market value are being revisited. 
However, because of low production costs and high quality, produc- 
ers in the Midwest can be competitive in western markets. A signif- 
icant increase ind emand for industrial sand p roducts is likely 
within the next 10 years in California, where two of the major pro- 
ducers may soon close because of the effects of urbanization and 
resource depletion. Therefore, it is more than likely that the western 
United States will be the focus of intense exploration for industrial 
sand. 

The use of substitute materials for cast metals could have an 
effect on the foundry market; however, this effect could be offset by 
increases in the prod uction of PV, which is used in the production 
of replacements for foundry sands. Because of recycling and substi- 
tution, the overall demand for industrial sand may decrease, but the 
value of th e production may in crease because of higher selling 
prices for value-added products such as PV. 

Concerns regarding silicosis are likely to have the most signif- 
icant effect on the industrial sand business. Regulatory agencies 
suchas the Occupational Safety and Health Administration 
(OSHA) are working to lower the personal exposure limit (PEL) for 
respirable silica. If that effort is successful, consumers will consider 
substitution pr oducts. This will have a sig nificant ef fect on the 
building materials and recr eation market se gments, whe re | ime- 
stone could replace industrial sand. In the absence of tort reform at 
the federal level, silicosis claims and fears will ha ve a significant 
and material effect on the industrial sand business. 


Transportation 


The primary methods of transportation for industrial sand products 
are truck, rail, bar ge, and ship. Of the in dustrial sand produced in 
2002 in the United States, 64% w as transported by truck from the 
plant to the site of first sale or use, up 2% from 2001; 34% was 
transported by r ail, down from 35% in 2001; and 2% _ was trans- 
ported b y w aterway (Dolle y 2002). The a vailability of efficient 
transportation is c ritical to the suc cess of a ny ope ration. Most 


highly successful oper ations have access to both rail an d truck. If 
production costs are low, producers can be competiti ve over long 
distances by rail. Given the uncertainties of dealing with railroads, 
many operators use lease cars, which limits the shipper’s exposure 
to car availability and demurrage costs. Truck transportation is gen- 
erally more rel iable than rail; however, it is also more e xpensive. 
Freight contracts with guaranteed tonnages can help lower shipping 
costs. Man y com panies al sot reat fre ight asa prof  itc enter. 
Although there is risk in arranging and “marking up” freight, pro- 
ducers can mak e reasonable profits and can provide a service to 
their customers. 


Production and Pricing 


Industrial sand production from 1 994 to 2003 has been relatively 
static. Total production in the United States decreased by 3.7% from 
2001 to 2002. Positive or negative variations of less than 5% are the 
norm for this industry .T able 9 shows histor ical production for 
industrial sand. In 2002, the Midw est led the United States in pro- 
duction of industrial sand, with approximately 41% of the 27.3 Mt 
of production from this geographic area (Dolley 2002). The leading 
producing states, in descending order, were Illinois, Michigan, Cali- 
fornia, Wisconsin, Texas, New Jersey, Oklahoma, and No rth Caro- 
lina (Table 10). The combined production in these states accounted 
for 59% of the total U.S. production in 2002 (Dolley 2002). 

In 2002, approximately 8 2% of the total indu strial sand pro- 
duction was produced by 50 operations, each with production of 
more than 200,000 Mtp y (Table 11). Compared to 1981, the total 
number of producers decreased by 24 to 67. This change is lik ely 
the result of industry consolidat ion. The five leading pr oducers of 
industrial sand, in descending order, are Unimin Corp., U.S. Silica 
Co., Fairmont Minerals Ltd., Oglebay Norton Industrial Sands Inc., 
and Badger Mining Corp. 

In 2002, the average selling price for industrial sand products 
in the United States for all grades of industrial sand was $20.96/Mt, 
up slightly from 2001 (Dolley 2002). By co mparison with 1990 
prices, the a verage selling price for com bined markets incr eased 
36.5% overall, or 3% per year . The 3% increase is approximately 
equal to the incr ease in the producer price inde x o ver that same 
time period. This sta tistic is an a verage and d oes not n ecessarily 
reflect the dynamic nature of some market segments. For example, 
from 1998 through 2001, certain b uilding materials consumers in 
Southern California were absorbing 10% to 14% price increases per 
annum. 

In 2002, the average price ranged from $11.67/t for metallur- 
gical flux to $82.87/t for PV. Producer prices for industrial sand 
range from several dollars per ton to more than $40/t, depending on 
the amount of processing and markets served. For some highly spe- 
cialized uses, production costs can exceed $1,000/t (Dolley 2002). 
In the United States, PV for use in paint, putty, and rubber had the 
highest average value ($82.87/t), followed by PV for use in foundry 
moldings and core ($82.43/t), swimming pool filters ($ 77.07/t), 
well packin g ($64.63/t), municipal water filtration ($41.83/t), PV 
used in f iberglass ($40.87/t), pro ppants ($ 40.08/t), and abrasi ves 
($36.86/t). 

By geographic region in 2002, the average value of industrial 
sand w as highest in the South ($23.09/t), follo wed by the W est 
($22.74/t), the Northeast ($21.85/ t), and the Midwest ($18.20/t) 
(Dolley 2002). By comparison, in 1994 the follo wing prices 
applied: the West ($19 .89/t), the So uth ($19.08/t), the Northeast 
($18.57/t), and the Midwest ($16.22/t) (Bolen 1996). Western mar- 
kets command higher prices because of lack of supply and high 
demand. Con versely, mi dwestern mar kets garner lower pric es 
because of overcapacity. 
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Table 10. Industrial sand production by state’ 
2001 2002 
Quantity, Value, Quantity, Value, 

State kt US$1,000 kt US$1,000 
Alabama 743 9,420 722 8,990 
Arizona wt Ww WwW Ww 
Arkansas Ww Ww Ww Ww 
California 1,840 47,700 1,800 48,000 
Colorado Ww Ww 61 Ww 
Florida 598 7,520 645 8,640 
Georgia Ww Ww 606 12,200 
Idaho WwW Ww Ww Ww 
Illinois 4,460 72,100 4,510 72,800 
Indiana Ww Ww Ww Ww 
lowa 35 1,590 WwW Ww 
Kansas Ww Ww Ww Ww 
Louisiana 637 11,900 672 13,100 
Maryland WwW Ww WwW Ww 
Michigan 2,530 30,000 2,210 31,000 
Minnesota Ww Ww Ww Ww 
Mississippi WwW WwW WwW Ww 
Missouri WwW Ww WwW Ww 
Nebraska Ww Ww WwW Ww 
Nevada 609 WwW 615 11,000 
New Jersey 1,580 34,800 1,420 32,700 
New Mexico Ww Ww Ww Ww 
New York Ww Ww Ww Ww 
North Carolina 1,300 26,000 1,320 25,600 
North Dakota Ww Ww WwW Ww 
Ohio 1,120 30,700 1,000 28,900 
Oklahoma 1,360 28,200 1,320 28,400 
Pennsylvania WwW Ww WwW Ww 
Rhode Island 138 Ww 157 Ww 
South Carolina 694 15,900 831 16,400 
Tennessee Ww 22,900 1,070 25,700 
Texas 1,850 70,000 1,670 62,200 
Virginia Ww WwW WwW Ww 
Washington WwW WwW WwW Ww 
West Virginia Ww Ww WwW Ww 
Wisconsin 1,710 Ww 1,740 32,700 
Other 6,720 167,000 4,960 115,000 

Total 27,900 576,000 27,300 573,000 





Source: Dolley 2002. 
* Data are rounded to no more than three significant digits; may not add to 
totals shown. 
t W =Withheld to avoid disclosing company proprietary data; included with 
“Other.” 


Foreign Trade 


From 1993 to 1994, exports of industrial sand from the United 
States increased 7% to 1,880,000 _t, whereas the v alue increased 
12%. According to Bolen (1996), exports of industrial sand were as 
follows: 79% to Canada, 8% to Me xico, and the balance to numer- 
ous countries throughout the world. Based on U.S. Census data for 
2002, industrial sande xports decreased 8.4% to 1,410,000 t, 
whereas the value decreased by 11%. Most of the decrea se in 


Table 11. Industrial sand production in 2002 by size of operation’ 





Percentage Percentage 

Size Range, Number of of Total Quantity, of Total 

Mipy Operations Operations kt Quantity 
Less than 18 14 207 1 
25,000 
25,000 to 18 15 619 2 
49,999 
50,000 to 22 17 1,440 5 
99,999 
100,000 to 19 15 2,570 10 
199,999 
200,000 to 14 12 3,040 12 
299,999 
300,000 to 6 5 1,990 7 
399,999 
400,000 to 11 8 4,510 16 
499,999 
500,000 to 7 5 3,480 12 
599,999 
600,000 to 4 3 2,340 9 
699,999 
700,000 8 6 7,150 26 
and more 

Total 127 100 27,300 100 





Source: Dolley 2002. 
* Data are rounded to no more than three significant digits; may not add to 
totals shown. 


exports is attributable to the sharp declines in shipments to Asia and 
Europe ( Dolley 2002 ). Export distrib ution in 2002 for industrial 
sand produced in the United States w as as follows: 39% to Canada, 
35% to Mexico, 12% to Japan, 4% to Europe, and the remainder to 
South America and other destinations. According to Dolley (2002), 
the average price of exports decreased to $103/t in 2002 from $106/t 
in 200 1. Export prices v ary widely by region, with higher grade 
prices of exported material to Europe averaging $585/t and the rest 
of the world averaging $8 1/t. 

Imports for industrial sand, from 1993 to 1994 data, dropped 
by 50% to 22,000 t, v alued at $1.8 million. Conversely, imports in 
2002 rose to 250,000 t, which was an increase of 45% compared to 
imports in 2001 (Dolley 2002). Industrial sand imports vary greatly 
from year to year, and are , as a whole , insignificant in relation to 
total U.S. consumption. The v ariations are generally related to the 
emphasis of importers on niche markets. For example, in 2002, sev- 
eral thousand tons of filtration-grade and pro ppant-grade Chinese 
sand was imported for use in the Bakersfield and Sacramento areas 
of California. Because of quality issues, the sand was rejected for 
use; therefore, Chinese sands were not imported in 2003. In 2002, 
Mexico supplied 72% of the industrial sand imp orts, which aver- 
aged $6.66/t. 


World Review 


World production of industrial sand in 1994 was estimated to be 

approximately 111 Mt, up nearly 5% over 1993 data (Bolen 1996). 
The United States was the leading world producer (and consumer) 
of industrial sand, followed in descending order by the Netherlands, 
Germany, Austria, and France (Table 12). In 2003, world produc- 
tion was estimated to be 94 Mt (Dolley 2002). The United States 
continued to be the leading producer (and consumer), followed by 
Germany, Austria, France, Spain, Australia, and the United King- 
dom, in descending or der. Most coun tries in the w orld produce 
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Table 12. World mine production, kt 
Country 2002 2003 
Australia 4,500 4,500 
Austria 6,800 6,800 
Belgium 1,800 1,800 
Brazil 1,600 1,600 
Canada 1,600 1,600 
France 6,500 5,500 
Germany 8,500 8,500 
India 1,400 1,450 
lran 1,700 1,700 
Italy 3,000 3,000 
Japan 2,200 1,900 
Mexico 1,700 1,800 
Norway 1,400 1,400 
South Africa 2,300 2,300 
Spain 6,500 6,500 
Turkey 1,400 1,300 
United Kingdom 4,500 4,000 
United States 27 ,300 28,300 
Other countries 10,300 10,300 
World total (rounded) “95,000 “94,000 





Source: Dolley 2004. 


some industrial sand because of requirements for foundry and glass 
applications. World production continues to be difficult to track. 

Many countries report grades dif ferently; therefore, obtaining reli- 
able data is problematic. 

China and India con tinue to pose a significant threat to U.S. 
producers. Currently , limited amounts of ind ustrial sand ar e 
imported to the United States from India and China. This is due pri- 
marily to the relati vely low price for industrial sand and quality 
issues that have plagued Chinese sand. 


Government Controls and Restrictions 
Silicosis and Regulatory Restrictions 


The most signif icant challenges presented to the industrial sand 
business in the United States are tort litigation related to silicosis 
claims and continued attempts by state and federal regulatory agen- 
cies to reduce PELs of r espirable silica. In 1986, the International 
Agency for Research on Cancer (IARC) classified respirable crys- 
talline silica as Group 2A, Probably Carcinogen ic to Humans 
(IARC 1987). In 1996, IARC reviewed additional data and recom- 
mended that quartz and cristobalite be listed as Group 1, Carcino- 
genic to Humans. Following the publication of the IARC data in 

1997, several state and federal re gulatory agencies be gan attempts 
to closely regulate respirable silica. 

OSHA has established 0.1% of a suspected carcinogen as the 
maximum amount any product may contain before its sale must be 
accompanied by a health h azard warning (Hazard Co mmunication 
Standard). To comply with the Hazard Communication Standard, 
and other state (e.g., Californ ia Proposition 65) and federal re gula- 
tions, products must be e valuated for crystalline silica content at a 
threshold of 0.1%. Several analytical methods have been developed 
to det ermine crystalline silicaina variety of produc ts. Ho wever, 
accurately quantifying small amounts of crystalline silica in a mix- 
ture of accessory minerals and unknown states is difficult. Of all of 
the analytical techniques, x-ray diffraction (XRD) has the greatest 


potential for accurately identifying the polymorphs of crystalline sil- 
ica and determining each at the 0.1% threshold (Miles 1999). XRD 
techniques are nondestructive, thus allowing analyzed samples to be 
preserved. XRD is neither inexpensive nor routine, however, and 
care must be taken to identify the crystalline silica polymorphs with 
certainty. The most signif icant issue is spectral overlap with other 
minerals. It is important to employ quality laboratories with specific 
experience in identifying crystalline silica. It is not uncommon for a 
laboratory that lacks crystalline silica e xperience to inacc urately 
identify silica polymorphs. This leads to a significant concern with 
respect to the regulation of crystalline silica. 

For anumber of years, inhala tion ofc rystalline silica for 
extended perio ds has been known to cause, in some workers, a 
potentially disabling and sometimes fatal respiratory disease known 
as silicosis. Silicosis is a preventable oc cupational illness with a 
specific diagnosis. Outside the occupational setting, there is no sci- 
entific evidence that exposures of the general population to crystal- 
line silica in the ambient air have caused (or w ould be expected to 
cause) silicosis. The number of ne w silicosis cases in the Un ited 
States has fallen dramatically over the years. The Centers for Dis- 
ease Control and Prevention (CDC) data suggest that silica-related 
mortality declined by an order of magnitude since 1969, from 1,800 
related cases to fewer than 180 cases in 2000. This can be attributed 
to improved ventilation and the use of proper personal protective 
equipment (PPE). Moreo ver, beca use there is a signif icant lag 
period following exposure, new cases of c hronic silicosis that are 
diagnosed today most likely are attributable to exceedances of the 
PEL that occurred 10 to 20 years ago or more. While e xposures to 
crystalline silica ha ve been reduced in recent decades, data col- 
lected by OSHA, the National Institute for Occupational Safety and 
Health (NIOSH), and the Mine Sa fety and Health Administration 
(MSHA) indicate that overexposures continue to occur in the occu- 
pational setting. For example, 37.8% of the samples collected for 
respirable quartz testing by OSH A in manufacturing exceeded the 
PEL in 1998, and 38.3% exceeded the PEL in 1999. The compara- 
ble exceedances for metal/nonmetal mining were 6.7% in 1998 and 
8.0% in 1999 (NIOSH 2002). 

The current OSHA/MSHA PEL for quartz (the most abundant 
mineral in industrial sand) equates to 0.1 mg/m? as an 8- hr time- 
weighted average. In March 2004, the California Office of Environ- 
mental Health Hazard Assessment in association with the California 
Environmental Protection Agenc y (EPA) Science Re view Board 
began considering recommending a Chronic Inhalation Referen ce 
Exposure Level (REL) for crystalline silica of 3 pg/m?, along with a 
Chronic Toxicity Summary document in which the recommended 
REL is derived. Although the proposed REL was not scientifically 
derived, California is still considering regulating crystalline silica at 
levels that, in many localities, are below the ambient crystalline sil- 
ica levels. 

For a variety of industry sectors, including industrial sand pro- 
ducers, it is unlikely that a PEL below the current permitted regula- 
tory limits would be technologically or economically feasible. This 
is particularly true gi ven that PELs are enforced on a single-shif t 
basis, even if long-term average exposure on multiple shifts is sig- 
nificantly below the PEL. This approach to enforcement effectively 
requires producers to maintain the workplace environment at a frac- 
tion of the PEL to ensure that a single-shift measurement does not 
result in a citation. 

If regulatory agencies are successful in lowering the PEL or 
implementing a REL below ambient crystalline silica levels, then 
it would be technologically and feasibly impossible for industrial 
sand producers to comply. Further, lowering the PEL would create 
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serious and relevant concerns with respect to the accuracy and reli- 
ability of the data. 

Crystalline silica was listed in the regulations for MSHA and 
OSHA in 2004. It is likely that industrial sand producers will con- 
tinue to b e the focus of ever-increasing re gulation. In add ition to 
increased regulation, industrial sand producers have been the focus 
of litigation regarding silicosis. One significant silica litigation risk 
issue isthe regulations co vering silica . Re gulations establish 
requirements and create enforcement risks for the industry, but they 
also create assumed cor porate kno wledge of risk and standards of 
care that become evidence in tort liability cases. Industry monitoring 
groups estimated that 35,000 new silicosis claims would be filed by 
October 2004, with af ocus on producers in Mississippi, T exas, 
Ohio, and Pennsylvania. Recent tort reform laws in Mississippi and 
Texas, and silica-specific legislation passed in Ohio, are expected to 
prompt acceleration in claims in those states and create a trend of lit- 
igation in other states. In the spring of 2004, the Minnesota Supreme 
Court issued a decision restr icting the con ventional “sophisticated 
user” defense used by industry. Therefore, it is reasonable to expect 
more silica-related claims in Minnesota and in other states where the 
sophisticated-user defense has been used by industry. 

It is also important to note that several insurance providers to 
the industry are circulating “silica exclusions” for all new policies 
and renewals. Therefore, claims going for ward from rene wal will 
not be co vered by insurance. In the absence of tort reform at the 
national level, it is likely that this trend will increase significantly. 
Defending silicosis litigation has the potential to be the most rele- 
vant financial concern for the industrial sands business. 


Land Use and Environmental Restrictions 


Urbanization continues to pose a material threat to current opera- 
tions and exploration targets. High-density housing threatens exist- 
ing operations allo ver the Unite d States, and ne w homes ar e 
encroaching on or condemning known resources. This is a concern 
in the western United States, particularly California. High-density, 
high-value housing subdivisions are being developed close to th e 
permit boundaries of the two largest producers of industrial sand in 
California. 

The mineral e xtraction industry, for the most part, has poor 
relations with local communities, and it is becoming increasingly 
more difficult to permit operations on both public and private land. 
As development continues and environmental re gulations become 
more stringent, operators will have to increase the transparency of 
their operations and work in partnership with community and envi- 
ronmental groups. Although operators are not likely to be success- 
fulin dere gulating the industry , operators can increase their 
credibility in the community by operating clean, safe, and efficient 
operations. If practical, operators should create community advi- 
sory boards and meet with them regularly. It is also im portant to 
integrate community comments into the management of an opera- 
tion. Many industrial sand plants and extraction sites are located 
close to population centers; theref ore, working in partnership with 
stakeholders is the only w ay that producers can enjoy overall suc- 
cess in the current regulatory environment. As regulation increases, 
operators must id entify issues and work with the community and 
the regulatory agencies to minimize risk to the environment, stake- 
holders, and their operations. 

Since 1998, aboriginal land cla ims in the United States and 
Canada have increased. In general terms, Na tive Americans claim 
that their land was illegally taken from them, thus mineral extrac- 
tion operations have committed trespass. As plaintif fs, the Native 
American tribe or pueblo generally requests compensation for loss 
of revenue and a return of the land. It is difficult to predict how the 


courts will decide in these cases, but an unfavorable decision for the 
industry would create a judicial precedence that would be problem- 
atic for the industr y asawhole. An y operation in the western 
United States that operates on patented land or public land is at risk. 
It is difficult to pre dict what, if an y, overall effect aboriginal land 
claims will have on the industrial sands business. However, it is a 
risk that all operators should evaluate. 
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High Pure and 
Ultra-High Pure Quartz 


John W. Schlanz 


INTRODUCTION 


Quartz, or silica sand (SiOz), has enjoyed a multitude of ind ustrial 
uses, from lo w-end markets of construction material to mid-range 
markets of glass, ceramics, and fillers to high-end, high-tech uses 
such as electronics, optics, semiconductors, lighting, infrared, spe- 
cialty glass, fiber optics, a nd the compu ter and communications 
industries. Fused silica, or fused quartz, is the common term that 
applies to silica in most of these high-tech markets. 

In the first half of the 20th century, quartz for higher end mar- 
kets was hand-cobbed from cry _stal or lump deposits. The most 
sought-after material came f rom the Lascus deposits in Brazil, 
which had such purity that it was considered a strategic supply for 
early communications (radio), especially during World Wars I and 
II. Later, adv ances in beneficiation techno logy enabled the mass 
production of quartz to various levels of purity, depending on the 
nature of a quartz deposit, the natural characteristics of the quartz, 
and the ultimate end use. 

IMC Corp. began mass production of high pure and ultra-high 
pure quartz in the Mitchell Coun ty/Spruce Pine area of western 
North Carolina in the late 1950s. These quartz products were mar- 
keted under the trade names Quintas_ (high pure) and Iota ( ultra- 
high pure quartz). Because of their success, the two grades are often 
referred to by these trade names in the industry. Over the years this 
operation changed hands several times, and Unimin Corpo ration 
now owns and operates it. 

Because of advances in many high tech industries, and the rel- 
ative scarcity of supply, the use and price of high pure and ultra- 
high pure grades have grown accordingly, creating a high le vel of 
interest in finding suitable deposits capable of producing equivalent 
raw materials or superior products. 


MITCHELL COUNTY/SPRUCE PINE QUARTZ 


The mass production of high pure and ultra-high quartz products in 
the Mitchell County/Spruce Pine district of western North Carolina 
by Unimin Corporation supplies the majority of the world market. 
The Feldspar Corporation (Zem ex Corporation) also p roduced 
high-grade quartz, but on a limite d basis. Feldspar Corporation 
entered the quartz mark et in the early 1980s and built the second 
quartz plant in Spruce Pine. Because of challenges in the develop- 
ment of markets, however, the operation never became prof itable. 
Zemex sold the operation to Un iminintheearly 1990s, gi ving 
Unimin an exceptionally strong position in the market, which they 
maintain today. 


833 


Feldspar and Mica Recovery 


High pure an d ultra-high pure quart z in No rth Carolina originally 
were by-products from the mining and recovery of mica and feldspar 
from the vast reserves of the granitic pegmatite referred to as alas- 
kite. Initially, both Zemex and Unimin mined the same alaskite ore 
body, which has the approximate composition of 60% to 65% _feld- 
spar; 20% to 2 5% quartz; 5% to 10% mica; and 5% to 10% iron 
minerals (such as g arnet and biotite). The process to recover feld- 
spar and mica (Figure 1) has been used for more than 50 years. 

The process be gins with run-of-mine ore undergoing primary 
and secondary crushing (ja w and cone crushers, respectively) to 
approximately —!/2 in. The crushed ore is reduced further to 20 mesh 
by rod and ball milling in closed circuit. It then is washed through a 
series of cyclones to remove fines <200 mesh, providing a flotation 
feed of 20 x 200 mesh. 

Flotation first recovers mica and consists of conditioning with 
amine-type collectors in an acid circuit. A ro ugher concentrate is 
produced that is sub sequently cleaned to produce a co ncentrate at 
+90% mica content. 

Tailings from the mica flotation report to another acid circuit 
with a petroleum s ulfonate c ollector to remove the iron-bearing 
minerals, which, with the exception of the fines, is the only waste 
product generated. The clean pulp finally is floated with hydrofluo- 
ric acid and amine for feldspar concentration. The feldspar is fil- 
tered and dried, then sold directly to the glass industry or processed 
further with magnetic separation and fine grinding for the ceramic 
and filler industries. 


Quartz Processing 


Tailings from the fel dspar flotation serve as feed to the quartz- 
processing plants. Producing the high pure grades o f quartz from 
these tailings was a very attractive prospect to both co mpanies, 
especially Fe ldspar Corporation. For many of the early years of 
these operations, Feldspar sold these tailings as low-grade construc- 
tion products for a dollar or two per ton or disposed of them in tail- 
ings dumps. The companies actually were look ing for w ays to 
dispose of the tailings, and the potential to prod uce value-added 
products from “waste” is always compelling. 

Because feldspar is the primary product and qu artz is a by- 
product, the feldspar flotation leaves residual amounts of all miner- 
als in the quartz tailings, and these must be thoroughly removed to 
produce the purity required for the high and ultra-high pure grades. 
These processes are considered proprietary and cannot be discussed 
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Figure 1. Schematic flowsheet of typical alaskite flotation (mica, iron, and feldspar flotation) 


in this chapter; a ge neral statement re garding the processing in to 
higher grades, however, would show that the high pure quartz, or 
Quintas grade, typically is produced through additional ph ysical 
separations whereas the ultra-high pure, or Iota grade, will requir e 
additional chemical processing method s. The unit operations to 
which the final quartz is subjected can vary, dep ending on the 
degree of purity required for given markets. 

The Unimin Corporation gained a significant advantage over 
the Feldspar Corporation in the late 1980s with the purchase of the 
old Harris Mining Company property. This op eration mined and 
processed mica and kaolin for many years, and Unimin purchased 
the property for uses oth er than mining (i.e., water discharge per- 
mits). The y soon discovered, ho wever, that quartz in the soft or 
weathered Harris alaskite deposit could produce grades superior to 
those extracted from the hard alaskite ore. 

Although Unimin continues to mi ne and process quartz from 
the alaskite ore, the de velopment of the Harris deposit raised the 
standard of purity and led to the development of higher-grade Iota 
products. Even though this material goes only into highly special- 
ized markets (i.e., computer chip manufacturing), this development 
was af actor in Feldspar Corp oration’s decision to abandon th e 
quartz business. 

Unimin today controls the majority of the world market for 
high pure and ultra- high pure quartz. Feldspar Corporation contin- 
ues to supply small amounts, but only in the high pure form that is 
sold to a few select customers who process this quartz into higher- 


grade products. Hand-cobbing operations in some developing coun- 
tries such as India produce small amounts, but they do not represent 
significant competition to Unimin’s Spruce Pine operations. 


EXPLORATION AND DEVELOPMENT 


Logically, e xploration ef forts tend to foc us on si milar alaskite 
deposits, but the geology of the pe gmatite in the Spruce Pine area 
remains somewhat of a mystery with regard tothe purity of the 
quartz. The author personally is a ware of co nsulting geologists 
working exclusively in the quartz industry, and their ideas abou t 
where to look and what to look for change frequently. Quartz with 
high potential f or development has b een found in both p egmatite 
and vein deposits. 

The author also ha s evaluated literally hundreds of samples 
from throughout the world. These samples were submitted by qual- 
ified geologists and, more often than not, the material was inferior 
in quality. In addition, extensive work was done comparing various 
chemical and el emental prope rties to find a c orrelation be tween 
quartz with high-grade properties and those defined as unsuitable, 
with inconclusive results. 

Many theories an d ideas ha ve been of fered over the years to 
explain the exceptional purity of the Spruce Pine quartz deposits. 
These range from extreme weathering conditions to remelting theo- 
ries. T he wea thering theory rec eived c onsiderable at tention: the 
belief is that such weathering leached out the majority of contami- 
nants found in typical granitic pegmatites. Therefore, considerable 
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emphasis was placed on this type of weathered deposit for explora- 
tion. On the surface, this line of thought had some lo gic to it 
because the Harris deposit certainly underwent extreme weathering 
and it produces the purest quartz products. Given the type of “con- 
taminants” that disqualify most quartz deposits, however, this the- 
ory cannot account for its total purity. 

Contaminants found on the surfaces of quartz particles, or lib- 
erated from the quartz crystal, typically can be remo ved through a 
variety of processes; it is these contaminants that would be removed 
via the weathering process. Thos e contaminants found within th e 
quartz crystal itself in trace amounts are those that current technol- 
ogy cannot remo ve. These are presen t either as interstitial cation 
impurities or as substitutions for the silicon atoms in the center of 
the tetrahedral crystal structure of the silica. 

Commonly, quartz contains aluminum (Al***) and ferric iron 
(Fe***) substituting for silicon (Sit***) in the tetrahedral site; bal- 
ance is achieved by ions su ch as sodium (N a*), potassium (K*), 
lithium (Li*), and h ydrogen (H’*) in the i nterstitial positions. The 
dominant contam inants, or those m ost likely to enter the quartz 
structure, are not ne cessarily th ose with the highest a_ffinity or 
structural fit but rather those that are the most abundant in the geo- 
logical environment. Most quartz does not contain a large amount 
of such impurities except when compared to those found in Spruce 
Pine. 

Impurities of another type occur as inclusions in the quartz 
grains, and these can be solid or liquid and/or gas inclusions. Com- 
mon solid inclusio ns are rutile, mica, and garnet. Liquid and g as 
inclusions can contain CO 2, N2, H2O, ammonia (NH3), SO3,, Fo, 
Clo, Na*, K*, and Li*. 

Liquid and gas inclusions occur when solutions or gas become 
entrapped during the initial cry stallization of quartz or later during 
secondary growth. Solid or mineral inclusions typically occur either 
by mechanical enclosure in quartz grains during initial crystal for- 
mation or by exsolution after crystal formation. 

It is commonly believed that the Spruce Pine quartz is the pur- 
est in the world, and it is certainly superior to an y other mass- 
produced quartz. Its purity comes primarily from it s lack of t race 
impurities. It is well known that impurities and structural defects in 
quartz are typically greater in quartz formed at lower temperatures 
and pressures. One might postulate, therefore, that the Spruce Pine 
quartz w as formed under high temp _eratures and high pressures. 
Because this quartz is classified as primary quartz, it also is theo- 
rized that the parent magma did not have an abundance of trace ele- 
ments in its environment a vailable for substitutions and was 
probably lacking in H20. Relatively high quantities of calcium and 
plagioclase feldspar found in the alaskite suggest evidence of such 
conditions. Atypical crystallization temper atures an d pressures, 
magma w ater content, la ck of contaminating elements i nth e 
enriched magma du ring quartz form ation, and oth er f actors are 
probably responsible for the high le vel of purity of these qu artz 
deposits. T hese circumstances are responsible for classifying th e 
Spruce Pine quartz as unique. 

After e valuating numerous samp les, and gi ven the lack of 
intensive geological data on quartz deposits throughout the w orld, 
the author believes that finding a suitable ra w material may be a 
simple case of “hit or miss ” or “trial and error.” In fact, the quality 
of Spruce Pine quartz was “stumbled” on: neither company realized 
its potential f or man y years. T oday man y e valuations for these 
quartz prod ucts result from e valuating deposits for other mineral 
values; the quartz in samples from these deposits may show some 
initial potential for upgrading. 

Given the unique example described, suggesting guidelines for 
high pure quartz exploration is, at the least, difficult. The best sug- 


Table 1. Elemental limits—initial qualification, maximum ppm 


Quartz Product Fe Al K Na Ca Li Mg Ti 


High pure 20 250 80 100 50 2 30 5 
Ultra-high pure 1.0 15.0 2.0 2.0 2.0 05 0.5 1.0 








gestion is to search for quartz that has no inclusions and no contami- 
nants substituting in the actual SiO» crystal matrix. To produce the 
purity required, all contaminants must be liberated from the quartz 
or from the surf aces of indi vidual grains. The e xplorer, therefore, 
should investigate deposits that appear, on microscopic examination, 
relatively clean and clear . The deposits should then be compared 
with quartz from current operations with data indica ting potential 
grades, if available. Unfortunately, the only way to determine con- 
clusively the true quality of any quartz is large-scale testing. 

Any final judgment on quartz purity based on feed analysis, or 
data generated from partially or unbeneficiated material, could lead 
to false conclusions. The Spruce Pine material is a good example. 
Because it contains high amounts of feldspar, mica, and other min- 
erals inthe ore, analysis of aSp ruce Pine run-of-mine sample 
would not indicate the quartz potential. The same could be said for 
the actual quartz tailings from these operations that serve as feed- 
stock for quartz processing, because these tailings typically contain 
up to 5% to 10% feldspar and re sidual mica, biotite, and garnet. 
Only after these had been removed completely did the true potential 
for quartz become apparent. 


Development/Evaluation 


After a suitable source of ra w material has been found, its e valua- 
tion, although high ly objective in the initial phases, can become 
rather complex and time consuming. Once the material has initially 
qualified and its performance has been determined, furnace trials 
must be conducted with potential customers to certify the material 
for their use. 

Because end uses for quartz products vary, exact product spec- 
ifications are ultimat ely defined by product performance as deter- 
mined by a potential consumer. Some typical elemental contaminant 
limits, ho wever, can be applied initially toe valuate the quartz or 
control the process. 

Table 1 lists typical limits on contaminants. It does not include 
all the e lements that w ould di squalify a quartz resource, b ut it 
serves as a_ basis for further e valuation. Although man y describe 
quartz in terms of percent SiOo, this often is misleading, especially 
in the ultra-high pure grades. A quartz product could be described 
as 99.999% SiO > but still contain trace elements on a level mea- 
sured in parts per million that could hin der t he p erformance of 
quartz in its end use. 

The typical e valuation process be gins with bench-testing the 
raw material to prod uce relatively small samples of high pure and 
ultra-high pure products. (The ultra-high pure grades are pro duced 
only if the h igh pure product compares reasonably well with the 
elemental guidelines in Table 1.) If the chemistry is acceptable, the 
material i s e valuated to se e ho w it ac tually wi ll p erform; t his 
defines i ts com mercial via bility. This phase of the e valuation is 
almost always market specific. A common method is to produce a 
fused quartz product (e.g., crucibles) and examine it for flaws. 

Once chemistry and fusion are deemed satisfactory, furnace 
trials certify the quartz. This is done by the producer using the 
quartz products and requires the production of bulk concentrates 
(sometimes up to 10 st or more) on a pilo t-plant scale under very 
tightly co ntrolled an d con tamination-free cond itions. Fe w co m- 
mercial or aca demic research laboratories have the e xpertise and 
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Table 2. Typical product specifications, maximum ppm 





Product Fe Al K Na Ca Li Mg Ti 
High Pure Quartz 
Sample A 12 250 60 120 40 2 3 2 
Sample B 50 230 30 40 30 na* 30 na 
Sample C 15 250 60 120 40 2 3 2 
Sample D 5 250 80 140 na na na na 
Ultra-High Pure Quartz 
Sample E 0.7 13.5 0.8 1.2 1.5 0.5 0.1 0.1 
Sample F 0.4 17.0 0.8 1.0 0.7 0.5 0.1 1.0 
Sample G 1.0 25.0 2.0 2.0 2.0 0.5 0.5 1.2 
Sample H 1.0 20.0 1.5 2.0 1.5 0.5 0.2 12 





* na = not available. 


experience (e.g., North Carolina State University [NCSU] Miner- 
als Research Laboratory, Asheville) to produce such bulk concen- 
trates that have passed the strenuous qualifying process. 

Although actual fusion performance is the ultimate evaluation 
factor, s ome researchers us e the high standard set by Unimin’ s 
highest Iota grades to assess the quartz on an el emental basis. Iota 
grades contain exceptionally lo w aluminum (<7 ppm) and _ other 
elements are in the range of those listed in T able 1 and p roduced 
from the Spruce Pine alaskite. Disqualifying a material based on 
direct comparison to the Iota pr oducts may be a mi stake, because 
relatively lo wer-grade products (10 to 15 ppm Al) can be intro- 
duced into th e market with success. T 0 support this, T able 2 lists 
some actual mark eted produ cts along with their chemistries. 
Though Iota 7 is used as a comparison tool, it should not be th e 
only factor in the final evaluation process. 


Evaluation Costs 


It is di fficult to pl ace ane xactcoston the evaluation pr ocess 
because all deposits and projects are unique; some estimates can be 
offered, however, based on experience. The initial bench evaluation 
can range from $1,500 to $5,000 per sample, which includes the 
production of a small amount of qua rtz, chemical analysis of the 
high pure quar tz product, and possibl y leaching, chlorination, and 
final chemical analysis of the ultra-high pure product. 

The most cos t-intensive items are t he chemical analysis and 
leaching. Few laboratories can perform accurate chemical analysis 
on these products. An extensive search for suitable raw material can 
involve evaluating many samples, and the evaluation can become 
expensive, if not prohibitive. 

Pilot-plant testing that produces bulk concentrates of high 
pure quartz costs $40,000 to $100,000, depending o n the amount 
and type of processing required and the to nnage produced. Addi- 
tional costs w ould be incurred should these bulk concen trates 
require processing to the ultra-high pure grades. 

It is important to realize that noncontaminating conditions are 
critical during both bench scale and pilot-plant scale tests. The sim- 
ple touch of ahuman hand or acough can contaminate a sample 
and yield erroneous results regarding product grade. 


MARKETING 


In most industrial minerals ventures, a market study is key in deter- 
mining the potential use of the product, size of the market, price of 
the commodity, transportation c osts, prof it estim ations, po tential 
by-products, and competition (not only from oth er suppliers b ut 
also from other materials). In the high pure quartz market, the spe- 
cialization and anticipated profit margins ensure a high unit price, 


so transportation is usually not a factor. Competition comes only 
from other suppliers, because there are no known substitutes. 

A marketing strategy in the quartz industry is essential, as is a 
competent sales staff, which should be included in an y operating 
costs. The sales and marketing staff should have a thorough under- 
standing of the potential markets, and finding such a team may be a 
significant challenge because e xperienced people are not readily 
available. 

A common mistake in the marketing strategy of high pure and 
ultra-high pure quartz is neglecting the wide variety of high pure 
quartz markets. Many promoters and developers focus their atten- 
tion on producing the best quartz available, attempting to surpass 
the quality of Iota grades; the overall ultra-high pure quartz market, 
however, is relatively small (albeit with very large profit margins). 
Developing a high pure product with reduced production costs may 
be necessary to create volume sales from any proposed plant. 

Even with the capability of developing a high pure product 
and its markets, total volume of production at the plant will be com- 
paratively small. Any operation under serious consideration would 
be specifying a plant to produce 35,000 to 50,000 tpy of high pure 
quartz product, with perhaps 10,000 to 15,000 t earmark ed for 
eventual ultra-high pure qu artz production. This total yearly ton- 
nage is equivalent to what some conventional mining operations 
process in a day. 

The high pure markets would include applications in specialty 
glass, glass tu bing, lighting, decorative glass, and opticals, among 
others. These niche markets are easier to penetrate than the markets 
for electronics, computer applications, and fiber optics. Therefore, 
a marketing approach should consider the high pure quartz products 
that conceivably can create a more immediate cash flow. The plant 
can survive financially on this volume while inroads are made in 
the harder-to-penetrate, ultra-high pure quartz markets. 

These niche markets are small in terms of the volume required 
by individual consumers, b ut there are man y of them, so_ the total 
volume (overall tonnage) of high pure quartz that canb e moved 
into these niche markets can be significant. This is further justifica- 
tion for employing a well-trained sales staff. 

Marketing the products should be done early in the evaluation 
process, especially for the ul tra-high pure products. Relationships 
with potential consumers are critical given the rigorous certification 
process. Having one or two customers involved at the be ginning is 
a tremendous adv antage and c an le ad to ti melier furnac e tria Is, 
assistance in pr oduct de velopment, addition al expertise, and per- 
haps funding for the operation (i.e., joint ventures). The best-case 
scenario would be sales commitments from at least one high-end 
user once production begins. 
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It is important to understand that these high-end users stand to 
lose signif icant re venue if a ba tch of quartz f ails to perform as 
expected. Therefore, customers are very cautious and reluctant to 
change suppliers, but they are seldom closed to the idea. 


COSTS 


Because of contamination concerns and the need for special materi- 
als of construction, a high pure quartz plant is costly to build, oper- 
ate, and maintain compared to typical mineral processing plants. In 
the early 1980s, it is estimated th at Feldspar Corpo ration’s quartz 
plant cost $15 to $20 million to construct and was designed to pro- 
cess 60,000 tp y of quartz with a projected production capacity of 
35,000 tpy. A similar plant today would cost upward of $50 million. 
Unit costs per ton of product would have to be high given the rela- 
tively low production volume. 

Potential profit margins on the high pure and ultra-high pure 
quartz products can offset these capital costs with rapid return on 
investment. High pure quartz today is demanding $500 to +$1,000/t 
in the marketplace, whereas the ultra-high pure products sell for 
$2,000/t to more than $10,000/t (a nd some are rumored to be as 
much as $15,000/t). The final sales price depends on end use and 
product quality. Again, the ultra- high pure mark et is considerab ly 
smaller, but with the high unit price of the high pure products, it is 
obvious why both markets need to be taken advantage of. For com- 
parison, this is much more attractive than the $1.50/t for silica sand 
as construction materials. 

Production costs, which dep end on process p arameters and 
quartz recovery, are difficult to predict. High pure quartz, however, 


could probably be produced for $300 to $600/t, whereas the ultra- 
high pure product would most certainly be double that at $60 0 to 
$1,200/t. Given the relatively high sales price, it is obvious that a 
high prof it mar gin w ould e xist. The pri cing st ructure is due to 
today’s market conditions, but additional suppliers could alter this; 
there is still, however, opportunity in the industry for competitors to 
enter the market and maintain a high profit margin. 

These costs are estimates based on experience and should not 
be used to justify any quartz venture. A detailed economic evalua- 
tion is recommended and should be based on specific ore grades, 
process parameters, and a detailed market evaluation. It is imp or- 
tant to realize that the Spruce Pine operations produce quartz as a 
by-product, and mica and feldspar production absorb a portion of 
the production cost (for example, mining and crushing costs), offer- 
ing the producer a significant production cost advantage. 


PRODUCTION AND FUTURE TRENDS 


Given the highly secretive nature of the high pure quartz industry and 
the small number of producers active in the marketplace, no produc- 
tion figures are available and they are unlikely to ever be published. 
A select few companies enjoy an exceptionally strong position in the 
market and would certainly like to see it remain as such. 

Future mark et con ditions and technological advances may 
demand increased quantities and high er purity, which may bring 
synthetic silica into play; but thus far there is little or no evidence of 
such activity. 
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Specialty Silica Materials 


Stanley T. Krukowski 


Specialty silica materials, as defined in this chapter, are rocks that 
consist predominantly of silica (SiO2) and are produced as chunks, 
round pebbles, and sawed or trimmed blocks and other shapes for 
nonconstruction applications. Rock types are quartzite, sandstone, 
novaculite, flint, chert, and vein quartz. Other terms used commer- 
cially include jasper, silex, lascas, and rock crystal. 

In its Minerals Yearbooks, the U.S. Geological Survey (USGS) 
reports the production and consumption o f so me specialty silica 
materials under several headings. Quartzite, sandstone, and novacu- 
lite use in abrasives are covered by the USGS under Abrasive Mate- 
rials. Lascas, a type of v ein quartz used in growing synthetic quartz 
crystals and in fusing applications, is discussed under Qu artz Crys- 
tal. Silica gravel used in manufacturing silicon metal and ferrosili- 
con, as metallurgical fluxstone and as a filtration medium, is covered 
under Industrial Sand and Gravel. This overview consolidates infor- 
mation on these and other specialty silica materials. 


GEOLOGY 


Sandstone 


Sandstone is a sedimentary rock comprising predominantly quartz 
grains bound together by ar gillaceous, calcareous, ferruginous, or 
siliceous cements. Common detrit al impurities are feldspar, mica, 
and a wide variety of heavy minerals such as ilmenite and kyanite. 
The purest quartz sandstones, also called quartz areni tes, consi st 
almost entirely (i.e.,>95% ) of fine to medium, well-sorted, and 
well-rounded quartz grains. The y are more common in near-shore 
facies than in de epwater fac ies. The de gree of indu ration v aries 
from tightly cemented, hard, and tough sandstone to loosely consol- 
idated, friable rock. Induration usually in creases as_ grain size 
decreases. Color d epends lar gely on the cementing material 
present. Most sandstones used in specialty applications in Canada, 
England, Germany, and the United States are Cambrian, Silurian, or 
Pennsylvanian (Carboniferous) in age and range from 3 to 85 m in 
thickness. Cambrian age sandstones usually rest unconformably on 
an eroded Precambrian surface. 

Formations of medium- to coarse-grained sandstone mined 
for specialty applications contain lenses of round quartz pebbles 
or thicker beds of quartz pebble conglomerate. Pebbly zones com- 
monly are found as long, narrow bands deposited in channels cut 
by streams into underlying rock. Pebbles range in diameter from 
0.3 to 8 cm, and conglomeratic beds range in thickness from 15 to 
90 m. 
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Quarizite 


Quartzite is a metamorphic rock derived from sandstone and is dis- 
tinguished from sandstone by its fra cture. Sandstone breaks along 
grain boun daries, whereas quartzite is so well indur ated that it 
breaks across co nstituent grains . Orthoquartzite, the metamorphic 
equivalent of quartz arenite, consists of quartz grains cemented by 
silica and commonly e xhibits relict sedimentary textures (Murphy 
and Brown 1985). In metaquartzite, quartz grains no longer are dis- 
crete particles but have coalesced into a network of interlocking 
crystals as a result of recrystallization during metamorphism. 
Quartzites range in thickness from 100 to >1,200 m and occur 
mostly in Precambrian- to Silurian-age formations. The rock can 
vary widely in texture, friability, color, and chemical purity depend- 
ing on the type of cement, grain size, and mineral composition of the 
original sandstone, a nd the intensity of met amorphism. Quartzite 
derived from argillaceous sandstone often contains sericitic partings, 
which may ra ise its alumina and alkali c ontent abo ve acceptable 
limits, causing it to crush into undesirable slabby p ieces. Fine- to 
medium-grained, massive quartzite containing little or no feldspar, 
mica, or car bonate mineral impurities tends to be dense, hard, and 
tough; it tends to crush into sharp, brittle, angular fragments. Its 
chemical p urity can range from 96.0% to 99.8% SiOz. Coa rser- 
grained quartzite tends to be less pure and more friable, particularly 
if the cement is argillaceous or calcareous. Colors range from white 
and gray-white to shades o fred, pink, purple, blue, and orange. 
Compressive strength can vary from 1.52 x 10 > to 4.96 x 10 > kPa, 
and the specific gravity of most quartzites is between 2.65 and 2.70. 


Novaculite 


The term novaculite is deri ved from the Latin word novacula, 
meaning razor hone (Steuart, Holbrook, and Stone 1985). Novacu- 
lite is a very dense, hard, fine-grained, homogeneous, and highly 
siliceous sedimentary rock with Mohs hardne ss of 7 and specific 
gravity of 2.63 to 2.64. Its colo r varies from white to g ray, light 
brown, bluish, or black; it is translucent on thin edges; and it breaks 
with an u neven con choidal or subconchoidal fracture (Holbr ook 
and Stone 1979). It resembles chert, although its fracture surfaces 
are finely granular or gritty in comp arison to the smooth fracture 
surfaces of chert and flint (Sholes 1977). The luster of novaculite 
varies from waxy to dull, the latter resembling unglazed porcelain. 
Its chemical purity can e xceed 99% SiO 9 in the form of micro- 
crystalline or cryptocrystalline quartz. 
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Perhaps the most distinguishing characteristic of novaculite is 
its texture. Rock that has been little affected by thermal metamor- 
phism is made up of anhedral quartz grains. By comparison, rock 
that underwent therma | meta morphism—for e xample, nea r Hot 
Springs, Arkansas, and Broken Bow, Oklahoma consists of coarser, 
polygonal or polyhedral, triple-point crystals or sharp-edged blocks 
of quartz 5 to 20 pm in diameter (Keller, Stone, and Hoersch 1984; 
Steuart, Holbrook, and Stone 1984). The porosity of novaculite from 
near Hot Springs ranges f rom 0.07% to 0.25% for the Hard Arkan- 
sas Stone variety, which has a waxy luster, and from 5% to 16% for 
the Washita Stone (Ouachita Stone, or Soft Arkansas) variety, which 
has a porcelanic appearance (Harben 1983). Washita Stone contains 
rhombic ca vities from which calcite or other car bonate mineral s 
were dissolv ed. Br oken surf aces of Hard Arkansas Sto _ne are 
smooth, whereas those of Washita Stone are rough. Beds of Washita 
Stone contain fe wer joints and q_uartz v eins; the stone becomes 
tougher (less easily fractured) when exposed to weathering. 

The Arkansas No vaculite F ormation lies — conformably 
between the older Missouri Mountain Shale and the younger Stan- 
ley Shale. It attains a maximum thickness of 290 m and consists of 
upper and lower novaculite members interbedded with three units 
of chert and shale. The upper member is Mississippian in ag e and 
has a maximum thickness of 55m. It is a white to light gray or 
blue-black massive calcareous rock that contains as much as 30% 
carbonate minerals where it is unweathered. It weathers to beds of 
soft, powdery tripoli that reach up to 12 m in thickness. The purer 
lower member ranges in thickness from 15 to 135 m, is Devonian in 
age, and is a white to light gray or light brown massive rock that is 
cut extensively by joints oriented normal to bedding. It is slightly 
calcareous near its ba se where dissolution of calcite rhombs pro- 
duced a distinctive whetstone texture (Steuart, Holbrook, and Stone 
1984). 


Vein Quartz 


Massive quartz for specialty applications is obtained from the cen- 
tral core o f zoned pegmatites and from veins, dikes, and plugs 
within sedimentary, igneous, or metamorphic host rocks. Host rock 
formations usually range in age from Precambrian to Jurassic. It is 
believed that most deposits form edb yh ydrothermal processes, 
although not all are located near granitic intrusion s. They occur as 
fissure and ca vity fillings an d, le ss com monly, a s me tasomatic 
replacement bodies. 

Pegmatites associated with granitic intrusions generally yield 
very pure quart z, especially in the case of microcline pegmatites 
devoid of muscovite and rare-earth oxides; but they have a well- 
developed quartz core with druse cavities. Cores of such pegma- 
tites commonly contain abundant fluid inclusions that r ender the 
quartz unsuitable for fusing into clear quartz glass. Massive quartz 
veins of hydrothermal or me tasomatic origin may ha ve a zoned 
structure c onsisting of se veral gener ations of quartzcr ystal 
growth. The oldest generation is coarse grained and usually con- 
tains abundant fluid inclusions; the younger generations are finer 
grained and purer; and the youngest generation consists of crystals 
in druse ca vities. Wall rocks of such veins usually are le ached, 
sericitized, or chloriti zed. The si ze of ca vities contai ning quartz 
crystals is directly proportional to the intensity of wall rock alter- 
ation. In general, the more chlorite a v ein contains, the purer the 
quartz wit hin the vein. Hydrothermal veins that were metamor- 
phosed, or se gregated from country rocks during re gional meta- 
morphism, tend to be free of fluid inclusions and, therefore, tend to 
yield fusing-grade quartz (Kuzvart 1984). 

Primary quartz deposits in Brazil occur in the form of veins, 
pipes, pockets, stockw orks, and composite lodes conf ined to sili- 


ceous host rocks. They are found mostly within crossbedded sand- 
stone and quartzite of Late Precambrian age and along the contact 
between Precambrian granite and Silurian shale. Veins and pockets 
were emplaced in early P aleozoic, probably Silurian, time (Bates 
1960). They are made up mostly of very large crystals of milk y or 
gray bull quartz that grew inward from the walls of druse cavities to 
form a comb structure. Vugs are abundant; some are lined with 
well-formed quartz crystals and/or filled with clay. Some crystals, 
especially smaller on es weighing less than 25 0 g, are clear and 
make electronic grade; most pie zoelectric-grade quar tz, however, 
occurs as clear or translucent pyramidal terminations on milky bull 
quartz crystals that can exceed 1 t. 

In Brazil, primary vein deposits in bedrock are overlain by a 
residual soil blank et containing elluvial and colluvial deposits of 
clear, unworn quartz crystals. They also are associated with nearby 
alluvial placer deposits in presen t or former stream channels that 
contain round ed and frosted b ut usable cry stal fragments. Some 
alluvial deposits consist of several beds of quartz gravel separated 
by lenses of clay. The y are co mmonly enriched in high-quality 
quartz, because fractured o r tw inned crystals break down more 
readily during weathering and stream transportation. Elluvial placer 
deposits are elliptical with long ax es parallel to the strike of the 
veins, whereas colluvial placers are fan-shaped (Kuzvart 1984). 


Silica Pebble 


In addition to the q uartz pebble facies of sandsto ne f ormations, 
geologic resources that yield silica pebb les for specialty applica- 
tions include sedimentary chalk and marl beds and fluvial deposits. 
These are generally much younger than other specialty silica rock 
resources. They usually range in age from Cretaceous to Holocene. 
The high-purity silica pebbles may be flint, quartzite, or massive, 
vein-sourced quartz. 


DISTRIBUTION OF MAJOR DEPOSITS 


Sandstone, quartzite, v ein quar tz, and other silica-rich rocks are 
common and distributed worldwide, but only at few locations does 
the rock have the physical and chemical properties required for spe- 
cialty applications. 


Sandstone 
Canada 


The Potsdam (Nepean) Sandstone has been quar ried in eastern 
Ontario and southern Quebec. It is Late Cambrian to Early Ordovi- 
cian in age, rests unconformably on an eroded Precambrian surface, 
and ranges in thickness from 20 to 85 m in Frontenac, Leeds, and 
Lanark counties in eastern Ontario. Where exposed between King- 
ston, Brockville, Perth, and Smiths Falls in Ontario, this sandstone 
consists of well-indurated grains of 75 to850um (Guillet and 
Kriens 1984). At St. Canut north of Montreal, Quebec, the Potsdam 
(Nepean) is mined and processed and then sold for use in glassmak- 
ing and silicon carbide manufacturing. 

The Medina Sandstone of Early Silurian age crops out in sev- 
eral counties west of the Niagara Escarpment in Ontario. Medina 
sandstone varies in color from gray to brown to red an d is fine to 
medium grained. It has been quarried principally f or dimen sion 
stone, but it also has been used for mill blocks and in ganister mixes 
for lining cupolas and ladles in the steel industry and as a source of 
silica for ferrosilicon and glass. 

The W innipeg F ormation of Cambro-Ordo vician age crops 
out on three islands and two promontories in Lake Winnipeg, Man- 
itoba. It consists of nearly white, poorly consolidated, well-rounded 
sandstone and has been mined principally on the southeastern shore 
of Black Island . After w ashing and screenin g, the produ ct w as 
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barged 140 km so uth toa plant at Selkirk, Manitob a, for further 
processing (Guillet and Kriens 198 4). The silica sand was used for 
foundry and filter-bed sand and for sandblasting. The plant at Sel- 
kirk, on the Red River 40 km north of Winnipeg, has a prod uction 
capacity of 115,000 tpy. Although sandstone is no longer mined in 
Manitoba, the Sel kirk pl ant st ill processes impo rted silica sand. 
East of Lake Winnipeg, 1 km southwest of Seymourville, explora- 
tion and de velopment of W innipeg F ormation sa ndstone, which 
averages 99.6% SiOz, is under way. 

Grindstones, millstones, and pulp stones have been produced 
from Carboniferous and Per mo-Carboniferous sandstones in Ne w 
Brunswick, Nova Scotia, and British Columbia. 


Egypt 

The El-Zaafarana sand in the W adi El-Dakhi in the Eastern Desert 
of Egypt supplies sili ca sand from semi-isolated blocks of 100-m 
thickness. El-Zaafarana sand has the follo wing average composi- 
tion: 97.27% to 99.79 % SiOz; 0.04% to 0.11% Al 203; 0.01% to 
0.18% Fe203; 0.0001% to 0.00 05% Cr203; 0.06% to 0.12% CaO; 

0.02% to 0.05% Na2O; and 0.02% to 0.04% K20. The sand is used 
mostly in glass m anufacture, b ut benef iciation in the for m of 

tabling and magnetic separation has opened new markets for export 
in Europe. 

The Wadi Qena white sand deposit ranges in thickness from 50 
to 100 m in the E 1-Naqus Formation (Ordovician-Silurian). Average 
chemical analysis is 95.79% SiOz, 4.0% Al2O3, and 0.033% Fe203. 
Sinai deposits also are in the El-Naqus at Gebel El-Gunnah. The alu- 
mina content is associat ed with kaolin clay, which is easily w ashed 
from the sand and provides a valuable by-product (Ibrihim 2002). 


England 


One of the principal sources of grindstones, pulpstones, and mill- 
stones in England has been the fine-grained Newcastle Stone quar- 
ried from Carboniferous sandstone associated with Coal Measures 
near Newcastle (Bateman 1959). Derbyshire (Peak) and Yorkshire 
stones also have been quarried for this purpose from the Millstone 
Grits, which yield some of the best pulpstones in the world. 


Germany and Italy 


Carboniferous sandstone for gri ndstones, millsto nes, and pulp- 
stones has been quarried in Germany and Italy. 


New Zealand 


At Pebbly Hills, 50 km northeast of Invercargill on South Island, a 
quartz pebble conglomerate deposit contains more than 200 Mt of 
high-quality gra vel suitable fo r sil icon metal production. The 
+12-mm gravel averages more than 98.75% SiO» (Benbow 1990; 
Christie et al. 2000). 


United States 


The Pottsville Group of Lower Pennsylvanian age contains quartz 
pebble conglomerate facies in sandstones of the Sharon and Olean 
formations. These formations have been mined in New York, Ohio, 
Pennsylvania, and T ennessee as sour ces of g anister for refractory 
brick and as sources of metallurgical gravel for silicon metal and 
ferrosilicon production (Mu rphy and Br own 19 85). The Sharon 

Conglomerate, the lowermost member of the Pottsville Group, var- 
ies in thickness from 15 min the northeaster n Ohio counties of 
Geauga, Portage, and Summit to 70 m in the southern Ohio coun- 
ties of Pike and Jackson. It is friable, medium- to coarse-grained 
sandstone with 95% to 99% SiO 2 containing peb bly zo nes that 
occur as long, narro w, no rth—south-trending bands dep osited in 
channels cut into underlying Mississippian rocks. Metallurgical- 


grade quartz pebbles also ha ve been mined in Franklin Cou nty on 
the Cumberland Plateau of east-central T ennessee, whe re the 
Sewanee Con glomerate Mem ber of the Pennsylv anian Crab 
Orchard Formation contains 99% SiO». 

At Keck Center in Fulton County, New York, white, granular 
sandstone containing as much as 99% SiO» was mined years ago 
for use in ferrosilicon production. Sandstone from the Homewood 
Formation has been quarried for g anister near Upper Hillville and 
Foxburg, Pennsylvania. Cambrian sandstone has been qu arried in 
Pennsylvania for whetstone manufacture near Allentown in Lehigh 
County; for ganister and millstone production in Lancaster County; 
and for ganister in Montg omery County. Fine-grained quartzites 
and quartzitic sandstones of the Pennsylvanian Stanley and Jack- 
fork formations in the Ouachita Mountains of Oklahoma are suit- 
able for fabricating millstones and b uhrstones. In Montana, a 
sandstone quarry at Columb us in Stillwater County has produced 
grindstones, and another at Dillon in Beaverhead County has pro- 
duced metallurgical fluxstone and refractory ganister. High-quality 
sandstone suitable for specialty applications has been quarried near 
Denison in Spokane County, Washington. 

The Shawangunk Conglomerate outcrops occur in a belt that 
extends from n ear Kingston, Ne w York, south westward into Ne w 
Jersey and Pennsylvania. It has been quarried extensively for mill- 
stones at Sha wangunk Mountain and near K _yserike, St. Josen, 
Granite, and K erhonkson in New Y ork. It is light gray, well- 
cemented and hard, pebbly sandstone that ranges in thickness from 
15 to 90 m. Tough, fine-grained sandstone near Rawlins in Carbon 
County and on Baldwin Creek ne ar Lander in Fremont County, 
Wyoming, was once used for grindstones, as was the Dakota Sand- 
stone northeast of Edgemont, Nebraska, near the South Dakota bor- 
der. More recently, Dakota Sandstone has been mined in Colorado 
for use as ganister in refractory applications. 

Pulpstones have been fabricated from sandstone quarried in 
Pierce, W ilkerson, and Skagit counties, W ashington, and whet- 
stones have been produced from a 2.5-m-thick bed of sandstone in 
Skamania County, Washington, between White Salmon and Steven- 
son. Good pu Ipstones, grindstones, and millstones also have been 
produced from the Dunkard and Berea sandstones in Michigan, 
Ohio, and West Virginia. Hard sandstone, such as the Hindostan 
Stone from In diana and the Queen Creek Stone from Ohio, has 
been used as w aterstones (Bateman 1959). Until 1989, sandstone 
quarried at Orleans in Orange County, Indiana, was fabricated into 
cuticle removers, sharpening stones, and table coasters. 

One of the fe w remaining U.S. producers of sandstone for 
nonconstruction purposes is Cleveland Quarries, which extracts and 
saws the Berea Sandstone into refractory bricks and blocks at South 
Amherst in Lorain County, Ohio. In this part of northern Ohio, the 
Berea, which is part of the Waverly Series of Mississippian age, can 
exceed 68 m in thickness, although it is only 15 m thick elsewhere. 
Cleveland Quarries cuts Buckeye Silica Stone into beams measur- 
ing 1.6 to 3.2 cm? in cross-section and into slabs, which are n_ or- 
mally 1.2 cm thick. Th ese refractory firestone shapes are used in 
fabricating acid tanks, steel pickling tanks, acid wash trays, soaking 
pits, and ladle linings, and for related applications in the steel and 
chemical industries. The company also has produced grindstones, 
pulpstones, and d eburring media as coproducts at its dimen sion 
stone operations. 


Quarizite 
Australia 


In Western Australia, high-purity quartzite is quarried at 60,000 tpy 
at Picton Junction near Moora, 185 km north of Perth. It is hauled 
350 km to a 34,000-tpy-capacity silicon metal plant at K emerton, 
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Table 1. Typical composition of Precambrian quartzites in Ontario, Canada 


Bar River Formation 


Lorrain Formation Grenville Quartzite 








Chemical Badgeley Island, % Shequiandah, % McGregor Point, % Alban, % 
SiO2 98.50 97.90 94.10 96.90 
Al2O3 0.80 0.80 3.46 0.68 
Fe2O3 0.04 0.08 0.02 0.22 
MgO 0.03 0.07 0.13 0.03 
CaO 0.00 0.04 0.01 0.00 
Na2O 0.01 0.10 0.13 0.01 
K2O 0.14 0.30 0.38 0.09 
LOI 0.16 0.24 0.43 0.12 
TiO2 0.02 0.05 0.06 0.06 
P205 0.01 0.03 0.01 0.01 
MnO 0.00 0.01 0.00 0.00 
Total 9971 99.62, 98.73 “98.12 





Source: Guillet and Kriens 1984. 


20 km north of the port of Bunbury and 165 km south of Perth. The 
quarry has a capacity of 75,000 tp y, and the Kemerton plant pro- 
duces about 26,000 tpy of chemical-grade silicon metal. 


Canada 


In eastern Canada, thre e quartzite form ations constitute the top of 
the Cobalt Group of Middle to Late Prec ambrian (Middle Huro- 
nian) age. The purest is the Bar River Formation at the top of th e 
series, which is underlain by the Gordon Lake Formation and then 
the Lorrain Formation. The Bar River high-purity quartzite is white, 
dense, and massive. It is composed of fine to medium, rounded, and 
well-sorted qu artz grains cement ed by second ary qu artz (Guillet 
and Kriens 1984). It is at leas t 900 m thick andis exposed ona 
chain of is lands in the North Channel of Geor gian Bay (Lak e 
Huron), including Pine Island north of Killarne y, Ontario, and 
Badgeley, Centre, Partridge, and Heywood islands. 

The Bar River Formation has been quarried at Shequiandah on 
Manitoulin Island south of Little Current, where lump quartzite was 
produced for ferrosilicon manufacturing. It is now being quarried 
on Badgeley Island, 6 km west of Killarney, where the beds _ dip 
nearly vertically and contain a few lenses of diabase and amphibo- 
lite. Crushed quartzite is shipped to ferrosilicon and silicon metal 
producers at W elland, Thorold , a nd Ni agara F alls, On tario; a t 
Bécancour, Quebe c; and at Ni agara F alls, Ne w York. Fine s are 
shipped 190 km south toa plant at Midland, Ontario, for further 
processing. Production capacity is 1 Mtpy at Badgeley Island and 
0.5 Mtpy at Midland. The chemical compositions of the Bar River 
Formation and Lorrain F ormation quartzites in T able 1 i Ilustrate 
their purities. 

The Lorrain Formation approaches the purity of the Bar River 
Formation, but it contains more alumina. It is exposed along the 
northern shore of Lake Huron between Sault Ste. Marie and Killar- 
ney, Ontario. The Belle vue Quarry north of Sault Ste. Marie for- 
merly sup plied quar tzite as ganister for refractory brick, anda 
quarry at Killarney produced lump quartzite for ferrosilicon. Some 
lump quartzite from the Bar River Formation has been shipped to 
the Sudbury Area in Ontario and the Noranda Area in Qu ebec for 
metallurgical fluxstone in smelti ng nickel and copper matte. Th e 
Lawson Quarry at Whitefish Falls, Ontario, was a captive operation 
that supplied silica fluxstone to nickel smelters at Sudbury (Guillet 


and Kriens 1984). Quartzite also is supplied to a nickel smelter at 
Thompson, Manitoba. 

A friable orthoqu artzite of Gren ville (Precambrian) ag e is 
quarried near St. Do nat, Quebec. It is processed at St. Canut, Que- 
bec, 80 km to the southeast, where the Potsdam (Nepean) Sandstone 
also is quarried. Se veral quartz ite mines in Beau harnois County, 
Quebec, supply metallurgical-grade stone to local ferrosilicon man- 
ufacturers. E lsewhere in eastern Ca nada high-purity qua rtzite is 
found near Labrador City, Labrador. In Newfoundland, 100,000 tpy 
of quartzite have been quarried at Villa Marie on the Avalon Penin- 
sula in Placentia Bay and shipped to Long Harbour for fluxstone for 
the electric furn ace prod uction of elemental pho sphorus. In Nova 
Scotia, a fine-grained, brittle quartzite of Geor ge River (Prec am- 
brian) age has been quarried in Cape Breton County as ganister for 
the refractory brick linings of open-hearth steel furnaces at Sydney. 
The stone is highly f ractured and contains serpentine and chlor ite 
impurities. 

In western Canada the Mo unt Wilson Formation of Or dovi- 
cian age consists of whit e, m assive, uni form, m edium-grained 
orthoquartzite or silica-cemented quartz arenite. It ranges in thick- 
ness from more than 330 m near Golden, British Columbia, to as 
little as 20 m at Canal Flats, which is 110 km to the southeast. It is 
quarried at Nicholson, 11 km from Golden in southeastern British 
Columbia, from which 30,000 to 60,000 tpy are shipped as metal- 
lurgical lump for silicon metal and ferrosilicon production at Rock 
Island near Wenatchee, Washington. It has supp lied lump for the 
manufacture of polycrystalline silicon at Moses Lake, Washington. 
The Mount Wilson quartzite grade is as high as 99.85% to 99.9% 
SiOz with only 0.10% Al 203 and 0.04% Fe 203 (Simandl, Jakob- 
sen, and Fischl 199 2). Reserves of lump silica at Nicholson are 
estimated at 3 Mt. At Mount Moberly, British Columbia, a friable 
variety of Mount Wilson quartzite is min ed and used in con ven- 
tional markets for industrial silica sand. It contains 99.67% SiO», 
0.06% Al 203, and 0.02 % Fe 203 (Simandl, Jak obsen, and Fi schl 
1992). 

In the vicin ity of Longworth, east of Prince Geor ge, British 
Columbia, the Nonda Quartzite of Silurian-age outcrops extend for 
a strike length of 25 km and may be as much as 250 m thick. It is 
reportedly even pur er than the Mount W ilson stone at Golden 
(Hamilton and Hora 198 7). Quartzite for ferrosilicon and silicon 
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carbide manu facture formerly was quarried near Oli ver in south- 
central British Columbia near the U.S. border. 


Czech Republic 


In cen tral Euro pe, quartzites of Early Tertiary age, e specially 
freshwater quartzites, are used as ganister for refractories and in 
the manufacture of ferrosilicon and silicon metal (Kuzvart 1984). 
Since depletion of deposits in the Most Di strict, acid refractories 
(dinas) in the Czech Republic have been made with fine-grained 
quartzite from the Lahost-Jenikov deposit near Teplice in No rth 
Bohemia. This deposi t is 20 m thic k, and the stone contains less 
than 1% Al2O3 and more than 97% SiOz (Hruska 1991). 


Italy 


Lump quartzite has been produced at Valsinni in Matera for local 
steel and chemical markets (Robbins 1986). 


Norway 


At Tana in northern Norway, quartzite is quarried and used in man- 
ufacturing 50% f errosilicon. Lump quartzite from Tana has been 
shipped to Iceland for use in a ferrosilicon plant near Reykjavik. 


Pakistan 


Lump quartzite for use as a steel mill flux has been produced in the 
Lasbela region of Baluchistan (Griffiths 1987a). 


Republic of South Africa 


South Africa produces lump quartzite at Donkerhoek, 20 km east of 
Pretoria, and uses the st one as blast furnace flux for steel m ills at 
Vanderbijlpark and Ne wcastle. The stone contains more t han 95% 
SiO, and less than 0.18% alkalis and 1.7% Al,O3. At Delmas, 85 km 
from Johannesburg, quartzite is produced for use by domestic fer- 
roalloys an dr efractories manu facturers. The — 180+100, —100+76, 
and —20+12 mm grades a verage 98.8% SiO 9, 0.5% Fe203, and less 
than 0.5% Al,03, 0.04% S, and 0.01% P, respectively. Metallurgical- 
grade silica also is produced at Letaba, Bronkhorstspruit, and Lyden- 
burg (Griffiths 1989). 


Sweden 


At Amal in Dalsland, high-purity quartzite is quarried and used in 
ferrosilicon production, in the manufacture of monolithic refracto- 
ries (Clarke 1987; Russell 1990), and in the manufacture of silicon 
metal. 


United States 


In the eastern United States, massive quartzite of the Lower Cam- 
brian Erwin Formation is more than 100 m thick and is well 
exposed in an anticline in the Lick Mountain District, which is part 
of the Appalachian V alleyin Virginia. Itco ntains 97.63% to 
99.37% SiO» and has been quarried as metallurgical-grade stone for 
silicon metal and ferrosilicon manufacture in Virginia (e.g., at Sand 
Mountain), West Virginia, and east-central Tennessee. 

Belts of high-purity quartzite extend across central and south- 
eastern Pennsylv ania and across Calhoun , T alladega, Cherok ee, 
Clay, and Cleburne coun ties in Alabama. Quart zite (ac tually 
quartzitic sandstone) from the Lo wer Silurian Tuscarora (Medina) 
Formation has been mined in Carbon, Bedford, Blair, and Hunting- 
don counties, Pennsylvania, for use as ganister in refractory bricks 
for furnace linin gs. It also has been quarried in Virginia and near 
Minnehaha Springs in Pocohontas County, West Virginia, for use as 
metallurgical stone. It is light gray to white and 120 to 180 m thick 
in central Pennsylv ania (e.g., at Lock Mountain near Point View). 
In addition to the Tuscarora, quartzite from the Chickies Formation 


in southeastern Pen nsylvania has been used. as refractory ganister 
and for tube-mill linings. In Cherokee County, Alabama, quartzite 
containing 97.75% to 98% SiO can be obtained from the Lo wer 
Cambrian Weisner Formation. 

In Cherokee County, North Carolina, the Tusquitee Quartzite 
is metallurgical quality. The hard, tough, Poughquag Quartzite near 
Highland, New York, is suitable for chemical use, for metallurgical 
stone, and for cutting into blocks for lining grinding mills. Bu hr- 
stone has been quarried from th e Ca mbrian Cheshi re Quart zite 
between Dalton and W ashington in Berkshire County, Massachu- 
setts, where the formation is ne arly 55 m thi ck at Coltsville. The 
Carboniferous Quabin Quartzite is a pure, white, sucrosic b ut 
locally flaggy rock that forms part of the Quabin and Felton moun- 
tains in Rho deIsland and Massachusetts. Man y years ago near 
Stafford, Connecticut, it was quarried and sa wed into hearthstone 
and firestone for iron ore smelting. 

In the central United States, one of the most important sources 
of specialty silica stone is the Sioux Quartzite, also kn own as the 
Sioux Falls Granite, of Late Huronian (Middle Precambrian) age. A 
fine-grained quartzite that ranges in thickness from 460 to 1,220 m, 
the Sioux cro ps out ina belt more than 95 km wide that extends 
more than 15,540 k m? from the junction of the Cottonwood and 
Minnesota rivers at Redstone, Minnesota, westward to Mitchell on 
the James River in South Dakota. This belt includes parts of the 
southwestern Minnesota counties of Nicollet, Pipestone, Cotton- 
wood, Rock, and W atonwan; part of no rthwestern Iowa; and parts 
of the southeastern South Dak ota counties of T urner, McCook, 
Hanson, and Minnehaha. Outcrops in southeastern South Dak ota 
are most prevalent in river valleys such as those of the Big Sioux at 
Dell Rapids and South Falls, the Vermillion at Parker, the James 
south of Mitchell, Wolf Creek at Salem, and Pierre Creek at Alex- 
andria. The color of Sioux Quartzite ranges from pink to orange, 
purple, and blue; its silica content varies from 96% to nearly 99%; 
its compressive strength ranges from 1.52 x 10° to 4.96 x 10° kPa; 
and cru shed pieces v ary from equidimensional to slabby . The 
stone’s softening point commonly exceeds 1,800xC, and its density 
is about 1,682 kg/m}. 

One of the most prod uctive portions of the Sioux Quartzite 
outcrop belt extends from Jasper in the southwest corner of Minne- 
sota westward to Sioux F alls, Spence r, and Mitchell in South 
Dakota. W ithin this distri ct, se veral companies quarry and crush 
quartzite for construction applications; one also ships metallurgical- 
grade material to a ferrosilicon producer in Iowa. The Jasper Stone 
Co. in Jasper , Minneso ta, produces dimension _ stone for se veral 
markets. It also produces some quartzite memorials or monuments, 
but its chief products are split and sawed blocks for lining tube-type 
grinding mills, acid tanks, and chutes. As a by-product of its dimen- 
sion stone operations, Jasper St one produces quartzite cubes that 
measure 1.0, 1.2, or 1.6 cm ona side. These are pretumbled for use 
as grinding media in pebble or ball mills. 

Artificially rounded grinding pebbles have also been produced 
from the Sioux Quartzite near Sioux Falls, South Dak ota. Other 
producing sites in Minnesota ar e Pipestone, Luv erne, and Ne w 
Ulm, but stone from those locations is sold mostly for use in c on- 
struction. Some blocks for lining tube mills and chunks as grinding 
media have been produced by New Ulm Quartzite Quarries, Inc., in 
Nicollet County, Minnesota. This company also has sold crushed 
Sioux Quartzite as g anister for steel furnace refractories, for filtra- 
tion rock, and for fluxsto ne used in copper smelters. The rock is 
excellent for the manufacture of refractory silica brick. 

Other important resources of specialty silica stone in the cen- 
tral United States are the Baraboo Quartzite in Sauk and Columbia 
counties, Wisconsin, and the Nesn ard Quartzite in Michigan, both 
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of which are Precambrian (Huronian) in age. The Baraboo Quartz- 
ite District is 45 km long, 3 to 19 km wide, and encompasses nearly 
583 km2. The formation is about 1,220 m thick and consists of mas- 
sive beds of hard, v ery tough quartzite comprised of round qu artz 
grains cemented by seco ndary quartz. Where free of thin slate or 
schist partings along bedding planes, the stone has a com pressive 
strength of nearly 5.0 x 10° kPa. Until it ceased operations in 1988, 
Baraboo Quartzite Co. quarried stone from the Netzebaum Quarry 
near Devil’s Lake, Wisconsin, marketing crushed, sized, and pre- 
tumbled d eburring and b urnishing media to f oundries and metal 
stamping plants worldwide. Grinding media and_ liner blocks for 
pebble mills and ganister for refractory applications also have been 
produced from the Barab oo Quartzite. In north-central Wisconsin, 
the Rib Hill and Po wers Bluff formations are medium-grained 
quartzites that co ntain 99.07% SiO 2 and are suitable for s pecialty 
applications. 

High-purity quartzi te is wide spread int he western United 
States, e specially in ea stern Washington. The Ad dy Qu artzite of 
Cambrian age crops out over 648 km? in Stevens County, Washing- 
ton (Murphy and Brown 1985), and most exposures are within 20 km 
of a railroad. Until 1991, Northwest Alloys, Inc., a subsidiary of Alu- 
minum Company of America (Alcoa), produced 22,000 tpy of Addy 
Quartzite from the Blue Creek mine in Stevens County and used the 
output in the producti on of silicon metal and ferrosilicon at its plant 
in Addy, Washington, where ferr osilicon capacit y was 27,500 tp y. 
Elsewhere in Ste vens Co unty at V alley, Lane Mountain Silica Co. 
mines part of the Addy Quartzite that is complexly faulted and con- 
sists of alternating ha rd and soft, friable zo nes. P roducts contain 
<0.005% Fe 203. Addy Quartzite also has been quarried at K ettle 
Falls in Stevens County. Ferry, Pend Oreille, Spokane, and Whitman 
counties in Washington have either produced or have the potential to 
produce quartzite for specialty markets. 

The Eureka Quartzite of Middle Ordovician age crops out over 
more than 260,000 km? from Idaho into Southern California (Mur- 
phy and Brown 1985). It ranges up to 99.9% SiO > and has been 
mined in Clark County, Nevada, for refractory , metallurgical, and 
other uses. Quartzite was produced at the Canyon Creek Quarry near 
Maiden Rock in Beaverhead County, Montana, for use as fluxstone 
at an elemental phosphorus and ferrophosphorus plant in Silver Bow 
County, west of Butte, Montana (Rice, Lawson, and Berg 1989). 

Quartzite for silicon metal production has been quarried at 
Rogue River near Gold Hill in Jackson County, Oregon. It also has 
been produced from the Precambrian Dripping Spring Formation at 
Oracle, Ariz ona. Quartzite from the Tintic F ormation has been 
mined in Tooele County, Utah, primarily for the manufacture of 
refractory coke oven shapes. Quartzite for furnace-lining refracto- 
ries also has been produced west of Douglas, Arizona. The Sawatch 
Quartzite of Late Cambrian age is a gray-white, hard, massive for- 
mation that lies on an eroded Precambrian surface. It is as much as 
40 m thick in the Mosquito Range of Colorado and may be suitable 
for specialty markets. 

Metallurgical-grade quartzite from other sources in the U.S. 
Northwest has been used in the production of elemental phosphorus 
and ferroph osphorus at electric furnace facilities. E xamples in 
Idaho include stone quarried in Caribou County for a plant at Soda 
Springs and the Kit Creek mines in Bannock County, which supply 
plants at Pocatello. 


Novaculite 


United States 


The Arkansas Novaculite Formation outcrops occur in several nar- 
row belts that extend along the borders of the Benton—Broken Bow 


Uplift port ion of t he Oua chita Mount ains bet ween Little Roc k, 
Arkansas, and Atoka in southeastern Oklahoma. This portion of the 
Ouachita Fold Belt ranges fro m 25 to 65 km in width and extends 
east-west for 320 to 360 km. Mining operations that produce novac- 
ulite for commer cial uses such as oilstones, hones, files, and whet- 
stones, and for other specialties, are concentrated in Garland County 
just northeast of Hot Springs, Arkansas. A few deposits also are 
mined in nearby Pike and Montgomery counties, Arkansas. In 2005, 
the Arkansas Geologic Commission listed 10 companies as novacu- 
lite producers in this area. Nearly all commercial whetstone mines 
are confined to the massive lower member of the formation. 

In Oklahoma, the outcrop belts of novaculite continue from 
the Potato Hills east of Talihina through Latimer, Pushmataha, and 
McCurtain counties and westw ard to near Atoka in Atoka County. 
Silica rock t hat has been called novaculite is part of the Caballos 
Formation in Bre wster County, southwestern Texas. It is intensely 
folded and fractured but crops out prominently and e xtensively in 
the Marathon Uplift Area (Jaster 1957 ). In the counties of Alex- 
ander and Union in southern Illinois, widespread deposits of pri- 
mary novaculite and alluvial novaculite gravel are present in the 
same area where major deposits of tripoli are mined. A no vaculite 
locality near Marque tte, Michigan, also had been reported (Jaster 
1957); deposits outside the United States however, have not been 
well documented. 


Vein Quartz 
Angola 


Production of lascas from the Pocarica vein deposits near Conda in 
Cuanza Sul Pro vince was nationalized in 1979 with the establish- 
ment of Min iquartzo to manage operations. In 1975, Angolan 
exports of lascas had reached a level of 3 ,900 t; in 1980, e xports 
ceased. One cultured quartz producer at Libramont, Belgium, used 
to purchase nutrient quartz from Angola but switched to Namibian 
lascas in 1989. 


Brazil 


Brazil has the largest known reserves of natural, piezoelectric-grade 
quartz crystal and la scas in the world, with the total estimated at 
26.8 Mt (Smith 19 84b). On the Braz ilian altiplano, ane xtensive 
plateau underlain by Precambrian and Lower Paleozoic rocks, there 
are hundreds of small, deeply weathered vein and alluvial deposits 
scattered o ver thousands of square kilometers, an are a twice the 
size of Texas (Bates 1960). This area is located along the southeast- 
ern margin of the Brazilian Shield. Production comes mostly from 
the states of Minas Gerais, Santa Catarina, Sdo Paulo, and Bahia, 
although signif icant re serves also are kno wnin Espirito Santo, 
Paraiba, Parana, Rio de Janeiro, and Rio Grande do Sul. The richest 
deposits are in Minas Gerais. 

Some piezoelectric-grade crystal is produced in Br azil, b ut 
shipments from the of ficial export cities of Rio de Janeiro, Bahia, 
and San Salvador consist predominantly of lascas for gro wing cul- 
tured quartz crystals and for the manufacture of fused quartz pre- 
forms after extensive chemical refinement in E urope. Of the total 
quantity of quartz produced in Brazil, approximately 97% is lump 
for industrial applications such as silicon metal and silicon alloys 
manufacture, and the remaining 3% consists of piezoelectric crys- 
tal, la scas, and decorative sp ecimens. Qua rtz for sil icon me tal 
smelting is produced at Gouveia in Minas Gerais. 


Canada 


The Mount Rose deposit of high-purity, lascas-grade vein quartz 
is located near Armstrong, British Columbia. The Fs quartz vein, 
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situated 40 km northeast of Kamloops, British Columbia, has sup- 
plied milky quartz for silicon carbide manufacture in Ore gon. The 
vein deposit is at least 400 m long and 3.5 to 15 m wide. Near 
Oliver in southern British Columbia, quartz veins that are 0.3 to 
4 m wide cut the Oliver Plutonic Complex of L ate Jurassic a ge. 
They are widest in the porph yritic quartz monzonite phase of th e 
complex and have been quarried for fluxstone and ferrosilicon man- 
ufacture. The Gypo deposit near Oliver reportedly produces less 
than 10 ktpy of lump quartz (S imandl, Jakobsen, and Fisch] 1992). 
The White Rock quartz, kaolin, and mica deposit 45 km northwest 
of Shelburne, No va Scotia, contains residual quartz from leuco- 
cratic granite, which underwent h ydrothermal alteration. Current 
plans are to produce ground silica as a replacement for white mar- 
ble chip and sand (Industrial Minerals 2001). 


Chile 


Lump quartz is produced from vein deposits for use as fluxstone at 
copper smelters. The largest producer has capacity for 200,000 tpy, 
but the +0 .635-cm stone is not of exceptional chemical purity. A 
pegmatite deposit containing electronic- and possibly optical-grade 
quartz also has been found in Chile. 


Egypt 

Quartz vein deposits occur in Egypt at 38 locations in the Eastern 
Desert. The y cut ac ross ba sic and ul trabasic met avolcanics. The 
deposits of Ab u-Marwa (20 Mt) and Gebel Delhami I an d II (60 
and 10 Mt, respectively) contain very-high-grade quartz that aver- 
ages 99.02% to 99.98% Si02, 0.40% to 0.26% AlO3, and 0.15% to 
0.18% Fe203. There is potential for production of high-quality sil- 
ica products such as fused silica. Egypt currently exports quartz in 
1- to 25-cm lumps or sub-100 mesh powder (Ibrihim 2002). 


Greece 


In eastern Macedonia, metallurgical-grade lump qu artz has been 
mined from vertical pegmatite veins 1 to 8 m wide in schist host 
rock at Paranesti, Thessaloniki. The quartz contain s 99.5% SiO 9, 
0.04% Al 203, 0.03% Fe 203, and 0 .01% each of CaO, K 20, and 
Na2O. Most has b_ eene xported to silicon m etal m anufacturers 
(Griffiths 1985a; Clarke 1987; Georgiades 1988). 


Guyana 


Quartz crystal of possi ble optical and electronic quality is as soci- 
ated with diamonds in alluvial deposits in Guyana. 


India 


India produces lump qu artz containing 99 .8% SiO for domestic 

metallurgical uses and for e xport, which is use d predominantly in 
the manufacture of fused quartzware for the electron ics industry . 
There are more than 100 vein quartz mines in India, 40 of which 
produced >1,000 tpy. One producer exported 21,800 t of high-purity 
quartz in 1990 (Russell 1991 ). Andhra Prad esh led in production, 

followed by Ka rnataka, Rajasthan, Gujarat, Tamil Nadu, Haryana, 
and Madhya Pradesh ( Smith 198 4a). The Indian Bureau of Mines 
reported 128 quartz mines produ cing 279,385 t in 2003-2 004 
(Indian Bureau of Mines 2004). 

A large pegmatite deposit was discovered in the 1990s at th e 
village of Uchapalli in the state of Andhra Pradesh. Current quartz 
crystal (3,000 tpm) and silica sand (10,000 tpm) serve markets for 
ceramics and other applications (Industrial Minerals 2004). 


Italy 


Lump quartz has been produced at Montioni, Sanfront, Martiniana 
Po, and Sondalo, Italy, for the following markets: ferrosilicon, sili- 


con metal, refractories, filtration, abrasives, chemicals, and blast 
furnace steelmaking (Robbins 1986). One compan y has pro duced 
lump quartz at Sondalo in Lombardy for silicon metal manufacture, 
and the majority is ground into potter’s flint for the ceramics indus- 
try (Clarke 1987). 


Malagasy 


The chief source of lascas in Malagasy is vein and associated ellu- 
vial placer deposits in the northeastern coastal and central plateau 
regions. 


Namibia 
In Namibia quartz for the electronics industry has been recovered 
as a by-product of li thium ore production at the Rubicon mine 


near Karibib. Another large quartz deposit is located at Marbad 
near Windhoek (Murray 1989). 


Portugal 


Quartz crystal and lump quartz have been mined at three sites in 
Guardia, Portugal, for sale to silicon metal and ferrosilicon manu- 
facturers (Clarke 1987). 


Republic of South Africa 


A dike of massive, high-purity quartz in Precambrian host rocks 
near Pietersburg in the northern Transvaal region of South Africa 
is known as the Witkop deposit and is quarried by Samancor Ltd. 
The open-pit mine, located 380 km north of Jo hannesburg, sup - 
plies -38 +25 mm lump toa silicon metal smelter nearby (Griffiths 
1989). 


Spain 


About 20 in dustrial silica producers in Spain have a capacity of 
3.3 Mtpy, and about 70% of this capacity is controlled by two com- 
panies: Belian-o wned SCR-Sibelc o SA and Arenas Siliceas SA 
(ASSA). Nine other companies are each responsible for about 7% 
of silica production . The majority of the smaller companies pro- 
duce silica as a by-produ ct of feldspar and kaolin production. The 
glass and foundry industries consume most of the silica production. 
Additional markets include abrasives, hydraulic fracturing, chemi- 
cals industry, filtration, and others (Sims 1998). 

Cuarzos Industriales SA mines a vein of quartz or quartzite at 
Vivero and e xports most of its annual output to silicon metal and 
ferrosilicon producers in France, Germany, Norway, and Sweden 
(Griffiths 1985b). 


Sri Lanka 


Veins of massi ve hig h-purity qu artz (+99.8% SiOz) ha ve been 

found at more than 50 locations in the areas of Openaik e, Pelma- 
dulla, Pusella, Rattota, and Ratnapura in Sri Lanka (Harben 1991). 

The deposit at Galaha (Ambalamana) contains inferred reserves of 
6 Mt (Herath 1990). 


Venezuela 


Quartz crystal for growing cultured quartz and for the manufacture of 
silicon metal and silicon alloys is produced at Santa Elena, Bolivar. 


United States 


Hydrothermal quartz v eins in sandstone and shale are the most 
common sources of electronic-gr ade quartz crystals and _ lascas 
around the world. In the United States, minor quartz crystal depos- 
its have been found in California , Idaho, Oklahoma, and V irginia, 
but major deposits are near Hot Springs, Arkansas, in the fo othills 
of the Ouachita Mountains. Arkansas deposits are mined mostly for 
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quartz crystal specimens, not for electronic-grade cry stal. World- 
renowned cryst als wi the xceptionally smooth, clean faces are 
extracted from veins and cavities in sand stone at tw o small open 
pits in Garland County. The best-quality, w ater-clear specimens 
having highly polished faces are found in cavities filled with red- 
dish brown, sticky, rouge-like clay. 

The only producer of lascas in the United States is Coleman 
Quartz, Inc. This company mines one of two massive bull quartz 
veins that lie mostly conformably between units of thinly bedded 
and deeply weathered shale at an open pit near Paron, Arkansas, 
48 km northeast of Hot Springs in Saline County. Veins range from 
2.4to 3.7m in wid th and extend for0.4km in strike length. 
Annual production varies from 450 to 570 t. The entire deposit has 
not been drilled yet, b ut resources are est imated at 200,000t . 
Mine-run material is hauled by trucks to the company processing 
plant 48 km away. The qu ality of finished la scas p roduced in 
Arkansas is equal to or slightly superior to that of lascas produced 
in Brazil, and it is usually less variable. Total impurity levels range 
from 25 ppm for grades #1 (90% clear) and #2 (50% to 60% clear) 
to 44 ppm for grade #3 (translucent) and 5 4 ppm for grade #4 
(opaque). Impurities include 15 to 20 ppm Al; 2 to 25 ppm Na; 2 to 
10 ppm K; 2 to 5 ppm Fe; and 1 ppm each of Ca, Mg, Li, and Ti 
(Griffiths 1987b). The relatively high sodium level is associa ted 
with bubble fluid inclusions. 

In C onnecticut, between the to wns of Ledyard and Nor th 
Stonington, the massive Lantern Hill vein quartz deposit was mined 
for its quartz crystal. The vein measures 2,000 m long and 300m 
wide and yields products that grade 99.0% to 99.4% SiOz. A simi- 
lar deposit is located just n orth of Glasgo about 16k m north of 
Lantern Hill. Vein quartz and high-purity quartzite deposits were 
once mined in Adams County, Pennsylvania, and at Port Henry and 
Fort Ann, Ne w York. Bull quartz dikes have been found west of 
Wirtz in Fran klin Cou nty, V irginia, and numerous vein quartz 
deposits are kno wnin the North Caro lina counties of | Anson, 
Moore, Montgomery , Harnett, Buncombe, and Transylvania. In 
Texas, massive quar tz veins occur in Precambrian rock s of the 
Llano Uplift and in the Carrizo Mountains of Culberson and Hud- 
speth counties. 

High-purity, metallurgical-grade silica resources are abundant 
in the western United States, particularly the Pacific Northwest. Sil- 
icon metal and ferrosilicon plants at Rock Island, Washington, and 
Springfield, Oregon, now use mostly quartzite, but in the past they 
were supplied with lu mp quartz from massive vein deposits at the 
following locations: (1) north of Weiser, Idaho; (2) at Basin and 
west of Galen, Mont ana; and (3) n ear Hawthorne, Ne vada. The 
deposit near Weiser is a quartz plug within granodiorite and yielded 
material averaging 99.78% SiO». The Basin deposit is a quartz plug 
within quartz mo nzonite and yielded metallurgical lumps grading 
with more than 99.5% SiO 2. Near Galen, a massive quartz body 
averaging 99.8 2% SiO» is present within Precambrian lim estone 
and quartzite on the southwestern stope of the Flint Creek Range. 
The vein near Hawthorne, Nevada, measures nearly 850 m long and 
95m wide, is associated with Jurassic granite, and yielded stone 
that averaged 99.89% SiO > (Peterson 1976). Similar deposits in 
western Montana are located at Deer Lodge, Haines Point, and 
Quartz Creek. 

The Quartz Mou ntain deposit in Spokane C ounty, Washing- 
ton, is a large vein of massive quartz within granitic host rock. It 
has been quarried as a source of lump quartz for silicon metal and 
ferrosilicon producers. Other de posits in eastern Washington 
include (1) the Latshaw deposit, a 200-m? plug of quartz 20k m 
north of Spokane with 98% SiO», which has been mined mostly for 
ganister; and (2) massive quartz veins at Mount Spokane and near 


Mica Peak. In central W ashington, a dike of white quartz, 15 m 
wide and a veraging 96.6% SiO >, is found near Wenatchee and 
another lar ge v ein is located ne ar Merritt in Chelan County. In 
western Washington, three large quartz veins are located near Mar- 
blemount in Sk agit County, and another has been mined at Rock- 
port, 13 km to the southwest. Other deposits of massive quartz have 
been quarried for ganister in King and Pierce counties. Altogether, 
there are 36 known massive quartz deposits in 13 counties in Wash- 
ington, most of which are found as veins and pods in metamorphic 
rocks or as the cores of pegmatites. 

Elsewhere in the western Unite d States, a pure quartz dik e 
300 m 1 ong and 60 m wide has b een mined in Jackson County, 
Oregon. Lenses of massive quartz or qua rtzite more than 60m 
thick are f ound in metamor phic rock s of Paleozoic age 30 km 
northeast of Oro Grande and 15 km east of Victorville in San Ber- 
nardino County, California. They have been quarried mostly for 
ganister. Th e Veta Gran de mi ne n ear Carson City, Ne vada, is 
another massive vein deposit that has yielded metallurgical-grade 
lump quartz. 


Other Countries 


Chamber-type pegmatites that contain quartz crystals are of Precam- 
brian age in Brazil, Malagasy, and Ukra ine, but they are of La te 
Paleozoic age in central Kazakhstan, China, Mongolia, the northern 
Ural Mountains, and the Plate au Central in France. Hydrothermal 
quartz veins that yield piezoelectric crystals in the Urals are found in 
Proterozoic mica schists and lower Ordovician quartzites. Inclusion- 
free quartz fromh ydrothermal v eins at Det kovice inthe Czech 
Republic contains 99.43% SiOz and 0.07% Fe203 after hand sorting. 
Similar de posits at Gra pa, Czech Re public, contain 99.86% SiO» 
and 0.062% Fe 203 after hand sorting and only 0.003 % Fe2O3 after 
further w ashing, c alcination, magnetic separation , and chemical 
refining (Kuzvart 1984). Elluvial placer deposits of quartz crystals in 
the Ural Moun tains of Ukraine may contain gold in economically 
recoverable amounts. 

Other producers of high-purity lump quartz for silicon metal 
and silicon alloys manufacture as well as specialty glass and refrac- 
tory products are Finland, Fran ce, and former Y ugoslavia. Silicon 
and fer rosilicon p roducers in Japan use quartz imported from 
China, Korea, and India. Elluvial placer deposits of quartz crystals 
containing no gold or diamond coproducts ha ve been foun d in 
China. Other vein deposits of quartz crystal or lascas are kn own in 
Uganda, South Africa, and Australia. High-purity quartz in pegma- 
tites was discovered recently in Cordoba Province in Argentina. 


Silica Pebble 
Canada 


A lar ge deposit of well-rounded quartzite pebbles is found near 
Cypress Hills, Alberta. As grinding media, pebbles from _ this 
deposit compare favorably with flint pebbles produced in Denmark 
(actually Green land). Lump qua rtz has been produced from a 
deposit on the southwestern shore of Lake Baskatong at Charlevoix 
near St. Ludger, Quebec. The material quarried was used mostly in 
silicon metal manufacturing and, to a much lesser extent, as grind- 
ing pebbles. 


Europe 


Silex is a term used commercially for flint, chert, or chalcedonic 
silica that is p roduced in se veral European countries, including 
France, Belgium, England, and former Yugoslavia. Silex is used in 
the form of round pebbles as grinding mill media and as cut blocks, 
known as Belgian block, for iron -free grinding-mill linings. Silex 
from Belg ium is an extremely fine-grained, tough, chalcedonic 
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form of silica containing secondary calcite and radial ch alcedony 
(Griffiths 1987b). Silex from former Y ugoslavia is so mewhat 
coarser grained and contains tightly packed quartz crystals. Flint 
pebbles produced in France, Be lgium, England, and Denmark 
(Greenland) are available in two grades and in 7 to 12 sizes ranging 
from 1.3 x 1.6 cm to 13.3 x 15.2 cm. Some pebbles from Denmark 
are as much as 20.3 cm in diameter. Pebbles of “Select” qua lity 
from Dieppe, France, contain 98.43% SiO 2, 0.02% Fe203, and 
0.10% Al203. 

Blocks of silex, or buhrstone, have been produced in Belgium 
from deposits just east, north,a nd west of the town of Mons. 
Blocks range in thickness fr om 60 to 160 mm, are rectangular or 
conical, and are used for lin ing cylindrical, tube-type pebble and 
ball mills. The blocks, cut and fabricated by hand, have been recov- 
ered from flint nodules in a marl quarry at Eben-Emael. The lowest 
stratigraphic intervals, at a depth of more than 30 m, have produced 
the best-quality flint. The average chemical composition is 94.0% 
SiOz, 4.9% CaO + CaCOs3, 0.9% MgO, and 0.1 % Fe203. One com- 
pany in Belgium produced approximately 1,000 tpy of finished 
blocks (Benbow 1989) and another in Jaen, Spain, produced about 
500 tpy (Clarke 1987 ). Silex bloc ks and crushed sile x also ha ve 
been produced from flint pebbles mined at Dieppe, France. 

Flint nodules as grinding-mill media are produced from Creta- 
ceous chalk formations in western and northern Euro pe. Perhaps 
the largest resource is in the Paris Basin, where a 400-m-thick sec- 
tion of chalk co ntains flint nodules (Kuzvart 1984). Flint pebbles 
also are produced from chalk deposits as a by-product at cement 
operations in southeaste rn England. At No rthfleet and Shoreh am, 
Clarke (1984) reported pebble capacity at approximately 1,000 tpy, 
although output in 1984 w as only 500 to 600 tp y. Pebbles are 
washed to remove chalk and iron oxides for use mostly in ceramics. 
Three sizes are produced: —10.16+5.08, —5.08+2.54, and —2.54 cm 
(Clarke 1984). 


United States 


One of the most important sources of metall urgical-grade sili ca 
gravel for silicon metal and high-pu rity ferrosilicon production in 
the eastern United States is the high-level terrace deposits of the Cit- 
ronelle (Lafayette) Formation of P liocene or Holoce ne age. These 
are fluvial channel and bar deposits found inr aised terr aces that 
roughly parallel the present course of the Pee Dee River in North 
Carolina and of other major rivers in the coastal plain of South Caro- 
lina, Georgia, Florida, and Alabama. They consist of unconsolidated 
sand and g ravel that lie u nconformably on Late C retaceous sedi- 
ments. The most productive area encompasses 65 km? and is cen- 
tered at Lilesv ille in Anson C ounty, North Carolina. The Pee Dee 
terraces near Lilesville contain a well-developed basal gra vel zone 
1.5 to 6 m thick overlain by sand and a few lenses of gravel and clay. 
They consist of 46% sand and nearly 54% gravel; the gravel is 75% 
to 83% quartzite and 17% to 25% vein quartz (Callahan and Craig 
1990). 

Sand and gravel from Pee Dee River terraces have been mined 
near Lilesville, North Carolina, for construction sand, metallurgical- 
grade pebble, and clear or white pebbles exceeding 5 cm for packing 
acid to wers u sed in the chemi cals industry (Callahan and Craig 
1990). The pebbles alsoha ve been used as grinding-mill med ia. 
Dredging on Beech Island in the Savannah River has produced sand 
and gravel from floodplain deposits near Augusta, Georgia. Metal- 
lurgical-grade gra vel has been produce d from similar deposi ts in 
Harnett County, North Carolina. 

Lower-purity ferrosilicon (e.g., 50% Si) has been manufac- 
turedin the sout heastern Unite d States from silica gra _ vels 
dredged from the Coosa River north of Montgomery, Alabama, 


and from the Alabama River between Montgomery and Selma, 
Alabama. In Florida, subrounded qu artz an d quar tzite peb bles 
have been dredged from the Escam bia, Apalachicola, Flint, and 
Chattahoochee rivers. Additional river-bed gravel deposits have 
been produced at Lecanto and Crys tal River, Florida. Blocks for 
lining grinding mills and artif icially rounded grinding pebbles 
were formerly fabricated from silica pebbles recovered from beds 
of Ocala Limestone in Florida. Quartz and quartzite pebbles in the 
Bryn Mawr Formation of Pliocene age have been mined for met- 
allurgical and refract ory applications in Harford County, Mary - 
land, andt oa lesser extent in nearby Baltimore, Carroll, and 
Howard counties. Grinding pebbles and blocks for lining grinding 
mills have been produced from resi dual deposits of chert deri ved 
from the Fort Payne Formation near Iron City in Wayne County, 
Tennessee. 

Numerous alluvial deposits containing laterally extensive but 
thin beds and lenses of flint p ebbles occur in in terstream divides, 
river terraces, and ma jor stream valleys in the Gulf of Me xico 
Coastal Plain of Texas. These deposits extend west from the Guad- 
alupe River to the Rio Grande. Grinding pebbles that can be milled 
to a quality equal to t hat of s imilar peb bles pro duced in Europe 
have been mined in Texas from de posits in Frio, Bastrop, Llano, 
and Travis counties; pebbles in de posits associated with the Colo- 
rado and Brazos rivers, however, generally are unsuitable for use as 
grinding media. Some flint, as stock from which blocks for lining 
grinding mills are cut, has been produced from the Edwards Forma- 
tion in western T ravis County, Texas. Flint nodules from mining 
operations in th e Austin Chalk Formation in south-central Texas 
have been reco vered for captive use as an abrasive medium in the 
production of ground silica flour. 

Silica pebbles, apparently derived from the Sioux Quartzite, are 
abundant along the shores of Lak e Superior between Grand Portage 
and Pigeon Point, Minnesota. As grinding-mill media, they compare 
favorably in per formance wi th flin t pebb les produced in Euro pe. 
Many years ago, sili ca pebbles recovered from the beach between 
Oceanside and Encinitas, California, were used as _ grinding-mill 
media. Because the y were harder , coarser -grained, and rougher in 
texture than flint pebbles from Denmark, the silica pebbl es were 
faster cutting when used for gri nding hard materi als. Round silica 
gravel used in water filtration has been produced at several locations 
in the United States, including Muscatine, Iowa; Eau Claire and Fair- 
water, Wisconsin; and Thompson, Ohio. 


TECHNOLOGY 
Exploration 


Exploration for dep osits of specia Ity silica materials is guided by 
knowing which geologic formations are likely to con tain rock of 
suitable quality. Geologic rec onnaissance and mapping are then 
conducted in areas wher e these form ations are present. At hard- 
rock prospects of sandstone, quartzite, novaculite, and vein quartz, 
evaluation no rmally requires dril ling and drill sample testing to 
establish the extent and amount of reserves. Percussion drilling is 
seldom adequate becau se physical pro perties of the stone are as 
important as, or even more important than, its chemical purity. Chip 
samples from percussion drilling provide some indication of chem- 
ical purity but are unsuitable for many physical property measure- 
ments. Diamond-bit core drilling, therefore, is usually necessary at 
some stage in the evaluation process. Problems of poor core recov- 
ery are common when holes are drilled at angles between horizon- 
tal and vertical and especially where the sil ica ro ck is highl y 
fractured, jointed, or friable. Wh ere conglomeratic sandstones are 
sought for their silica gravel content, core drilling must be close 
spaced to delineate pebble-rich zones. 
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At prospects where silica gravel is present in unconsolidated 
sediments, or wher e host rocks enclosing quartz v eins are d eeply 
weathered, drilling can be impractical. In such cases bulldozers or 
backhoes dig trenches to locate and sample the resource; then sam- 
ples are washed and screened to determine the yield of product per 
cubic meter excavated. Exploration of river gravel deposits is done 
by dredging. 

Mining 

Deposits of vein quartz in Brazil are small and irregular in shape, 
and are mined mostly by hand in open pits that are seldom mor e 
than 20 m deep. Bulldozers remove overburden, and pumps dewater 
the pit. Clear, pie zoelectric-grade crystals of small size are com- 
mon, but those that weigh 250 g or more are rare, acco unting for 
only 1/10,000 (0.01%) of the total mass of a v ein filling (Kuzvart 
1984). The ratio of clear crystal to total material mined ranges from 
1:1,000 to 1:1,000,000, so enormous quantities of milky quartz are 
extracted to reco ver only a few kilograms of piezoelectric crystal 
(Lamey 1966). In exceptionally rich pockets, the yield of such crys- 
tal can be as much as 0.4% or even 1.6%. 

During World W ar II, 40,000 m 7 of vein quartz mined in 
Arkansas yielded 200 t of rock crystal, but only about 2 t of the crys- 
tal were suitable for piezoelectri c applications (Kuzvart 1984). In 
the 1990s, three deposits of v ein quartz had been mined for quartz 
crystal specimens and lascasin Arkansas. At the Paron mine in 
Saline County, there is little or no overburden, and thus very little 
drilling and blasting. Massive bull quartz for lascas production has 
been mined with a backhoe du ring the summer months, and stock- 
piles containing about 2,000 t have sustained processing operations 
for a year . Two cr ystal specimen operations in Garland Co unty, 
Arkansas, used similar mining methods as tho se at Paron; however, 
the pits at the former are much deeper, no drilling and blasting has 
been used, and poc kets of crystals have been mined by hand. Bull 
quartz extracted from these pockets has been used as feed for lascas. 

Sandstone and quartzite for nonconstruction dimension stone 
are quarried ina manner that us_ es joints and b edding planes to 
advantage. Primary vertical cuts along quarry walls or for separat- 
ing key blocks can be made with channeling machines, although 
drilling and broaching is_ more stand ard practice. In dr illing and 
broaching, rows of vertical holes 51 mm in diameter are drilled; 
then the channel cut is made with pneumatic or hydraulic wedging 
hammers or by detonating v_ ery lig ht ch arges of black powder. 
Quarry blocks are freed from a bench or ledge by drilling rows of 
horizontal holes and then either detonating low-velocity explosive 
charges or using the plug -and-feather method of manual wedging. 
Blocks are mo ved from quarries to finishing plants with f ixed or 
mobile derricks, front-end loaders, or trucks. Simi lar methods are 
used for quarrying whetstone-grade novaculite in Arkansas, where 
the yield of usable stone from the total amount quarried, or within a 
deposit, ranges from amaximum of 1 0% f or hard, translucent 
grades to a maximum of 25% for softer grades. 

Metallurgical-grade quartzite deposits in Ore gon and W ash- 
ington are quarried by con ventional drilling an d blasting in open 
pits with benches 12 m high and 6 m wide (Peterson 1976). Similar 
methods are u sed in extracting qu artzite on Badgele y Island, 
Ontario (Guillet and Kriens 1984). In Stevens County, Washington, 
the friable portion of Addy Quartz ite has been mined in two open 
pits with benches as high as 45 m. About 50% o f the rock can b e 
ripped by bulldozer, but the rest requires drilling and blasting. Con- 
ventional drilling and blasting also is used in open-pit mining of 
conglomeratic sandstone that contains metallurgical-grade pebbles, 
such as from the Sharon Formation in Ohio. 


Metallurgical-grade qu artz g ravel from the Ala bama River 
between Selma and Montgomery, Alabama, and at Beech I sland, 
South C arolina, near the Sa vannah River has been reco vered by 
dredging. Suction dredges are suitable for deposits consisting of 
loose sand and gravel, whereas bucket-ladder or suction cutterhead 
dredges are used for deposits that contain beds or lenses of clay . 
Raised fluvial terrace deposits of metallur gical gravel or pebble, 
such as those along the Pee Dee Ri ver in the Carolinas, have been 
mined with front-end loaders, draglines, and hydraulic excavators. 


Processing 


Brazilian lascas is quartz that is defective for piezoelectric (e.g., 
radio component) or optical appl ications becaus e it is cloudy or 
milky instead of clear or contains _ optical or electrical twinning, 
cracks, or bubble fluid inclusions. It is pr oduced by hand sorting 
and trimming such material from higher-quality, e lectronic-grade 
quartz crystals. 

In Ar kansas, min e-run vein qu artzis crushed and wet 
screened to —3.175 + 1.27 cm, w ashed, leached in vats of hot 
oxalic acid, and then rinsed several times wi th water. It is then 
hand so rted, dried, and finally examined ona __ light table for 
defects b efore being p ackaged in 45.36-kg b ags. Defect ive 
rejects, —5.08 cm mine-run rock, and the —1.27 cm screenings rep- 
resent waste that averages about 50% of the rock mined, so 2 t of 
vein quartz are mined for 1 t of finished lascas sold. 

Processing me tallurgical-grade quartzite and novaculite con- 
sists only of crushing, washing, and screening to sizes ranging from 
—10.16 + 3.81 to—3.81 + 0.32 cm. Metallurgical-grade quartz and 
quartzite gravels from river channel and raised terrace deposits are 
processed similarly, except that no crushing is required. 

Quartzite, sandstone, and ja_ sper slabs f or nonconstruction 
dimension stone historically were split by hand. Because they were 
rough on all six sides, more mortar was required for their installa- 
tion. Quarry blocks today are cut with wire saws and are split 
hydraulically. Acid block s have eithertwoorfour sides sawed 
smooth with the other sid es hydraulically split and rough. They 
consist of beams and slabs of sands tone that are sawed to a thick- 
ness of 10.16 to 20.32 cm. Grinding mill and chute liner blo cks 
usually are sawed on all six sides. Red and gray jasper (quartzite) in 
Minnesota is still cut, trimmed, and shaped by hand into rectangular 
adamant silica blo cks measuring 5.08 to 12.7 cm thick, 10.16 to 
15.24 cm wide, and 20.32 to 25.4 cm long for lining pebble mills. 
The unevenness or irregularity of the surfaces of these blocks is an 
advantage because it reduces the need to install lifters in a mill. 

To increase the yield of sal eable product from eac h quarry 
block, one producer in Minnesota cuts and shapes cubes of ada- 
mant silica by hand for use as grinding media in competition with 
flint pebbles produced in Europe. Cubes are pretumbled in a mill 
to round off the edges and reduce high initial wear that results in 
about 20% weight loss. The smallest cube that can be hand cut 
economically measures about 5.08 to 6.35 cm ona side, so larger 
cubes cannot be used as deburring media. Crushed quartzite has 
been pretumbled near Baraboo, Wisconsin, and sold as a deburr- 
ing medium in eight sizes ranging from —19.05 + 14.29 to —3.175 
+ 2.38 mm. 

Grindstones made mostly of | sandston e are produced in 
Europe as blocks that ar e cut and shaped, measuring 0.6 to 1.5m 
across. Pulpstones from thes ame sandstone beds are cut and 
shaped into blocks 1.5 m in diam eter and 0.9 to 3.0 m wide. The 
stone is used for grinding logs into paper pulp and often is seasoned 
for 1 to 2 years after it has been quarried, but before it is cut (Bate- 
man 1959). 
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Novaculite oilstone s, files, and whet stones are produced in 
Arkansas by sa wing quarry blocks with diamond-tipped sa ws and 
then shaping and lapping the cut stones by hand. The yield from 
carefully selected quarry blocks ranges from about 10% for hard, 
translucent grades to 25% for softer grades, and a maximum yield 
of 30% to 40% for perfect stone, which is rarely found. This means 
that the overall yield from all novaculite quarrie d, or w ithin a 
deposit, ranges from only 1% for translucent grades to 6% or 7% 
for softer grades. At least one company in th e district crushes, 
screens, and pretumb les w aste or scr ap no vaculite generated at 
whetstone operations, and mark ets 11 different sizes from 5.0 8 to 
0.635 cm and f iner as deb urring media for barrel tumbling and 
vibratory finishing. 


Specifications 


Metallurgical Applications 


Crushed q uartzite and no vaculite lumps and roun d quartz and 

quartzite p ebbles fro m fluvial deposits and conglomeratic sand- 
stones are used in electric furnace production of silicon metal, fer- 
rosilicon (FeSi), and other silico n alloys. Be cause v ein quartz is 
more brittle and usually generate s excessive fines during handling, 
most FeSi producers prefer quartzite, even though its Al 203 and 
Fe 03 content tends to be higher. Also, vein quartz often contains 
fluid inclusions, which cause it to de crepitate into additional fines 
when exposed to fur nace temperatures. For metallurgical applica- 
tions, silica rock should be to ugh (i.e., not friable), should have a 
high thermal shock resistance, shoul d be free of f ines when deliv- 
ered, and should not crumble or decrepitate into fines when heated. 

Fines cannot be tolerated in submerged arc electric furnaces 
because they reduce the porosity of the charge, which blocks the 
flow of gases, causes premature fusion and crusting, and results in 
a gas buildup that produces furnace blowouts. Blowouts are sud- 
den releases of high-temperature gas con sisting of CO and SiO, 
resulting in a loss of silicon and, therefore, reduc ed ef ficiency. 
High-purity no vaculite has been used in silicon metal and FeSi 
production, but it generates fines when heated, creating foam that 
accumulates in the furnace. Costly downtime is spent periodically 
cleaning this accumulation of foam. 

Silicon metal producers prefer to use quartz or quartzite lumps 
that exceed 2.54 cm in diameter , have a minimum softening point 
of 1,700°C, and do not decrepitate below 950°C. Lumps can range 
from 1.27 to 10.16 or 1 2.7 cm in average diameter, but —10.16 + 
3.81 and —7.62 + 2.54 cm sizes commonly are used most. The rock 
should contain at least 9 8.5% or 99% SiO» (typically 99.3% to 
99.8% SiOz) and less than 0.1% Fe203; 0.15% Al203; 0.2% CaO; 
0.2% MgO; and 0.2% loss on igni tion (LOI). LOI is directly pro- 
portional to the tendency of a rock to decrepitate on heating. Fe2O3 
and CaO are especially critical impurities for m etallurgical-grade 
silicon. 

Silica feed for chemical-grade silicon production should ha ve 
high reactivity and very low alumina content. Some grades of silicon 
metal require feed containing less than 0.05% Fe 703; 0.10% Al203; 
0.005% CaO; and 0.002% TiOz. In all cases the rock should contain 
essentially no p hosphorus, su lfur, or arsenic impurit ies, which are 
particularly objectionable because they form poisonous gases in the 
furnace. Metallurgical-grade quartz from Brazil is typically high i n 
titanium, so silicon metal produced from it is suitable for secondary 
aluminum refining but not for manufacturing chemicals such as sili - 
cones and silanes. 

Ferrosilicon producers can accommodate smaller lumps of sil- 
ica rock ranging in diameter from 0.32 to 10.16 cm, the size vary- 
ing in direct proportion to the silicon content of the alloy produced. 


Table 2. Typical composition of quartz gravel for ferrosilicon 
manufacture 


Composition, wt % 








Gravel Type SiOz AlzO3 Fe203 CaO P Ti 
North Carolina terrace 99.2 0.068 0.41 0.031 0.007 0.006 
gravel 

Alabama river gravel 98.7 0.27 0.53 0.039 0.009 0.018 





Source: Alsobrook 1994. 


The rock should contain more than 96% SiO» and preferably more 
than 98% SiOz. It also should contain less than 0.4% Al2O3 (usu- 
ally less than 0.2 5%) and 0.2 % Fe 203. During s melting, Al 703 
influences the consumption of electric energy, which can amount to 
as much as 40% or 45% of the manufacturing costs. Sulfur content 
should be v ery low, although phosphorus can range up to 0.1%. 

Iron and carbon con tent usually is not as critical as the amount of 
alumina, alkali, and alkaline earth metals. One U.S. prod ucer’s 
maximum specifications are 0.03% Fe203; 0.20% Al203; 0.01% 
CaO; and 0.02% T iOo. Silica rock for silicomanganese (75% Si, 

25% Mn) does not have to be of such high purity. Typical analyses 
of quartz gravels used in FeSi production in the southeastern United 
States are shown in Table 2. 

The Alabama river gravel in Table 2 is produced in various 
sizes, including —15.24 + 2.54 and —7.62 + 2.54 cm. Quartz gravel 
from North Carolina is produced in sizes ranging from +5.08 to 
—0.635 + 0.3175 cm. 

In furnaces used to produce silicon carbide, a bed of —10.16 + 
2.54 cm silica rock, through which gas is dra wn, filtered, and 
cleaned, is placed on the floor. Although angular rock has more sur- 
face area, round river rock is pref erred because it compacts into a 
looser, more permeable bed. 

In smelting iron, nickel, zinc, lead, and copper ores, the price 
of acid flux is more im portant than its chemical purity, so local 
sources of —-4.445 + 1.905 cm stone are normally used. The charges 
to blast furnaces and basic open-hearth furnaces used in steelmak- 
ing are trimmed with washed -1.59 + 0.635 or —2.54 + 0.79 cm 
river gravel that contains >99 % SiOz and is usually lo cally avail- 
able and inexpensive. 

The electric furnace production of elemental pho sphorus uses 
—2.54 + 0.3125 cm lump quartz or —3.175 + 0.635 cm quartz pebble 
from river channel deposits. In gen eral, quartz or quartzite used as 
fluxstone in metal and phosphorus smelting should contain >90% 
SiO and <1.5% Al203, 1.5% Fe203, and 0.2% combined CaO and 
MgO. 


Abrasive Applications 


Quartzite, flint, jasper, and novaculite for use as abrasive media in 
grinding mills and de burring equipment must have high crushing 
strength, high specific gravity, toughness or durability, high purity, 
homogeneity, high hardness, an d resistance to staining, fracturing, 
chipping, and high temperatures. The rock should have low poros- 
ity and mu st contain no tox ic substances or dark-colored metallic 
impurities such as iron and manganese. It must be tightly cemented 
and chemically inert in the presence of strong alkalis and acids. The 
media should be round and closely sized. It also should produce a 
white po wder when abraded. Th e size and shape of constituent 
grains and their clea vage and fracture characteristics ar e a lso 
important. 

High-density grinding m edia are prefe rred because their 
greater impact and grinding force mean that le ss mill v olume is 
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needed for a gi ven load of media, o rthata faster grind can be 
obtained without reducing the media load. In either case, production 
capacity is greater than with less-dense me dia. Novaculite is not 
usually suitable as a grinding medium because of its comparatively 
low spe cific gravity, friability, and lo w resistance to breaking on 
impact during milling. Crushed quartzite usually doe s not qualify 
for high-impact ap plications because crushing can produce micro- 
fractures in the rock that ca use it to break apart during use. Proper- 
ties that determine the suitability of silica rock for use as a grinding 
medium also determine its suitability as grinding mill lining. 

Silica rock that qualifies as a grinding-mill medium and lining 
material is also normally suitable as a deburring abrasive, where 
closely controlled sizing is required to minimize lodging. Certifica- 
tion tests are carried out in a 0.28-m? tub-type vibrator that is 
loaded with 90.7 kg of media and 4.5 kg of angle iron and is oper- 
ated at 1,800 vibrations per minute for 24 hours. A steady, uniform 
rate of cutting and wear is desired for the development of a fine, 
high-luster finish on the deburred part. Performance of the abrasive 
medium is evaluated in terms of its cutting rate, wear rate, cutting 
efficiency, and the quality of f inish produced on the metal p art, 
which should be free of scratches. The cutting rate is the weight 
percent of me tal removed, the wear rate or chipping factor is the 
weight percent of media lost as nonrecyclable fines, and the cutting 
efficiency factor is the ratio of cutting rate to wear rate, with high 
values preferred. 

Very few ty pes of sandstone qua lify for use as grindstones, 
which require uniform h ardness and sharp, even grains. The rock 
must be cemented tightly enough to be sound and tough, but not so 
tightly cemented thatit glazes during use. Coarser grains grind 
faster but produce a rougher surface. Pulpstone also requires that 
the cement be weak enough to wear and per mit the har der quartz 
grains to pro trude. Coarse-grained sandstone produces wood fiber 
that can be too coarse (Bateman 1959). 


Electronics 


Quartz crystals for use in el ectronics and optics should weigh no 
less than 50 to 100 g (Kuzvart 1984). Piezoelectric-grade crystals 
should contain at least 16.4 cm? of flawless material (Lamey 1966). 
Even clear crystal is unfit if it is optically or electrically twinned or 
if it contains phant oms, cr acks, liquid b ubble inclusions, rutile 
fibers, or intergrowths with other minerals. Phantoms are growth 
outlines within a crystal that are commonly marked by very fine 
clay particles (Bates 1960). 

Pieces of quartz crystal that we igh 10 to 30 g and defective 
material trimmed from piezoelectric-grade crystals can be used as the 
nutrient in growing cultured (synthetic) quartz crystals if thei r iron 
and aluminum content is low enough. Crystal growers prefer to use a 
nutrient (i.e., lascas) that contains <50 ppm total impurities, although 
material cont aining 50 to 100 ppm = impurities can be used where 
requirements are less critical. Iron and aluminum are the most impor- 
tant contaminants because the y govern the amount of undesirable 
sodium and lithium that enters the crystal during the growth process. 

Nonpiezoelectric-grade pieces of ultr apure quartz that weigh 
10 to 30 g also can be fused and fabricated into optical fiber pre- 
forms (e.g., rods and tubing); p recision optical and electr o-optical 
blanks, billets, and prisms; sp ecialty lamp tubing; an d quartzware 
apparatus (e.g., crucibles) for semiconductor electronics and lab- 
ware applications (Kuzvart 1984). Manufacturing transparent fused 
quartz (vitreous silica or quartz glass) products requires a feed that 
contains less than 30 ppm (0.003%) total impurities; this means a 
silica co ntent of at least 99. 997%. Th e minimum silica purity 
required in manuf acturing opaque fused quar tz glass is 99.8% 
(Griffiths 1987b). 


Acid Tanks and Towers 


Blocks of sandstone and quartzite for lining acid tanks, towers, and 
trays are resistant toh ydrochloric and sulfuric ac ids, but not t o 
hydrofluoric or high-temperature phosphoric acids. Blocks should 

have good abrasion resistance, a crushing strength of 55 x 10? to 

70 x 103 kPa, and a transverse strength of 8.3 x 107 to 9.0 x 10 3 
kPa. Quartz and quartzite gravel used as a packing medium in acid 

towers must have low porosity (e.g., less than 3%), high crushing 

strength, high de gree of size uniformity, and high surf ace area per 
cubic meter. Gravel should be r esistant to dissolution by sulfuric 
acid and should have a neutral or slightly acid pH; a pH of 7.5 or 

higher can cause problems. Lo w porosity is required for low acid 
absorption, and a high crushing strength minimizes the generation 

of fines that can plug gas orifices and other equipment at the base of 
a tower. The packed bed of gravel should contain a large percentage 
of void space per cubic meter. 


Air Preheaters 


High-purity quartz ri ver gravel is used in th ree of the four layers 
that serve as a heat-transfer medium in the chambers of air preheat- 
ers. Gravel that is 12 to 15 mm in diameter is used for the bottom 
(first) layer, accounting for 5% of the weight of the bed. Gravel that 
is 3 to 5 mm in diameter is used for the second and topmost (fourth) 
layers, accounting for about 70% of the weight of the bed. Gravel 
must contain at least 99% SiO 9; it should be round so that the bed 
has sufficient void volume to allow adequate heat transfer and pres- 
sure drop. Angular fragments restrict air flow. Gravel also should 
have high thermal conductivity, high heat storage capacity, and high 
thermal efficiency (e.g., 98%) and be closely sized. 


Filtration 


Rapid gravity filters at muni cipal water treat ment plants cont ain 
quartz gravel 2.54 cm in diameter at the base, grading upward to 
3.2mm at the top, fora total be d thickness of 30.5to 45.7 cm. 
According to American Water Works Association Standard B100-01 
(AWWA. 2001) specif ications, on ly u ncrushed media can be 
approved f or mu nicipal filtration in stallations. The media should 
contain <25% flat or elongate fragments having length:width ratios 
of 5:1 or more. Crushed rock is angular, so it tends to interlock, as 
do elongate fragments, in a filter bed. When the bed is backwashed 
periodically to flush out entrained sediment, media fragments that 
are locked together will erupt. Round quartz gravel does not inter- 
lock and pro vides the 35 % to 40 % void space required in a f iltra- 
tion bed. Although gravel need not be of high chemical purity, it 
should ha ve high specif ic gravity, tolerance of acid and alkaline 
source w aters, chemical ine rtness, goo d me chanical stre ngth t o 
maintain particle shape during loading and compaction, high coeffi- 
cient of uniformity of size, and an effective size that meets filter 
specifications. 

Trickle filter installations use silica rock thatis —11.43 + 
3.81 cmas the support medium on which bacteria are grown for 
digesting raw sewage sludge. The rock should be of high chemical 
purity (e.g., >98% SiOz), but not necessarily high density. It should 
be angular so that it has high surface area. Filter beds used in drying 
sewage sludge for compost applications require silica gravel with a 
high coefficient of size uniformity and a particle size of between 
3.2 and 12.7 mm. Gra vel that is +15.9 mm in diameter is used in 
septic leach fields. 


Refractories and Other Uses 


Quartzite (ganister), quartz gravel, and vein quartz used in manufac- 
turing refractory products usually are crushed to between —3.81 cm 
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and —2.38 mm an d must be lo w in iron, alkali, an d phosphorus 
impurities. The stone must have low porosity after being fired at 
1,500°C. Fin e-grained qu artzites usually have lower por osity than 
coarse-grained quartzites after firing. Even more stringent chemical 
specifications apply to novaculite used in producing special vitreous 
silica refractory materials. The be st quality no vaculite for this pur- 
pose, fro m Arkansas, contains 99.19% SiO 2; 0.02% to 0.03% 
Fe203; 0.10% to 0.25% Al2O3; and 0.043% Na 20+ K2O andis 
crushed to —3.81 + 1.27 cm. 

For use as aggregate in furan polymer concrete, where it is 
loaded at 90 wt %, silica rock must be angular but can range from 
44 nm to 6.35 mm. 


USES 
Electrometallurgy 


Specialty silica g ravel and lu mp metallurgical-quality qua rtz are 
used in the production of silicon me tal and silicon alloys and as a 
flux inthe smelting of el emental phosphorus, iron, nick el, zinc, 
copper, and lead. 

Depending lar gely on the purity of the si lica fee d, s ilicon 
metal is produced in electronic grades for semiconductor markets, 
in chemical grades for manufacturing silicones and silanes, and in 
metallurgical grades for secondary aluminum refining. Con sump- 
tion of quartz raw material ranges from 2.6 to 3.5 t per finished ton 
of 96.0% to 99.7% Si metal. 

Although FeSi is produced in at least six different grades rang- 
ing from 20% to 95% Si, standard grades ar e 50% Si (typically 
48%) and 75% Si (typically 76%). In addition to silica rock, the 
charge to an electric furnace consists of coal, coke, or charcoal as 
the reductant, wood chips to provide porosity, and steel scrap or iron 
ore as the source of iron. Consumption of quartz ra w material per 
finished ton of alloy ranges from 1.05 to 1.1 t for 45% to 50 % FeSi, 
from 1.7 to 2.0 t for 75% FeSi, and from 2.3 to 2.5 t for 90% FeSi. 

Steelmaking c onsists of el ectric furnaces that remelt sc rap, 
blast furnaces that reduce iron ore pellets to pig iron, and basic oxy- 
gen furnaces (BOFs) that con vert iron into steel. The principal use 
of silica rock in steelmaking is as an acid flux and slag conditioner 
at blast furnace operations. Its functions are (1) to correct, balance, 
or otherwise adjust the basicity rat io (CaO:Si Oz) of the burden 
when too much lime has be en charged; (2) to raise the volume of 
slag sufficiently to ensure complete removal of sul fur and alkalis; 
and (3) occasionally to clean the furnace. Electric arc furnace mini- 
mills are operated with a basic, not acid, furnace environment, so 
they use lime or d olomitic lime and fl uorspar instead of sil ica as 
fluxes. In remelting scrap, they do use alloys such as 75% FeSi and 
silicomanganese (SiMn). For more complete discussions on flux es 
in steelmaking, the reader is referred to the chapters on metallurgi- 
cal fluxes in this volume. 

Elemental phosphorus is still produced in the United States in 
Idaho. It is manuf actured by f irst nodularizing beneficiated phos- 
phate sand in rotary kilns, then smelting the nodules to elemental 
phosphorus in electric furnaces charged with fine coke and qu artz 
pebbles. 


Abrasives 


Novaculite from Arkansas an d sile x from B elgium are cut in to 
whetstones, oilstones, hones, files, and other special shapes for res- 
idential, industrial, leisure, and craft uses. Residential uses in clude 
sharpening kitchen knives and ot her cutl ery such as sc issors, 
shears, and lawn and garden tools. Industrial uses include sharpen- 
ing and honin g cuttin g surf aces; and polishing metal su rfaces in 
watch and clock manufacture and repair, in gun and reciprocating 

jet engine manufacture and repair, and in tool and die work. Leisure 


applications include sharpening sports kn ives, arro wheads, f ish- 
hooks, and spear points. Craft applications include gun engraving, 
jewelry making, shar pening woodcarving tools, and oth er engrav- 
ing (Austin 1991). Hard Arkansas whetstones are used for fine fin- 
ishing and edging work, whereas Ouachita Stone whetstones are 
used in coarse sharpening of large tools such as scythes. 

Price lists from Arkansas novaculite producers usually contain 
four grades, about a dozen shapes, and hundreds of different sizes of 
cut stone pro ducts. Grades are Soft Arkansas for medium w ork, 
Hard Select Arkansas for f ine work, and True Hard Arkansas and 
Translucent for e xtra-fine w ork. The most popular grade is Soft 
Arkansas, which is used by woodcarvers, sportsmen, butchers, com- 
mercial knife sharpeners, and hom emakers. The Translucent grade 
is used mostly fo r obtaining an e xtremely fine polish o n industrial 
and sur gical instruments. Shapes include bench stones; triangular 
and square files; special round, flat, bevel, diamond, and oval files; 
slip stones; carving tools; pocket stones; penknife pieces; and hones. 

Oilstones for fine sharpening have been mad e f rom fine- 
grained sandstone quarried in Oh io. Waste from whet stone ope ra- 
tions in Ark ansas is used as an abrasive medium in wet (vapor) 
pressure blasting; as a grinding and deburring medium; as a 74-um 
loose-grain abrasive for cleaning printing press plates; and in the 
manufacture of cuticle stone. A large U.S. producer of cuticle and 
coaster stones in Bedford, Indiana, has used a patented process that 
uses epoxy resins to bond scrap novaculite, wh ich ha ve been 
ground to 149 and 74 pm. 

Pretumbled no vaculite of n on-whetstone-grade an d han d-cut 
quartzite cubes are used in barr el tumbling and vi bratory machines 
for light burr, rust, and scale removal, radius formation, cleaning, and 
degreasing. Applications include the refining, burnishing, and high- 
luster finishing of cast and punched parts made of mild st eel, hard- 
ened steel, yellow brass, aluminum, and stainless steel. Additional 
applications include deflashing, degating, and deburring of cast an d 
extruded po lytetrafluoroethylene (PTFE) r ings an do ther plastic 
parts. Rough, untumbled, and unrounded media are seldom used. 

The deburring market is highly diverse and fragmented, rang- 
ing from numerous small tool and die shops to huge metal casting 
foundries and stamping operations in the automotive and aerospace 
industries. The U.S. abrasive media market consists predominantly 
(+99%) of wet (versus dry) deburring operations. A typical 0.57-m? 
vibratory machine uses a 907-kg load of ab rasive med ia and 
requires nearly 23 kg per day of new media, so the da ily makeup 
represents an a verage 2.5% of the media 1 oad. No vaculite is not 
suitable for use with complicated, intricate castings where abraded 
particles can lodge in blind holes and tight spots, but it can be used 
with lighter-weight, simpler castings. 

Quartzite (jasper) quarried in Minnesota and _silex (chalce- 
donic silica) produced in France are cut and shaped mechanically 
by hand into rectangular blocks that are used in lining tube or cylin- 
drical, tile-type ball and pebble mills. Grouted into place with high- 
alumina cement or epoxy resin loaded with alumina or silica, jasper 
linings seem to last indefinitely in mills used for grinding pyrophyl- 
lite, feldspar, high-purity quartz, industrial silica flour, talc, g yp- 
sum, clays, and wollastonite, for example. They are used primarily 
where iron contamination from metal alloy liners or alumina con- 
tamination from ceramic liner s cannot be tolerated . The same 
quartzite is cut into cubes that are prerounded and used as the 
grinding medium inc ylindrical or conical ball and pebble mills. 
Flint pebbles and silex (buhrstone) cubes from Texas, France, Bel- 
gium, England, and the former Yugoslavia also are employed for 
this purpose. 

Natural silica grinding media ha ve been rep laced to a large 
extent by high-density, high-alumina manufactured ceramic media. 
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They are still used for some nonmetallic minerals and ores, as men- 
tioned earlier, as well as for some metallic ores. They are preferred 
for fine grinding materi als that are sensitive to cont amination by 
discoloration, such as specialty coatings (paints), certain chemicals, 
ceramic glazes and enamels, or ganic pigm ents, whit e port land 
cement clinker, and t echnical ceramic raw materials (e.g., zircon). 
A major use for silica media is in grinding porcelain glazes and lac- 
quers, b ecause their use does no t cause the product to become 
cloudy during grinding. 

Although largely replaced now by synthetic abrasives, grind- 
stones made from fine-grained sandstone are still used for sharpen- 
ing edge to ols such as saws, machine knives, scythes, shears, and 
other harv esting and die-making — equipment. Har d sandstone, 
quartzite, and quartz pebble conglomerate have been used as mill- 
stones, which are large circular stones that include b uhrstone and 
chaser stone. True buhrstone is chalcedonic silica, and is used in 
grinding grain, paints , fertilizers, and gra phite. Chaser stone has 
been used for grinding feldspar, quartz, barite, and other nonmetal- 
lic minerals (Bateman 1959). Sandstone also is cut into pulpstones 
for grinding logs into pulp for paper manufacture. 


Acid Tanks and Towers 


At South Amherst, Ohio , sandstone (firestone) is quarried and cut 
into blocks or bricks used at steel mills for lining soaking pits, acid 
tanks, acid wash trays, and steel pickling tanks. The blocks also are 
used at chemical plants and foundries, by oil-field service compa- 
nies, and to line acid towers. Acid blocks cut from quartzite at Jas- 
per, Minnesota, are used mostly in the chemical industry. 

Acid towers usually are packed with ceramic media of various 
sizes and shapes, but can be packed with quartz or quartzite gravel. 
There are hundreds of application s for such towers, including the 
drying (dehydration) and purification of g ases such as chlorin e at 
chemical processing plants. Sulfuric acid or another acid is intro- 
duced at the top of a tower containing a packed bed of gravel, and it 
coats the surfaces of the packing as it trickles downward. Wet chlo- 
rine gas is then introduced at the bottom of the tower, and as it 
migrates upward through the packing, its water content is stripped 
by the gravel’s acid coating. 


Refractories 


Sandstone, quar tzite, qu artz pebb les, conglomerate, and non- 
whetstone-grade no vaculite are crushed and used as g anister in 
manufacturing refractory bricks, til es, ki In fu rniture, an d oth er 
shapes as well as ramming mixes, mortars, patching compounds, 
and other monolithic specialties. Such products are used in lining 
cupolas, ladles, Bessemer converters, metal-pouring shrouds and 
nozzles, crucibles, mixer cars, by -product coke oven doors, and 
blast furnace hot stoves and checkers at steel mills. They are used 
also in lining kilns for firing ceramic products andin_ the glass 
industry for lining glass tank crowns and re generator check ers. 
High-purity, non-whetstone-grade novaculite also can be fused in 
high-temperature rotary kilns to manufacture refractories. These 
water-quenched chunks of vi treous silica are crushed, closel y 
sized, and sold as shell and core sand to investment casting found- 
ries. Vitreous silica has ane xtremely low coefficient of thermal 
expansion and good dimensional stability at high temperatures. 


Electronics and Optics 


Natural electronic-grade quartz crystal was the principal form of 
quartz used ine lectronics and optics un til 197 1, when cultured 
(synthetic) quartz crys tal first predominated. Cultured crystal has 
now displaced natural crystal in nearly all applications. 


Lascas mining and processing in Arkansas ceased in 1997. No 
firms reported the produ ction o f cultured quartz crystalin the 
United States in 2004. Capacity for cultured quartz crystal produc- 
tion i n th e Uni ted Sta tes still e xists, an dit re lies en tirely on 
imported and stockpiled _lascas fo r f eed material. It requires 
between 1.3 and 1.4 kg of lascas to produce | kg of as-grown cul- 
tured qu artz. Cult ured q uartz crystal produ ction has increased 
steadily o ver the past several ye ars, espe cially in Asia (Dol ley 
2005). 

The worldwide consumption of further purified, lascas-grade 
quartz in the manufacture of specialty lamp tubing, fiber-optic pre- 
forms, prec ision optical and electro-optical d evices, and fu. sed 
quartzware for electr onics (e.g., semiconduc tor) and laboratory 
markets is easily 10 times the consumption of lascas in the cultured 
quartz industry. In the manufacture of vitreous silica or fused quartz 
products, the ratio of quartz feed to finished product ranges from 
1:1 to 3:1. Most of the production of fused quartz is con sumed in- 
house by manufacturers for applications such as laboratory ware in 
the manufacture of semiconductors and quartz tubes and rods as the 
raw material for fiber optics (O’ Driscoll 1997). 


Other Uses 


Air preheaters operate continuously at 1,165°C to 1,294 °C and are 
used in the thermal dest ructionof volatile or ganic compound s 
(VOCs) present in offgases from industrial facilities such as painting 
booths. Their heat-transfer chambers are equipped with perfor ated 
plates at the bottom, above which are placed four layers _ of he at- 
transfer media. The bottom (first) layer consists of coarse qu artz 
gravel, the second and top (fourth) layers consist of finer quartz, and 
the third layer, where the hea ting elements are installed, consists of 
synthetic mullite aggregate. Altogether, the four layers constitute a 
bed averaging approximately 30 t of media in each preheater. 

Applications for specialty silica stone in water filtration range 
from rapid sand or rapid gravity filters to trickle filters and drying 
beds. The former is used to purify municipal water supplies, and the 
latter is used to filter municipal sewage sludge used as compost at 
mushroom farms and for other agricultural purposes. Water filtra- 
tion applications also includ eco mmercial andi ndustrial wat er 
treatment installations a nd se ptic le ach fields. The second and 
fourth quarters usually are the annual peaks for filter media sales. 
Another filtration application of quartz gravel is for cleaning gases 
during silicon carbide manufacture, where it is placed as a lining on 
the floor of electric furnaces. 

Other commercial applications for specialty silica rock, often 
produced as a by-product, include the following construction prod- 
ucts: roofing granules and chip s; decorative, exposed, semi-light- 
weight aggre gate in precastc oncrete panels and other white 
architectural concrete products; aggregate in polymer concrete used 
to protect co ncrete floor ing fr om acids; aggre gate bonded with 
epoxy resins to manuf acture curtain walls; aggregate for sub-base 
road construction; nonpolishing , skid-resistant aggre gate for 
asphalt highways; riprap and railroad ballast; and nonskid aggre- 
gate in the top coating of concrete flooring subjected to heavy wear 
such as from forklift traffic. 

Non-whetstone-grade n ovaculite is ground and used as an 
industrial filler or extender in latex paints, silicone rubber, and plas- 
tic casting, molding, and potting compounds (frits and glazes), such 
as for large electrical insulators. 

Miscellaneous uses include poultry, pigeon, and parakeet grit 
(mixed with crushed oyster shells); sandblasting sand; decorative 
landscaping and g arden stone; sodium sil icate manufacture; the 
polishing of electro nic mic rocircuit di ce pedestals; aq uarium 
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chips; aggregate for swimming pool plaster; and fine aggregate in 
abrasion-resistant linings. 


ECONOMIC FACTORS 


Production 


According to the USGS (Dolle y 2003), no vaculite from Ark ansas 
accounted for most of the v alue and quantity of specialty silica 
stone sold or used by U.S. producers in 2003. The Arkansas Geo- 
logical Commission (1999) listed 10 companies that produce whet- 
stone and oilstone in Arkans as. Th e USGS reported se ven 
producers of special silica stone in Arkansas ( Dolley 2003). The 
whetstone and oilstone indu stry in Arkan sas includes inte grated 
companies that quarry crude no vaculite and cut f inished products, 
companies that cut finished shapes from purchased crude stone, and 
companies that quarry and sell crude no vaculite or that produce 
pretumbled deburring media from purchased scrap. The USGS last 
reported the production of crude silica stone (in Ohio) for grind- 
stones in 19 98 (Bolen 1998 ). Finished specialty s ilica stone prod- 
ucts sold or used by U.S. producers in 2003 amounted to 513,000 t 
valued at $3.63 million, including grindstones, oilstones, and whet- 
stones (Dolley 2003). U.S. production of industrial silica gravel for 
electrometallurgical, filtration, and other specialty applications in 
2003 amounted to 1.14 Mt v alued at $15.3 million (Dolley 2003). 
Table 3 summarizes U.S. productio n statistics for several forms of 
specialty silica materials for 1999 to 2003 . Similar statistics for 
other countries are seldom published. 

In 1997 mining and processing of quartz lascas ceased in the 
United States (in Arkansas), and no U.S. firms reported the produc- 
tion of cultured quartz crystals in 2004. Cultured quartz crystal pro- 
duction capacity still exists in the United States using imported and 
stockpiled lascas as feed material. In the past several years, cultured 
quartz crystal was increasingly produced primarily in Asia. Elec- 
tronic applications accounted for most ind ustrial uses of quartz 
crystal; other uses included spec ial opt ical applications ( Dolley 
2005). 

In the United States, pro duction statistics for cultured quartz 
crystals were withheld toa void disclosing compan y proprietary 
data. T rade data for cultured quartz crystal a nd de vices with 
mounted quartz crystal are available, but lascas import data are not 
available. Exports of cultured quartz crystals (excluding mounted 
quartz crystals) totaled about 92 t, and imports (excluding mounted 
quartz crystals) totaled about 3 t in 2004. The United States is 
100% import reliant. Brazil, Germany, and Madagascar are report- 
edly the ma jor sources for lascas, and Canada is bec oming an 
increasingly important supplier . Other possible sources of lascas 
are China, South Africa, and Venezuela (Dolley 2005). 

U.S. production of industrial silica gravel for si licon metal 
and ferrosilicon manufacture in 2003 amounted to 594,000 t v al- 
ued at $8.49 million (Dolley 2003). Data for silica gravel used in 
filtration and nonmetallurgical flux applications were with held in 
2003 to a void disclosing company proprietary information. The 
USGS reported that silica g ravel pro duction un der the cate gory 
“Other uses, specified” amounted to 541,000 t valued at $6.8 mil- 
lion (Dolley 2003). Similar statistics for other countries are seldom 
published. 

Silica stone for which U.S. pr oduction statistics are una vail- 
able are (1) Arkans as novaculite used in manuf acturing si licon 
metal and allo ys, vitreous silica refractories, oil-field pr oppants, 
deburring media, and f illers; (2) quartzite quarried in Minnesota 
and South Dakota for ferrosilicon production, grinding mill pebbles 
and liners, and fluxstone; (3) high-purity quartz mined from pe g- 
matite and vein deposits in South Dakota and New Mexico for the 
manufacture of specialty glass products; (4) sandstone quarried in 


Table 3. Specialty silica stone production in the United States 
Specialty Silica Stone 1999 2000 2001 2002 2003 





Special silica stone, crude” 

Mine production, t 697 553 705 748 1,070 

Value, thousand $ 183 158 234 240 313 
Special silica stone, finishedt 

Sold or used, t 475 312 393 386 513 

Value, thousand $ 3,060 4,610 4,040 $3,740 3,630 
Lascas 

Mine production, t 0 0 0 0 0 

Consumption, t 128 146 ws WwW Ww 
Silica gravel” 

Sold or used, kt 1,940 1,660 1,060 1,420 1,140 


Value, thousand $ 28,900 24,400 17,600 19,400 15,300 
Adapted from Bolen 1999; Dolley 2001, 2002, 2003; Dolley and Bolen 
2000. 





* Includes grindstones, oilstones, whetstones, and deburring media but 
excludes grinding pebbles and tube-mill liners. 
ft Includes grindstones, oilstones, and whetstones but excludes grinding 
pebbles, tube-mill liners, and deburring media. 
t Excludes quartz consumed in the manufacture of fused quartzware. 
§ W = Withheld to avoid disclosing company proprietary data. 
** For silicon metal and ferrosilicon manufacture, filtration, flux, and other 


uses. 


Table 4. Average unit values of specialty silica materials produced 
in the United States 








Unit Value 
Specialty Silica Material 1999 2000 2001 2002 2003 
Special silica stone 
Crude, $/t 249 286 332 321 292 
Finished products, $/kg 6.44 14.76 10.29 9.69 7.08 
Silica gravel’ 
Silicon, ferrosilicon, $/t 18.33 17.81 17.23 14.69 14.30 
Filtration, $/t 17.71 23.36 22.03 31.31 40.08 
Nonmetallurgical flux, $/t 12.22 8.97 11.50 10.05 10.08 
Other uses, $/t 12.11 nat 12.99 na 9.07 
Overall average 14.67 14.69 16.57 13.66 13.47 


(silica gravel), $/t 


Adapted from Bolen 1999; Dolley 2001, 2002, 2003; Dolley and Bolen 
2000. 


* Calculated by using unrounded data 





tna = Not applicable 


Ohio for grindstones and lining acid tanks and to _wers; and (5) 
highly ref ined quartz grain produc ed fr om alaskite d eposits in 
North Carolina for the manufacture of fused quartz products. 
Pricing 
Table 4 shows the average unit values of specialty silica materials 
produced in the United States from 1999 to 2003. The values shown 
are heavily skewed toward whetstone-grade novaculite and do no t 
represent all specialty silica materials as defined in this chapter. 
Lascas production in Arkansas ceased in 1997. At that time, 
the USGS reported that the average value for la scas was $1.20/kg 


(Bolen 1998). The USGS estimated the average value of as-grown 
cultured quartz to be about $81/kg in 2003 . Similarly, the USGS 
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estimated the average value of lumbered quartz, which is as-grown 
quartz that has been processed by sawing and grinding, to be about 
$176/kg in 200 3. The U.S. Depa rtment of C ommerce ( DOC), 
which is the major government source of U.S. trade data, does not 
provide specific import or e xport statistics on lascas. Some lascas 
was imported from Brazil in 2003, according to some consumers 
(Dolley 2003). In previous years, the U.S. Census Bureau provided 
data on quartz crystal export and import quantities and values; that 
data included zirconia, however, which inadvertently was reported 
to be quartz crystal not including mounted piezoelectric crystals. 

Table 4 summariz es prices for silica gravel produced in the 
United States. Prices reported for silica gravel produced in silicon 
metal a nd f errosilicon m anufacture ranged from $4.5 3/t in the 
Midwest to $14.82/t in the South. Silica gr avel used in the filtra- 
tion market ranged from $33.14/t in the West to $51.43/tin the 
Northeast. The average price range for silica gravel in nonmet al- 
lurgical applications had a range of $9.99/t in the West to $16.53/t 
in the Midwest. The largest discrepancy in average price per ton of 
silica gravel was reported for the “Other uses, specified” category 
from $10.41 in the Mid west to $ 51.43 in the Nor theast (Dolley 
2003). The cost of transportation g enerally doubles the fr ee on 
board (f.0.b.) prices quoted by silica producers. Prices are slightly 
higher for larger sizes (e.g., 10.16 + 3.81 and —7.62 + 2.54 cm) 
than for smaller sizes (e.g.,—3.81 + 1.27 and —3.81 + 0.95 cm). Sil- 
icon metal and 75 % FeSi manu facture require higher purity and 
larger sizes, whereas less pure and smaller stone (e.g., inexpensive 
river gravel) can be used in producing 50% FeSi, silicomanganese 
(SiMn), ferrochromium silicon, and magnesium ferrosilicon. Blast 
furnace operations in the steel industry do not require high-purity 
silica rock as an acid flux, so they normally trim with river gravel 
that is dredge dor mined locall y and de livered at c ompetitive 
prices. Nonfe rrous met al smel ters ( e.g., elemental p hosphorus 
smelters) likewise are extremely sensitive to raw material pricing 
and do not require high-purity fluxstone. 

The value of crude Arkansas novaculite depends on its suit- 
ability for cutting it into finished whetstones and related products. 
Generally, Washita grade is less expensive than Black Hard Arkan- 
sas grade. Industrial files and special shapes are priced higher than 
sporting goods products. 

In 2003, silica stone product exports from the United States 
had av alue of about $7.8 million. Ex ports were categorized as 
“hand sharpening or polishing stones” by DOC and accounted for 
most of the silica stone pro ducts exported in 2003. The v alue of 
imported silica stone products was $6.3 million in 2003. These 
imports were hand sharpening or polishing stones, which accounted 
for most of or all the imported silica stone products in 2003. A por- 
tion of the finished prod ucts th at were imported may ha ve been 
made fro m crude no vaculite produced in the United States and 
exported for processing (Dolley 2003). 

Rounded flint pebbles from Fran ce, Belgium, England, and 
Denmark are available in as many as 12 sizes for use as grinding 
media in pebble mills. In the United States, they are priced accord- 
ing to the size the customer orders; small orders generally are more 
costly than bulk quantities. Also, the smallest pebbles command the 
highest prices because they are scarce; but they provide the fastest 
grind. Pricing also depends on whether the pebbles are of Standard 
or Select quality; the mo st popular pebble is Standard #1, which is 
—6.35 + 3.81 cm in size. 

Cut and pretumbled cubes of jasper (quartzite) from Minne- 
sota are now rarely used a s grinding media in pebble mills. Cut 
blocks o f Minnesota jasp er for ball and pebb le mil linings are 
priced higher if purchased through distributors rather than directly 
from the producer. Before the operation closed in 1988, pretumbled 


chunks of quartzite fr oma producer in W isconsin were sold as 
deburring media. Prices varied not by the size of stone but also by 
the size of the order, namely, less than 1,815 kg, between 1,815 and 
9,075 kg, and more than 9,075 kg. 

Round river gravel for use in water filtration is packed in 
22.68-kg, 45.36-kg, and 1-t bag s and shipped in lots rang ing from 
36 to 36,000 t. Prices of filter gravel vary with the stone size and 
whether it is sold direct to municipal waterworks, to contr actors 
who install water tre atment plants, or to manufacturers of f ilter 
plants. In the United States, round, high-purity quartz gravel for use 
in air preheaters also is priced similarly and packaged in 1,360-kg 
bags. 


Transportation 


The place value of spec ialty silica materials varies inversely with 
their market value. High-priced products such as whetstone- grade 
novaculite, lascas, fusing-grade lump quartz, flint grinding pebbles, 
silex and quartzite grinding-mill lining s, electronic-grade quartz 
crystal, and some metallurgical-grade lump quartz and quartzite are 
items of international trade. Some quartz gravel for water filtration 
also is exported. Lower-priced materials such as are used in refrac- 
tories, as fluxstone at ferrous and nonferrous metal smelters, and in 
the manufacture of some silicon alloys are shipped only to local or 
regional markets. 

Silica raw materials of me tallurgical-grade for sil icon metal 
and alloys production used to be obtain ed within 500 km of the 
smelter. Rising power costs have forced many electric furnace oper- 
ations to relocate closer to supplies of lo w-cost energy, and rising 
transportation costs ha ve forced oth ers to relocate c loser to steel 
mills. In both cases, silica rock now is hauled from mor e distant 
sources (Murphy and Bro wn 1985). Centers of ferroalloy produc- 
tion in Canada are located where hydroelectric power is available 
and comparatively inexpensive, for example, in Brit ish Columbia; 
near Welland, Thorold, and Niagara Falls, Ontario; and near Beau- 
harnois, Quebec. Major centers of _ fer roalloy produ ction in the 
United States are also where hydroelectric power is available, such 
as in th e Tennessee Valley Authority service territory (i.e., Ala - 
bama, Kentucky, Ohio, Tennessee, and West Virginia), the Niagara 
Falls, New York, area, and the Pacific Northwest (Washington and 
Oregon). 

Some U.S. manufacturers of silicon metal and alloys purchase 
(1) quartz gravel from North Carolina delivered in open-top, 
gondola-type railcars holding payl oads averaging 68 t (Peterson 
1976); (2) crushed Sioux quartzite delivered by rail or ri ver barge 
from South Dakota; or (3) high-purity novaculite delivered by low- 
cost river barge in 1,360-t payloads from Arkansas. Other manufac- 
turers, particularly those with operations located close to their silica 
source, prefer to re ceive just-in-time shipments by truck to mini- 
mize inventory costs. In an y case, electric po wer costs gener ally 
represent at least 33% of t he total direct operating cost for silicon 
metal production, whereas silica ra w materials account for about 
11% and 8% of the direct operating costs for ferrosilicon and sili- 
con metal manufacturing, respectively. Lump quartz from Spain is 
used in producing 75% FeSi an d silicon metal in Norw ay, where 
half its delivered price includes transportation. 


Alternative Materials 

Grinding-Mill Linings 

Pink granite from Salisbury and Faith, North Carolina, was once 
used in lining pebble mills, but it has been replaced by Minnesota 
jasper (quartzite), which is harder and tougher and can be shaped 
more accurately. Blocks of Minnesota jasper still are used for lin- 
ing tile mills at feldspar grinding operations. Hardinge mills for 
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grinding t alc and w ollastonite ar e 1 ined occasionally witht he 
lightest, BB grade of sile x (buhrstone) blocks measuring 25.4 to 
27.94 cm long, 10.16 cm wide, and 10.16 to 12.7 cm thick. Silex 
blocks from France and Belgium are not readily available and are 
very expensive, so they are seldom used today. 

Most ball and pebble mills are lined with ceramic materials, 
chromium-molybdenum steel allo ys, aluminum allo ys, fused alu- 
mina, or special rubber. Where an iron-free lining is required, natu- 
ral stone has been replaced largely by 5.08-cm-thick, single-piece 
porcelain ceramic liners that contain 27% to 74% Al203. Ceramic 
liners also are constructed with precast porcelain blocks set with 
special cements or epoxy resins. Th ey are used in grin ding paint, 
ceramic, and chemical materials. 


Grinding-Mill Media 


Manufactured abrasive media, including carbon steel and chrome 

alloy steel balls, glass beads, high-alumina porcelain balls, and zir- 
conia beads, have widely replaced flint pebbles, silex, and jasper 
chunks and cubes in ball and pe bble mills. High density, high- 
alumina, porcelain grinding media are manufactured as balls, discs, 
cylinders, and rods ranging from 1.59 mm to 7.62 cm in diameter 
with alumina content from 87% to 99%. They are made in various 
grades of hardness, which averages about 8 on the Mohs scale, and 
they have a specific gravity of 3.4, which is 40% to 50% of forged 
steel. Their bulk density averages about 2,210 kg/m, compared to 
1,680 kg/m? for Minnesota jasper. 

The prices of high-alumina ceramic grinding media depend on 
their size, shape, and Al203 content; small diameter sizes are more 
expensive than large diameter si zes. Smaller sizes are used for 
really fine grinding, for example, for inks, paints, and chemicals. 

Factors in choosing grinding abrasives include the price of the 
media, grinding speed, media wear or loss, product contamination, 
and mill lining wear. In most applications, high- alumina ceramic 
materials are the most cost-effective, explaining why they have cap- 
tured most of the grin ding media market. Their high specific grav- 
ity ensures high grinding speed, and their t oughness minimizes 
fracturing, wear, and loss. Although their high density can cause 
strain on mill bearings, they are longer lasting than Belgian silex 
pebbles, and their use usually extends the life of grinding-mill lin- 
ings. Feldspar producers typically experience a media loss of only 
0.55 kg per ton of gr ound feldspar. Some ground silica flou r pro- 
ducers use pr etumbled jasper (qua rtzite) cubes or flint pebbles in 
combination with high-density porcelain ceramic balls as a blended 
medium to reduce costs and the load on mill bearings. 

Forged steel and stainless-steel balls from 1.27 to 15.24 cm in 
diameter often are used where iron contamination of the product is of 
no concern. Zirconia grinding media have a high specific gravity and 
possess wear resistance similar to cera mic materials. Glass beads 
range in specif ic gravity from 2.5 for lead -free g lass to 2 .94 for 
leaded glass. They vary in diamet er from <1 to 15 mm. C hunks of 
recycled high-silica refractory brick have been used asa __ grinding 
medium, but they cause excessive wear to the mill lining at t he dis- 
charge end. In some instances the grinding medium (e.g., nepheline 
syenite) has been fabricated from the same rock as that being ground. 


Deburring Media 


As in the case of grin ding mill media, natural stone abrasives once 
used as deburring media have been displaced largely by manuf ac- 
tured products, including glass beads, fused aluminum oxide, high- 
alumina ceramic materials, stainless steel, and even plastics. Such 
media are used in vibratory and tumbling machines for the deburr- 
ing and surface finishing of stamped metal parts and foundry cast- 
ings, and for deflashing cast plastic parts. 


High-alumina ceramic and f used or sintered aluminum oxide 
tumbling media are manufactured in a variety of shapes, called pre- 
forms, including cones, tubes, pyramids, and stars. They are harder, 
tougher, and more abr asive than natural stone med ia and dono t 
present a silica hazard. The y also are produced in crushed and 
rounded form, called random shapes or nuggets. Their bulk density 
ranges from a low of 1,360 kg/m ? for ceramic media to ah igh of 
2,080 to 2,400 kg/m? for fused aluminum oxide. Pricing depends 
on the size of medium, its Al2O3 content, and the quantity ordered. 
Small sizes are priced 7.5% to 8.5% higher than large sizes. The 
higher the Al2O3 content, the faster the cutting ability and, there- 
fore, the higher its price; so the highest priced media are small, 
complex preforms having very high alumina content. Preforms hav- 
ing the highest Al 203 content cut fastest, but they have the lowest 
efficiency because of a high rate of wear. They are used in applica- 
tions where an extra-fast cutting rate is more important than media 
loss and composition. 

Ceramic media may be too aggr essive in some applications 
and not aggr essive enough in others. Poly ester plastic preforms, 
which are less aggressive, average | ,040 kg/m? in bulk de nsity. 
Prices for stainless-steel deb urring media tend to be higher than 
those for ceramic media. Emery and corundum also have been used 
as random-shaped, natural abrasive deburring media. 


Acid Tanks and Towers 


Extruded bricks can be used instead of silica pebble as a lining for 
acid towers. Bricks are composed of coarse, —0.84-mm silica sand 
plus ball clay or anor ganic binder. Special ceramic, pla stic, or 
metal materials can be used instead of quartz gravel as the packing 
medium for such towers. Plastic media are least expensive, but they 
are not wetted easily by acidsand can be used only with low operat- 
ing temperatures. Where operating temperatures are high, ceramic 
and special metal packing media are used. Ceramic materials are 
wetted more easily by acids and are less expensive than metallic 
media. 


Air Preheaters 


Instead of high-purity quartz gravel, most manufacturers of air pre- 
heaters use high-alumina ceramic particles to fill the metal cham- 
bers. Ceramic media are heated to high temperatures and serve as 
heat exchangers in stripping V OCs from industrial e xhaust gases 
that are blown through the chambers. 


Silicon Metal 


At East Selkirk, Manitoba, si licon metal is smelted from si lica 
sand instead of conventional metallurgical-grade quartzite. Silica 
sand is imported from the United States and is smelted in a plasma 
furnace to produce silicon metal for the m anufacture of si licone 
fluids, resins, and elastomers. 


Cultured Quartz 


As the seed fo r growing synthetic quartz crystals, plates cut from 
specially grown cultured seed crystals ha ve nearly replaced th ose 
cut from natural crystal. A slow deterioration of crystal grown from 
synthetic seeds requires that producers periodically start the process 
over with high-purity natur al seed plates. High-purity silica sand 
represents the major potential competitor to lascas as the nutrient in 
growing cultured quartz crystals. 


Whetstones, Hones, and Grindstones 


Natural abrasi ves ha ve been displaced by manuf actured ab rasive 
products made of materials such as fused aluminum oxide and sili- 
con carbide. In most applications synthetic materials last longer, 
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making them more cost-effective, although whetstones, hones, and 
oilstones made from Arkansas novaculite continue to fill a niche in 
the abrasives markets. S ome pul pstones st ill are f abricated from 
granite and other types of stone. 


GOVERNMENTAL CONSIDERATIONS 


Policies adopted by national governments can affect the availabil- 
ity, pricing, and consu mption of some spec ialty silica materials. 
The Brazilian go vernment, for example, established minimum 
prices for f irst-, second-, and third-quality Brazilian lascas in the 
export market, and in 1974 it embargoed shipments of lascas from 
Brazil. As a result, pric es inc reased nearly sixf old that year and 
nearly tenfold subsequently. This action led to lascas production in 
the United States, Angola, and Na mibia. Nationalization of lascas 
operations in Angola in 1979 and the civil war there ha ve inter- 
rupted supplies of Angolan lascas since 1980. 

In the past, the government of India follo wed policies that 
restricted exporting certain mine rals. Then, inthe early 19 90s, 
India began to promote its minerals for export to generate foreign 
exchange earnings (Russell 1991). 


Import Tariffs 


Lascas for g rowing cultured quartz crystals and manuf acturing 
fused quartzware products are imported into the United States free 
of tariffs for countries with normal trade relations. This applies to 
lascas de signated as crude Brazilian pebble from Brazil an das 
quartzite from Na mibia. No ta riffs are le vied on U.S. imp orts of 
other types of special silica stone such as flint or silex pebbles from 
Europe and metallurgical-grade quartzite from Canada. Although 
the Unit ed S tates is sel f-sufficient in indu strial sand and gra vel, 
Canada and Me xico are the largest U.S. trading part ners in this 
regard, main ly because of their proximity to U.S. mark ets. No 
import tariffs are imposed on industrial sands of 95% or greater sil- 
ica and not more than 0.6% iron oxide, or on industrial sand less 
than 95% silica. An ad valorem tax of 3% is le vied on imports of 
piezoelectric quartz. 


Depletion 


For industrial sand or pebbles, th e depletion allowance for fed eral 
income tax purposes in the United States is 14% for both foreign 
and domestic production. The rate allowed for natural electronic- 
grade (radio-grade) quartz crystal is 22% for domestic production 
and 14% for foreign production. 


U.S. Stockpile 


The United States designated natural electronic-grade quartz crystal 
as a strategic and critical material after World War II and purchased 
crystal from Braz il f or the Na tional De fense Stock pile (NDS). 

Since that time, the technology for growing synthetic quartz crys- 
tals has been developed and cultured quartz has now displaced nat- 
ural crystals in essentially all applications. As a consequence, the 
NDS inventory has been reduced periodically by selling e xcess 
material on the open market, primarily for specimen and gemstone 
uses. The federal government reported that sales from the NDS dur- 
ing 2003 amounted to about 97,240 kg of natural quartz crystal val- 
ued at $365,166. At the end of 2003, the NDS contained abo ut 
6,804 kg of natural quartz crystal (Dolley 2003). 


Environmental Regulations 


Most of the types of specialty silica materials discussed her e are 
essentially entirely crystalline silica, which in it s respirable form 
has been known to cause silicosis, a disabling pulmonary disorder. 
Ultrafine silica particles of about 0.5 pm are believed to constitute 


the greatest health hazard because their surfaces exercise a strong 
oxidizing effect com parable to that of ozone. This ef fect is espe- 
cially pronounced for quartz partic les thatha ve been recently 
ground, because f reshly fractured and e xposed surfaces are more 
chemically reactive than aged or weathered surfaces. 

The silicosis risk associated with crystalline silica has caused 
consumers in some markets to abandon them in favor of alternative 
materials, in large part because of a monograph issued in 1987 by 
the International Agency for Research on Cancer (I ARC). In that 
monograph, IARC classified crystalline silica as a Group 2A (L.e., 
probable) carcinogen in humans. The subsequent IARC data sheet 
listing suggested that all material safety data sheets for products 
containing 0.1% or more crystal line silica should contain a cancer 
warning. A number of federal and st ate age ncies in the United 
States adopted that suggestion and require ap propriate product 
labeling. 

The facts and issues in volved in the current cryst alline silica 
debate are too man y and too complex to be analyzed meaningfully 
here. They are addressed in more de tail in other chapters of this v ol- 
ume, and they have had an adverse impact on demand for silica stone 
products. Because of the ongoing controversy, fore xample, one 
major U.S. manufacturer of abrasive media refused to introduce and 
market a ne w line of no vaculite-based deburring media, despit e the 
fact that more than 99% of all deburring operations are carried out in 
an aqueous environment where essentially no dust is generated. 


PROBLEMS AND FUTURE TRENDS 


The outlook fo r specialty silica ma terials, with thee xception of 
ultrapure quartz grain and lascas, is not particularly attractive. Man- 
ufactured materials ha ve already displaced natural silica in most 
abrasive and other industrial appl ications and can be expected to 
slowly penetrate the niches that remain, especially at the high end 
of the price range. This applies to novaculite for whetstones, hones, 
oilstones, an d deb urring media; sandstone as grin dstones and 

blocks for acid tank linings; quart z pebbles for acid tower linings 
and packing media and as the heat-transfer medium in air preheat- 
ers; quartzite and sile x as bloc ks for grinding- mill linings and as 
pretumbled cubes for grinding and deburring; and pebbles of flint 
and silex as grinding-mill media. 

At the low end of the price range, quartz gra vel should con- 
tinue to experience modest growth in demand for use in water filtra- 
tion, partly because it faces little competition from c ost-effective 
substitutes. T here are likewise fe w sub stitutes for quartz gravel, 
quartzite, and perhaps high-quality novaculite for use as flux es in 
ferrous and nonferrous metal smelting and as raw materials in the 
manufacture of sili con metal and various silicon alloys, although 
these end-use industries are typically highly cyclical. 

Until means are devised for us ing high-purity silica sand 
instead, lascas sh ould continue to be the unco ntested feed stock in 
producing cultured quartz crystals for optics and electronics, partic- 
ularly for p roducts such as personal computers, electronic games, 
and cellular telephones. The markets for cultured quartz, and there- 
fore lascas, are some what cyclical but should e xperience a higher 
rate of growth than most other markets for naturally occurring, spe- 
cialty silica materials. 

Overall annual growth in filtration markets is about 1% to 2%. 
Much of the growth is from demand in Eastern Europe, Asia, South 
America, and Central America. Mature markets in the United States 
and Western Europe also will continue to grow. Silica sand in rapid 
gravity filtration grew about 5% between 2001 and 2002. Pressure 
vessel and slow filter bed markets remained static (Taylor 2004). 

The str ongest rate of growth in demand should be e xperi- 
enced by ultrapure, fusing-grade quartz grain for speci alty glass 
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and f iber-optic, pr ecision op tical, semicond uctor, high- intensity 
lighting, el ectro-optical, and 1 abware a pplications. Competi tion 
from synthetic silicas will intensify in these high-tech markets as 
the need for raw materials of higher and higher chemical purity 
intensifies. Th is ne ed is dr iven lar gely by the trend to higher- 
capacity memory devices in the semiconductor industry, but also 
by developments in fiber-optic comm unications. Ult rapure syn- 

thetic silica is produced by Sol-Gel technology, and c ommercial 
production of synthetic fused silica con taining less th an 2 ppm 

total impurities (including hydroxyl and chlorine ions) also is pro- 
duced in the United States. 

Although few commerci al appl ications for specialty si lica 
materials generate sign ificant amou nts of cr ystalline silica du st, 
silicosis a nd carci nogenicity i ssues will cont inue to adversely 
affect future market demand for these products. Producers willing 
to accept this situation should focus on developing resources of 
lascas, ultrapure qua rtz grain, filtration-grade quartz gravel, and 
metallurgical-grade quartzite that are 1 ocated close to geographi c 
concentrations of major consumers. 


ACKNOWLEDGMENTS 


The author ackno wledges the original work of A.F. (Frank) Also- 
brook, who wrote the Specialty Materials chapter in Industrial Min- 
erals ands Rocks, 6th edition. This edition borrows liberally from 
the original chapter, for which the author is greatly appreciative. 


BIBLIOGRAPHY 


Alsobrook, A.F. 1992. Coleman Quartz Inc—wNo vaculite for th e 
Ferrosilicon I ndustry. SME _ Preprint 92-119. Littleton, CO: 
SME. 

. 1994. Silica: Specialty materials. Pages 893-911 in Indus- 
trial Minerals and Rocks. 6th edition. Edited by D.D. Carr. Lit- 
tleton, CO: SME. 

Arkansas Geological Commissi on. 1999. Miner al p roducers of 
Arkansas. A vailable from http:// www.state.ar.us/agc/producer. 
htm#Whetstones%20and%20Oilstones. Accessed August 2005. 

Austin, G.T. 1991. Abrasive materials. Pages 103-136 in Minerals 
Yearbook 199]. Volume I, Metals and Minerals. Washington, 
DC: U.S. Bureau of Mines (USBM). 

AWWA (American Water Works Association). 2001. AWWA Stan- 
dard for Gr anular Filter Material. AWWA B100-0 1. Denver, 
CO: AWWA. 

Bateman, A.M. 1959. Abrasives and abrasive minerals. Pages 821- 
833 in Economic Miner al Deposits .2nd_ edition. Ne w Y ork: 
John Wiley. 

Bates, R.L. 1960. V ein and replacement minerals. Pages 269-305 
in Geology of the Industrial Rocks and Miner als. New Y ork: 
Harper and Brothers. 

Benbow, J. 1989. Belgium— An industry profile. Industrial Miner- 
als 260:23—-40. 

. 1990. New Zealand’s mine rals—For do mestic consump- 
tion. Industrial Minerals 273:19-35. 

Bolen, W.P. 1998. Quartz cry stal—industrial. P ages 132-13 3 in 
Mineral Commodity Summaries 1998. Reston, VA: U.S. Geo- 
logical Survey (USGS). 

. 1999. Silica. P ages 67.1-67.20 in Minerals Y earbook 
1999. Volume I, Metals and Minerals. Reston, VA: USGS. 

Callahan, J.E., and J.R. Craig. 1990. The potential for heavy miner- 
als in the Lilesville, North Carolina, sand and gravel deposits. 
Pages 39-44 in Proceedings of the 24th Forum on the Geology 
of Industrial Minerals. Edited by A-J.W. Zupan and A.H. May- 
bin III. Columbia: South Carolina Geological Survey. 











Christie, A.B., C.J. Douch, B.J. Winfield, and B.N. Thompson. 
2000. New Zealand’ s industr ial mineral potential. Industrial 
Minerals 394:66-77. 

Clarke, G. 1984. Ind ustrial minerals in the UK—An 0 verview of 
recent developments. /ndustrial Minerals 206:21-47. 

Clarke, G.M., editor . 1987. Industrial Miner als Director. 1st edi- 
tion. Surrey, UK: Metal Bulletin Books. 

Dolley, T.P. 2001 . Silica. P ages 67.1-67-7 in Minerals Yearbook 
2001. Volume I, Metals and Minerals. Reston, VA: USGS. 

. 20 02. Silica. P ages 67.1-67.17 in Minerals Y earbook 

2002. Volume I, Metals and Minerals. Reston, VA: USGS. 

. 20 03. Silica. P ages 66.1-66.23 in Minerals Y earbook 

2003. Volume I, Metals and Minerals. Reston, VA: USGS. 

. 2005. Quartz crystal—indu strial. Pages 131-132 in Min- 
eral Commodity Summaries 2005. Reston, VA: USGS. 

Dolley, T.P., and W .P. Bolen. 2000. Silica. P ages 68.1— 68.18 in 
Minerals Y earbook 2000. Volume I, Met als and Mi nerals. 
Reston, VA: USGS. 

Ferrell, J.E. 1985. Pages 641-646 in Quartz Crystal, Mineral Facts 
and Problems. Bulletin 675. Edited by A.W. Knoerr. Washing- 
ton, DC: USBM. 

Georgiades, G. 1988. Greek raw materials for the glass and ceram- 
ics industry. Industrial Minerals 247:135-141. 

Griffiths, J. 1985a. Hellenic industrial minerals. Industrial Minerals 
208:19-39. 

. 1985b . Spain ’s industrial minerals. Jndustrial Miner als 

217:23-63. 

. 19 87a. P akistan’s minera | potential—Prince or pauper? 

Industrial Minerals 238:20-43. 

. 1987b. Silica—Is the choice crystal clear? Industrial Min- 

erals 235:25—43. 

. 1989. South Af rica’s minera ls—Diversity in adv ersity. 
Industrial Minerals 263:18-53. 

Guillet, G.R., and J. Kriens. 1984. Pages 99-124 in Silica, Ontario 
and the Mineral Filler Industry. Industrial Mineral Background 
Paper No. 5. Ontario Ministry of Natural Resources. 

Hamilton, W .N., and Z.D. Hora . 1987. Opportunities e xist for 
industrial m inerals development in British Colu mbiaa nd 
Alberta. Mining Engineering 39(12):1061—1067. 

Harben, P. 1983. Tripoli and n ovaculite—The little kno wn rela- 
tions. Industrial Minerals 184:28-32. 

. 1991. Sri Lanka—Freeing its mineral potential. Industrial 
Minerals 280:45-51. 

Herath, J.W. 1990. Sri Lanka’s minerals and national development. 
Industrial Minerals 270:133-135. 

Holbrook, D.F., and C.G. Stone. 1979. Arkansas novaculite—A sil- 
ica resource. In /3th Annual Forum on the Geology of Industrial 
Minerals. Reprint, Arkansas Geolo gical Commission. Circular 
79 (1978). Norman: Oklahoma Geological Survey. 

Hruska, J. 1991. Czechoslo vakia’s minerals—Production, reserves 
and exploration. Industrial Minerals 289:49-53. 

IARC (International Agency for Research on Cancer). 1987. Silica 
and some silicates. [ARC Monographs 42(7). 

Ibrihim, S.S. 2002. Egyptian sili ca: Current status and profitable 
trends. Industrial Minerals 412:34—-37. 

Indian Bureau of Min es. 2004. Available from http://ibm.nic.in. 
Accessed August 2005. 

Industrial Minerals. 2001. White Rock qua rtz-kaolin-mica. Indus- 
trial Minerals 436:71. 

. 2004. Minerals from Chennai. /ndustrial Minerals 437:55. 

Jaster, M.C. 1957. Selected Annotated Bibliography of High-Grade 
Silica of the United States | and Canada Thr ough December 
1954. Bulletin 1019-H. Reston, VA: USGS. 





























© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


858 Industrial Minerals and Rocks 





Keller, W.D., C.G. Stone, and A.L. Hoersch. 1984. The geologic 
significance of textures of Paleozoic chert and novaculite in the 
Quachita Mountains of Arkansas and Oklahoma. Pages 87-89 
in Contributions to the Geology of Arkansas. Volume 2. Miscel- 
laneous Publication 18-B. Litt le Rock: Arkansas Geological 
Commission. 

Kuzvart, M. 1984. Deposits of industrial minerals, and deposits of 
industrial rocks. P ages 122-352 in Industrial Min erals and 
Rocks. Amsterdam: Elsevier. 

Lamey, C.A. 1966. Mica, feldspar , nepheline sy enite, and quartz. 
Pages 4 54-466 in Metallic and Industrial/Mineral Deposits . 
New York: McGraw-Hill. 

Murphy, G.F., and R.E. Br own. 1985. Pages 713-728 in Silicon, 
Mineral F acts and Pr oblems. Bulletin 675. Ed ited by A.W. 
Knoerr. Washington, DC: USBM. 

Murray, R. 1989. Namibia’s mineral potential—independence bright- 
ens development prospects. /ndustrial Minerals 266:85-89. 

. 1991. Namibia’s industrial minerals. /ndustrial Mine rals 
288:97-103. 

Ober, J.A. 1992. Quartz crystal in 1991. Mineral—Industry Surveys. 
Annual Preliminary Preprint. Washington, DC: USBM. 

O'Driscoll, M. 1997. Fused sili ca: Switch ed on by _ electronics. 
Industrial Minerals 355:49-59. 

Peterson, P.M. 1976. Silica rock in the Northwest. P ages 93-97 in 
11th Industrial Minerals Forum. Special Publication 74. Butte: 
Montana Bureau of Mines and Geology. 

Prud’homme, M., and D. Francis. 1986. The Refractories Industry. 
Mineral Poli cy Se ctor Inte ral Rep ort MRI 86 /4. Otta wa: 
Department of Energy, Mines and Resources. 





Rice, W.L., D.C. Lawson, and R.B. Berg. 1989. The mineral indus- 
try of Montana. P ages 239-248 in Minerals Y earbook 1987. 
Volume 2. Washington, DC: USBM. 

Robbins, J. 1986. Italy’ s industrial minerals. Industrial Mine rals 
231:19-50. 

Russell, A. 1990. The Swedish mi nerals indu stry—Seeking fresh 
horizons. Industrial Minerals 271:35-55. 

. 1991. India: A treasure tro ve of minerals— Lifting the lid 
on exports. Industrial Minerals 287:17-33. 

Sholes, M.A. 1977. Arkansas no vaculite stratigraphy. Pages 1 39- 
145 in Proceedings of the Symposium on the Geology of the 
Ouachita Mountains . Volume 1. Edited by C.G. Stone. Little 
Rock: Arkansas Geological Commission. 

Simandl, G.J., D. Jakobsen, and P.S. Fischl. 1992. Refractory min- 
eral resources in British Columbia, Canada: A fresh look. Indus- 
trial Minerals 296:67-77. 

Sims, C. 1998. Spanish silica sand. Industrial Minerals 366:20-22. 

Smith, M. 1984a. Qu artz crys tal—Currently sparkling. Industrial 
Minerals 203(August):19-25. 

. 1984b. Quartz in Brazil. Industrial Minerals 204:111. 

Steuart, C.T., D.F. Holbrook, and C.G. Stone. 1984. Arkansas nova- 
culite: Indians, whetstones, plastics and beyond. Pages 119-134 
in Contributions to the Geology of Arkansas. Volume 2. Miscel- 
laneous Pu blication 18-B. Li ttle Rock: Arkansas Geological 
Commission. 

. 1985. Arkansas No vaculite: Indians, Whetstones, Plastics 
and Beyond. SME Preprint 85-87. Littleton, CO: SME. 

Taylor, L. 2004. Clear winners. Industrial Minerals 436:46—-49. 











© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


DE a, A 





Te A ee 


Soda Ash 


Ken Santini, Ted Fastert, and Ray Harris 


INTRODUCTION 

Soda ash is the common name for sodium carbonate (NazCO3), an 
alkali compound that is one of th e largest inorganic chemicals in 
terms of production of all domestic inorganic and or ganic chemi- 
cals, e xcluding p etrochemical f eedstock. Although most p eople 
have never heard of soda ash, it is an important industrial com- 
pound used to manufacture glass, chemicals, soaps and detergents, 
pulp and paper, and many other familiar consumer products. People 
have used natural alkalis for thous ands of years; their industrial 
manufacture began in the last half of the 18th century. 

Natural deposits of sodium carbonate were exploited as early 
as 3500 BC, when the ancient Egyptians used natural soda ash in 
making glass. They also mixed lime and soda ash to make sodium 
hydroxide (caustic soda), which was combined with silicate miner- 
als from the Sinai Desert. This made soluble silica that, when added 
to aluminum-rich silt from the Nile River, produced silica-alumi- 
nate cement mortar with excellent bonding properties for construc- 
tion. Romans in the Ist century AD also used natural so da ash in 
glass manufacture but expanded its use to treat colic pains and skin 
eruptions and to make bread. 

Elsewhere, people obtained alkali from wood ash. They learned 
over time that different types of wood yielded various ashes with dif- 
ferent properties; therefore, various plants were burned specifically 
for their ashes. Ash from plants grown in salt-bearing soils (such as 
saltwort) and from kelp and other seaweeds, especially Spanish bar- 
illa, were so different from ashes obtained from other vegetation that 
it became known as soda ash (because of its sodium content) versus 
pot ash, a potassium-bas ed alkali ash. About 13 tof barilla ashes 
produced 1 t of sodium carbonate and 14k g of iodine as a by - 
product. The difference between the two ashes was relatively obscure 
until Duhamel Dumonceau made the distinction clear in 1736. The 
term soda ash developed from common usage and is perhaps better 
known today than its synonym, sodium carbonate. A primary source 
of soda ashis trona,asod ium-carbonate—bearing mineral whose 
name is traced back to Arabic origin. Trona also is kno wn by other 
names such as urao (Venezuela), kaum (Nigeria), natron (from Greek 
nitron and Latin natrium), and szekso (Hungary). 

The b eginning o f the Industrial R evolution in Western 
Europe in the mid-18th century soon put a strain on the availability 
of raw materials to mee t consumer demands. One of these sc arce 
materials was soda ash. Because of the Se ven Years’ War with 
England andthe Napoleonic W ars wit h o ther p arts o f Eu rope, 
France could not obtain sufficient quantities of Spanish barilla or 
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other su pplies of vegetable alkali to mee t the gro wing demand. 
Efforts were needed to synthesize soda ash. In 1 775, the French 
Academy of Sciences offered a large prize of 2,400 1 ivres to any- 
one who could find an ine xpensive method to mak e soda ash. In 
September 1 791 at St. Denis, Nicolas Leb lanc (17 42-1806), a 
French c hemist, de veloped such a t echnique using salt, sul furic 
acid, coal, and limestone. The Fr ench Revolution interfered with 
its development and his patent and factory were confiscated, with 
Leblanc receiving only token compensation. Although Napoleon 
later returned the factory, Leblanc was not able to rai se enough 
capital to reopen it, and he committed suicide in 1806. A small but 
not particularly successful Leblanc process pla nt was established 
in England in 1814. It was not until 1823 in Liverpool, England, 
that the process first became commercially successful. The process 
was introduced in Germany in 1843 and in Austria in 1851 (Har- 
ness and Coons 1942). Soda ash production by the Leblanc pro- 
cess reached i ts peak of about 599.5 kt in 1880, a fter which i t 
began to decline as the Solvay process became more popular. The 
Leblanc process was used to alimited extent in Europe during 
World War I and had disappeared by World War II. 

The Solvay process, also known as the ammonia-soda process, 
was developed by brothers Alfred and Er nest Solvay in 1861 based 
on a concept by Fresnel that had been known since 1811. For the next 
50 years, implement ing t he con cept e vaded industrial chemists 
because no large-scale and economic means co uld be found to com- 
mercialize it. Although Erne st Solvay was unaware of the existence 
of an ammonia-soda concept, he solved the problem by using carbon- 
ating towers. The Solvay process produced soda ash from salt, lime- 
stone, andcok e,withammonia asacatalyst.W itha capital 
investment of 136,000 francs, the Solvay brothers built the first plant 
at Couillet, Bel gium, in 1 863, and production be gan in 1865. Syn- 
thetic soda ash production was 1.5 tpd in 1866, and reached 10 tpd by 
1872. Car bonating to wers, pat ented in 1872, made ammo nia-soda 
manufacturing a successful continuous process. Their second plant 
was built in 1872 at Dombasle, France. In 1874, the first Solvay plant 
in England was built at Northwich by Ludwig Mond, the namesake 
of Brunner Mond and Co. (formerly Imperial Chemical Industries), 
the company that currently operates the two English Solvay plants. 

In the United States, William B. Cogswell in February 1879 
heard a presentation on the Solv ay process and sailed to Europe to 
meet with the So lvay brothers to seek their su pport for using their 
process in Ne w York. At f irst, the b rothers we re n ot int erested; 
Cogswell w as persistent, ho wever, and ultimat ely g ained their 
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support. The Solvay Process Co. was formed on September 21, 1881, 
and construction began immediately on the first Solvay plant at Ged- 
des, near Syracuse, New York. The plant went onstream on January 
10, 1884, and produced 11.18 kt in its first year of operation. In 1910, 
rotary calciners increased capacity to 1 ktpd. By 1930, plant capacity 
was up to 2.4 ktpd. The facility remained in continuous operation for 
more than 100 years. B y 1939, 10 Solvay soda ash plants were in 
operation in 6 states. The Syracuse plant ceased production on Janu- 
ary 6, 1986, and officially closed by February 1986. Ironically, this 
facility was the first Solvay plant as well as the last. Other than pro- 
duction from the first Solvay plant, most U.S. soda ash supplies dur- 
ing the 19th century came from imports. The remainder of the US. 
supply was obtained from small natural soda ash deposits in Nevada 
and California that served western consumers. 

The first commercial natural soda ash operation in the United 
States began in Nevada in 1868 at the Ragtown Soda Lakes, better 
known as Big Soda Lake and Little Soda Lake, which are the rem- 
nants of extinct volcanoes about 7 km west of the present town of 
Fallon. Asa L. Kenyon, a pioneer who settled in the area in 1855 to 
sell provisions to settlers passing through, acquired the lake proper- 
ties and in 1868 sold the smaller lake to Higg ins and Duffy, who 
sold it to a San Francisco group kn own as Doe and Dowd. Little 
Soda Lake was primarily dry most of the year and reportedly had a 
mass of crystallized sodium carbonate on its surface that was more 
than 10 m thick, whereas Big Soda Lake was filled with water that 
was saturated with man y salts, including sodiu m carbonate and 
borax. 

Two types of solar pro cesses produced the soda ash—a sum- 
mer process in which trona precipitated in evaporation ponds on the 
perimeter of the lakes with soda ash being the final product, and a 
winter proc ess in whic h natron precipitated with t hermonatrite 
being the final product. Soda ash production from Little Soda Lake 
averaged about 300 tpy, whereas output from Big Soda Lake, which 
began operation in 1875, averaged about 450 tpy. Most of the soda 
ash was sold to miners in Virginia City, Nevada, to treat silver ore 
and to soap m anufacturers in Reno, Nevada. Soda ash also was 
bagged and transported to Hazen, Nevada, where it was shipped by 
rail for $19/st to San Francisco for fur ther refining, after which it 
sold for between $55 and $65/st. 

With the be ginning of the Ne wlands Reclamation Project in 
1902, the lak eb rines were increasingly diluted by infiltrating 
groundwaters from the Truckee—Carson irrigation project that con- 
veyed water to California. By the end of 1 907, the brines were so 
dilute that soda ash produ ction became impractical and rising lake 
levels began co vering the evaporation ponds and b uildings. The 
soda ash producers brought claims against the U.S. government on 
June 17, 1917, citing that they believed there was a direct correla- 
tion between the f looding of thei r operations and _ the irrig ation 
project, and that the government should be responsible for damages 
of $205,000. On April 7, 1919, the U.S. Court of Claims decided in 
favor of the government. After years of appeals and investigations, 
which ultimately proved that the canals were responsible for the ris- 
ing lake levels, the case was resolved on November 21, 1921, with 
the U.S. Supreme Court ruling in favor of the government. The case 
was a landmark decision because it set a ne w legal precedent that 
“... the government is not liable for all actual damages resulting 
from public improvements, but only for such damages as inevitable 
to result and which with due diligence and expert study could have 
been anticipated” (San Francisco [CA] Bulletin 1921). The fact that 
the soda ash producers g ave arigh t-of-way to the government 
before 1907 was the main reason why they lost their case (Taylor 
1987-1988). The right-of-way stated “that in consideration of th e 
premises, the first party hereby releases the second party fro m all 


claims and damages fo ren try, survey, o rco nstruction of said 
works” (U.S. Supreme Cour t Case Nos. 26 and 32: John Hor st- 
mann Co.v.U.S. and Natron Soda Co.v .U .S., October Term, 
1921). 

More than 85 years have passed since Big an d Little Soda 
Lakes were flooded. Today, the two lakes lie quietly in the virtually 
barren landscape of western Nevada. No traces remain of the first 
natural soda ash operation in the United States except at the bottom 
of Big Soda Lake, which sometimes is explored by local di vers to 
see the remains of the wooden buildings, rusting steam tractors, and 
beehive ovens that once produced soda ash. The site has been nom- 
inated for the National Re gister of Historic Places, a fitting tribute 
to this historic operation. 

Natural sodium car bonate w as also observ ed in other areas 
besides Nevada. In 1835, the Reverend Samuel P arker crossed the 
Rocky Mountains and noticed Epsom salts on the land surf ace near 
Independence Rock, Wyoming. As early as 1849, Mormon pioneers 
are believed to have used the natural sodium bicarbonate occurring 
along the Sweetwater River in Wyoming for laundry and medicinal 
purposes. The Western Alkali Corp. began commercial development 
of sodium carbonate brines th ere, producing sal soda, or washing 
soda, in solar e vaporation ponds from 13 wells about 100 m deep. 
The operation ceased in 1920 because of high operatin g costs 
(Milani 1983). 

The largest natural deposit of tr ona known in the w orld is at 
Green River, Wyoming. The deposit was discovered accidentally in 
January 1938 when the Mountain Fuel Supply Co. was drilling for 
oil and gas (Lindeman 1954). The company abandoned the well as 
a dry hole, b ut the company’s geologist, William T. Nightingale, 
observed sodium carbonate in the drill cores at the well site. Core 
samples were sent to Roger C. Wells and Joseph J. Fahey of the 
U.S. Geological Surv ey (US GS), who v erified the presence of 
trona. In 1940 Robert D. Pike, a consulting chemical engineer, rec- 
ognized the economic potential of refining soda ash from the trona 
but not until he con vinced the W estvaco Chem ical Corp. (whi ch 
merged with FMC Corp. in the fall of 1948) of this did commercial 
interest begin. In 1947, the first mine shaft was sunk about 460 m 
deep, and active mining be gan on a developmental basis later that 
year. Calcined trona was sold from 195 0 (38,814 t mined and sold 
the first year) to 195 3, when the f irst refined soda ash plant came 
onstream with an annual capacity of about 272 kt. Today there are 
four natural soda ash producers in W yoming with a combined 
annual nameplate capacity of | approximately 13.5 Mt (K_ ostick 
2004). 

Beginning with the first world energy crisis in 1973 and the 
growing international concern for the environment, worldwide syn- 
thetic soda ash output steadily decreased until 2001. During 2001, 
China added new Solvay process capacity and surpassed U.S. pro- 
duction of natural soda ash in 2003. Most of the world continues to 
use the Solvay process, which is energy, capital, and labor intensive 
and generates by-product calcium ch loride and sodium chloride 
that cause environmental problems when discharged. In 2004, syn- 
thetic soda ash represen ted approximately 70% of total world pro- 
duction, with natu ral soda ash constituting the balance of about 
30%. Of the estimated 40 .3 Mt of total soda ash produced during 
2004, 11 Mt of natural so da ash (app roximately 27% ) originated 
from the United States, with Botswana, Kenya, and China account- 
ing for the remaining 3% (Kostick 2004, 2005). 


GEOLOGY 


Mineralogy and Physical and Chemical Properties 


Several sodium-car bonate—bearing minerals are found in dep osits 
throughout the w orld. The most important economic mineral is 
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trona (sodium sesquica rbonate), which has the f ollowing physical 
and chemical properties: 


¢ Chemical formula: NayCO3 * NaHCO3 ¢ 2H2O 
* Crystal system: monoclinic 
* Cleavage: perfect on (100) 
¢ Appearance: massi ve tronafr om Green Ri ver, W yoming, 
deposits is clear to dark amber depending on impurities. Searles 
Lake, California, deposits are fine-grained masses to acicul ar 
and bladed crystals; clear to white to gray; and porous. 
¢ Hardness: soft to semihard; 2.5 to 3.0 Mohs hardness 
¢ Molecular weight: 226 
Specific gravity: 2.17 g/cm? 
¢ Melting point: >70°C 
Solubility: 20 % ma ximum by wei ght in water; soluble in 
hydrochloric a cid; whe n hea ted, lose s w ater, the n ca rbon 
dioxide. 
¢ pH: 10.1 (1% solution) 
The physical and chemical properties of soda ash (sodium car- 
bonate—anhydrous) are as follows: 


¢ Chemical formula: Na2CO3 

¢ Appearance: white, granular solid 

* Molecular weight: 105.99 

Specific gravity: 2.533 g/cm? 

¢ Bulk density: 0.59 to 1.04 g/mL 

* Melting point: 851°C 

¢ Heat of formation (AH): 1,131 kJ/mol 
Solubility: 33% maximum by weight in water 
¢ pH: 11.6 (1% solution) 


Origin 

Various theories have been proposed toe xplain the origin of 
sodium carbonate found in natural deposits. Different deposits may 
have been formed from a combination of one or mor e physical and 
chemical processes. These include (1) the evaporation of sodiu m 
carbonate-rich thermal spring water; (2) carbonation of sodium sul- 
fide (from bacterial de composition of sodium sulf ate) to sodiu m 
carbonate; (3) ion exchange in sodium-bearing soils; (4) concentra- 
tion-temperature—dependent equi librium relation ships among car- 
bon dioxide, sodium bicarbonate , and carbonate that con  verts 
carbonate solutions to sod ium bicarbo nate, or carbon dioxide 
removed from sodium bicarbonate solutions to form carbonates; 
and (5) leaching of alkaline carb onatites or basic—ul trabasic rocks. 
The sodium may have been derived from the leaching of sodic feld- 
spars or v olcanic ash deposits, and th e carbon dioxide from the 
atmosphere and biogenic processes. 

Most groundwaters in metamor phic or igneous terrains pro- 
duce alkaline solutions on evaporation (Hardie and Eugster 1970). 
The relative absence of chloride and sulfate in these types of rocks 
permits solutions to b ecome predominantly sodi um- and carbon- 
dioxide—bearing. The ch emical fractionation of inflowing waters 
and brines within closed depo sitional basins can produce different 
minerals accumulating in se parate areas. The mechanisms can be 
mineral pr ecipitation, selective dissolution o f ef florescent crusts, 
degassing of brines, or redox reactions (Eugster and Jones 1979). 
Groundwater percolating thr ough si liceous soils such as_ those 
developed on granite or windblown sands can become highly alka- 
line and enriched in sodium ca rbonate (Garrels and Mack enzie 
1967). Very high carbon dio xide concentrations (up to 10% of soil 
gas) are known to occur in soils as a result of biological acti vity. 


Table 1. Sodium-carbonate-bearing minerals 





Mineral Name Chemical Composition Na2CO3, %° 
Thermonatrite NagCO3 eH2O 85.5 
(monohydrate) 

Wegscheiderite NazCO3 e3NaHCO3 74.0 
Trona (sesquicarbonate) Na2CO3 * NaHCO3 ¢2H2O 70.4 
Nahcolite (sodium NaHCO3 63.1 
bicarbonate) 

Bradleyite NagPO4 *MgCO3 47.1 
Pirssonite NazgCO3 eCaCO3 ¢2H2O 43.8 
Tychite 2MgCO3z ¢2Na2CO3 * Na2SO4 42.6 
Northupite NagCO3 ¢NaCl eMgCO3 40.6 
Natron (sal soda or NazCO3 ¢ 10H2O0 37.1 
washing soda) 

Dawsonite NaAl(CO3)(OH)2 35.8 
Gaylussite NazCO3 eCaCO3 ¢5H2O 35.8 
Shortite Na2CO3 °2CaCO3 34.6 
Burkeite NagCO3 ¢2Na2SO4 272 
Hanksite 2Na2CO3 e9Na2SO4 e KCl 13.6 





* Includes bicarbonate converted to carbonate. 


This can produce more than 200 mg/L of carbon dioxide in the soil 
water (Jakucs 1977). The Pretoria P an in the Rep ublic of South 
Africa, the sandhill re gions of Ne braska, and the Sind of P akistan 
are examples of sodium carbonate in soil w aters (Barbour 1916 ; 
Cotter 1923; Dutoit 1948). In la kes, the continual generation of 
CO» by algae and bacteria can aid deposition of mon omineralic 
beds of trona (Eugster 1971). Semiarid rather than arid climates are 
most favorable for producing alkaline waters because the evapora- 
tion rate is too rapid to stabilize the s oda sol utions in v ery arid 
regions (Perelman 1967). 

In sedimentary rock terrains, the drainage usually contains too 
much chloride, sulfate, and calcium to produce either brine or solid 
sodium carbonate salts. Although sodium carbonate solutions origi- 
nate from the weathering of igneous rocks, these same waters can 
interact with ot her waters or with ot her rock and soil types in the 
area of accumulation so that mixed chloride and sulfate salts are the 
final prod ucts (Risacher , Eche nique, and Balli vian, unp ublished 
data). 


Mode of Occurrence 


Sodium car bonate resources common ly occur as_ precipitates in 
shallow, nonmarine alkaline lakes and marshes and usually coexist 
with various chloride an d sulfate salts. For t his re ason, it is not 
uncommon to f ind dif ferent sodium-carbonate—bearing minerals 
within the same deposit. Table 1 lists some minerals that contain 
sodium carbonate in varying concentrations. 

Because sodium carbonate generally was deposited in shallow 
bodies of water, many of the deposits were subjecte d to vast sea- 
sonal changes in area and mineral concentration, and were suscepti- 
ble to destruction by mechanical and chemical erosion caused by 
the relative softness and solubility of the minerals. Therefore large 
economic sodium carb onate deposits are relati vely rare and are 
considered geologically y oung, ranging from the Eocene to Pleis- 
tocene epochs. Pr e-Tertiary deposits are virtually absent from the 
geologic record. 

Mannion (1975, 1983) presented a list of the more common 
forms of sodium carbonate occurrences: 


1. Natron crystals in cool, wet environments on the bottoms of 
ponds or at shallo wdepthsin salt marshes, as at Lak  e 
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Goodenough, British Columbia( © Cummings 1940 ), and 
Owens Lake, California (Smith and Friedman 1975) 

2. Powdery surf ace ef florescences of th ermonatrite around 
alkaline lakes or marshes, as in the alkaline soils of the lower 
Danube River Valley, Hungary, and at Lake Nyasa, Tanzania 
(Orr and Grantham 1931) 

3. Relatively hard but porous deposits of trona, either around the 
shores or at the bottoms of shallow alkaline lakes or playas, as 
at Lake Magadi, Kenya (Baker 1958; Eugster 19 70), Owens 
Lake, California (Dub 1 947), and Lake Chad Basin, Africa 
(Eugster and Maglione 1979) 

4. Older bedso fb uriedtrona, nahcolite, or oth er sodium- 
carbonate—bearing minerals, as the Green River Formation in 
Wyoming (Brad ley and Eugster 1969; Culbertson 1971; 
Deardorff and Mannion 1971; Wiig, Grundy, and Dyni 1995; 
Leigh 1998), in Co lorado (S mith and Milt on 1966; USBM 
1972), and at Railroad Valley, Nevada (Free 1913) 

5. In solutiona sa _ constituent of bri ne,e ither surf ace or 
subsurface, as at Searles Lake, California (Smith 19 79), and 
Makgadikgadi, Botswana (Massey 1973; Lefond 1981) 
Although certain deposits are made up of combinations of the 

five forms of occurrences, sodium carbonate deposits can be classi- 
fied by their economic importance (Kostick 1983). The five forms, 
ranked by decreasing potential economic significance, are b uried, 
surface or subsurface brines, crystalline shoreline or bottom crusts, 
shallow lake bottom crusts, and surface efflorescences. 


Occurrences of Sodium Carbonate 


Large and small natural deposits containing sodi um-carbonate— 
bearing minerals e xist in several countries throughout the world. 
Most of the deposits contain solid salts, solutions, or both. 

Most of the deposits listed are geologic occurrences and are nei- 
ther large enough nor of sufficient sodium carbonate content to be of 
economic potential. Many small-scale deposits such as those in Chad 
and the Sudan have been mined strictly for local consumption. 


Africa 


Africa has numer ous sodium carbonate occurrences scattered 
throughout the continent. The arid to semiarid climates in parts of 
Africa prevent the dissolution and transport of the soluble carbon- 
ate m inerals. Som e of t he oc currences are sm all, isolated | ake 
deposits whereas others are major deposits found in a chain in th e 
East African Rift Valley. Garrett (1992) contains ane xcellent 
description of all the major and minor soda occurrences in the Rift 
Valley. 

A $504 million natura 1 soda ash f acility commenced produc- 
tion in April 1991 on the Sua Pan in the Makgadikgadi Basin in 
northeastern Botsw ana. The proj ectis operated by Soda Ash 
Botswana (SAB), a joint v enture between th e government (48%) 
and the African Explosives and Chemical I ndustries (AECI) con- 
sortium (52%) with its partn ers AECI (25.5%); the Anglo Amer i- 
can Corp. (12.75%); and De Beers Holdings (12.75%). The facility 
produces about 300 ktp y ofr efined soda ash from under ground 
brines and 600 ktp y of sodium ch loride. Most of the soda ash is 
marketed in South A frica, which had _ relied heavily on soda ash 
imports from the United States. SAB also exports soda ash to Zam- 
bia and Zimbabwe, both u sing about 15 kt annu ally. The sodium 
carbonate reserves at Sua Pan exceed 360 Mt. 

Impure sodium carbo nate in the form of natron mixed with 
halite has been obtained from crystallizing pans among sand dunes 
in the northeastern section of Lake Chad (Eug ster and Maglion e 
1979). Most of the crude material has been for local consumption; 


it had been reported, however, that a few thousand tons of crude 
trona had been pr eviously e xported to Nigeria. Some of the 
reported uses are as follows: 


People use it as a remedy for stomach aches and constipation. 


People mix the natron with as hes of b urned wheat stalks to 
make a crude soap. 


Chadian herders give it to cattle as a salt lick. 


People mix it with raw tobacco to flavor it for chewing. 


Tanners use it as an 
hides and skins. 


additive with certain tree gums tot an 


Wadi Natron in Egypt, about 80 km northwest of Cairo and 
35 km west of the Nile River, consists of up to 20 individual lakes, 
some of which dry completely during the summer (Lucas 1912 ; 
Atia, Hilmy, and Bolous 1970). Trona obtained from these lak es 
has been used f or more than 5,500 y ears. Soda ash w as used to 
make orn amental g lassware and in th e mummif ication process. 
Samples of trona have been found in one of the pharaohs’ tombs at 
Thebes, suggesting the importance of its unique value. Other occur- 
rences have been reported at E] Barnugi in Lower Egypt, at Maha- 
mid, and at Wadi Tumilat in Upper Egypt. Trona has been identified 
in cores taken from the outer Egyptian shelf of the Nile Cone in the 
Mediterranean Sea. The trona probably was eroded from the conti- 
nental margin 18,000 to 23,0 00 years ago and buried very quickly 
in the deep marine environment (Stanley and Sheng 1979). Ethiopia 
has several sodium-carbonate—bearing lak es. Th e lak es in the 
southern part of the Rift Valley are richer in sodium carbonate than 
those in the north. 

The second major natural soda ash facility in Africa operates 
at Lake Magadi in Kenya. The 65-km? deposit is probably the larg- 
est of all those in the Rift Valley. Trona has been mined since 1914 
by the Magadi Soda Co., Ltd., owned by Brunner Mond Holdings, 
Ltd. (formerly Imperial Chemical Industries; the parent company of 
Brunner Mond and Co.). The trona is excavated by bucket dredgers 
mounted on a floating pontoon . The ore is crushed and made into 
slurry so that itcan be pumped thr ough a floating pipeline toa 
refinery on the shore. The slurry is screened, washed, rescreened, 
and de watered to remove salt and mud. The trona is calcin ed to 
remove the CO» and converted into soda ash. The operation has an 
annual production capacity of about 350 kt. 

The lake bed is underlain by about 45 mof_ relatively pure 
trona with some interbedded trona and tro na-bearing muds. The 
sodium carbonate content of the trona is approximately 45.2% and 
the so dium bicarbonate content is about 35.7% __; this eq uates to 
~68% sodium carbonate equivalent. Brine is found within 1 m of 
the surface. The alkaline spring water that delivers the sodium car- 
bonate to Lake Magadi is considered to be the result of weathering 
and leaching of igne ous silicate mi nerals (Bak er 1958). Dilute 
groundwater from the igneous highland regions rechar ges a deep 
reservoir, which in tu m supplies the warm springs with concen- 
trated carbonate waters (Eugster 1970). The same process appears 
to be respon sible for the alk aline waters at Lak e Natron, Lak e 
Nakaru, Lake Elmenteita, an d Lake Bogoria (Orr and Grantham 
1931). Based on the flow rates of the rivers and springs and the rate 
of evaporation, it is estimated that about 200 kt of ne w trona crys- 
tallizes annually in Lake Magadi (Garrett 1992). 

An alkali lake is located in Malawi in a downfaulted rift basin. 
Alkaline h ot springs an d alkaline ig neous intrusi ves in the area 
were the presumed source of the sodium carbonate in Lake Chilwa. 
Trona, or kaum, is found in many small lakes and in alkaline soil in 
Nigeria. It also accumulates as effervescent crusts on the surface of 
a sandy area in Dallol Bosso in western Nigeria (Garrett 1992). 
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Several pans in Namibia contai n sodium carbonate that th e 
local population has used for centuries. In the Owambo Basin, the 
two Otjiw alunda pans (No. 1 and No. 2) have been known since 
1915 and contain trona (78.65%); salt (0.31%); thenardite (0.94%); 
and b urkeite on the surface (D utoit 1948; Schneider and Genis 
1991). The deposit grades from al most pure trona to trona mixed 
with other salts. A rare sod ium carbonate mineral, pirssonite, was 
reported to occ ur with the thenardite from the No. 2 Otjiwalunda 
Pan. Also in the Owambo Basin are the Ngandjela Pan and the 
Ngandjela East Pan, which also contain halite and trona intermixed 
with then ardite. The Naruundaa nd On anzi pans that are also 
located within th e re gion con tain brines enriched with various 
sodium-bearing minerals. Production has ranged from 70 to 4,189 t. 

The Pretoria Salt P an in the Republic of South Afr ica is an 
extinct volcanic crater containing sodium carbonate. The first com- 
mercial development began in 1912 when the government leased to 
P.A. Ogilvie the rights to mine crude trona fr om the deposit. Th e 
lease was ceded later to South African Alkali Lt d., which mined 
about 400 t in 1914. Calcined tron a was produced from 1915 to 
1918 and refined soda ash from 1919 to 1922. Most of the calcined 
trona was used to ne utralize the acidity of the mine water at the 
Witwatersrand mines (Wagner 1922). About 19 kt of trona wer e 
produced from the Pretoria Salt Pan during its brief operation. 

At Bir El Natron in Sudan, a large deposit of trona is found 
mixed with halite and burkeite. Trona comprises about 35% of the 
ore body . Some produ ction has been reported, but qu antitative 
information is not a vailable. Ch atard (1890) repo rted the occur- 
rence of trona near Fezzan in the Sahara. In Tanzania, Lake Natron 
is a large sodium carbonate deposit containing an estimated 150 Mt 
of soda ash resource covering 1,039 km/. It is about 30 km south of 
Lake Mag adi in K enya. Total resources may be about 1 Gt when 
including the additional sodium carbonate brines and crystals inter- 
mixed with mud layers. Lake Natron lies in the eastern Rift Valley, 
which contains additional sodium carbonate deposits in other coun- 
tries. The brine concentration and composition of Lak e Natron is 
nearly identical to that of Lake Magadi in Kenya. The source of the 
sodium carbonate in Lake Natron originates from three carbonatite 
volcanoes, including the ac tive Oldoinyo Leng ai volcano, which 
erupts with sodium carbonate lava and ash. Several studies ha ve 
been made to de velop the deposit, the most recent in 1990. Lak e 
Eyasi in Tanzania is also an al kaline lake that has produced some 
crude soda ash on a limited scale. 

Lake Katwe in Uganda contains trona, burkeite, and hanksite 
that formed when about 50 small springs reacted with carbonatite 
and other volcanic rocks in the area. Approximately 5 kt of crude 
trona are recovered from the lake annually. 


Antarctica 


Although there are no reported deposits of trona on this contin ent, 
occurrences of efflorescences of various sodium salts ha ve been 
documented in th e Vestfold Hills, Bunger’s Oasis, and McMurdo 

Sound re gions (Dort and Dort 1970). Some e vaporite minerals 

found are halite, m irabilite, thenardite, and bloedite, which ar e 
commonly associated with sodium carbonate deposits elsewhere in 
the world. 


Asia 

China, Mongolia, India, P akistan, Tibet, and the for mer U.S.S.R. 
are known to have several sodium carbonate occurrences. Some of 
the geologic and mining information re garding sodium carb onate 
deposits in Asia is old, nonexistent, or unavailable for many of the 


occurrences. Some new information was published within the past 
decade and is included here. 


More than 50 sodium carbonate deposits have been reported 
in China. China has several alkali lakes and at least two major bur- 
ied trona deposits, in the 265-km* Wucheng Basin and at Anpeng in 
the 13-km* Biyang Basin, both in Henan Province. 

The Eocene Wucheng deposit was discovered in 1971 during 
petroleum exploration. The deposit contains 36 trona horizons that 
are interbedded with oil shale and argillaceous dolomite (Lu 1998; 
Zhang 1998). They co ver 4.66 km? and are b uried 6 43-974 m 
below the surface. The lower 15 trona beds typically are 0.5-1.5 m 
thick, with a maximum of 2.38 m. These beds contain 40%—60% 
sodium carbonate an d 0.3 % sodium chloride. The upper 21 b eds 
contain halite and are generally 1-3 m thick, with a maximum of 
4.56 m. These beds contain 20%—40% sodium carbonate and 20%— 
60% sodium chloride. Resources are rep ortedtobe 37 Mtof 
sodium carbo nate equi valent. The deposit is solution-mined and 
feeds a soda ash plant. 

The Eocene Anpeng nahcolite deposit was discovered in 1976 
during petroleume xploration. It is60km southwest of the 
Wucheng trona deposit. The nahcolite beds occupy 8 km? at depths 
of 1,3 10-2,520 m (Lu 1998; Zhang 1998). Seventeen nahcolite 
beds ranging from 0.6 to 3.6 min _ thickness have been identified. 
They are associated with oil shale, dolomite, and sandstone. This 
deposit is also solution-mined to produce soda ash. Northwest of 
the area of the nahcolite beds, sodium bicarbonate and sodium car- 
bonate brines occur in p orous dolomite in beds 1-5 m thick. The 
nahcolite beds range from 48% to 95% sodium bicarbonate and up 
to 40% sodium carbonate. 

Several soda lakes or nors are found in Inner Mongolia, such 
asinIh Ju League and Xilin Gol League, and in other areas of 
China, suchas in Hami in Xi njiang Pro vince. The Quate rnary 
Qagan Nur deposit, also kno wn as the Chaganor deposit in Inner 
Mongolia, contains 11 Mt of sodium carbonate and is the largest. It 
occurs in a basin with an area of 21 km?. Nine trona beds ranging in 
thickness from 0.6 to 3.47 m are present. Sodium carbonate content 
ranges from 26% to abou t 29%. The main minerals are trona and 
natron associated with mirabilite and halite. This deposit also sup- 
plies feedstock to a _ soda ash pl ant. Zhang (1998) describes other 
small deposits—the Ordus alkali lakes in Inner Mongolia. 

Sodium carbonate is found with mixed salts in India in alka- 
line soils, lakes, and brines. Sambhar Lake and Lonar Lake, which 
is the world’s only known basalt impact crater, contain about 22 Mt 
of soda ash reserv es (Fredriksson et al. 1973). Lonar Lake con- 
tained about 85 m? of brine in 1910 and prod uced about 600 t of 
soda ash in 1903. Up to 20 kt of crude trona was mined annually 
from various sources at different times in the 20th century. 

In P akistan, se veral hundr ed small shallow lak es con tain 
sodium carbonate, chlo ride, and sulf ite. Some of the lakes have 
trona crusts and natron, which crystallizes during the winter. 

Several sodium-carbo nate—bearing lak es suchas Zab uye 
Caka, Bangkog Cuo, and Guogaling Cuo are reported in the Qing- 
hai-Xizang Plateau of T ibet. Trona, natron, the rmonatrite, ha lite, 
northupite, mir abilite, and h ydromagnesite are common ly associ- 
ated with the brine. Potassium, lithium, rubidium, and cesium alkali 
metals are associated with sodium chloride, sulfate, and carbonate 
ions—similar to the chemical composition of Searles Lake, Califor- 
nia, and certain lakes in South America. 

The Kazakhstan and the Kulundinsk depression of Altay near 
Slovgorod and Barnaul in Siberia have produced some natural soda 
ash from alkali lakes containing natron and brine. Alkali lakes have 
also been reported near Chita in eastern Siberia; in the Araxes Plain 
of Armenia; in Kazakhstan; in Krasnaya Polyana, the Kazakh-Tauz 
region of Azerbaijan ; and in the Carpathians. Most of th ese lakes 
are too small and rem ote for large-scale commercial development. 
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Plants to produce soda ash from natural soda sources have been 
built at Lak e Tanatar and the Petukhov Lakes, both near Mikhay- 
lovskiy (Batalin, Stankevich, and Kasimov 1974). Natural soda ash 
production in the former U.S.S. R. reached its peak in the 1950s 
with only about 60 kt of output (Shabad and Sagers 1987). Soda ash 
has also been pro duced as a b y-product of alumina ref ining from 
nepheline syenite (a sodium—potassium—aluminum silicate) at se v- 
eral locations, including the Pikale vo plant in Lenin grad Oblast. 
The K ola Peninsula is the primary location where the nepheline 
syenite is a coproduct w ith apatite. The nepheline is sintered with 
limestone in rotary kilns to produce alumina, soda ash, potash, and 
cement. The alumina content in the nephelite was only about half 
that of baux ite; th e process w as considered to be economical 
because it produced coproducts. 


Australia 


Although salt pans containing sodium chloride and sodium sulfate 
are common in Au stralia, there are no significant surface occ ur- 
rences of sodium carbonate. Alkaline springs occur near Herbert- 
son, Queensland. In the Bo wen and Sydney basins of Queensland, 
dawsonite has been found, some of which reportedly o ccurs as 
alterations of other minerals from sodium carbonate mineralization 
formed by the leaching of alkaline or ultrabasic rocks. 

A sodium bicarbo nate bearing brine (1 .6%—2.5% NaHCO 3) 
was disco vered ata depth of 6 00-1,100 m while e xploring for 
petroleum. Resources have been estimated to be between 500 Mt 
and 1 Gt of sodium carbonate eq uivalent. Additional exploration 
and drilling may locate a trona or nahcolite source of the brine. 


Europe 


Saline and alkaline lakes are not common in Europe because th e 
present climate is not conducive for development. Sodium carbon- 
ate efflorescences have been reported near Szegedin in the Danube 
Valley in Hungary. Chatard (1890) reported processing of the crude 
soda (known as szekso) into refined soda ash. Alkaline brines have 
been found in Fulophaza, Hung ary, at depths of 30 m. T rona and 
searlesite have been reported in Miocene lacustrine marls and clays 
in northern Bosnia. 

Turkey is the third country in the world that has known buried 
trona deposits. The Be ypazari depo sit is approx imately 100 km 
northwest of Ankara. The deposit w as discovered in 1982 during 
drilling for lignite. Based on drilling, the deposit covers about 8 km* 
in the Be ypazari Basin. The trona is ass ociated with shale in the 
lower part of the Miocene Hirk a F ormation. T rona beds wer e 
deposited as two lens-shaped bodies within a zone 70-100 m thick 
in the lower part of the shale unit. A total of 33 trona beds ha ve 
been identified: 16 in the lower trona lens and 17 in the upper lens. 
The total thickness of the lower trona sequence is from 40 to 60 m, 
and the total thickness of the upper trona sequence is about 40 m. 
The interval between the lower and upper lenses ranges from 30 to 
35 m . T he t otal thi ckness o f tr ona beds in both lenses v aries 
between 21 and 34 m in the central part of the deposit and between 
2.5 and 12 m along the margins. The thickness of individual trona 
beds in both horizons ranges from 0.4 to 2 m. The principal sodium 
carbonate minerals are trona and nahcolite. Sodium oxide content 
of the trona ranges from 37% to about 42%, and the nahcolite con- 
tent ranges from 30% to approxima tely 36%. Proven reserves are 
estimated at 2 10 Mt ( Helvaci 1998). Feasibility studies and joint 
venture proposals to develop the Beypazari resource have been con- 
ducted since the mid-1980s. In 1983 the state-owned mining group 
Etibank (later named Eti Holding) held the trona deposit. Eti Hold- 
ing sought a pri vate-sector partner in 199 8. The P ark Group w as 
awarded 76% interest, with Eti Holding a 22% share, and the state- 


owned Vakifbank was awarded a 2% share in Eti Soda. In 2004, the 
Export-Import Bank of the United States received an application to 
finance $50 million in U.S. equipment and services to construct an 
operation that would have an annual production capacity of 1 Mt of 
soda ash. There was no decision regarding the status of the project 
by the end of 2004 (Industrial Minerals 1999, 2002; Kostick 1999, 
2002, 2004). 

Rio T ur Madencilik (a subsid iaryofRio Tinto Minerals 
Development Compan y) discovered a second deposit in 199 8 at 
Kazan, about 35 km northwest of Ankara. The deposit contains 12 
trona beds that range in depth from 420 to 850 m, with estimated 
resources of 607 Mt at an average grade of 31% trona. The deposit 
is low grade in comparison to the Green River, Wyoming, trona 
deposit. The trona will be solution-mined using directional horizon- 
tal drilling techn ology. This tec hnology is currently being used in 
the Piceance Creek Basin, Colorado, to mine nahcolite. Be ginning 
in 2004, Rio Tinto initiated a 3-year pilot project to determine the 
viability of so lution mining. Small-scale pr oduction is planned to 
begin in 2007, with projected startup of a 900-ktp y soda ash plant 
scheduled for 2011  (ndustrial M inerals 2002, 2003a; K  ostick 
2002, 2003). 


North America 


Soda ash occurs in natural deposits found in Canada, Mexico, and 
the United States. The largest trona resource discovered to date is 
near Green River, Wyoming. 

Canada. There are several small soda ash deposits in British 
Columbia, in western Canada. They tend to be located in the same 
zone that extends into the saline lakes of Washington. Commercial 
production of soda ash_ was reported from some of the deposits 
between 1928 and 1945. Most of de posits are located in shallo w 
basins in glacial dr ifts overlying basaltic la va flows. The sodium 
carbonate is p rimarily found in brines with some surf ace crystal 
layers and crusts. Cummings (1940) estimated that the soda lakes in 
British Columbia contained about 103 ktof sodium carbon ate 
reserves. 

Mexico. Several alkaline thermal springs, subsurface brines, 
thin crusts, and surface efflorescences contain sodium carbonate in 
various locations in Mexico. Until it was closed in 199 4, the only 
other natural soda ash operation in the Western Hemisphere outside 
the United States was at Lake Texcoco, 20 km northeast of Mexico 
City at San Cristoba 1 Ecatepec. In abou t 1900, three lakes com- 
prised a large part of the region: Texcoco, Xochimilco, and Chalco. 
The last two contained potable water, whereas Texcoco consisted of 
brackish water. Fearing that Mexico City might be floo ded, Tex- 
coco was allowed to dry by diverting feeder streams to canals. The 
hot climate accelerated the evaporation rate and concentrated the 
brines that percolated down through the lake-floor clay sediments. 
The brine tends to co ncentrate on top of two impermeable zones 
about 53 m deep. The upper zone is richer in sodium carbonate and 
contains about 120 Mt of sodiu m carbonate resource, whereas the 
lower zone contains ab out 40 Mt . Add itional sodium carbon ate 
probably was introduced by local volcanic activity from two volca- 
noes—Popocatepetl and I xtaccihuatl—120 km to the south of the 
deposit. Ande sitic volcanics also occur east and west of Me xico 
City. The resource covers about 52 km?. 

A small pilot plant was constructed in 1940, and production of 
soda ash began in 1948 with a capacity of about 100 tpd. More than 
512 wells inthe deposit collect the subsurface brines, which are 
sent to a spiral solar evaporator that is 841 ha in area and 50-60 cm 
deep. The incoming brine was concentrated from 4% (sodium car- 
bonate content) to 6%—7% in the rainy season and 9%—10% in the 
dry season. Weaker brine would stay in the outside perimeter of the 
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concentrator for about 1 year and in the inside perimeter, where the 
maximum concentration occurred, for about 6 months. The concen- 
trated brine was pumped from the center of the spiral concentrator 
to the nearby soda ash refinery where it was carbonated into sodium 
bicarbonate and then calcined into soda ash. Until September 1988, 
a subsidiary of a government-controlled holding company operated 
the facility. In 1994, a private group owned the 200-ktpy operation. 

Another sodium carbonate resour ce in Mexico is located at 
Bahia de Adair on the northern coast of the Gulf of California; it 
was first described in 189 8. The area consists of four small play a 
lakes. The h ighest concentration of sod ium car bonate occurs at 
depths from 6 to 1 9 m. Crusts on the surf ace average about 31% 
sodium carbonate. Exploration of the area did not detect any signif- 
icant buried trona deposit. In 2002, Minera MGM de CV (a wholly 
owned subsidiary of Mo rgain Minerals, Inc., of Toronto, Canada, 
and Productos Qu innicos Roda SA de CV of Torreon, Coahuila, 
Mexico) formed the joint v enture company, Tronamex SA de CV. 
The company planned to develop the Adair trona deposit in Sonora, 
approximately 20 km north of Puerto Penasco on the east coast of 
the Sea of Cor tez. R esources are estimated at 100 Mt, of which 
about 80% is in subsurface brines. The initial plan is to mine a shal- 
low trona bed (0.3—2 m thick) and to solar-evaporate brines to pro- 
duce an animal-feed a dditive. The compan y produ ced a small 
amount of product in 2003 and 2004 (Industrial Miner als 2001, 
2003b; Kostick 2001, 2003). 

Other occurrences in Me xico are deposits in Chihuahua; th e 
Durango, Sayula, and Za catecas basins; Lake Cuitzeo; V alle de 
Santiago; and Laguna de Xaltocan and Laguna de Zumpango, both 
in the Valley of Mexico (Garrett 1992). 

United States. Sodium carbo nate occurrences are found in 
Alaska, Califor nia, Colorad o, Ne braska, Ne vada, Ore gon, Utah, 
Washington, and Wyoming. 

Near Owens Lake, Cal ifornia, human ac tivities since the 
early 1860s have resulted in several episodes of high evaporation. 
In conjunction with the lack of outflow from Owens Lak e, these 
episodes caused the deposition of saline minerals such as trona and 
associated sediments. Betwee n 1861 and 1917, increased wit —h- 
drawals from the Owe ns River for agricultural purposes greatly 
reduced water inflow to the lake. In 1913, the Los Angeles Aque- 
duct was complet ed, whi ch di verted vi rtually al] the re maining 
Owens River flow from Owens Lake. By 1926, Owens Lake had 
reached its current condition, which is essenti ally dry with smal | 
areas of highly concentrated brine occurring at certain times on the 
surface of the lakebed. Owens Lake is 4.9 km long by 3 km wide 
with an area of 87 km?. 

From 1 960 to 1993 various companies dri lled more than 
1,000 auger, drive-pipe, and core holes. Based on the drilling data, 
the e vaporite deposi thas a maximum thickness of 3m. The 
evaporite deposit is exposed at the surface and consists of various 
horizons of crystalline material overlying lake-bed sediments. In 
cross se ction, the deposit i s lenti cular, with the thic kest se ction 
near the western side of Owens Lake (Santini and McC ormick, 
unpublished data; Brown, Lamos, and Scarr 2004). 

Approximately 70% by weight (or 65% by volume) of the 
porous evaporite deposit co mprises various minerals, and ab out 
30% by weight (or 35% by volume) is interstitial brine. Trona is 
the predom inant min eral prese nt in the e vaporite sect ion. Other 
minerals a re burkeite, t hermonatrite, and hali te. T he chem ical 
composition of the evaporite deposit is 41 .5% sodium carbo nate 
and 25.0% sodium bicarbonate; this equates to ~57% sodium car- 
bonate equivalent. In addition, various amounts of sodium chloride 
and sodium sul fate are present. The most recent reserve estimate 
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Figure 1. Location of Searles Lake, California 


(1996) is 100 Mt of e vaporite minerals in situ, of which approxi- 
mately 52 Mt of sodium carbonate equivalent is present. 

The first natural soda ash op eration in Califo rnia be gan in 
1887 at Keeler, on the northeast shore of Owens Lake (Ver Planck 
1959). The Inyo Development Co. constructed solar evaporation 
ponds that were filled with lake water at the beginning of w arm 
weather. The brine was allowed to evaporate until it reached a den- 
sity of 30°Be, after which trona began to crystallize. If unwanted 
salts be gan to fo rm, the oper ator drew off some of the mo_ ther 
liquor and replaced it with fresh lake water. At the beginning of 
October, the ponds were drained and the harvesting of trona, which 
was about 1.9 cm thick, began. The trona was converted to a 95% 
pure soda ash product by heating it in beehive furnaces to remove 
the water of crystallization and excess carbon dioxide contained in 
the sodium bicarbonate. By 1900, Inyo had an annual capacity of 
10 kt. Other n atural soda ash co mpanies set up operat ions on the 
perimeter of Owens Lake in the early 2 Oth century and prospered 
for several decades until the late 1960s, when competitio n from 
Wyoming natural soda ash increased. Lake Minerals Corp. con- 
trolled th e deposit in 19 81, wh enCo minco A merican, In c., 
acquired the compan y. In 1989, Cominco and V ulcan Che micals 
formed the joint venture company, Owens Lake Soda Ash Co. The 
objective was to begin soda ash production by 1997, but, eventu- 
ally, the decision was made not to proceed, and subsequently Lake 
Minerals was acquired by U.S. Borax Inc. In 2005, Lake Minerals 
Corp. mined crude trona from the surface for use at its Boron, Cal- 
ifornia, operation as a reagent in the production of borate products. 

Searles Lake, California, is a large playa lake deposit occupy- 
ing the lowest part of Searles Valley, a closed structural basin filled 
with alluvium and n onmarine e vaporates (Moult on and Santin i 
1995). The playa lake deposit is 16 km long by 10 km wide with an 
area of about 104 km? (Figure 1). 

In Sea rles L ake, brine -bearing e vaporite horizons altern ate 
with mud beds. Three major subs urface evaporite horizons have 
been identified an d are termed, fro m bottom to top, the Mix ed 
Layer, Lower Salt, and Upper Salt. The evaporite beds were formed 
by desiccation of runof f from the eastern Sierra Ne vada during 
Quaternary time. The resulting be ds are generally thicker in the 
lake center, then thin and pinch out at the edges of the lake. 

The saline beds are generally br ine saturated, white to pink, 
hard, and very porous. The importa nt ions are sodium, potassium, 
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carbonate, bicarbonate, sulfate, chloride, and borate. These ions are 
present in the brines in various concentrations, and combine to form 
the major e vaporite mi nerals trona, nahcolite, ha lite, hank site, 
burkeite, bora x, the nardite, su lfohalite, and glaserite. The mud 
beds, in gen eral, are dar k green to brown, soft, po rous, and may 
have a distinct mercaptan (rotten egg) odor. The stratigraphic sec- 
tion from bottom to top is as follows: 


1. The Mixed Layer is a sequence of mud ande vaporite beds 
about 67-95 m below the surface. The lower Mixed Layer is 
divided into se veral units based on mineral composition. 
These deeper b edscontain trona,b utalso halite and 
thenardite. The upper Mix ed Layer is divided into se veral 
units based on differences in electrical conducti vity and 
mineral composition. These horizons are predominantly trona, 
which are solution-mined for soda ash production. 

2. The Bottom Mud is 30 m or greater in thickness and forms a 
bowl-shaped body composed of mud beds containing salin e 
minerals. 


3. The Lower Salt ranges in thickness from approximately 12 m 
inthe playalake center to zeroatthe edges. The unit is 
composed of seven evaporite beds separated by six mud beds. 
These evaporite horizons are predominantly trona and halite, 
although borax, b urkeite, nahcolite, and north upite are also 
found. 

4. The Parting Mud is3 mthickin the playa lake center and 
thickens to 8 m or more toward the edges, and contains some 
saline minerals. 


5. The Upper Salt ranges from 23 m_at the playa center to zero 
along the edges. The horizon can be divided into two units. 
The lower unit is g enerally thinner in t he playa c enter and 
thickens to ward the edges, before it pinc hes out. It is 
composed mostly of trona and halite, with min or amounts of 
burkeite and thenardite. The upper unit is thickest at the playa 
center and thins toward the edges. It is composed of halite and 
hanksite, with some trona beds, and minor amounts of borax 
and sulfohalite. 

6. The Ov erburden Mud consists of acen tral halite f acies, 
approximately 7 m thick, which grades toward the edges to a 
mud facies that is up to 10 m thick. 


The Searles Lak e sodium carbonate resources ha ve been 
reported to be 1.06 Gt. In addition, there are su bstantial resources 
of sodium borate, sodium sulf ate, po tash, and sodium ch _loride 
(Fairchild, Lo vejoy, and Moul ton 1998 ). The sodium carb onate 
content of the brines are Mixed Layer, ~6.5%; Lower Salt, ~5.5%; 
and Upper Salt, ~4.4%. 

John Wemple Searles, who disco vered borax crystals on the 
surface in 1862, first recognized the economic potential of Searle s 
Lake. Although he and his brother Dennis formed the San Bernar- 
dino Borax Mining Co. in 1873, it was not until 1908 that the Cali- 
fornia T rona Co. w as for med to produ ceso daash_ using the 
equipment from the Searles’ old b orax plant. The operation never 
succeeded, and the plant went into receivership in 1909. The Ameri- 
can Trona Corp. was organized on June 12, 1913, and acquired the 
properties of the C alifornia Trona Co. An embar go on Ger man 
potash because of W orld War I prompted t he company to produce 
potash rather than soda ash. On June 4, 1926, the American Potash 
and Chem ical Co. (which acquired American T rona Corp.) w as 
formed, but it was not until 1931 that the first soda ash was produced 
at the Trona plant. The company merged with Kerr-McGee Chemi- 
cal Corp. on December 29 , 1967. Soda ash production at the Trona 
plant ended in July 1979 because of e quipment obsolescence and 
rising operating costs, and b ecause the co mpany brought onstream 


its Argus soda ash facility, adjacent to the Trona plant, which contin- 
ued to produce boric acid, potash, and sodium sulfate coproducts. 

The Argus plant w as designed to pr oduce only natural soda 
ash. It was commissioned in July 1978 and currently has a name- 
plate capacity of 1.45 Mt. 

Kerr-McGee also operated a second soda ash plant known as 
the Westend plant that it acquired from Stauffer Chemical Co. in 
October 1974. The p lant originally was built in 1918 to produce 
borax but experienced operating problems. Borax was successfully 
produced in 1926 and soda ash in 192 7 by the Westend Chemical 
Co., which ultimately merged with the Stauffer Chem ical Co. in 
1956. The operation continued to produce soda ash until January 
1988. K err-McGee sold all the Searles Lak e facilities to North 
American Chemical Co.on De  cember 1, 1990. IMC Global 
acquired the chemicals and salts b usinesses in 1998 and in 2004 
sold these interests to Searles Valley Minerals. 

The Piceance Cre ek Basin is loc ated in northwe stern Colo- 
rado. It has an areal extent of approximately 18,700 km?. The basin 
contains the second-lar gest kno wn sodium carbonate resource in 
the world. Potential sources of sodium carbonate are nahcolite and 
dawsonite (sodium—aluminum carb onate). The P arachute Cree k 
Member of the Eocene Green River Formation contains nahcolite, 
dawsonite, and hal ite (saline minerals) assoc iated with oil shal e. 
These saline minerals are found primarily in the north-central area 
of the Piceance Creek Basin. The saline minerals are generally lim- 
ited to the lower part of the Parachute Creek Member. The main 
concentration of nahcolite occurs in the Saline Zone that has a max- 
imum thickness of about 335 m. This zone contains oil shale, oil 
shale with disseminated nahcolite (crystals and crystal aggregates), 
bedded nahcolite, and bedded halite. There are 26 nahcolite hori- 
zons present in the Saline Zone. Only the Boies, Love, Greeno, and 
TI beds, however, are greater than 60% nahcolite and greater than 2 
m in thickness. The Boies bed is the highest quality and has the 
greatest thickness of all the nah colite horizons. It contains about 
80%-85% nahcolite and is up to 9 m thick. It is currently solution- 
mined for sodium bicarbonate. Past solution mining for sodium car- 
bonate production targeted the Saline Zone with 23% nahcolite and 
less than 1% halite. The nahcolite-rich Boies bed is not present in 
this area. As are sult, the minable horizons are oil sh ale with dis- 
seminated nahcolite and the thinner nahcolite beds (i.e., the Lo ve 
bed, etc.) pre viously mention ed (Santini, unpublished data; Day 
and Santini 1997; Day 1998; Hardy et al. 2003). 

Resources of 29 Gt of nahcolite and 17 Gt of dawsonite, equiv- 
alent to 18 and 6 Gt, respectively, of soda ash resources, are available 
as single-mineral extraction or as a by-product of oil shale processing 
(Dyni 1980). Commercial development to mine nahcolite in conjunc- 
tion with oil shale was proposed in the early 1980s; leasing obstacles 
and economic problems, however, prevented successful commercial- 
ization. Single-mineral extraction using solution mining on sodium 
leases began as a pilot program in the mid-1980s; lar ge-scale devel- 
opment did not begin until the late 1980s, however, but was su bse- 
quently stalled because of declin ing market conditions for nahcolite 
used for flue gas desu Ifurization. In 1989, NaTec Ltd., a part nership 
between Industrial Resources Inc., and CRS Sirrine, was formed to 
solution-mine n ahcolite f or sulf ur di oxide scr ubbing ap plications. 
The company experienced difficulties because of depressed markets. 
In 1992, North American Chemical Co. acquired 50% of NaTec’s 
interest in the project, creating White River Nacholite Minerals, Ltd. 
In 2003 Ameralia, Inc. partnered with The Sentient Group, an experi- 
enced internati onal resource in vestment com pany, to acquire the 
company from IMC Global, the acquisition t aking place through 
Ameralia’s subsidi ary, Nat ural Soda, Inc. This operation w as later 
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sold and is currently being operated by Natural Soda, which produces 
sodium bicarbonate. 

During the late 1990s Amer ican Soda LLC was founded to 
produce both sodium carbonate and sodium bicarbonate from this 
nahcolite resource. The operation continued under the ownership of 
American Soda until September 2003, when Solvay Chemicals pur- 
chased the assets. Solv ay Chemicals con tinued to prod uce both 
soda ash (0.9 Mtp y capacity) a nd 90 ktp y of sodium bicarb onate 
until the summer of 2004, at which time the soda ash production 
facility was closed and the nahcolite feed shut down. Today the unit 
continues to produce sodium bicarbonate from soda ash from Green 
River. 

The buried deposit in Green River Basin, W yoming, is th e 
largest trona resource in the world, covering more than 3,100 km? 
in southwest Wyoming. It is the result of the repeated evaporation 
of Lake Gosiute, a freshwater lake that formed in the Eocene epoch, 
and named by Clarence King in 1878 after a group of Native Amer- 
icans who inhabited this area. The sodium and the carbonate con- 
stituents of trona owe their respective origins to the leaching of the 
extensive pyroxene—andesite volcanic ash horizons and the seasonal 
influxes of carb onate-rich sedime nts into the local d epositional 
basin. Subsurf ace thermal springs also contrib uted a_ significant 
quantity of dissolved alkaline carbonates as well as sod ium, cal- 
cium, silica, and bicarbonate ions. Trona can precipitate only in the 
presence of abundant carbon dioxide, which most lik ely was sup- 
plied from the atmo sphere or the biogenic decay of Eocene plant 
and aquatic remains (Bradley and Eugster 1969). Leigh (1998) and 
Garrett (1998) contain additional information about the formation 
of trona in the Green River basin. 

The Wilkins Peak Member (~ 410 m th ick) of the Eocene 
Green Ri ver F ormation con tains 42 trona beds, 25 of which 
exceed 1.22 m in thickness and 175 km? of area. Eleven of these 
beds exceed 1.83 m int hickness. The beds dip slightly tot he 
southwest, and are numbered from bottom to top. The center of 
trona deposition in the basin mo ved northward with time. Bed 1 
was deposited the farthest to the south and Bed 25 about 40 km to 
the north. Halite, thin interbeds of sediments, and organic matter 
are the principal impurities within the trona horizons. The halite 
appears to occur most frequently in beds 5—18 and generally south 
and west of most of the producers. It has not been reported in beds 
1, 4, 8, or any bed above 19. In the production areas, the chloride 
content is nearly al ways less than 0.5%. This is generally attrib- 
uted to the mineral northupite, which occurs in thin shale stringers 
within the trona beds. The beds that have been mined (17, 19, 20, 
24, and 25 ) contain 85% —95% trona, less than 15% insolubles, 
and less than 0.5% Cl, at depths ranging from approximately 240 
to 520 m (Bed 25 to Bed 17). Beds 12 and 14 appear to contain 
minable trona directly beneath some of the current w orkings 
(Brown 1995; Wiig, Grundy, and Dyni 1995; Dyni 1997; Santini, 
unpublished data). 

Many investigators have studied, described, and mapped the 
Green River trona deposit, and Wiig, Grundy, and Dyni (1995) 
did the most recent resource evaluation. Their resource estimates 
were derived using drill logs and geophysical information. The 
total resource is estimated to contain 127 Gt of trona in 22 beds 
greater than 1.22 m thick. Assuming that 1.8 t of tr ona yields 
about 1.0 t of soda ash, about 71 Gt of soda ash resources could be 
potentially obtained from the 76 Gt of bedded trona and the 51 Gt 
of int erbedded or int ermixed tr ona and halit e that are in beds 
greater than 1.22 m thick. The resource occurs between 220 and 
1,000 m below the surface in beds that range in area from 130 to 
2,200 km? (Wiig, Grundy, and Dyni 1995). 
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Figure 2. Trona and soda ash operations in Green River Basin, 
Wyoming 


Because this deposit is the most important geologic sequence 
of trona deposition currently known in the world, it will contin ue 
to supply soda ash for world consumption for centuries to come. 
Figure 2 shows a map of the Green River Basin with the approxi- 
mate boundary of the known sodium leasing area and the location 
of the f our so da ash producers (So lvay Chemicals, FMC W yo- 
ming, OCI Chemical, and General Chemical). 

The Yukon Flats basin of Alaska contains a series of shallow 
saline and fr eshwater lak es. Potash salts in the area ha ve been 
known since 1929. In 1978, trona samp les were identified in efflo- 
rescent crusts about | cm thick in certain lake margins and dry lake 
beds. The lakes trend in a northea sterly direction and occup y an 
area of about 240 by 48 km. 

Although the sand hills areain northwestern Nebraska has 
numerous small lak es that contain primarily potassium carbonate, 
sodium carbonate occurs inso me of the alkaline lak es. In Jess 
Lake, the sodium carbonate content is about 36% (Barbour 1916). 
Water draining thr ough the sandy _ soils co Ilects at the bo wl of 
impervious mud bottoms. 

Sodium carbonate also occurs in several lakes in south-central 
Oregon. Abert, Alkali, and Summer Lakes contain the most sodium 
carbonate of all the late-Pleistocene lakes in the region. Alkali Lake 
apparently was mined for a period beginning in 1955 by A.M. Mat- 
lock (The Ore-Bin 1955). Deposits of mixed salts formed in pot- 
holes, which were — small brine pools where the brine was 
evaporated and the salts precipitated from the concentrated sol u- 
tion. The potholes resembled those formed in some Canadian lakes, 
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such as thoseinlLa st Chance Lake. Natron, sodium chlor ide, 
sodium sulfate, and some potassium salts were obtain ed from the 
deposit. Approximately 100 t had been mined by September 1955. 

Trona, nahcolite, and other authigenic sodium minerals have 
been found while core drilling in the southwestern part of the Uinta 
Basin near Duchesne, Utah. The bedded deposit, with a maximum 
thickness of about 34m, has an area of about 223. km? and lies 
about 73 to 128 m below the surface. Because the deposits are deep, 
solution mining would probably have to be used if this deposit were 
developed. Although current data in dicates that this location con- 
tains less trona than in the Green River Basin in Wyoming and less 
nahcolite than in the Piceance Creek Basin in Colorado, the pres- 
ence of sodium carb onate—bearing springs indicates the possibility 
of lar ger commercial deposits inthe region (Dyni, Milton, and 
Cashion 1985). 

Washington has several sodium carbonate deposits in lakes in 
the north-central portion of the state. The lakes with the highest 
sodium carbonate content are M_itchell Lak e (5-ha ar ea), Omak 
Lake (1,550-ha area), Soap Lak e (350-ha area), and Salt Lake. 
These lakes contain varying concentrations of sodium salts, includ- 
ing natron, gaylussite, sodium chloride, and Glauber’s salt. Carbon- 
ate Lake and Mitchell Lak e produced commercial soda ash before 
World War II. Carbonate Lake was permanently flooded in 1950 
when a dam was c onstructed as part of the Columbia irrigation 
project. Th e deposit no longer e xists asasodiumcarb  onate 
resource (Bennett 1962). 

Other sodium carbonate occurre nces have been reported in 
Arizona, Montana, and North Dak ota; detailed information regard- 
ing their geology, however, is scarce. 


South America 


Although South Amer ica has some of the w orld’s lar gest salars 
(salt pans), it appare ntly lacks significant resources o f natural 

sodium carbonate. Salars occur at high and low elevations, but most 
of the known surface salts are sul fate or sulfate-chloride varieties. 
Occurrences ha ve been reported in the Los Andes Pro vince of 
northwestern Argentina; in Bolivia; western Minas Gerais in Bra- 
zil; Chile; southern Peru; and Venezuela. The sodium carb onate 
deposits that occur in the ar ea where Argentina, Brazil, and Chile 
meet are small and are considered economically insignificant (Cat- 
alano 1926; Cordini 1967). 

Approximately eight sodium carbonate occurrences are found 
in the Santa Cruz Province of Ar gentina. Perhaps one of the best 
described dep osits in the area is the Salina Ju an Domingo play a 
lake, which averages 56.3% sodi um carbonate and 8.3% sodium 
bicarbonate (Bernasconi and Cangioli 1982). Natron occurs on the 
surface, with trona and other carbonates found in the bottom muds. 
The dry lake bed may contain about 1.5 Mt of sodium carb onate 
equivalent. La Ernestina Lake in the Ultracan area and other nearby 
lakes such as Laguna el Carancho in La Pampa are reported to con- 
tain sodium carbonate (Cordini 1967). 

Two alkalin e lak es in Boli viaco ntain sodium carbonate: 
Cochi Laguna, 50 km south of Chiquana, which contains a trona 
and thermonatrite crust 6-10 cm thick, and Collpe Laguna, east of 
Salar de Chaivira. Collpe Laguna is a lake with an alkaline crust 
and contains su bsurface so dium-carbonate—bearing brine in the 
bottom muds. 

Several sa It la kes oc curin the Upper Sa o Francisco area 
northeast of Brasilia, Brazil. Some of th e lakes contain soda ash 
crusts and shallow brine, with the average content ranging between 
23% and 41% sodium carbonate. Sodium carbonate occu rrences 
also are found in Urucuia, Carinhanha, Rio Correntes, and Rio 
Grande. 


Trona and gaylussite occur in the surface crusts of the Lago de 
Laguinillus V alley of V enezuela. The salts a verage about 4 7% 
sodium carbonate. Between 50 and 80 tpy of crude trona (urao) 
have been produced by local residents. Another deposit is located at 
Urao Lagoon. 


TECHNOLOGY 
Exploration and Evaluation of Deposits 


In formulating an e xploration program for trona, it is essential to 
review the geologic ch aracteristics of the deposits of the Green 
River Basin, Wyoming; Searles Lake, California; and Owens Lake, 
California. Vine and Santini (unpublished data) developed a list of 
factors favorable for the occurrence of buried and playa lak e trona 
deposits: 


¢ Green River Basin model (buried deposit) 
— Sedimentary basin containing nonmarine sediments 


— Lacustrine f acies, including f ine-grained, laminated 
sediments 


— Oil shale or similar organic-rich sediment of algal origin 
— Evaporite minerals, including shortite, pirssonite, gaylussite 


— Travertine algal mounds, bioherms, stromatolites, spring 
pots 


— Gypsum is absent or rare; other sulfates are minor 
— Alkaline spring or well waters; efflorescences in soil 


— Authigenic miner als, including mag adiite, lacustrine 
clays, fluorite, potassium feldspar, zeolites 


— Altered volcanic ash, especially zeolitized 
— Evidence of solution, including collapse, brecciation 
Dyni (1998) discusses exploring for Green River type deposits. 


Searles Lake and Owens Lake model (playa lake deposit) 

— Closed basin with more than 2 km? of playa surface 

— Arid climate (high shorelines above present playa) 

— Organic-rich muds, odor of H2S 

— Evaporite minerals or salts present 

— Authigenic minerals such as zeolites, fluorite, stevensite, 
hectorite, magadiite, opal 

— Travertine algal mounds, bioherms, stromatolites, spring 
pots 

— Gypsum absent or rare; other sulfates minor 

— Alkaline Hf 


— Volcanic + crystalline 
drainage basin 


terrain > sedi mentary terrain in 


— High geothermal gradient or thermal springs present 


If a target justifies further exploration and evaluation, the next 
phase is a drilling progr am. Core drilling is the recommended 
method for both b uried and pl aya lak e-type deposits. Do wnhole 
geophysical logging methods, chemical analysis, x-ray diffraction, 
and so forth are also employed to evaluate both types of deposits. 

In the Green River Basin, core drilling has been supplemented 
by downhole geophysics, including gamma ray, sonic, caliper, neu- 
tron, and rock density. The gamma-ray logs are used to determine 
trona thickness in conjunction with the lithologic logs. 

X-ray diffraction is used to determine the mineralogy of the 
core samples. Typical chemical analyses include CO3, HCO3, Na, 
Ca, Mg, K, Cl, SO, and water insolubles. The trona content can be 
determined by titrating the water-leachable portion of core samples. 
Specifically, percent trona can be calculated from soluble NazCO3, 
NaHCOs, or Na2O. 
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In p laya la ke de posits li ke Sea rles L ake ( brine-saturated 
evaporite), both core and br ine samples are collected. After coring 
through an evaporite horizon, investigators collect brine samples by 
setting a packer and swabbing the hole. Drill core is subjected to 
x-ray diffraction and the same suite of chemical analyses described 
for Green River (i.e., CO3, HCO3). In addition, acid insolubles and 
boron are determined at Searles Lak e (produces borate products 
also). The brine samples are subjected to the same suite of chemical 
analyses (minus insolubles) as the core samples. Specific gravity is 
also dete rmined. Addit ional testw ork for se lected cor e sa mples 
includes effective porosity and horizontal permeability deter mina- 
tions (Santini 1987). Do wnhole geophysical logging methods 
described for Green River are also used at Searles Lake. 

Mining 

The Intermountain Chemical Co., a subsidiary of the Food Machin- 
ery Corp. (now FMC Corp.) began commercial mining of Wyoming 
trona in 1948. Because trona is similar to coal, except that trona is 
somewhat harder, early trona mining used some of the conventional 
coal-mining equipment. As mining technology improved over the 
next few decades, newer equipment—such as continuous miners— 
was adapted for trona mining in the early 1960s. Longwall mining, 
shortwall mining, and solution mining were introduced in the early 
1980s. Dredging of sodium carbonate minerals from tailing ponds, 
another type of mining, began about 1985. 

All Wyoming trona mines use room-and-pillar mining with 
multiple entry systems. Most have used one or more types of min- 
ing (con ventional, con tinuous, | ongwall, shortwall , or soluti on). 
Two of the mines, FMC and Solvay, currently (2005) use the long- 
wall method in addition to continuous mining. In addit ion, each 
company normally has several crews operating at different places 
in the mine du ring a production shift. Normally, room-and-pillar 
mining has an ore extraction efficiency rate of about 45% (the 
remaining 55% of ore remains as pillars for structural inte grity). 
The pillars are part of t he reserve base used for econom ic evalua- 
tion of ore reserves. 

Extraction rates vary as does the depth of mining. Rooms are 
mined to form panels of varying dimensions, depending on the 
type of mining technology used. The h eights and widths o f the 
rooms and pillars depends on several factors, including the trona 
bed t hickness, lo cal co nditions, and the depth of the particular 
mine. The deeper the mine, the greater the overburden pressure on 
the pillars, which may need to be larger to support the overlying 
strata. Usually pillar dimensions are greater in areas of 1 ong-term 
support, such as near main production and v entilation shafts and 
main entries. Removing the trona creates about 2 m of subsidence 
on the surface, althou gh it is vi rtually unnoticeable. An a verage 
pillar measu res about 21 x 24m. The maze of inter connecting 
underground workings ineach ofthe f ive Wyoming mines is 
extensive. FMC, for example, has more than 3 ,200 km of under- 
ground streets in its 39-km* area—more than the total length of the 
aboveground streets in San Francisco. 

Conventional mining had been the primary method of mining 
trona ore but continuous mining is gradually replacing it. No con- 
ventional production is operating in the Green River basin today; 
currently, all pro duction is by continuous miners, lo ngwall, or 
solution. 

In 1960, two European mining methods were introduced to 
Wyoming: the French, or pseudo-longwall, method and the English, 
or pseu do-shortwall, metho d. Both used acombination of borer 
miners and con ventional equi pment. Mining problems wer —e 
reduced once e xtraction was limited to ab out 50%. Basically, two 
types of continuous miners are used: the drum-type and the borer- 


type. The drum-type miner is used for short- to medium-life mine 
developments (1 0-18 years). Each mine operates on the advance 
and retreat methods; therefore, it is imperative that parts of the 
development remain in good condition for worker safety, ore haul- 
age, and air ventilation requirements. T oday either shuttle cars or 
continuous haulage units transport the ore cut by a continuous 
miner to the conveyor belt for haulage from the mine. 

Boring machines mine long-te rm mainline entries (>30 year 
life) in some of the mines. The oval opening cut by these miners is 
more stable and has a long er life than the rectangular o pening cut 
by a drum- type miner. The maximu m single-pass boring machine 
opening is approximately 2.7 m high x 4.9 m wide. Producti vity 
has continued to increase as cu tting-head designs ha ve impr oved 
and haulage systems have been upgraded. Boring machines are now 
used for the short- and medium-life mine developments in conjunc- 
tion with the drum-type miners. 

Both FMC Wyoming Corp. and Solvay Chemicals, Inc., are 
the only natural soda ash producers that use longwall mining to aug- 
ment their mining technology. Allied Chemical Co. (now known as 
General Chemical Corp.) w as the first company to use longw all 
mining beginning in 1 973 but abandoned the method after se veral 
years. FMC f irst installed longw all equipment in March 19 81 but 
was hindered by the slow cutting r ate of the equipment a s well as 
slabbing and spalling problems with the trona. From July 1987 until 
May 1989, longwall mining temporarily ended with improvements 
in the machinery. These enhancements included slab retaining plates 
on the canopies of the shield supp orts that hold the trona f ace in 
place and automatically retract as the shearer advances. Compared 
with continuous miners, longwall equipment is more e xpensive ini- 
tially; the higher production and extraction rates, elimination of 
roof-bolting requirements, and greater safety for the miners, how- 
ever, more than offset the expense. The longwall unit consists of an 
electric shearer with ale ad and trail drum, a n armored f ace con- 
veyor, and face shields. The maximum panel width cut has increased 
to approximately 230 m with a ma ximum panel length of 2,900 m. 
The pillars left between panels are used for roof support. The roof of 
the mined-out areas ultimately collapses to relieve the stresses, cre- 
ating massive piles of rubble called gob. The method also has an ore 
recovery rate of about 75% co mpared with the 45% for normal 
room-and-pillar mining with continuous mining equipment. 

Roof bolting is the primary method of roof support used in the 
Green River mines. The majority of bolts used are rebar bolts that 
are fully grouted with an epoxy resin. A roof plate under the head 
of each bolt supports the immediate roof. Some bolts with mechan- 
ical expansion anchors are used where conditions are suitable. Nor- 
mal roof bolt spacing is on 1.2-m intervals. It is common practice to 
leave some trona in the roof of the opening because the trona is 
more competent than the overlying shale and marlstone. The holes 
are drilled and the bolts are instal led using a separate roof-b olting 
machine or bolters mounted on continuous miners. 

After the ore has been cut, it must be transported to the pro- 
duction shaft where it is hoisted to the surface. Normal practice is 
to use 10- to 20-t-capacity shuttle cars (either diesel or electric) to 
move the mined rock to a feeder-breaker, which meters the ore onto 
a conveyor belt. A series of con veyor belts then delivers the ore to 
the production shaft. The trona ma _y be crushed fu rther before it 
leaves the mine. An alternative to shuttle cars is a continuous haul- 
age unit that can use either conveyor belts or flexible steel convey- 
ors. These units are more productive than shuttle cars because they 
eliminate the lost time that occurs as shuttle cars change places and 
haul to the belt conveyor. 

The practice of solution mining reportedly w as used more 
than 2,000 years ago in China to recover salt from deep subsurface 
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formations. FMC con ducted a sing le-well solution-mining te st in 
Wyoming in 1945 but encountered poor results and decided to pur- 
sue underground mining instead. Carl A. Bays endorsed the use of 
hydraulic fracturing used by the oil and gas industry to interconnect 
well pairs in the mid-1950s. Between 1955 and 1958 solution min- 
ing was conducted using this technique with moderate success. 
After years of further work and testing, FMC announced on Janu- 
ary 14, 1981, its intention to co nstruct a demonstration plant by 
mid-1981 using solution mining to recover trona from the deeper 
beds on state lease Section 36, T17N, R110W, which was about 
26 km south of its existing refinery. 

A well pair consists of an injection well and a production well 
located a few hundred meters apart. After the wells were drilled to 
about 655 m (bottom of Bed 1), stee] casing was set into place and 
cemented to the well wall from the surface to below the bottom of 
the bed. The casing and cement were breached at the desired loca- 
tion of the fracture by usin g one of se veral techniques—cutting 
tools, jet notching, or explosive perforations. Several monitor wells 
were also drilled along the perimeter of the section to check if there 
were any excursions of the injection fluid. Water was slowly intro- 
duced through th e casing to initiate h ydraulic fractur ing. Each 
injection well w as pressur ized to e xceed the o verburden lifting 
pressure plus the tensile strength of the trona horizon. Once this 
occurred, the horizon ruptured and the solution entered the bed and 
followed the pa th of le ast re sistance. Ideally, the fracture shou ld 
move horizontally to ward the pr oduction well. Once commun ica- 
tion was made with the production well, a solv ent (caustic soda) 
was added to the water to completely dissolve the trona. If only 
water were used, the sodium bica rbonate contained in the tron a 
would precipitate, deposit at the bottom of the solution-mined cav- 
ity, and cover the surface of the soluble trona, thereby reducing the 
quantity of sodium carbonate in solution and minimizing the utili- 
zation of the resource. 

Ane xtraction rate of 30% for __trona solution mining was 
derived years ago based on inform ation o btained from engineers 
engaged in solution mining of salt, potash, and nahcolite. Although 
there are no published reports to confirm or refute this estimate, it is 
conceivable that the extraction rate could be hig her as more well 
pairs are established within an area and horizontal drilling is used to 
establish better communication and contact with the solvent within 
the trona beds. 

FMC has been dischar ging tailings and spent solutions to its 
tailing ponds since about 1953. For about 50 years, sodium carbon- 
ate decahydrate crystals have been collecting on the bottom of these 
ponds. Thi s re presents a la rge, al ternate re source available for 
recovery. Be ginning about 1985, FMC used a dredge to extract 
about 160 kt of crystals annu ally from the 485-ha pond. The crys- 
tals are slurried, dewatered, melted, and processed into soda ash in 
the refinery. Other producers have similar ponds where sodium car- 
bonate decahydrate has collected since the plants were built. At 
some time in the future they may collect and process these crystals 
as well. Because of environmental considerations and the cost of 
constructing and maintaining ta iling ponds, three producers are 
injecting w aste tailing s underground. This minimizes future 
buildup of insoluble materials in the tailing ponds. In addition, two 
of the Wyoming soda ash producers are selling their spent p urge 
liquors that contain several percent of dissolved sodium carbonate 
in solution. Local po wer utility companies purchase the liquors to 
scrub SOp from stack off-gas. 

Feed for the Sear les Lake operations comes from brine-bear- 
ing evaporate horizons in the lake. A system of wells (injection and 
production) and pipelines for each plant produces brine fro m the 


horizons. Each system is designed to produce the best brine avail- 
able for the plant it sup plies. For some, solar ponds concentrate 
brine to increase p lant production. For others, ef fluent is in jected 
into an evaporite horizon (i.e., the Mixed Layer horizon) to manu- 
facture brine by solution mining. Brackish water for plant use is 
obtained from a system of wells and pipelines on the north, west, 
and south sides of Searles Valley. The wells are completed in the 
alluvial sands and gravel beds that surround the saline body (Moul- 
ton and Santini 1995). 

U.S. Borax Inc. opera tes asm all mine at Owens Lake. The 
evaporite deposit ise xposed at th e surf ace. T rona is selecti vely 
mined with an excavator, stockpiled adjacent to areas of excavation 
(to debrine), and later spread out on the surface to air dry (Santini, 
unpublished data). 

Nahcolite in the Piceance Creek Basin was solution mined for 
soda ash production beginning in 2000. The solution min ing con- 
cept was based on work completed by Shell Oil Co. in the early 
1970s (Hardy et al. 2003). The company conducted field testing for 
in situ reco very of oil from sh ale and disco vered that nahcolite 
could be leached using high-temperature steam. The Shell method 
allows for the recovery of bedded nahcolite, in addition to nahcolite 
disseminated through out the oil — shale. American Soda later 
improved on this method, injecting pressurized water at high tem- 
peratures into wells drilled to approximately 670 m. Dissolution of 
the nahcolite produced vertical cavities. 


Processing 


Processing natural soda ash is significantly different than the chem- 
ical processes used to ma ke synthetic soda ash. Processing trona 
ore and sodium-carbonate-bearing brines involves different mineral 
separation technologies, whereas manufacturing synthetic soda ash 
can be accomplished using one of several techniques. 


Natural Soda Ash 


Although trona ore averages ap proximately 90% pure sodium ses- 
quicarbonate (with 10% accessory minerals), the ore must be further 
refined to produce a 99+% so da ash pr oduct. So dium-carbonate— 
bearing brines contain a variety of other soluble minerals, including 
sodium sulfate, sodium chloride, potassium chloride, and borax, that 
must be physically and chemically removed from the brine to process 
the sodium carbonate content into refined soda ash. 

Searles Lake Brine Process. A vast array of production wells 
covers the surface of Se arles Lake to supply the Argus soda ash 
refinery with sodium-carbonate—bearing brine feedstock obtained 
from the Mixed Layer brine and the Lower Salt brine. The brines 
are pumped to the plant and are carbo nated in carbonation to wers 
with CO. gas obtained from calciner g as (from the conversion of 
soda ash from so dium bicarbonate) and from the monoethanol- 
amine (MEA) towers that process the power plant’s flue gases into 
purified CO gas. The sodium carbonate in the brine is converted to 
sodium bicarbonate, which precip itates and then is collected, fil- 
tered, and calcined to light soda ash. This inte rmediate product is 
transferred to sur ge bins, which feed _into one of th ree rotary 
bleaching units that ope rate at 427°C to remove residual organics. 
The material is concentrated and sent to sodium monohydrate crys- 
tallizers operating at 88°C that produce a lar ger-sized crystal. The 
product is screened, dewatered, washed in centrifuges, and dried 
and dehy drated in steam tu be dryers at 2 60°C. The crystals are 
finally screened at 16 mesh and sent to storage. The final product is 
99.7% sodium carbonate. The barren, or spent, solutions from the 
Mixed Layer brine and burkeite liquors are returned to the lake. The 
Lower Sal t bri ne is tre ated separately at the Westend pla nt t o 
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recover borax and sodium sulfate. Figure 3 shows a flow diagram of 
the Argus soda ash process. 

Wyoming Trona Process. The two techniques to ref ine soda 
ash from trona ore are the sesquicarbonate process and the monohy- 
drate process. Bothuse the same pro cedures b ut in dif ferent 
sequences. It takes approximately 1.8 t of trona ore to make 1.0 t of 
finished soda ash. The monohydrate method is the primary process 
used today to mak e soda ash. Figure 4 sho ws a flow diagram of 
both technologies. 

FMC Corp. de veloped the mono hydrate process in 1960. 
Although it patented and licensed the technology to other produc- 
ers, FMC did not use the technique until 1972. In the monohydrate 
process, trona is crushed and calcined in rotary gas-fired calciners 
at 150°—300°C to remo ve water and carbon dioxide from the ore, 
which reduces the weight of the ore by 27% , leaving an impure 
product containing 85% sodium carbonate and 15% insolubles. The 
thermal decomposition of trona involves the following reaction: 


2NazCO3*NaHCO3°2H>0 (trona) + heat — 3Na2CO3 + CO? + 5H20 


The calcinate is di ssolved with h ot water and the clear, hot 
solution containing about 30% sodium carbonate by weight is sent 
to e vaporative m ultiple-effect cr ystallizers or m echanical v apor 
recompression (MVR) crysta llizers, where sodium carb __ onate 
monohydrate crystals (Na2CO3*H2O) precipitate at 40°-100°C, 
which is below the transition temperature of monohydrate to anhy- 
drous soda ash. The inso luble portion of the ore containing shale 
and shortite is collected by c larifiers, filtered, and then washed to 
recover any additional alkali before being piped in a slur ry to tail- 
ing ponds or injected under ground in abandoned sections of the 
mine. Some companies pass the liquor throu gh activated carbon 
beds before crystalliza tion tor emove trace organics solubilized 
from the oil shale so that the organics do not interfere with crystal 
growth rate and crystal habit in the crystallizers. The crystals are 
sent from the crystallizers to hydrocyclones and dewatered in cen- 
trifuges to between 2% and 6% free moisture. The centrifuge cake 
is conveyed to steam tube dryers where the crystals are dehydrated 
into anhydrous soda ash at 150°C, screened, and sent to storage or 
shipment. The f inal product made by the mo nohydrate process is 
dense soda ash with a bulk density of 0.99-1.04 g/cm? and an aver- 
age particle size of about 250 pm. 

The sesquicarbonate process pr oduces light to intermediate 
grades of soda ash crystals with a bulk density of about 0.89 g/cm. 
The trona is crushed, dissolved in hot (95°C) mother liquor, clari- 
fied, filtered, and passed to cooli ng crystallizers, where crystals of 
sodium sesquicar bonate (Na 2CO3*NaHCO3*2H20) prec ipitate. 
Activated carbon is added tof ilters to control the organics that 
interfere with crystal growth. The sodium sesquicarbonate is hydro- 
cycloned, centrifuged, and calcined at 110°-175° C using g as or 
indirect steam heat. Dense soda ash can be made by calcining the 
sodium sesquicarbonate at 350°C. 


Synthetic Soda Ash 


Synthetic soda ash can be made by one of several chemical reactions 
that use common raw materials for feedstock, such as limestone, 
salt, and coal. Other technologies produce soda ash as a by- product 
of a process. 

Leblanc Process. Nicolas Leblanc developed the Leblanc pro- 
cess in 1791 in the first effort to commercially synthesize soda ash. 
Common salt was combined with sulf uric acid to produce sodium 
sulfate and hydrochloric acid. The sodium sulfate was heated in a 
rotary furnace with coal and limestone (or c harcoal and chalk) to 
produce a black ash, wh ich contained sodium carbonate, calcium 
sulfide, and some unreacted coal. The mixture was leached with 
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Figure 3. Argus soda ash process 
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Figure 4. Two methods of producing soda ash from trona ore 


cold w ater, which was evaporated or dried to obtain crystalline 
sodium carbonate. The chemical reaction was 


Na2SOq + 2C > Nags + 2CO2 
NayS + CaCO3 — NazCO3 + CaS 


The L eblanc process w asused primarilyinF — rance and 
England. In about 191 5, it was displaced by the Solv ay ammonia— 
soda process; one plant in China, however, reportedly was producing 
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Figure 5. Flow diagram of the Solvay ammonia-soda process 


about 250 tpy of soda ash as of 1950. The Leblanc technology was 
not used successfully in the United S tates e xcept during a short 
period from July 1884 to January 1885 at a plant in Laramie, W yo- 
ming. 

Solvay Process. Also known asthe ammonia-—soda process, 
the Solvay process was developed by Alfred and Ernest Solvay in 
1861 as an ine xpensive way to manuf acture soda ash ona lar ge 
scale. Manufacturing 1.0 t of synthetic soda ash requires about 2.8 t 
of steam; 1.7 t of salt; 1.4 t of limestone; 0.6 t of coal for the boil- 
ers; and about 0.2 t of co al for the dryers. The process dischar ges 
approximately 1.7 t of waste products that include sodium chloride 
and calcium chloride. In the pro cess, a sodium chloride brin e is 
treated with milk of lime to remove magnesium ions and with soda 
ash to remove calcium ions. The brine is then saturated with ammo- 
nia, which acts as a carrier, and carbon dioxide gas in an absorption 
tower to produce ammonium bicarbonate, which reacts with the salt 
in solution to form sodiu m bicarbonate and ammonium chloride. 
The sodium bicarbo nate precipitates, after which it is filtered and 
calcined at 175°—225°C to light soda ash (based on its bulk density 
of 0.51-0.62 g/cm), and the gases produced are recycled back to 
the liquid phase. The solution containing ammonium chloride is 
reacted with milk of lime to recover the ammonia for reuse and to 
produce by-pr oduct calcium chloride for either sale or disposal. 
Limestone and coke are required to make the milk of lime. Dense 
soda ash (bulk density of 0.9 6-1.06 g/cm?) is ma de by hydrating 


light soda ash to change the bulk density. The chemical reactions in 
the Solvay process are 


CaCO3 > CaO + CO2 
C(amorph.) + O2 > CO2 
CaO + H20 — Ca(OH). 
NH3 + H20 — NH4OH 
2NH4OH + CO2 > (NH4)2CO3 + H20 
(NH4)2CO3 + CO2 + H20 — 2NH4HCO3 
NH4HCO3 + NaCl > NH4Cl + NaHCO3 
2NaHCO3 > NazCO3 + CO2 + H20 
2NH,Cl + Ca(OH)2 — 2NH3 + CaCl» + 2H2O 


The Solvay process is the dominant method used in the world 
today to manufacture synthetic soda ash. Appr oximately 70% of 
the total w orld 0 utput of soda as h is synthe tic, the majority of 
which is fromthe Solvay process andthe remainder from the 
ammonium chlo ride, Ne w Asahi, and caustic carbonation p ro- 
cesses. Fi gure 5 sho ws a fl ow diagram of t he S olvay am monia— 
soda process. 

Electrolytic Process. Electrolytic sod aashis produced by 
introducing an electric current through a cell containing a saturated 
solution of sodium chloride. Sodi um hydroxide forms at the cath- 
ode, and as carbon dioxide g as is passed through the solution 
around the cathode, sodium bicarbonate precipitates. The material 
is collected and dried to produce soda ash. In 1939, three electro- 
lytic plants owned by the West Virginia Pulp and Paper Co. were in 
operation in Tyrone, Pennsylvania; Covington, Virginia; and Luke, 
Maryland. The plants also used the cop roduct chlorine from the 
cells for bleaching applications. 

Caustic Carbonation Process. Dow Chemical Co. operated 
the only caustic carbonation plant in the United States from 1955 to 
1970 in Freeport, Texas. This plant, and a few others in the world, 
converted sodium hydroxide obtained as a coproduct from chlorine 
manufacture into soda ash. The sodium hydroxide in th e electro- 
lytic cell is treated with flue gas. The basic reaction is 


2NaOH + CO2 — Na2CO3 + H20 


Higher energy costs as sociated with the electrolytic process 
that p roduces both chlo rine and caustic soda normally result in 
higher mark et prices f or caustic soda compa red wi th s oda as h; 
therefore, this technique is not used extensively in the world. 

Caprolactam Pyrolysis. This process in volves p yrolizing 
caprolactam residue to obtain a 95% sodium carbonate and 5% car- 
bon product. A 40-tpd plant began production at Salamanca Guana- 
juato in 1989. The soda ash-carbon material was being sold to a 
pulp-and-paper operation that con verted the soda ash to caustic 
soda. The small quantity of car bon in the soda ash rep ortedly was 
not be a problem (Garrett 1992). 

Ammonium Chloride (AC) Process. The As ahi Glass Co. of 
Japan developed the AC process in 1949 at the Kitakyushu Factory. 
It is essentially a modification of the con ventional Solvay process. 
Because salt for synthetic soda ash manufacture must be imported, 
and therefor e ise xpensive,a new tech nique w as de veloped to 
improve the use of salt. In the Solv ay process, about 70% _ of the 
sodium content in the salt is converted to soda ash with the remain- 
ing 30% and all of the chlorine discharged as waste. Only 28% (by 
weight) of imported salt was used to produce soda ash; the remain- 
ing 72% was lost as waste. The AC process uses more than 90% of 
the sodium from the salt. In the Solvay process, the ammonium 
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chloride produced is converted to ammonia and recycled; in the AC 
process, however, it is crystallized by cooling. Ammonium chloride 
is an excellent nitrogenous fertilizer used in Asia mainly for paddy 
rice; experimental applications, however, indicate it has beneficial 
uses for wheat, sug ar cane, cott on, coconut and palm oil trees, 
bananas, and jute (T sunashima and Nakaya 1 982). Another differ- 
ence between the Solvay and AC methods is that the AC method 
uses solid salt rather than salt brine as feedstock. In ad dition, the 
mother liquor is recycled to dissolve additional salt. 

New Asahi (NA) Process. The NA process was developed in 
the early 1970s to improve on the AC and Solvay processes by 
reducing ener gy consumption, labor requireme nts, and equipment 
maintenance. The process has tw o variations that can be used, 
depending on the AC demand situation, and the NA monoproduc- 
tion and coproduction processes. In the first variation, solid ammo- 
nium ch loride reacts with a lim e slurry to release the ammonia, 
which is recycled with a 25% calcium chloride solution (compared 
with a 10% solution in the Solvay process) discharged as waste or 
recovered for sale. In the other variation of the process, by-product 
solid ammonium chloride is produc ed by direct contact cooling 
crystallization when the facility has an am monia plant. The NA 
coproduction process has lower production costs compared with the 
NA monoproduction technique. 

Akzo Process. Akzo Zout C hemie of the Netherlands devel- 
oped a process to make vinyl chloride and soda ash from salt using 
an amine-solvent s ystem c atalyzed by aco pper-iodide mixtur e 
(Akzo N.V. 1981). Van Andel (1983) indicated that the method was 
an alternative to salt electrolysis, direct ethylene chlorination, and 
oxychlorination techniques. It produces soda ash rather than caustic 
soda and uses steam instead of electricity, reducing total energy 
consumption about one half that of the conventional process. 

Ormiston Mining Process. Although Ormiston Minin g and 
Smelting of Canada de veloped this process mainly to produce 
sodium h ydroxide, it can be alte redto produce soda ash . The 
method involves electrolysis of a sodium sulfate solution in an elec- 
trolytic cell that generates sulfuric acid. Ammonia is added to neu- 
tralize the acid and the proc ess ultimately produces sodiu m 
hydroxide and ammonium sulfate. The caustic soda can be reacted 
with lime and converted to soda ash. Although the o perating eco- 
nomics appear to be cost-prohibitive, some nations without sod a 
ash resources but with ab undant sodium sulfate deposits may find 
this process promising (Thompson and Genders 1992). 

Hiils Process. The Hiils process produces soda ash and hydro- 
chloric acid from salt using an amine-solvent system (Rauh 1991). 
The technique w as de veloped by Chemische Werke Hiils AG, 
which was awarded a U.S. patent in 1982. The by-product hydro- 
chloric acid may be easier sold than other by-pro duct chemicals 
recovered from other processes, depending on market conditions. 


END USES 


Soda ash obtained from either na tural or synthetic production pro- 
cesses serves a variety of end-use markets. The markets in de vel- 
oped nations are mature and are not expected to grow appreciably 
but will generally para llel the population growth rates of those 
nations. In developing countries, where the glass, chemical, and 
industrial sectors are emer ging, consumption is expected to gro w 
more significantly as the demand for consumer products increases. 
Soda ash has been used in glass and soap manufacture for more 
than 5,500 years and these continue to be important end uses today. 
Older uses for soda ash, such as embalming the dead, treating colic 
pains, and making bread, g ave way to newer uses in the 2 Oth cen- 
tury, such as pH control in swimming pools, flue gas desulfurization 
for cleaner air, and glass fiber insulation for homes. Although sur- 


rounded every day by many consumer products that contain soda 
ash, most people are unfamiliar with what soda ash really is. Based 
on reported industry sales in 200 4, the man ufacture of glass prod- 
ucts represented about 50% of domestic soda ash consumption, with 
the glass container and beverage sector as 49% of this end use; flat 
glass, 36%; fiber glass, 9%; and specialty glass, 6% (i.e., glass tum- 
blers, medicine bottles, incandescent bulbs, etc.). The other end uses 
were chemicals (mainly sodium bicarbonate, sodium chromates, 
sodium phosphates, and sodium s ilicates), 26%; soaps and deter- 
gents, 11%; distributors (which buy soda ash directly from the pro- 
ducers and _ resellitto | various do wnstream consumers), 5%; 
miscellaneous uses, 4%; flue gas desulfurization, 2%; and pulp-and- 
paper and water treatment, 1% each. 


Glass 


The glass industr y is the lar gest consumer of soda ash, especially 
the glass-container sector. Soda ash is a source of sodium oxide that 
is used as a fluxing agent in container, flat, fiber, and specialty glass 
manufacture to re duce the temperature at which the raw materials 
melt. Soda ash decom poses into sodium oxide and carbon dioxide, 
which rises through the glass melt and helps mix the ingredients. 

Soda-rich g lass is soft er than other more refractory ty pes of 
glass; therefore, forming is easier. The quantity of soda ash added to 
glass batches varies with the type of glass being manufactured and 
the percentage of rec ycled glass (also kno wn as cullet) being used. 
Glass containers, for example, may require more than 180 kg _—_ of 
dense soda ash fo r every 450 kg of silica sand. A typ ical batch for 
clear glass containers may consist of 155 kg soda ash; 172 kg lime- 
stone; 145 kg feldspar; and 5 kg so dium sulfate. Flat-glass batches 
require about 115 kg of soda ash per 450 kg of silica sand used. The 
growing nationwide effort to recycle glass has benefited many of the 
domestic glass-container manufacturers because cullet substitutes for 
part of the raw mate rial requirements in a gl ass batch. Cullet also 
melts at lower temperatures (about 20%-—25% lower), thereby reduc- 
ing glass-production costs. The increased use of cullet has conversely 
affected soda ash consumption. The U.S. soda ash consumption in 
the glass-container industry has al so declined becau se of increased 
use of polyethylene terephthalate (PET) plastic containers. 


Chemicals 


The inorganic chemicals industry is the second largest user of soda 
ash, comprising 26% of total domestic demand. Althou gh many 
sodium-based compounds ar e indirectly produced from so da ash, 
the primary chemicals that are directly manufactured from soda ash 
feedstock are discussed in the following subsections. 


Sodium Bicarbonate 


Sodium bicarbonate, or baking soda, is manufactured by percolating 
CO gas through a carbonation tower con taining a saturated soda 
ash solution. The sodium bicarbonate precipita te is c ollected, fil- 
tered, centrifuged, dried, screened, and packag ed. App roximately 
0.68 t of soda ash is required to make 1 t of sodium bicarbonate. The 
major uses of sodium bicarbonate are household consumer products, 
animal feed, foods for human consumption, baking products, bever- 
ages, plastics, chemicals, pharmace uticals, person al-care products, 
fire e xtinguishers, soaps and deter gents, flue g as scrubbing, and 
other miscellaneous end uses. Five producers operating six plants 
have a combined annual production capacity of about 708 kt. Two of 
the companies are also soda ash producers. 


Sodium Hydroxide (Caustic Soda) 


Caustic soda is mainly produced as a coproduct with chlorine gas in 
the electrolysis of salt brine in mercury, diaphragm, or membrane 
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cells. Nonelectrolytic caustic soda, however, also known as chemi- 
cal caustic soda, has been produced in the last decade by several of 
the Green River soda ash producers. The lime—soda process was the 
primary method of caustic soda manufacture at the beginning of the 
20th century before the electrolytic process gained favor. Chemical 
caustic soda is produced by the following reaction: 


Ca(OH)2 + NaxCO3 — CaCO3 + 2NaOH 


The lime is slaked—CaO converted to Ca(OH) 2—and added 
to 1.33 t of dissolved soda ash to produce 1.0 t of chemical caustic 
soda. Calcium carbonate is precipitated from the reaction, calcined 
back to lime, and recycled. 


Sodium Sesquicarbonate 


Sodium sesquicarbonate is a hydrated compound containing soda 
ash and sod ium bicarbon ate. Trona ore is first crushed and dis- 
solved to separate the insoluble impurities. The sodium compounds 
in solution are then clarified, filtered, crystallized, centrifuged, cal- 
cined, and recovered as long, needle-shaped, monoclinic crystals of 
sodium sesquicarbonate. FMC W yoming Corp.h asa 50-ktpy 
sodium sesquicarbonate facility in Wyoming that sells mainly to the 
detergent industry. 


Sodium Chromates 


Chrome ore is ro asted with soda ash in arotary kilnto produce 
sodium chromate or sodium bich romate; these are used to produce 
other chromium compounds such as chromic acid and chromic sul- 
fate. The chemical reaction is 


2Cr203 + 4Na2CO3 + 302 -> 4NazCrO4 + 4CO 
2Na2CrO4 + H2SO4 -> NagCr2O7 + NazSO4 + H,0 


For every ton of sodium bichromate produced, 0.79 t of soda 
ash is required. The end uses of sodium bichromate are chromic 
acid, chromium oxide, leather tanning, pigments, wood preser va- 
tives, drilling mud additives, and other uses (metal finishing, water 
treatment, textiles, catalysts). 


Sodium Phosphates 


The phosphate ch emicals, and the corresponding quantity of soda 
ash required to make | st of the chemical, are as follows: sodium 
tripolyphosphate (Na 5P3010), 0.7 6st; mono sodium ph osphate 
(NaH2PO,), 0.45 st; disodium phosphate (NagHPOs,), 0.747 st; triso- 
dium phosphate (Na3POz,), 0.68 st; sodium metaphosphate (NaPO3) 
0.557 st; sodium acid pyrophosphate (NazH2P207), 0.478 st; and tet- 
rasodium pyrophosphate (Na4P207), 0.84 st. The sodium phosphates 
have exceptional cleaning properties, especially sodium tripolyphos- 
phate, and are also used in baking powder, carbonated be verages, 
milk products, dental materials, fire-resistant products, metal surface 
treatments, and water treatments. 


Sodium Silicates 


Sodium silicate is produced from silica sand and soda ash in a pro- 
cess similar to glass manuf acture except that the sodium silicates 
are water soluble and glass is not. The two raw materials are melted 
at 2,450°C_ in an open-hearth furnace. The melt is with drawn, 
cooled, crushed, and dissolved und er pres sure with steam. The 
three types of sodium silicate s, and the corresponding quantity of 
soda ash needed to produce 1 st of the chemical are sodium ortho- 
silicate (0. 8 st); s odium me tasilicate pentahydrate (0.33 st); and 
water glass (0.37 st). Sodium silicates are used in soaps and det er- 
gents; silica-type catalysts and gels; pigments; p aper adhesi ves; 
water, paper, and ore treatment; and other miscellaneous end uses. 


Other Sodium Chemicals 


Many other sodium-based chemicals are derived from soda ash. 
Sodium aluminate, sodium c yanide, sodium fluoride, and sodium 
sulfite are just a few examples. 


Soaps and Detergents 


The third largest end use of soda ash is in soap and detergent manu- 
facture, accounting for 11% of total domestic consumption. Soda 
ash is used directly and indirectly in this sector with different func- 
tions. First, soda ash is added directly to different detergent formu- 
lations to serve as an agglomerat ing aid, s urfactant c arrier, and 
source of alkalinity. Second, soda ash is the feedstock to make other 
sodium-based chemicals kno wn as_ builders. Buil ders are a gents 
that enhance the cleaning action in the liquid washload by tying up 
the calcium and magnesium ions to improve surfactant activity. The 
builders include sodium tripolyphos phate (which is ane xcellent 
builder but contributes to the environmental problem of eutrophica- 
tion), sodium silicates, and synthetic zeolites. One or a combination 
of these is used in various detergent formulations. Lastly, soda ash 
is used to soften laundry water. 

The end-use data presented per tain to the direct use of soda 
ash in soap and deter gent manufacture; the quantity of soda ash 
used to produce other so dium chemicals used in formulations are 
included in the chemicals sector, which is the primary, f irst-tier 
consumer. Soda ash is used in powdered home and industrial deter- 
gents but not inthe newer liquid deter gent formulation s. Man y 
states have legislation to restrict or ban the use of phosphatic deter- 
gents because of environmental considerations; therefore, detergent 
companies have modified product formulations to accommod ate 
regional market restrictions. As a result, national sodium tripoly- 
phosphate consumption has been decreasing, thereby reducing soda 
ash usage. To compensate for the decline, additional soda ash has 
been added to d etergents as al ternate medium-strength b uilders, 
such as in synthetic zeolites and in sodium silicates. De spite the 
growth of liquid detergent use, the net effect is that soda ash con- 
sumption in the soap and detergent sector remains strong. 


Flue Gas Desulfurization 


Flue gas desulfurization reduces SO» emissions in stack gases from 
the burning of fuel. Soda ash and other soda ash—based compounds 
such as so dium bicarbonate and sodium sesquicarbonate are v ery 
effective dry sorbents of sulfur and nitrogen compounds. The reac- 
tion is as follows: 


NayCO3 + SO2 + 402  NazSO4 + CO2 


Compared to calcium- based compoun ds suchas lime and 
limestone, scrubbing reagents based on soda ash have been proven 
to be more effective scrubbers because of their greater surface area, 
which enhances the reaction with sulfur and n itrogen. Soda ash, 
however, remains mor e e xpensive and geo graphically restricti ve 
than calcium materials. Most of the power plants that burn high-sul- 
fur coal are east of the Mississippi River, where there are plentiful 
limestone quarries that can be mined mo re economically and the 
product transported shorter distances than soda ash produced in the 
West. Therefore, the quantity of soda ash sold for this end use is 
restrictive because of the economic advantages of lime and lime- 
stone. Some soda ash, ho wever, is blended with lime for use in the 
dual-alkali process. The flue gas desulfurization market is 2% of 
total domestic soda ash sales. 


Distributors 


Distributors offer a variety of services to many soda ash consumers 
that may not be available from a soda ash producer directly, such as 
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buying in bags, small volumes, or on an infrequent basis. Soda ash 
sold to distr ibutors for resale comprised 5% of domestic reported 
consumption in 2004. 


Pulp and Paper 


Soda ash is used in pulp digestion and bleaching operations and in 
water treatment and paper-coating formulations. Its main use is in 
making the sodium sulfite buffer solution used in the neutral sulfite 
pulp-manufacturing process, in which the soda ash neutralizes th e 
corrosive effects of the recovered black liquor. Although many pulp 
mills had used caustic soda because of its high sodium oxide con- 
tent and its strong alkalinity, high prices and supply shortages of 
caustic soda prompted se veral mills to switch to soda ash, which 
was less expensive and more available. The total market repre - 
sented about 1% of U.S. soda ash sales in 2004. 


Water Treatment 


Soda ash is used to chemically alter the pH of municipal and indus- 
trial w ater supplies and as a__ precipitant to r emove impurities in 
brine and industrial process water. In the basic water treatment pro- 
cess, soda ash is added to adjust acidity or alkalinity. Generally, it is 
added to acidic water to raise the pH and reduce the corrosivity of 
the water and the accumulation of mineral scale, thereby extending 
the life of metal pipes and equipment. One example of this applica- 
tion is in swimming pool chemicals where soda ash is added to 
adjust the pH of the water. 

As a precipitant, soda ash removes calcium and magnesium 
ions and other contaminants from water, which decreases the hard- 
ness of w ater. Most chlorine a nd caustic soda man ufacturers pre- 
treat the sodium-chlor ide—rich b rine feedstock with soda ash to 
remove any calcium and magnesium impurities, thereby improving 
feedstock composition and product quality. 

Since 1987, when the U.S. Bureau of Mines be gan collecting 
reported soda ash consumption data, a certain quantity of soda ash 
equivalent contain edin purge liquors, soda liq uors, and min e 
waters has been sold to coal-fired power plants for p rocess water 
treatment. These data are included under the water treatment cate- 
gory rather than under flue gas desulfurization. 

Another uniq ue so da ash appl icationin w ater treatment 
involves tre ating surface waters (e.g., lakes and rivers) contami- 
nated from acid rain or natural causes. Although soda ash is a more 
expensive al kalicom pared wi thlesse xpensive calcium-based 
reagents such as limestone, it reportedly is more effective than lime 
in neutralizing th e effects of ac idification. The concept has been 
conducted in lakes in Sweden and New York with positive results; 
the practice has been criticized, however, for merely treating the 
result of acid rain rather than attempting to prevent the spread of 
pollution from the source, which w ould involve flue gas desulfur- 
ization. The total quantity of soda ash used for al 1 water treatment 
applications is about 1% of total soda ash demand. 


Miscellaneous Uses 


Although soda ash is used in several minor applications, specific 
end-use data are unavailable; the total category, however, is 4% of 
domestic reported consumption. The uses include agriculture, brine 
treatment, corn syrup manufacture, drilling mud additives, dyes and 
pigments, enamels, food processing, leather tanning, metal refining, 
perfume, pharmaceuticals, and textiles. 


ECONOMIC FACTORS 


Transportation and Packaging 


Soda ash is packag ed in 23-4 6 kg paper bags and 1-t supersacks. 
Large quantities are shipped in bulk, often using unit trains (~100-t 


railcars). Producers use dedicated port facilities and chartered ves- 
sels that allo w soda ash, a lo w-unit-value product, to be e xported 
around the world. Smaller shipments of both bulk and bagged soda 
ash are to domestic customers. 


Prices 


For three quarters of the 20th century, the synthetic soda ash indus- 
try with several nationwide plants established the lead for se tting 
the soda ash selling price, leaving the smaller natural soda ash 
industry to follow by paralleling any price movement made by the 
former. Rising fuel costs after the 1973 energy crisis, coupled with 
pollution-abatement equipment required b y environmental legisla- 
tion, adversely affected the synthetic industry more than the natural 
operators, thereby creating a tw o-tier sales price—one for natural 
soda ash and another for synthetic soda ash. 

The posted list price of natural soda ash differs from the value 
that is reported to and by USGS annually. The value may or may 
not correspond to the p ublished list price for the commodity. The 
values that tend to be synonymous with the average market price 
are the combined total revenue of Wyoming and California natural 
bulk, dense soda ash sold on an f.o.b. (free-on-board) basis at list 
prices, spot prices, discount, long- term contracts, and for export, 
divided by the aggregate quantity of soda ash sold. Bagging, han- 
dling, and insurance costs ar e not included. The a verage annual 
value for b ulk, dense soda ash, f.o  .b. Green River, W yoming; 
Searles Valley, California; and Parachute, Colorado (now dormant); 
was $70.27/t in 2004. On July 1, 2004, the list price for Wyoming 
bulk dense soda ash was raised from ~$116/t to $139/t. The Califor- 
nia price for the comparable product was increased from ~$144/t to 
$150/t. 


Foreign Trade 


Before the startup of synthetic soda ash manufacturing in the 
United States in 1884, and apart from limited natural soda ash pro- 
duction in the West, imported soda ash supplied most domestic sup- 
ply requirements for the glass and detergent industries. As domestic 
soda ash production capacity expanded, the United States rose from 
being import dependent to a net exporting nation. 


Imports 


England had been a major source of soda ash imports in the late 
19th and into the 20th century. Synthetic soda ash plants were built 
in C anadaan d Mexico primarily to sat isfy those co untries’ 
requirements; because of their close geographic location, however, 
these nations began trading with the United States to solve supply 
shortages or to provide alternate soda ash grades. The Solvay plant 
in Amherstburg, Ontario, has now been closed, and only one facil- 
ity remains in Mexico. Imports of soda ash in 2004 increased by 
20% to 6,000 t from 2003. In 2004, about 41 % of impor ts were 
from the United K ingdom and 37% from Mexico. The remainder 
was from Belgium, Bul garia, China, Germany, India, Japan, Tai- 
wan, and Turkey. 


Exports 


U.S. soda ashe xports have g rown significantly in the last tw o 
decades because of in creasing world demand, favorable currency 
exchange rates, lifting or easement in foreign tariffs and embargoes, 
and synthetic soda ash plant closures. Another important factor has 
been the creation of the domestic export association kno wn as the 
American Natural S oda As h Co rporation (ANSA C), which was 
reorganized in 1983 from the Soda Ash Export Trading Association 
assembled in 1982. ANSA C has been very successful in raising 
export sales by consolidating th e efforts of four indi vidual U.S. 
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soda ash produ cers in the w orld market. In 19 81, before the cre- 

ation of ANSAC, exports were only 13% of U.S. production, but by 
2004 it had risen to more than 43% of total production. Exports of 
soda ash in 2004 were 4.67 Mt. In 200 4, U.S. exports to 44 coun- 
tries, on are gional basis, were as follows: Asia, 36%; North a nd 
South Am erica, 22% ea ch; Europe, 11%; the Middle East, 4% ; 
Oceania, 3%; Central America and Africa, 1% each; and the Carib- 
bean, less than 1%. 


FUTURE OUTLOOK 


The outlook for U.S. soda ash for the next 5 year s is optimistic, 
despite c ompetition from Chin ese soda ash produ cers (Kostick 
2004). According to the USGS, the market for domestic soda ash is 
expected to grow by about 0.5% per year, and the world demand is 
forecasted to range from 2% to 2.5% per year for the ne xt several 
years. Asia and South America are the two areas that will continue 
to have increased soda ash consumption in the near future. In con- 
trast, ANSAC estimates world demand for soda ash will grow about 
4%-4.2% per year for the next few years. 
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Sodium Sulfate Resources 


George S. Austin and Birney Humphrey 


INTRODUCTION 


Sodium sulfate is an important industrial chemical. As recently as 
25 years ago, it was produced and consumed in the United States in 
quantities exceeding 1 Mtp y. Since then, b oth its production and 
use have declined; approximately half the production, however, still 
comes from natural sources. Figure 1 illustrates the history of pro- 
duction of natural sodium sulfate (up to 1997) and manuf actured 
sodium sulfate in the United States. Production of natural sodiu m 
sulfate from various types of deposits is the main source of this 
chemical in Canada, China, Mexico, and Spain, and probably in 
Argentina, Chile, Iran, Spain, and the Russian republics. 

In the United States, more than one half of the total output is a 
by-product of various manufacturing processes or products includ- 
ing ascorbic acid, battery reclamation, cellulose, rayon, and silica 
pigments (Kostick 2005). In addition, there is sizable production of 
sodium sulfate from other chemicals (primarily salt and su lfuric 
acid), called “salt ca ke” (Garrett 2001). The U.S. Geological Sur- 
vey (USGS) does not separate na tural sodium sulfate from syn- 
thetic sodium sulfate in reporting production (Kostick 2005). 


MINERALOGY AND PHYSICAL PROPERTIES 


Sodium sulfate is widespread in occurrence and is a common con- 
stituent of many mineral waters and seawater. Atmospheric precipi- 
tation contains sulfate; it is one of the major dissolved constituents 
of rain and sno w (Davis and De Wiest 1966). Many of the salin e 
lakes throughout the world contain varying amounts of sodium sul- 
fate. Because sodium is usually the dominant cation, some make an 
anionic distinction, referring to lakes containing predominantly sul- 
fate as bitter lakes and those containing predominantly carbonate as 
alkali or soda lakes (Bateman 1950). Sodium sulfate in its natural 
form is found in two principal minerals, mirabilite and thenardite. 
Mirabilite, the hydrous form, is commonly called Glauber’s salt. It 
was discovered by the German chemist J.R. Glauber (1 603-1668), 
who derived its name from the Latin, sal mirabile, meaning won- 
derful salt. Thenardite, the anhydrous variety, was named for th e 
French chemist Louis Jacques Thenard (1777-1857) of the Univer- 
sity of Paris (Mitchell 1979) . The largest quantities occur in th e 
form of m irabilite. Sodium sulfate is foun d in v arying de grees of 
purity, from theoretically pure efflorescent crystals of mirabilite to 
combinations and admixtures of ot her salts and impurities. It is a 
common consti tuent of some brine s; from t his sou rce, mu ch is 
extracted commercially. 
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Figure 1. Sodium sulfate production in the United States, 
manufactured and natural until 1997. Only total sodium sulfate 
production has been published since 1997. 


Sodium sulfate also is found in compounds such as the miner- 
als glauberite, the do uble-salt of anhydrous sodium and calcium 
sulfate; bloedite , the h ydrous double-salt of sod ium sulf ate and 
magnesium sulf ate; andb urkeite, the anh ydrous dou ble-salt of 
sodium carbonate and sodium sulfate. 

More than 40 minerals contain sodium sulfate in varying pro- 
portions; man y are of special in terest because of their frequen t 
occurrence. 

Table 1 lists some sodium sulfate bearing minerals. The reader 
is referred to other publications (Grabau 1920; Cole 1926; Dana 
1932; Dietrich 1969) for descriptions of these minerals. Only mira- 
bilite and the nardite will be described in t his chapter. Mirabilite, 
NazSO4°10H20, contains 55.9% water of crystallization. It is noted 
for its efflorescence or spontaneous loss of water. On dehydration, 
it changes to the anhydrous form, Na2SO4. Mirabilite is an opaque 
to c olorless, w ater-soluble min eral th at t astes f irst c ool, the n 
slightly bitter. It has a specific gravity of 1.48. It frequently forms 
as ef florescent, need lelike monoclin ic crystals b ut generally is 
found in the massive form. 

Thenardite, the anh ydrous mineral Na2SOq, contains 43.68% 
NayO and 56.32% SO3. It ranges from colorless to white and may be 
tinted shades of gray or brown. It is a water-soluble mineral with a 
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Table 1. A list of minerals that contain sodium sulfate 

Mineral Composition % Na2SO4 
Thenardite Na2SO4 100 
(anhydrous) * 

Hanksite 9Na2SO4e2Na2CO3°KCl 81.7 
D’ansite 9Na2SO4eMgSO4e3NaCl 81.2 
Lecontite (Na,NH4,K)2 SO4®2H20 <79.8 
Vanthoffite 3Na2SO4*MgSO4 78 
Hectorfloresite ANa2SO4eNaCloO3 74.1 
Sulphohalite 2Na2SO4eNaCle NaF 73.9 
Burkeite Nag(SO4)2(CO3) 72.8 
Eugsterite 2Na2SO4*CaSO4e2H2O 62.3 
(Fritzsche’s salt) 

Darapskite Na NO3*Na2SO4e®H2O 58.0 
Hydro-glauberite 5Na2SO4°3CaSO4°6H2O 57.9 
Glauberite Na2SO4eCaSO4 51.1 
Loeweite MgSO4*Na2SO4e2 /2H20 46.2 
Ferrinatrite 3Na2SO4Fe2(SO4)3°6H2O0 45.6 
Mirabilite Na2SO4e 10H2O 44.1 
(Glauber’s salt) 

Bleodite MgSO4eNa2SO4°H2O0 42.5 
(astrakanite 

Kroehnkite CuSO4*®Na2SO492H2O0 42.1 
Nickelbloedite NagNi(SO4)2°4H2O 40.3 
Sideronatrite NagFe(SO4)2(OH)*3H20 38.9 
Caracolite Pb(OH)CleNazSO4 35.4 
Palmierite (K, Na)2Pb(SO4)2 <31.9 
Tychite 2MgCO3e2Na2CO3°Na2SO4 27.2 
Aphthitalite (K,Na)3Na(SO4)2 21-38 
(glaserite) 

Tamarugite NazSO4eAlo(SO4)3®°12H2O0 20.3 
Natrochalcite Cug(OH)2(SO4)3*Na2SO4*°2H2O 18.8 
Almeriite Na2SO4eAl2(SO4)3°5Al(OH)3*#H20 15.9 
Mendozite Na2SO4eAl2(SO4)3°24H2O0 15.5 
(soda alum) 

Natrojarosite Na2Fes6(OH) 12(SO4)4 14.7 
Noselite 3Na2AleSiz0geNa2SO4 14.3 
Slavikite (Na,K)2SO4®Fejo(OH)6(SO4)12°63H20 <4.6 





* Salt cake is anhydrous sodium sulfate with a purity lower than 98%. 


slightly salty taste. Its specific gravity (2.67) and hardness (2.5 to 3) 
exceed those of mirabilite. It commonly occurs in the massive form 
without visible crystals. Its crysta ls are frequently tabular pyramids 
of the orthorhombic system. 

Sodium sulf ate al so oc curs as aheptah ydrate, containing 
seven mo lecules of w ater, but this is unsta ble and ha s not been 
found in the natural environment. 

The solubility of sodium sulfate has an important effect on the 
crystallization of the salt in nature, as well as in its production. Its 
solubility in w ater generally increases asa nonlinear function of 
temperature. Below 1.2°C, ice and mirabilite form. As the tempera- 
ture in creases abo ve 0°C, incr easing amounts of sodium sulf ate 
become soluble. At 32.4°C, a transition p oint on the solub ility 
curve is reached as the decahydrate melts in its own water of crys- 
tallization and the anh ydrous form crystallizes. W ith inc reasing 
temperatures, solubility decreases somewhat. The presence of other 
dissolved salt s changes the tra nsition temperature and solub ility 
characteristics of sodium sulfate. 


CLASSIFICATION OF DEPOSITS 


Essentially all commercial deposits of sodium sulfate resulted from 
accumulation and evaporation of surface water and groundwater in 
basins with interior drainage called playas. They are found in arid 
to semiarid regions. Thus these deposits fall within the broad classi- 
fication of evaporites. They can be further classified into two cate- 
gories: (1) those occurring as crys _ talline bed s of mirabilite or 
glauberite and/or brines within or underlying playa lak es; and (2) 
those found as buried beds of thenardite, glauberite, and associated 
minerals. The first category includes the principal deposits of the 
world. Notable among these are the lake deposits of western Can- 
ada; Great Salt Lake, Utah; the vast mirabilite-glauberite deposits 
of the Kara Bogaz Gulf on the eastern shore of the Caspian Sea; and 
the brine deposits of the western United States and Mexico. These 
require pumping, dredging, or reservoiring for exploitation. 

Commercial depo sits of the second cate gory are relatively 
rare. Depo sits of then ardite and glauberite are being mined in 
Spain, and thenardite was mined at Camp Verde, Arizona, and at 
Rhodes Marsh near Mina, Nevada. Conventional mining techniques 
are used for extraction. 


ORIGIN OF SODIUM SULFATE DEPOSITS 


Evaporation of s urface wa ters, w ith consequent concentration of 
salts, is the principal agent in the formation of alkali and bitter lakes 
from which sodium sulfate and other salts are extracted. Because of 
the grea t dif ference inc omposition between sea water salts and 
those of pla ya 1 ake de posits, itis generally accept ed that the se 
deposits are recent accumulations from nonmarine sources. 

The brines of playa lake deposits are more diverse in composi- 
tion than seawater because each deposit contains soluble salts from 
discrete sources within its drainage area. The salinity of the brines 
is much greater because of the high rates of evaporation characteris- 
tic in arid interior basins where the deposits occur. 

The evolution of brine and subsequent precipitation of minerals 
involve complex geochemical factors. These include the weathering 
of solutes from the watershed, their transport to the playa basin, and 
their evaporative concentration. Jones (1966) pointed out the impor- 
tance of lithology and weathering processes to the dominant anion in 
playa lak es of the western United States. Krauskopf (1967) d is- 
cussed the fate of various elements and radicals during transport and 
the eventual arrival of sodium as the dominant cation, and either sul- 
fate or chloride as the chief anion. McIlv een and Ch eek (199 4) 
reported that in 1970 Hardie and Eugster discussed the evolution of 
dilute waters in closed basins, placing them into four groups: Group 
A (Na-CO3-SO,-Cl brines), Group B (Na2SOq-NaCl brines), Group 
C (Na-Mg-Ca-Cl brines), and Group D (Na-Mg-SO,-Cl brines). The 
precipitations of calcite, sepiolite, and gypsum are important points 
of bifurcation during the evolutionary process. 

In nature, two processes—evaporation and cooling—cause the 
deposition of sodium su Ifate. Evaporation decreases the v olume of 
water, and c ooling decreases the solubility of the salt. Below the 
freezing point of water, ice decreases the available water for solution 
and the solubility of sodium sulfate minerals, causing mirabilite to 
form. This natural phenomenon accounts for the accumulat ion of 
intermittent beds of cryst alline sodium sulfate in the bitter lakes of 
Canada, Russia, and the Unite d States from which sodi um sulfate 
may be harvested during the winter. Crystallization from cooling 
also results from day and night temp erature changes, particularly at 
high elevations where these changes can be extreme. 

In warmer climates, evaporation is the principal agent of pre- 
cipitation of sodium sulfate. In those climates, natural cooling is not 
employed in the production of s odium su Ifate, b ut concentrated 
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brines are pumped to the surface and cooled by __ refrigeration to 
yield mirabilite crystals. 

Most sodium sulfate deposits of commercial significance con- 
tain permanent crystalline beds and br ines at or near the surf ace. 
The crystalline beds can range in thickness from a few millimeters 
to several meters. They usually are interstratified with other salts, 
clays, silts, and organic matter. The impervious clays and silts help 
preserve apor tionofthe intermittent beds from red issolving. 
Brines generally occur within crystal beds, but in so me de posits 
crystal beds are lacking. 

In most deposits, sodium su lfate predominates, with sodiu m 
and magnesium chlorides, magnesium sulfates, and carbonates also 
present. In more comple x deposits, con centrations of potassium 
chloride and borates can be appreciable, depending on the location 
of the deposit in relation to the source of soluble salts. 

The origin of sodium sulfate deposits has prompted many the- 
ories. Variations in these theories mainly concern the source of 
alkalic salts that make up the deposits. Other factors considered are 
the origin of the basin and the agent of transportation and deposi- 
tion of the sodium sulfate (Ruffel 1970). 

Early theories generally attributed the source of the salts to 
decomposition of granitic rocks. It was assumed that the feldspars 
in granites yielded soluble salts that were tran sported by surf ace 
waters, and that pyrite and other sulfides in these rocks were oxi- 
dized to sulfuric acid, which immediately dissolved some of th e 
basic oxides to produce soluble sulfates (Wells 1923). 

Following an extensive study of the deposits of western Can- 
ada, L.H. Cole (1926) consid ered four possible so urces of th e 
sodium sulf ate: (1) underlying sa_nds and sh ales, which contain 
small amounts of alkalis, and interbedded volcanic-ash beds, which 
contain an appreciable percentage of these salts; (2) connate waters 
in underlying strata; (3) springs in or near the deposits; and (4) sur- 
face deposits of b entonitic gl acial drift. Cole c oncluded that the 
probable source was the salts contained in the bentonites, which are 
widely distributed in the glacial drift. Surface waters carrying cal- 
cium salts in solution react by base exchange with the alkali sili- 
cates, releasing the salts contained in the bentonite in the form of 
soluble sulfates, and so forth. These in turn are concentrated and 
deposited in undrained lake basins. 

More recent investigators have attributed the source of some 
sodium sulfate to the decomposition of rocks an d sediments, such 
as bentonite, that also contain sulfates, and from the leaching of 
buried beds of sulfates. Organic-rich clay and shale also would pro- 
duce sulfate throu gh the oxid ation of pyrite and marcasite (Davis 
and DeWiest 1966). A subaerial means of transport is provided 
because many playa lakes are hydrologically coupled with the sur- 
rounding water table. Sulfides are found in the or ganic-rich muds 
(containing stromatolites, etc.) and vegetative debris of some playa 
lake sediments. The fermentation of organics under anaerobic con- 
ditions w ould produce hydrogen su lfide, which could oxidize to 
sulfate (Reeves 1968). 

Mcllveen and Cheek (1994) reported that Grossman studied 
the sodium sulfate deposits of the Northern Great Plains of Canada 
and the United States in 196 8 and attributed the origin of those 
deposits to the solution of deeply buried marine e vaporites. In his 
model, groundwater from the Rocky Mountains mo ved downward 
and eastward into the Saskatchewan Subbasin during the Quater- 
nary, leaching the buried evaporites of the Prairie Formation (Devo- 
nian). Ascending mineralized groundw_ ater during the late 
Pleistocene dischar ged into stra tified drift where freezing se _gre- 
gated pure crystals of sodium su_ Ifate in me romictic (chemically 
stratified and stagnant) lakes. 


Ina later study, Last and Slezak (1986) questioned the dissolu- 
tion of deeply buried Paleozoic evaporites as the ult imate source of 
the salts based on the incompatible brine chemistry. Their paper 
describes the origin of the basins, in addition to the hydrochemistry, 
mineralogy, sedimentology, and diagenesis of the deposits in western 
Canada. 

The USGS studied the saline lakes in west Texas investigate the 
hypothesis that the source of salts in the basins originated from con- 
nate waters or brines migrating from deeply buried Paleozoic evapor- 
ites or from Cret aceous rocks that crop out in the lake basins. They 
concluded that the origin of the deposits was, and is, by evaporative 
concentration of the runoff of potable groundwater discharging from 
the shallow High Plains Aquifer. Their study dealt with an analysis of 
hydraulic heads and pore volume flushing in addition to evaluation of 
solute ratios and isotopic chemistry (Wood and Jones 1990). 

A subsequent article (Wood and Sanford 1990) dealt with the 
ratio of groundwater outflow to inflow (flux ratio) in hydrologically 
open basins an d the resultant mi neralogy and v olume of precipi- 
tated salts. In addition, possible mechanisms by which brine could 
escape from the s ystem are discussed. The authors developed a 
groundwater model, PHRQPITZ, to define the effects of various 
flux ratios on the mineralogy and_ thickness of deposits. Another 
paper (Sanford and Wood 1991 ) investigates two typical waters, 
seawater and Na-HCO 3 groundwater, to demonstrate the impor- 
tance of basin leakage on brine evolution. 


OCCURRENCE, RESERVES, AND PRODUCTION 


Several countries have sodium sulfate deposits of sufficient size and 
purity for commercial mining (Fi gure 2). The principal pr oducing 
countries are Spain, Mexico, Canada, the United States, China, Tur- 
key, Iran, and Chile. Of lesser importance are Ar gentina, Egypt, 
South Africa, and the former U.  S.S.R. (Garr ett 2001). Altho ugh 
data on mine production for natural sodium sulf ate are not avail- 
able, total world production is estimated to be about 4 Mt, and total 
world production of by-product sodium sulfate is estimated to be 
between 1.5 and 2.0 Mt (Kostick 2004). 


Spain 

Spain appears toha ve some of the largest gla uberite-thenardite 
deposits in the w orld. They contain an estimated 2.5 billiont of 
equivalent sodium sulfate, of which the recoverable reserves are 
about 272 Mt. The majority of th ese reserves are in the Madrid 
Basin or Tajo Basin in the central part of the country, about 50 km 
south of the country’s capital, and the Ebro Basin in northeast Spain 
(Garrett 2001). Spain’s four sodi um sulfate producing companies 
are FMC Foret, S.A.; Sulquisa S.A.; Crimidea, S.A.; and Minera de 
Santa Marta S.A. (Recursos Minerales 2003). 

In the Madrid Basin, the principal mines are the El] Castillar 
and Sulquisa. The El Castillar deposit is located in V illarrubia de 
Santiago, Toledo Province, where beds of thenardite 5 to 8 m thick 
are mined by the under ground ro om-and-pillar method. The ore 
horizon contains only a small amount of glauberite but rests on a 
thin glauberite layer with a clay marl an d halite u nderneath. The 
horizon extends more than 30 km? and contains probable reserves 
of 200 Mt of NazSO,4. Composition of the ore is reported as 70% to 
75% sodium sulfate, 11% to 17% calcium sulfate, 0.4% to 0.6% 
sodium chloride, 3% to 9% clay, and 1% to 5% moisture (McIlveen 
and Cheek 1994). FMC Foret operates the mine and a plant produc- 
ing anhydrous sodium sulfate. 

Near V illaconejos, the Sul quisa deposit consists of thicker, 
higher-grade glauberite deposits. About 20 m of thoroughly leached 
overburden overlies a high-grade glauberite bed 25 to 45 m thick 
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Figure 2. Principal sodium-sulfate-producing deposits of the world 


containing some centimeter-thick interlayers of crystalline magnes- 
ite and magnesitic shale. The ore is basically quite pure, averaging 
40% to 42% Na2SOx. 

The Ebro B asin is an elon gated and con torted depression of 
approximately 50,000 km?. The basin’s lacustrine fill is T ertiary, 
and its important sediments r ange in age from Early Oligocene to 
Late Miocene. The sediments are up to 3 km thick, with zones that 
are predominately gypsum, interlayered with fine-grain siltstones 
and mudstones. There are three sub basins c ontaining glauberite: 
Rio Tiron-Belorado, Alcanadre-Arrubal, and Remo linos-Zaragoza 
(Salvany and Orti 1994). As the depocenter shifted from Zaragoza 
(the eastern and old est) to Rio Tiron-Belorado (the western and 
youngest), the glauberite change d character from having consider- 
able halite and some thenardite to being very pure with only a small 
amount of halite in the underly ing clay. There is open-pit produc- 
tion at Cerezo del Rio T iron by Crideros Minerales y Deri vados, 
S.A. (Crimidesa), in Burgos Province and at Belorado by Minera de 
Santa Marta (MSM). These operations are rated at capacities of 500 
and 240 ktpy, respectively. 

The Calatayud Basin also contains very large deposits that are 
less well studied and are not known to be developed commercially. 

Total production of natural so dium sulfate from Spain has 
increased. For 1999, it was estimated to be 600 kt, ranking it first in 
world production (Garrett 2001). In 2003, the estimated production 
was 907 kt, o f which 728 kt w as from glauberite and 179 kt was 
from thenardite (Recursos Minerales 2003). 


Mexico 


In 1999, Mexico produced 600 kt of natural sodium sulfate (Garrett 
2001), making it the second largest producing country in the world. 
One of the world’s larger sodium sulfate deposits, and the world’s 
largest production of sodium sulfate in 1999, occurred at Laguna 
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del Re y inno rthern Coah uila, approximately 160 km north of 
Torreon (Garrett 2001). The e vaporite lens consists of glauberite 
(averaging 50%; Na 2SO4*CaSO,z) an d bloedite (a veraging 20% ; 
Na2SO4eMgSO4e4H20), the latt eras thin b eds an d irr egular 
aggregates. 

The crystal bed is 10 km long and 4 km wide, with 35 m thick- 
ness at the cent er. Its area is 40 km 2, its volume is 560 million m3, 
and it contains approximately 350 Mt of sodium sulfate. The main 
concentration of bl oedite, which occurs as short prismatic, mono- 
clinic crystals or as extremely fine-grained masses, is found as a layer 
1 to 2 m thick, located about 8 m below the top of the evaporite mass. 
Mirabilite and epsomite occur in minor proportions. The formation 
underlying th e crystal b ed is imp ervious clay and _ silt cont aining 
some sodium chloride. Glauberite occurs as thin tabular crystals and 
bloedite is f oundin massi ve conc entrations. Th e intercrystalline 
spaces, amounting to as much as 25% of the evaporite mass, are par- 
tially filled with clay, and the rest with a brine in equilibrium with the 
solid phase. 

A composite average analysis of brine f rom a depth of 20 m 
from several wells in the lake bed showed 18.46% sodium sulfate, 
5.91% sodium chloride, and 5.28% magnesium sulfate. Analysis of 
several cores of the crystal bed showed 35% to 36% sodium sulfate 
and only 1.5% to 1.8% sodium chloride. Magnesium sulfate ranged 
from 4.7% to 12.7%. Estimated reserves are approximately 160 Mt 
of anhydrous sodium sulfate. 

Sodium sulfate is produced at Laguna del Rey by Quimica del 
Rey, S.A. de C.V., a subsidiary of Industrias Penoles, S.A. de C.V. 
The plant was built in 1963 with a capacity of 30 ktpy. In 1988, the 
plant was expanded to its present capacity of 510 ktpy. 

Other deposits are known to occur in northern Coahuila and in 
the state of Chihuahua, but in size and sodium sulfate content, they 
are smaller than the deposit at Laguna del Rey. 
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Sulfate de Viesca recovers 22 ktpy of sodium sulfate as a by- 
product from prod uction of sodium chloride from natural br ine. 
The plant is near Viesca in the southwestern part of Coahuila. 

Deposits of thenardite occur in the sta te of S onora near the 
municipality of Bacad ehuachi, some 190km ___ northeast of Her- 
mosillo. Outcroppings of t henardite and ef florescences in the soil 
occur discontinuously along the east sid e of the Bacadehuac hi Val- 
ley in an area approximately 6 km long and 4 km wide. The deposits 
occur within the Baucrit Gr oup (Oligocene). The outcroppin gs are 
covered by unconsolidated surface material, which v aries in thick- 
ness between 10 and30 m. Four workings have been de veloped 
within this area. In the largest pit, the Oro Blanco, the thenardite is 
reported to attain a thickness of 20 m. Analyses of selected samples 
from the Oro Blanco ran between 95% and 99% Na = SQ4 (Anon. 
1981). 

During 1982, Para Mex, the Mexicanized affiliate of the Span- 
ish company Tolsa, had conducted some exploration of the Oro 
Blanco and was evaluating the commercial possibilities of produc- 
ing sodium sulfate from this area. 

In 1999, Quimica del Rey, the country’s main producer, had a 
plant capacity of 620 ktpy with about 250 wells at Laguna del Rey 
with only 70 to 80 needed to supply the plant (Garrett 2001). 


Canada 


Numerous saline lakes containing sodium sulfate are known on the 
western plains of Canada. Seventeen deposits contain more than 1 Mt 
each. Only one of the large deposits is in Alberta; the remainder are 
in Saskatchewan. Their commer cial exploitation began in 1918 at 
Mukiki Lak e, near Saskatoon, Saskatchewan (Last and Slezak 
1986). At present, only Millar Western near Palo and Saskatchewan 
Minerals near Chaplin produce sodium sulfate. 

An interesting occurrence of sodium sulfate has been reported 
at Castleguard Cave, which drains the C olumbian Ice fields of the 
Canadian Rocky Mountains. The mira bilite occurs in association 
with gypsum and epsomite (Younge and Krouse 1987). Though of 
geological interest, this occurrence is apparently noncommercial. 

Commercial deposits of sodium sulfate are located in the Prai- 
rie Provinces of Canada where they occur in basins and depressions 
in glacial drift that lack apparent outlets. In general, the deposits are 
crystalline beds that underlie saturated brine lakes containing a few 
millimeters to approximately 1 m of brine in the spr ing and sum- 
mer. The deposits contain two rec ognizable phases of crystalline 
beds—intermittent and permanent. 

The intermittent beds form on the bottom and along the shores 
of the lakes. They crystallize and redi ssolve with fluc tuations in 
temperature. This can occur in a matter of hours, but as winter sets 
in, less solution of the crystals occurs, causing the beds to become 
thicker and more compact. 

The permanent beds underlying the lake usually are interstrati- 
fied with t hin layers of mud, clay, and organic matter. These beds 
range in thickness from less than 1 m to several meters. At Ingebrigt 
Lake, permanent beds are reported (Cole 1926) to cover 2.7 km with 
an average thickness of 6.7 m. In one part of the deposit, a thickness 
of 42.4 m was measured. Cole estimated the tonnage of hydrous salt 
in Ingebrigt Lake to be 22.7 Mt. A more recent evaluation is 8.2 Mt 
of anhydrous sodium sulfate (Broughton 1977). 

Most of the deposits currently in pro duction contain se veral 
million tons of sodium sulfate. The one deposit in Alberta contains 
2.7 Mt (Watson 1980); estimates of total reserves in Saskatchewan 
range between 54.4 and 181 Mt. Another evaluation places the total 
anhydrous sodium sulfate reserve at 54.4 to 63.5 Mt an d evaluated 
commercial reserv es at 27.2 to 36.2 Mt (Broughton 1977). An 


updated estimate of reserves would account for the tonnage mined 
since then. 

Current capacity is reported at approximately 613 ktpy though 
production has never been close to reported capacity. The termina- 
tion of Agassiz’s production reduced this figure to anef fective 
capacity of ap proximately 453 ktpy. This could presumably 
increase by 160 ktpy should a new owner reopen the Agassiz opera- 
tions. About 253 ktpy of capacity belongs to Saskatchewan Miner- 
als, which is owned by Dickenson Mines, Limited (Goldcorp, Inc.). 

In 1999, Canada produced abo ut 350 kt of natural sodium 
sulfate and asi gnificant amount of b y-product and synthetic 
sodium sulfate (Garrett 2001). At that time, natural sodium sulfate 
was produced by Saskatchewan Minerals from their Chaplin Lake 
and In gebrigt Lake properties and by Millar Western from their 
Whiteshore Lake property. All three are in Saskatchewan. In 2002, 
the Ingebrigt Lake property was closed (CIM 2001). In 2005, the 
Saskatchewan government listed the annual production of sodium 
sulfate in the pro vince at about 530 kt an d from five plants, b ut 
apparently tw oplan tsp_ roduce only so dium su lfate— 
Saskatchewan Minerals and Millar Western (Saskatchewan Indus- 
try and Resources 2005). 


United States 


Deposits of sodium sulfate are found in Arizona, California, Colo- 
rado, Idaho, Montana, Nevada, New Mexico, North Dakota, Ore- 
gon, Texas, Utah, Washington, and Wyoming. At the present time 
production is chiefly from brine de posits at Searles Lake, Califor- 
nia, and in west T exas. Small quantities have been produced from 
saline lake deposits in Wyoming. Most of the southwestern brines 
are in dry lakes or playas underlain by beds of mirabilite, thenard- 
ite, and other evaporite salts. In the northwestern United States, the 
deposits associated with saline or intermittent dry lakes are similar 
in origin and composition to the Canadian deposits. Except for the 
brine deposits in west Texas, the deposits o f the Southwest are 
chemically more complex than the northern deposits. 


California 


California has several sodium sulfate deposits. Dale Lake, Durmid 
Hills, Soda Lake, and Danby Lake have a record of past production 
but are not now producing (Smith 1966). Owens Lake has reserves 
of 10.9 Mt but has not produced any sodium sulfate (Kostick 1980). 

At Searles Lake, minerals have been e xtracted from brines 
since 1873. Sodium sulf ate was first produced in 1914 . Searles 
Lake currently is the leading source of natural sodium sulfate in the 
United States (Moulton 198 0). It probab ly has pro duced more 
sodium sulf ate than an y other de posit inthe world. The Kerr- 
McGee Chemical Corporation operated the deposit for many years, 
but in November 1990 the operation at Trona, California, was pur- 
chased by the North America Chemical Company (Kostick 1990) 
and then by I MC Chemicals Inc., now kno wn as Searles V alley 
Minerals Inc. 

Sodium sulfate and other usable salts are pr oduced at Searles 
Lake from brine underlying a lar ge playa. The surface of the playa 
covers an estimated 155 km2, but the central part, which forms the 
main deposit, is about 30 km? (Graubau 1920). A hole drilled by 
Kerr-McGee Corp. in 1968 encountered 930 m of basin fill and bot- 
tomed in quartz monzonite (Moulton 1980). Figure 3 shows the salt 
deposits in cross section. 

Brine occurs in the interstices of the salt deposits. Ions present 
in the brine are sodium, potassium, carbonate, bicarbonate, sulfate, 
chloride, and borate. The upper salt, lower salt, and mixed layer are 
the productive zones, each contributing a distinctive brine to meet 
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Figure 3. Cross section of Searles Lake, California 


the individual requirements the plants. In some instances, solar con- 
centration of the produced brine is used to improve plant efficiency 
(Moulton 1980). 

A plant expansion under way in 1977 was to bring capacity to 
590 ktpy (Parkinson 1977). The plant never operated as planned 
and, infact, in 1982 Kerr-McGee shut down about half of their 
sodium sulfate capacity, so output dropped to about 200 ktpy. 


Utah 


Sodium sulfate is no longer p roduced from natural brine at Gr_ eat 
Salt Lake, Utah. Thick beds of mirabilite, intercalated with thin clay 
layers, have been found beneath the lake at several localities. Mira- 
bilite crystallizes and sinks to the bottom of the lake during the win- 
ter. A layer of mirabilite 0.15 to 0.30 m thick occurs seasonally over 
large areas of the lak e. Under favorable conditions, it is carried by 
winds and currents to the shore where it accumulates to a depth of 
0.3 m or more. Strand deposits as thick as 3 m have been observed. 

The Great Salt Lak e is estimated to contain 3.8 Gt of salt, 
342 Mt of which are sodium sulfate (Cohenour 1966). Great Salt 
Lake Minerals and Chemical Corp., an affiliate of North America 
Chemical Co., estimated that the playa contains 408 Mt of sodium 
sulfate (Kostick 1980). 

On the no rth end of the lak e, near Ogden, Great Salt Lak e 
Minerals and Chemicals Corp. operates 69 kmofe vaporation 
ponds anda_ plant complex for producing potassium sulf ate and 
magnesium chloride. Althoug h sodium sulfate is no longer pro- 
duced, common salt continues to be produced. The first production 
of sodium sulf ate w as repo rted in 1970. The oper ation had a 
sodium sulfate capacity between 22.7 and 32.9 ktpy. 


Texas 


The Ozark-Mahon ing Compan y operated four sodium sulf —_ ate 
deposits in west Texas until 198 7 wh en th ree of them—R ich, 


Mound, and Bro wnfield lak es—were shut do wn and mo thballed 
because of economic and climatologic conditions. The company 
had produced sodium sulfate from brine in west Texas continuously 
since 1933. The Texas deposits underlie playas and occur as brine 
and crystalline mirabilite. The brine contains mainly sodium chlo- 
ride and sod ium sulfate, with lesser amounts of magnesium and 
potassium salts, and is produced from wells 30.5 m deep. Af ifth 
deposit, Soda Lak e, ne ar Monahans in W ard County, was aban- 
doned in 1970 after nearly 40 years of continuous operations, d ur- 
ing which time more than 1 Mt of anhydrous sodium sulfate were 
produced. 

Cedar Lake deposit, near Seagra ves, covers a surface area of 
about 21 km”. It is the only deposit curr ently in production. Beds of 
crystalline salts are minim al, but strata containi ng saturated brines 
are found from near the surf ace to a depth of 30.5 m. The shallo wer 
strata cont ain brines of lo w salt content and are less product ive. 
Richer brines come from beds 12 to 30.5 m below the surface. Brines 
from the Cedar Lake depo sit con tain ab out 10.5% sodium sulfate, 
14% sodium chloride, and 1% each of magnesium and potassium. 

The Brownfield Lake deposit, 16 km east of Brownfield, cov- 
ers an area of about 4 knt. The main deposit lies outside the bound- 
ary of the present dr y lake surface. Saturated b rine was produced 
from crystal beds at depths from 9 to 30.5 m. These beds, which 
contain thin layers of clay and silt, range from 1 m to as much as 
4 min thickness. The brine contains 15% sodium sulfate and 10% 
sodium chloride. A solution mining project to extract the crystalline 
reserve was developed. 

The Rich Lake deposit, 19 km north of Brownfield Lake, pro- 
duced sodium sulfate—bearing brine from a crystal bed averaging 2 m 
in thickness. The brine was transported by pipeline to the Brownfield 
Lake plant for p rocessing. O zark-Mahoning o perated plants at 
Brownfield Lake and Cedar Lake. The combined capacity of the two 
plants was 159 ktpy. 

A fourth deposit, Mound Lake, is located 13 km north of the 
Brownfield Lake plant. The lak e has an area o f 5 km7, and lacus- 
trine sediments occur to a depth of 24 m. The major portion of the 
reserve is brine similar in composition to that of Cedar Lake. A sig- 
nificant tonnage of mi rabilite also e xists. Mound Lake began pro- 
ducing in April 1981, andthe brine also was transported to the 
Brownfield plant for processing. 

The Brownfield plant, in addition to it s sate llite deposits at 
Rich and Mound lakes, is being kept ona care-and-maintenance 
basis and could be reopened pending an improvement in the sodium 
sulfate market. 


Arizona 


At the Camp Verde deposit in Y avapai County, Western Chemical 
Co. mined solid be ds of thenardite of v arying thickness for many 
years. The deposit is unusual, because pure anhydrous sodium sul- 
fate occurring in solid crystal form is rare. The deposit consists of 
layers of thenardite and other sodium salts interb edded with clay , 
which form a part of the Verde Formation. The total thickness of 
the beds is at leas t 46 m. Mining w as done ina lar ge quarry by 
underground room-and-p illar methods. The last mining was done 
by Arizona Chemical Co., a subsidiary of American Cyanamid Co., 
in 1934 (Ralston 1949). 


Nevada 


Nevada’s principal producing deposit in years past w as Rhodes 
Marsh, near Mina in Mineral C ounty. The depo sit covers 28 km. 
Production was con fined mainly to the _ central portion of the 
deposit, where a bed of solid thenardite 1 to 2 m thick w as mined 
(Ralston 1949). 
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New Mexico 


A sodium sulfate deposit is known near Alamogordo in Dofia Ana 
County. In Eddy County, near the potash mines, brine wells con- 
taining appreciable amounts of sodium sulfate and magnesium sul- 
fate have been reported (Lang 1941). These wells were produced by 
Ozark-Mahoning from 1951 through 1957; the brines were trucked 
to Ozark’s plant near Monahans, Texas, for processing. The wells 
depleted rapidly and were abandoned. 


North Dakota 


The sodium sulfate deposits of northwestern North Dak ota are in 
Divide, Williams, Mountrail, and Ward counties. They are a south- 
easterly extension of the deposits in Saskatche wan. The Lewis and 
Clark Expedition f irst noted the so dium sulfate in North Dak ota. 
Several lakes are known. The Federal Emergency Relief Adminis- 
tration (FERA) investigated and prospected most of them in 1934. 
The U.S. Bureau of Mines (USBM) in 1948 made an imp ortant 
reevaluation based on drilling (Binyon 1952). 

The sodium sulfate content is generally high; sodium chloride, 
magnesium sulfate, and calcium sulfate are the m ain im purities. 
The USBM repor ted tonnages occu rring in 18 lak es. They esti- 
mated that nine of th e largest each contain more than 1 Mt of 
Glauber’s salt. The major portion of the reserve occurs in the per- 
manent and intermittent cr ystal beds, and only a minor portion 
occurs in the form of brine. Total reserves are reported to be 25 Mt 
of Glauber’s salt or 11 Mt of anhydrous sodium sulf ate (Bin yon 
1952; Crosby 1973). 

The Grenora Lakes area contains three medium-sized sodium 
sulfate deposits—Grenora No. 1, Grenora No. 2, and Stink—with 
combined reserves of 6.9 Mto f Na2SO4 (Murphy 199 6; Garrett 
2001). Grenora No. 2, the lar gest depo sit, co vers 2 km 7. FERA 
drilling showed the maximum thickness of th e permanent crystal 
bed to be 24 m and the average thickness to be 3.66 m. USBM esti- 
mated that the deposit contained 5 Mt of Glauber’s salt or 2.2 Mt of 
anhydrous sodium su Ifate (B inyon 1952). Drilling conducted by 
Ozark-Mahoning in 1977 generally corroborated the Bureau’s esti- 
mate. Ozark-Mahoning owns Grenora No. 2 but it is not f avorably 
located for economical exploitation. 


Other States 


A number of deposits in Montana, Washington, and Wyoming are 
not con sidered economically impor tant because of th eir location 
and size, even though their composition is similar to the Canadian 
deposits. 


China 


Information on sodium sulfate in China, though available, is n ot 
readily attainable; therefore, not much is known about the geology 
of deposits. One known occurrence is a salt lake at Yuncheng, north 
of the Zhongtiao Mountains in Shanxi, which has been a source of 
salt for centuries. Ch emical plants around the lake use brine con- 
taining significant amounts of boron, bromine, calcium, and iodine 
in addition to sodium sulfate and other sulfur compounds. Produc- 
tion from Yuncheng reportably accounts for 60% of China’s output 
of mirabilite (Chin 1986). 

An aquifer brine with high concentrations of sodium sulfate 
occurs 10 to 15 km west of Pengsham City, Szechuan Province, on 
the western bank of the Minkiang River. The brine occurs at a depth 
of 18 to 50 m primarily in a band about 20 km long and | to 6 km 
wide that is rou ghly parallel to the river, with a second small band 
0.5 by 2 km just north of the city. The brine is pumped from hun- 
dreds of wells into solar evaporation ponds where mirabilite is crys- 


tallized in win terandth en dehydratedto form ananh ydrous 
product. The brine occurs in Cretaceous and Middle Triassic limey 
clay that contains anh ydrite crystals. It averages 97.8 g/L Na2SOu, 
and reserves are reported to be 4.65 Mt of sodium sulfate (Hou and 
Yang 1938; Garrett 2001). 

Mirabilite has been reported at the 200,000-km 7 Qaidam 
Basin, in Qinghai, which contains 20 major salt lak es. Mineraliza- 
tion in the basin inc ludes mirabilite, boric acid, and lithium, in 
addition to sylvite and salt (Chin 1983; Garrett 2001). 

Sodium sulfate also occurs with several of China’s large soda 
ash de posits, suc has at Chag anor. The Pleistocene d eposit is 
located in the central part of the Inner Mongolia Autonomous 
region, 80 km south east o f Erlianhot. The dep osit covers 21 km?, 
with nine porous brine-filled beds of salts containing about 11.3 Mt 
of sodium carbonate and 4.5 Mt of sodium sulfate (Garrett 2001). 

In 1 999, China produced an estimated 30 Okto f natural 
sodium sulfate, 27 kt of sodium sulfate as a by-product, and 30 kt of 
synthetic sodium sulfate (Garrett 2001). 

In 2003, ane w anhydrous natural sodium sulf ate operation 
with an annual capacity of 200 ktpy came onstream near Xishunhe 
in Hongze County, Jiangsu Province. The plant uses mirabilite from 
the only large sodium sulfate deposit in east China. A second facility 
in the area owned by a Chinese chemical company and a Spanish 
sodium sulfate producer has an annual capacity of 600 ktpy, making 
the re gion the w_ orld’s lar gest natural sulfate pr oduction base 
(Kostick 2004). 


Turkey 


Natural sodium sulf ate is pro duced in Turkey, although output is 
not large. First produc tion recorded was in 1963, wh en 1.264 kt 
were produced. Output has incr eased steadily, and production in 
1990 was about 80 kt, makin g it se venth in w orld production 
(Kostick 1991). 

Several saline lakes in southwestern T urkey contain appre- 
ciable amounts of sodium sulfate. Tersakan Lake is about 160 km 
south of Ankara, near the town of Cihanbeyli. The lake, 13 km 
long and 4 km wide, covers 52 km?. Its sodium sulfate content is 
greater than 8%. Sodium chlori de and magnesi um sul fate are 
present i nam ounts less than 5% and2%, respect ively, and 
because the calcium lake water has been impounded to induce 
evaporation, the sodium sulfate content of the brine increases. In 
the bottom of the ponds , crystalline layers more than 95% pure 
have formed. 

At Aci Gol, a large lake 56 km east of Denizli, the saline con- 
tent is similar to that of Tersakan Lake, although the sodium con- 
tent is slig htly lower and t he content of sodium chloride slightly 
higher. Aci Gol is more than 26 km long, nearly 10 km wide, and 
has a surface area of about 200 km. 

Production of sodium sulfate has come from Aci Gol: Alkim 
Alkali Kimya (in addition to two small lakes), Sodas Sodyum San- 
ayi, and Otuzbir Kimya Ltd. (Karayazici 1988). In 1999 , Turkey 
produced 183 kt of natural sodium sulfate, 79 kt of by-product, and 
71 kt of synthetic sodium sulfate for a total of 333 kt of product 
(Garrett 2001). 


lran 


Iran produced 185 ktpy of sodium sulfate in the year en ding March 
1990; down somewhat from their peak production of 265 ktpy in the 
year ending March 1988. In 1990, production was from 13 mines in 
the provinces of Markazi, Semnan, and Teheran (L. Antonides, per- 
sonal communication). Considerable sodium sulfate is produced as 
a by-product or coproduct of Urmiah (Reziieh) Lake’s K2SOy4 pro- 
duction. In 19 99, Iran produ ced an estimated 1 80 kt of natural 
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sodium sulfate, 214 kt of sodium sulfate as a by-product, and 39 kt 
of synthetic sodium sulfate (Garrett 2001). 


Chile 


Small amounts of natural sodium sulfate are produced from playa 
deposits in northern Chile. The deposits are in the Atacama Desert, 
which lies along the west side of the Andes between the mountains 
and the Pacific Ocean, at an elevation of about 1,067 m. Some addi- 
tional output is by-product from the nitrate industry. In 1999, Chile 
produced an estimated 150 kt of na tural sodium sulf ate, 16 kt of 
sodium sulfate as a by-product, and 20 kt of synthetic sodium sul- 
fate (Garrett 2001). 


Argentina 


Many salt lakes and playas, some of which contain rich deposits of 
sodium sulfate, are located in Argentina, on the arid plateaus and in 
the intermontane valleys of the Andes (Wells 1923). 

A large playa deposit of mirabilite and other salts is located in 
northwestern Ar gentina in Jujuy Province. The deposit is in th e 
Andes at an ele vation of 3,353 m. A permanent bed of mir abilite 
covering 53 km? occurs in the middle of a dry lake bed. The perma- 
nent bed, covered by a thin layer of sodium chloride, calcium su 1- 
fate, and sand, is r eported to be 4 .6 m thick at the center of th e 
deposit and gradually thinner toward the edges. Subsurface waters 
from melting snow in the surrounding mountains feed into the lake 
and thus furnish a supply of brine year-round. 

Production of natu ral sodium sulfate in Ar gentina decreased 
from 32 kt in 198 6 to 15 kt in 1999. In that same year (1999), by- 
product sodium sulfate was 15 kt, and synthetic sodium sulfate was 
43 kt (Garrett 2001). 


Africa 


A series of salt pans, some of which contain sodium sulfate, occur 
in the deserts and velds of the South African uplands. To date, none 
have been commercially e xploited. In 1968, ho wever, Associated 
Sulfate (Pty .) Ltd. w as establis hed to build a plant to produce 
sodium sulfate using raw materials from solar salt pans and effluent 
from the Rustenburg platinum plant. 

Many alkali lak es and playas found in South Africa contain 
brines and a mixture of salts, such as Britten and Hagenstad pans. 
Some contain mirabil ite-thenardite deposits and ahigh-sulf ate 
brine, but as of 1999, there was only modest sodium sulfate produc- 
tion from thes e lakes. Most of the prod uction potential is for 
sodium sulfate as a by-p roduct from sodium ch lorite prod uction 
(Garret 2001). 

About 110 Mt of sodium sulfate reserves exist in the Makga- 
dikgadi Basin of Botswana (Massey 1973; Kostick 1980). For more 
than 40 years, v arious parties have considered developing, or 
attempted to de velop, this large de posit, which covers more than 
900 km?. 

In March 1991, a plant w as completed at Sua Pan by Sod a 
Ash Botswana (Pty.) Ltd., owned 52% by a South African consor- 
tium and 48% by the government of Botswana. 

Production of 300 k tpy of soda ash and 6 50 ktpy of common 
salt was predicted to occur some 2 years after the initial startup of 
the plant. Garrett (2001) reported that as of 1999, no sodium sulfate 
production had occurred. Sodiu m sulfate and potassium ch loride 
are mentioned as possible by-products (Antonides 1988). 

Sodium sulfate deposits are found in the northern part of the 
Western Desert of Eg ypt,some 80 km west of the Nile Delta. 
Twelve principal lakes occur for 25 km alon g the axis of W adi El 
Natrun, a minor tectonic depression. So me of the lar ger lakes 
remain permanently flooded, whereas the smaller lakes dry up sea- 


sonally. Upon exploration, one of the latter, Beida Lak e, was dis- 
covered to contain probable reserves of the B category, exceeding 
1.1 Mt of thenardite and about 100 kt of halite. In 1999, Egypt pro- 
duced an estimated 25 kt of natural sodium sulfate, 42 kt of sodium 
sulfate as a by- product, and 3 kt of synthetic sodium sulfate (Gar- 
rett 2001). 


Commonwealth of Independent States 


Production of sodium sulfate from bedrock and playa deposits has 
steadily been decr easing since the demise of the for mer U.S.S.R., 
from a high of more than 350 kt in 1989 to less than 50 kt in 1999. 
In the same period, produ ction of sodium sulfate as a by-p roduct 
and synthetic material both maintain ed pro duction rates o f more 
than 350,000 tpy (Garrett 2001). 

Many deposits containing sodium sulfate occur in the CIS, in 
a large area from the Black Sea to western China and farther north 
into west-central and eastern Si beria. The economically impor tant 
deposits are in the Aral and Caspian depressions and in the Kalunda 
Steppe in Kazakhstan. Although literature on sodium sulfate depos- 
its in the Russian republics is repor tedly fairly extensive, it is not 
readily available and requires translation. The reader is referred to a 
paper by Dort and Dort (1970 ) that contains a summary of several 
publications on Russian deposits. 

The largest known occurrence of sodium sulfate in the world is 
inthe Kara Bogaz Gulf (Kara Bogaz Gol), an embayment on the 
eastern side of the Caspian Sea. It is separated from the Caspian by a 
bar with a narrow strait through which water flows from the sea into 
the embayment. In 1927, the gulf covered 18,000 km? and the aver- 
age brine was about 8 to 9 m. The first salts were crystallized about 
500,000 years ago. Three separate layers are present: the upper layer 
is at a depth of 0 to 0.3 m and is up to 3 m thick; the middle layer is 
at a depth of 5 to 8 m; and the lower layer is at a depth of 14 to 18 m. 
Gypsiferous-carbonate muds separate the salt layers by 2to5 m. 
Beginning in 1934, a drying cycle and lowering of the Caspian Sea 
resulted in less water entering the gulf (Garrett 2001). 

Kolosoy, Pustyl’nikov, and Fedlin (1974) reported that the Kara 
Bogaz Gulf experienced a final phase of intense desiccation between 
1939 and 1948. Seawater then moved across the bar from the Caspian 
Sea at a reduced rat e of 9 to 10 km per year . For a time, the mo ve- 
ment of seawater into the bay apparently reached equil ibrium with 
evaporation. After 1957 or 1958, no decline in water level or con- 
striction of the bay’s area or appreciable change in brine composition 
was observed. Gypsum and glauberite were being precipitated out of 
the satur ated b rine th roughout the bay. Blo edite (astr akanite) an d 
halite were being deposited locally . Some carbonates were being 
deposited in the zone of mixing adjacent to the strait. 

As a result of concern over the declining water levels in the 
Caspian Sea, a dam was constructed in 1980 across the strait that 
had once replenished the Kara Bog az Gulf with Caspian seawater. 
This accelerated the severe desiccation of the gulf and, by 1983, no 
surface brine remained. Winds carrying sulfate dust traveled hun- 
dreds of kilometers, causing se vere ecological problems (Levine 
1988). Seawater was released to the gulf in 1984 at about 2 km?/yr 
(Kurilenko, Ruday, and Shv arts 1988). This, however, was appar- 
ently inadequate to solve the problem. Soviet scientists pre dicted 
that 80% of the minerals in the gulf w ould be ir retrievably lost 
without adequate recharge from the Caspian Sea (Levine 1988). 

The first commercial utilization of salts at Kara Bogaz Gulf, 
which began in 1929, used surface waters as a source of raw mate- 
rial. This source was abandoned, however, in 1953, because of the 
fluctuating h ydrological and h ydrochemical re gimes of the gulf, 
and the operators began pumping the interstitial brines of the buried 
salt deposits as a feed source. Four recognizable salt horizons occur 
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to a depth of 18 m, each with distinct hydrological and mineralogi- 
cal ch aracteristics. Recent hydrological p roposals by _ scientists 
from Leningrad State University and the All-Union Research Insti- 
tute of Halurgy have recommended the following changes to th e 
local brine industry: locati ng and developing production wells 
based on optimum hydrogeology and stratig raphy, lo wering the 
brine output of each well from 500 to 250 m/hr, and using the end 
liquors from the p lants to r echarge the pay horizons (K urilenko, 
Ruday, and Shvarts 1988). 

In 1924, Kara Bogaz Gulf was estimated to contain 1 billion t 
of sodium sulfate (Grabau 1920). Later estimates of 2 billion t were 
reported (Goudge and Tomkins 1960; Hemy 1969 ). More recently, 
Russian sources indicate th at reserves at Kara Bogaz Gulf may be 
lower than was previously thought (Kurilenko and Frolovskii 1982). 

The Aral Sea is con sidered to be an _ other rich source of 
sodium sulfate but the diversion of water from its two major tribu- 
taries, the Amu Darya and the Syr rivers, for agricultural purposes 
has resulted in a severe constriction of the Aral. Unless replenish- 
ment can be reestablished to counteract the e vaporation loss, it 
has been predicted that the Aral Sea could be gone within another 
30 years (Ellis and Turnley 1990). Although there have been later 
schemes to c hange this trend, SurfWax Geo graphy Ne ws (2005) 
notes that the Aral Sea, once the world’s fourth largest lake, is now 
the tenth largest, having shrunk by 39,994 km? since an atlas of the 
region was produced in 1967. 

Some sulfate is produced in the central Asian republics that 
adjoin it. Lak es in western Si beria and in Kazakhstan are good 
sources but are n ot known to be curren tly producing except on a 
local scale. The steppe region around Kalunda, in Alta Kray, has a 
number of lakes rich in sodium — sulfate. As ulfate combine was 
established on Lake Kuchuk, the largest of these (Hemy 1969). 

Sodium sulfate and magnesium salts are produced from Kara 
Bogaz Gulf by Karab ogazgolsulphate Combine. In 1990, the CIS 
ranked fourth in world production, producing an estimated 365 kt 
of natural sodium sulfate ( Kostick 1990), mostly from the Kara 
Bogaz Gulf deposit. A 37.5-ktpy sodium sulfate unit was commis- 
sioned there in 1988 (Le vine 1988). In 1999, Garrett (2001) esti- 
mated that the CIS produced 40 kt of natural sodium sulfate, 375 kt 
of by-product, and 365 kt of synthe tic sodium sulfate for a total of 
780 kt of sodium sulfate from all sources. 


Antarctica 


Because mirabilite is the first mineral, after ice, to appear in freez- 
ing seawater, it is not surprising that several occurrences have been 
noted in Antarctica. Mirabilite efflorescences commonly occur on 
the surfaces of roc ks, glaciers, and sea ice; some occurrences are 
also reported farther inland. 

Sodium sulfate has been descri bed in c oastal lakes that have 
been ele vated an d separ ated fro m the sea because of isostatic 
rebound. Other occurrences are reported in impoundments behind 
glaciers. The inland dep osits are probably a result of sea __ water- 
derived salts tran sported with snow and accumulated in! ocal 
depressions. 

Though these occurrences are not economic, they are of geolog- 
ical interest. The reader will f ind them described in a paper by Dort 
and Dort (1970) along with a discussion of the low-temperature ori- 
gin of sodium sulfate. 


SYNTHETIC SODIUM SULFATE 


Synthetic production was formerly grouped together under the by- 
product listings, which are sti Il the predominant se gment. It 

includes one of the faster growing segments of sodium sulfate pro- 
duction—that of reclaiming sodium sulfate from waste streams. For 


many years, syn thetic sodium sulfate has been a by-product or 
coproduct from the production of other chemicals. Now, because of 
its impo rtance, synthetic sodium sulf ate from reclamation p ro- 
cesses has been added to this list of sy nthetic sodium su Ifate 
sources. Important sources follow. 

¢ Manufacture of viscose rayon. Sodium sulfate is generated in 
an acid spin bath by the neutralization of sodium hydroxide 
used to prepare the viscose solution. In the past, this source 
has been of almost equal importance with natural sodium sul- 
fate on a w orldwide basis. Gr owing popularity of other syn- 
thetic fibers coupled with environmental concerns, ho wever, 
has resulted in reduced productio n. Of particular significance 
has been the replacement of rayon tire cord by other synthetic 
fibers, fiberglass, and steel. Nevertheless, rayon manufactur- 
ing continues to be an importa nt source of supply . A vtex 
Fibers, Inc., a major manufacturer with nameplate capacity of 
77 ktpy, ceased operation in November 1989 after encounter- 
ing dif ficulty meeting en vironmental standar ds (Kostick 
1990). Liberty Fibers Corp., Lowland, Tennessee, is the only 
rayon producer in the United Stat es. They have a capacity to 
produce 38 tpy. 
Manufacture of hydr ochloric acid from sodium c hloride and 
sulfuric acid in the Mannheim furnace and similar processes. 
In the Har greaves process, sulfur, steam, and air are substi- 
tuted for s ulfuric acid. Many years ago, the Mannheim fur- 
nace was the main source of sodium sulfate, and this chemical 
was truly aco product rather than a by-product. Because the 
salt dischar ge from the furnace tended to form cak es, it was 
named salt cake. This name remains as a trade designation for 
low-grade sodium sulfate. Large amounts of hydrochloric acid 
are produced today as aby -product inthe man ufacture of 
chlorinated hydrocarbons. As a result, the Mannheim furnace 
process is generally considered to be obsolete; in certain geo- 
graphical areas, however, and in particular raw material situa- 
tions, it continues to be an economically significant source of 
sodium sulfate. 
¢ Asa by-product in num erous other p rocesses wherein ce rtain 
sodium salts are converted to acids by reacti on with sulfuric 
acid, or sodium alkalis are neutralized with sulfuric acid as part 
of the process. Current operating (or under construction) exam- 
ples are the pr ocessing of chromium ores to prod uce sodium 
dichromate and the production of lithium salts, vanadium pen- 
toxide, boric a cid, ascorbic acid, phe nol, formic acid, silica 
pigments, and various catalysts. One aspect of several of these 
producers, both in this category and the preceding, needs to be 
noted: their ability to change the by-product. In the Mannheim 
furnace, for instance , if potassium chloride is substitute d for 
the sodium chloride, then the by-product is potassium sulfate 
instead of sodium sulfate. It is an economic decision and might 
have to include some changes in some of the processing equip- 
ment. But, it is not just limited to this one process, and should 
the market become extremely depressed, or perhaps if alterna- 
tive opportunities arise, there could be further switching by the 
by-product and coproduct manufacturers. 
Reclamation. This newly added cat egory incl udes recl ama- 
tion of sulfate values with final form of sodium sulfate from 
liquid waste streams and from flue-gas desulfurization (FGD) 
units, and reclamation of lead from discarded batteries. In the 
former, there have been a number of articles about the Aqua- 
Tech process by Alli ed-Signal, Inc., which treat s sulfate- 
bearing streams from pulp mills, thus generating sodium sul- 
fate for internal pr ocess use or sale to o ther pulp mills an d 
with excess available for sale to the open market. 
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Figure 4. Sodium sulfate consumption in the United States since 
1991 


In 1985, USBM pu blished its pilot w ork with the citric pro- 
cess for the FGD that has been installed in several coal-fired elec- 
tric power gen erating plan ts. E ngineering f irms ha ve made a 
number of inq uiries about the processing from the Glauber’ s salt 
phase, the final product shown in the report, to a final anhydrous 
material for sale on the open market. If left with Glauber’s salt as a 
final form, most areas at present would permit it to go to a landfill. 
An annual report by USBM shows two small producers with FGD 
as sources, which perhaps incorporate the citric or a similar pro- 
cess. It may be that this process is more attractive than FGD units 
which generate gypsum. 

Natural sodium sulfate remains the source for about half th e 
market in the United States and has remained important worldwide 
during the past decades. Although vast resources are available, pro- 
ducers of the natural material currently are aware of the threat from 
by-product sources. The outlook for the natural sodium sulf ate 
business is certainly not the most promising it has ever been. 


END USES 
Detergents 


In the United States, the detergent industry has displaced the pulp 
and paper industry as the leading market for anhydrous sodium sul- 
fate (Figure 4). As used by the detergent industry, sodium sulfate is 
an inexpensive filler and diluent, because it is white, noncorrosive, 
and neutral. In addition, it is cl aimed to have very mild detergent 
properties. Formerly, about one third of dry home laundry detergent 
was sodium sulfate. Now it is much less than that, perhaps one six- 
teenth or e ven as | ow as one sixty-fourth. Dry laund ry deter gents 
are now losing ground to liquid home laundry detergents. The liq- 
uids now make up as much as 50 % or more of the home laundry 
detergent market. 


Kraft Paper 


At the beginning of the 1980s, the manufacture of kraft paper pulp 
was the principal use of sodium sulfate. It has now dropped to a dis- 
tant second place, being almost the sole segment of decline for the 
consumption of sodium sulfate. In the early part of the decade, the 
substitution of emulsified sulfur and caustic soda, which was much 
cheaper than salt cake, first made an im pact on salt cake usage. 
Synthetic suppliers who had former ly produced truly a salt cak e— 
notably the rayon industry and similar by-product producers—had 
to upgrade their f acilities to pr oduce higher-purity material. This 
decline trend began in 1982 and continues because of more efficient 
kraft reco very systems and environmental rules and re gulations. 
The potential for this industry to be anet producer of sodium sul- 


fate was mentioned in the Synthetic Sodium Sulfate section of this 
chapter. 


Glass 


Another important consumer of sodium sulfate is the glass industry. 
Sodium sulfate has two favorable effects in the glass melter: it pro- 
motes early reaction with unmelted batch and it has an influence in 
the ear ly stages of glass format ion. Harb en (1991) noted that a 
batch of container glass has about twice as much sodium sulfate as 
flat glass, at ab out 1% and 0.5%, respectively. This tracks to the 
concept that because sodium sulfate is an aid to the pliability of the 
glass, the more complicated the shape of the glass mold, the more 
sodium sulfate is used. It does appear that flat glass is much more 
demanding in certain aspects such as particle size and limits of cer- 
tain chemical cont aminants. Both com modities dem and the | east 
variation possible for all their raw materials, and sodium sulfate is 
definitely included. 


Other Uses 


The textile dyeing ind ustry was once a large consumer of sodium 
sulfate in the United States; this industry, however, is mostly gone 
because o ffshore labor is less expensive for the te xtile industry. 
Without U.S.-produced textiles, there is 1 ittle need for a domestic 
textile dyeing industry. The world’s leading manufacturer of dyeing 
equipment, Gaston County Dyeing Machine Company, reports that 
using sodium sulfate reduces corrosion of the stainless-steel equip- 
ment used in the industry . A big impetus for the switcho ver from 
common salt to salt cake has come from the recent formulation of 
dyes that allow sodium sulfate to be as efficient as common salt in 
penetrating the dye to the center of the thread. 

A number of other uses for sodium sulfate still are important, 
though the consumption is spread out to many small users rather 
than the few large users o f the previous industries. It is used, for 
example, as an ingredient of stock foods and remedies, in the man- 
ufacture of inks, in tanning o f leather, and in the manufacture of 
synthetic sponges. 

The literature abounds with articles and patents for the use of 
Glauber’s salt as one of the main ingredients in passive solar energy 
devices. The advantage it offers is that, with appropriate other salts, 
its phase change is atroomtemp erature. It absorbs si gnificant 
amounts of ener gy in the process of crystallizing and then as it 
melts it gives off energy at the same temperature. Thus, with the 
appropriate phase-change temperature and the appro priate salts in 
the mixture, it can moderate the heat load in warming an environ- 
ment or, conversely, moderate the cooling load in keeping an enclo- 
sure cool. No commer cial applications have made a lasting ef fect 
though. The problems (no _ single so urce is cited) stem from the 
mixture surviving only a finite number of phase changes and then 
having to be either rechar ged or replaced. New and better mixtures 
are claimed, but they have not as yet made their way to the market- 
place with any success. 

It is dif ficult to estimate w orldwide c onsumption patterns 
because of great variations from one country to the next. Canada, 
Sweden, and Finland are large producers of kraft paper pulp, and 
perhaps 95% of the sodium sulfate consumed in those countries is 
used for this purpose. Environmental concerns are ha ving effects 
overseas similar to those being e xperienced in the Unite d States. 
In the United Kingdom, France, Germany, Japan, and many other 
countries, paper production is small, so the major consumption of 
sodium sulfate is in deter gents, glassmaking, production of other 
chemicals, dyeing processes, and miscellaneous uses. Worldwide 
consumption patter ns probably are not far fro m the estimate 
shown for the United States (Figure 4). 
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PRODUCT SPECIFICATIONS 


Because there are no industry sta ndards for designation of grades, 
types, or specif ications, there is ap roliferation o f d esignations, 
most of which are not fully applicable throughout the industry they 
are supposed to describe. Detergent grade, for instance, has in com- 
mon only purity—and even that is not completely uniform. A prod- 
uct that is 99.7% pure, yet has a trace of coloring, would not be 
acceptable to most detergent manufacturers. Those manufacturers 
in the detergent industry are further differentiated by their tolerance 
for varying amounts of common salt, iron, and also have individual 
particle-size considerations, sometimes completely at different ends 
of the spectrum from each other. 

When perusing the literature, or perhaps when discussing the 
uses of sodium sul fate with those familiar with the industry and 
members of the fraternity of producers, it is not rare to hear or see 
the term salt cake applied loosely to mean all production of sodium 
sulfate. This term technically applies to sodium sulfate that is dis- 
colored, is lumpy, or has contaminants; these attributes preclude its 
use except by the pulp and paper industry or other industries that 
can tolerate such attributes and where it is sold at re duced prices. 
Salt cake in this latter, and more accurately narrow, connotation can 
range in purity from 90% to 99% Na2SO4. As mentioned in the ear- 
lier discussion of the Mannheim process, the sodium sulf ate pro- 
duced was relatively impure and discolored, and it came out in the 
form of cakes—thus the term salt cake. It is synonymous with low- 
purity sodium sulfate. Only a fe w natural resource producers ha ve 
selected this grade f or production, most of the time as capti ve 
sources for the pulp paper industry. They are able to a ccomplish 
this production with very little refining required in the beneficiation 
process. 

High purit y, also re ferred to ast echnical grade, re fers to 
anhydrous sodium sulfate with a purity of 99% or greater. Differ- 
ent consumers for the same end use may have quite different spec- 
ifications. Particle size and strict limits on trace contaminants are 
important to almost all co nsumers of this grade of m aterial. The 
glass industry, in particular, can be very strict about iron, copper, 
or any of the noble metals, with limits in the parts per mil lion. 
Most production from the natural resou rce pr oducers can meet 
these stringent limitations, but only with some earnest effort. 

Glauber’s salt (mirabilite), the decahydrate of sodium sulfate, 
was once an item of commerce. Because Glauber’s salt has a melt- 
ing point only slightly abo ve room temperature and it effloresces 
when e xposed to ambient conditions, anh ydrous is preferred for 
most volume usage. Small quantities of Glauber’s salt are still sold, 
however, for some special uses. 


PROCESSING 


No two operations are exactly alike for any of the natural produc- 
ers. It is only after the point where Glauber’s salt is delivered to the 
evaporative process that strong simi larities are appa rent. Even 
within the same company, or different companies operating in the 
same vicinity, the stages up to and sometimes through the crystalli- 
zation of Glauber’s salt are different. It ranges from minor, though 
notable, differences to e xtreme dif ferences. Afte r the Glauber’ s 
salt is fed to the evaporative system, however, the systems could be 
interchangeable for the sam e final product being desired. That is, 
paper-grade systems co uld be inter changed with each othero r 
technical-grade (high-purity) systems mi ght be interchanged and 
have little or no effect on the end product. It is the mining and 
extraction procedures up to this point that differentiate the produc- 
ers. This is true worldwide. Each deposit differs somewhat in com- 
position. Some of the deposits, such as those in Saskatchewan and 
Texas, are simple salts with only one product extracted. Those of 


the Great Salt Lake and Searles Lake host a complex set of miner- 
als, and a number of them are e xtracted in sophisticated processes 
in v arious f orms and varieties. Yet, once the Gl auber’s salt is 
extracted, not too much difference remains in the final steps. 


Canada 


A number of structur al changes have been made in the Canadian 
industry since the six th edition of this book. Saskatch ewan Miner- 
als, formerly a Province Corporation, is now owned by Dickenson 
Mines, Limited (Golde orp, Inc.). The Francana Operations at 
Metiskow, Capri, and Alsaska have all closed. At present, only two 
of the natural p roducers’ locations are in pro duction. These are 
Saskatchewan Mi nerals’ pl ant at Chapl in, Saskatchewan, and 
Millar Western Industries Ltd ., formerly Midwest Chemicals, at 
Palo, Saskatchewan. Both Canadian producers use seasonal temper- 
ature differences to assist in processing the sodium sulfate deposits. 
Brine accumulates on the lake bed and becomes nearly saturated in 
the late summer months. Then it is pumped to large reservoirs that 
may be more than 3 m deep. As cold weather sets in, Glauber’s salt 
crystallizes from the saturated brine. The residual mother liquor , 
containing most of the magnesium and sodium impurities, is 
drained off. After draining, the Glauber’s salt remains in the reser- 
voirs until the coldest part of the season, usually January or Feb ru- 
ary, when it is harvested and accumulated in stockpiles at the plant 
site. 

A dredging system, pioneered by Orminston, was used in the 
1990s at two of the lakes to supplement the stockpiled supply dur- 
ing the warmer season. Besides Orminston, Saskatchewan Minerals 
at Chaplin used a dredge in the warm weather. No Canadian com- 
pany is using this process, however, in 2005. 

Obviously, the Canadian plants are somewhat dependent on 
nature to produce the cr ystals of Glauber’s salt. Drought or other 
unusual conditions can affect the production cycle. The plants try to 
keep more than 1 year’s supply of Glauber’s salt in their stockpiles 
to keep production from being interrupted by such conditions. This 
method has proved very successful in Canada, producing a salt cake 
of high quality. 

To prepare a_ salable anh ydrous product, the Glauber’ s salt 
must be dehydrated. Because of the inverse solubility of sodium 
sulfate (i.e., less soluble at higher temperatures), this is not a sim- 
ple, straightforward operation. In the early days, dehydration was 
done in lar ge rotary kilns, some of which wer e fired by lignite. 
None of the operating producers are using this method. 

When Glauber’s salt is melted, the solubility o f anhydrous 
sodium sulfate in the water of crystallization is exceeded, causing 
precipitation. The balance of the water must be evaporated to pro- 
duce an anh ydrous pr oduct. Ozark- Mahoning’s sub merged com- 
bustion evaporators are u sed for this purpose by Millar Western 
Industries. The Saskat chewan Minerals pl ant at Ch aplin uses a 
multiple-effect vacuum evaporator. 

The choice of evaporative system is an economic issue, hing- 
ing mainly on two issues: initial capital cost and energy efficiency. 
The choice is either low capital cost, such as for submer ged com- 
bustion evaporators and other direct-fired units with high operating 
cost for energy and maintenance, or high-energy-efficiency evapo- 
rators, such as the multiple-effect or mechanical vapor recompres- 
sion evaporators, which have higher initial capital cost but enjoy 
low energy and operating costs. If high energy efficiency is chosen, 
a second issue is choosing between multiple-effect and mechanical 
vapor recompression evaporators. Then the selection criterion is the 
relative cost of electricity and gas or other heating fuel. The multi- 
ple-effect e vaporators use more heating fuel and 1 ess el ectrical 
energy than the v apor recompression evaporators but can be more 
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cost-effective depending on the relative cost. It was the relative cost 
of f uel that prompted Saskatch ewan Mineral’ s C haplin plant to 
choose the multiple-effect over the vapor recompression e vapora- 
tors when they replaced their Holland evaporator in 1983. 

At all plants, the anhydrous salts precipitated in the evapora- 
tors can be se parated from the saturated s olution by mechanical 
means, including centrifuges and hydrocyclones, and the wet salt is 
finally dried in direct-f ired rotary kilns. Parallel-flow dryers are 
now preferred for ease of control and fuel economy, whereas in the 
older processes countercurrent flow was used in the dryers. 


Mexico 


The br ine pro cessed at Quimica del Re y, S.A. deC.V ., is v ery 
strong and probably saturated. It contains more than 26% sodium 
sulfate a nd appreciable amounts of chlorides and magn esium. 
About 65 wells produce the brine from a de pth of approximately 
12 m. T he brine temperature is 25°C before precooling with the 
spent brine. The cooled brine is fed to a vacuum crystallizer where 
it is cooled to 9°C by evaporative cooling, causing Glauber’s salt 
to crystallize. The slurry is thickened, filtered, and melted. Evapo- 
ration is accomplished in multiple-effect evaporators. Final drying 
is in co-current-fired rotary kilns. Part of the mother liquor is pro- 
cessed further for recovery of magnesia products and the balance 
goes to waste. 


United States 


The United S tates has also seen changes in corporate ownership. 
Kerr-McGee sold its Searles Lake plant to North American Chemi- 
cals Inc. in 1990. This is no w owned by Searles V alley Minerals, 
Inc. IMC Chemicals Inc. is an affiliate of Great Salt Lake Minerals 
and Chemicals Corp.). The lar gest production of natural sodium 
sulfate in the United States still comes from Searles Lake, Califor- 
nia, even though output is much less than in the past. Before 1982, 
the K err-McGee Chemical Corp. plants made about 500 kt of 
sodium sulfate annually. The Trona plant, representing about half of 
the total sodium sulfate capacity, was shut down in 1982. Similarly, 
the Argus plant, which is the newest addition in the area, is not cur- 
rently operating. The Westend plant now is Searles Valley’s only 
source of sodium sulfate. 

The Searles Lake brine is complex, and a number of salable 
products are extracted. At the Westend plant, sodium sulfate is 
recovered along with soda ash and borax. Mixed brines are first car- 
bonated with carbon dioxide to precipitate sodi um bicarbonate, 
which is removed by filtration. The decarbonated brine is cooled to 
crystallize borax. This borax is separated from the brine, which is 
then cooled further to produce a crop of Glauber’s salt. After it is 
removed, a final cooling recovers a second crop of borax. Heating 
converts the sodium bicarbonate to soda ash and the borax is either 
crystallized as a hydrat e or de hydrated to anh ydrous f orm. The 
Glauber’s salt is w ashed, melted, and recrystallized as anh ydrous 
sodium sulf ate. The follo wing description of the T rona plant is 
included because it is of interest, even though the sodium sulf ate 
part is shut down. 

The Trona main plant cycle had three major p rocess plants. 
The brine from the lake was cooled to produce a crop of Glauber’s 
salt that was removed and dried to sodium sul fate. The res ultant 
mother liquor from this step w as processed further to recover pot- 
ash and borax. A different brine was treated in a liquid—liquid sol- 
vent extraction plant to recover boron values as boric acid. After it 
was removed, mixed sodium and pot assium sulfates were precipi- 
tated by evaporation, and these mi xed sulf ates were f ed to th e 
potassium sulfate plants. The T rona carbonation plant w as some- 
what similar to t he Westend pl ant in that carb on dioxide precip i- 


tated sodium bicarbonate, which was filtered and removed. Cooling 
then precipitated borax. Finally , burkeite, a double salt of sodium 
sulfate and sodium carbonate, was recovered and fed to the Ar gus 
process. 

Inthe Argus plant, brines from the lake were mixed with 
burkeite solutions and str eams from other plants to reco ver addi- 
tional soda ash. Nothing has been published since Moulton (1980), 
so the details of plant practice at Trona are not available. 

Cooper Natural Resources is the nation’s second largest natu- 
ral producer of sodium sulfate. Cooper Natural Resources operates 
the Dry Gulch plant (also known as the Seagraves plant) in T erry 
County, Texas, which has a capacity of 1 41 kt and has the Bro wn- 
field plant with a capacity of 64 k t on standby. Both plants use a 
refrigeration process to crystallize the Glauber’s salts that had been 
developed in the early 1930s for a plant near Monahans, Texas. The 
Monahans plant closed in 1970 because the deposit s were essen- 
tially exhausted. The Ozark submerged combustion bumer used in 
the evaporative section of the old Monahans plant pro bably repre- 
sented the first commercial application of submerged combustion in 
the United States. 

The Texas brine contains both sodium chloride and sodium 
sulfate, as well as smaller amounts of magnesium and p otassium 
salts. At the Bro wnfield plant, a portion of th e brine w as pumped 
through the Permian salt bed to introduce sodium chlorid e. The 
high sodium chloride co ntent de pressed the solubility of sodium 
sulfate, improving its extraction. At the Seagraves plant, sufficient 
sodium chloride is present in th e brine; add itional saltisno t 
needed. The Texas climate does not lend itself to the production of 
Glauber’s salt by atmospheric chilling, so mechanical refrigeration 
and heat exchange are required. Th e Glauber’s salt formed in this 
manner is filtered and washed, yielding a product of high purity. 

Melting and dehydration of Glauber’s salt is accomplished by 
a mechanical vapor recompression evaporation system, which has 
much improved fuel efficiency over the former submerged combus- 
tion units, even after the Seagraves plant had been u pdated with a 
heat recovery system in conjunction with the submer ged combus- 
tion units. Hydrocyclones and centrifuges separate the anhydrous 
crystals from the saturated solution, which is returned to the evapo- 
rators. The crystals are dried in parallel-flow rotary kilns. 


Other Countries 


Other than for Spain, little is published about processing in other 
countries. The little that has been seen is consistent with the earlier 
statement that the mining portion differs, extracting by incorporat- 
ing some form for crystallization of Glauber’s salt, and the evapora- 
tive portion is inline with — the techniques applicab le for the 
particular end use of the material. It can be reasonably assumed that 
methods used are similar to those used in the United States, Mex- 
ico, and Canada, wherein chilling by natural or mechanical means 
precipitates Glauber’s salt, allowing separation from other salt. The 
Glauber’s salt would then be dried to anhydrous sodium sulfate. 

In Argentina, saturated brin e from a lak e bed is pumped to 
crystallization tanks where great night and day temperature v aria- 
tions result in precipitation of Glauber’s salt. This is possible 
because the plant site is at an elevation of 3,353 m. The Glauber’ s 
salt is melted by heating; the precipitated anhydrous sodium sulfate 
is then separated and dried. There is no evaporation of water, so the 
saturated solutions probably are recycled through the system. 

Deposits in Spain, one of the few countries where thenardite is 
the starting material, are mine d under ground and present special 
problems because the minerals c ontain an appreciable amount of 
calcium sulfate in the form of glauberite (Na2SO4*CaSO,). Coun- 
tercurrent leaching at temperatures between 35° and 40°C dissolves 
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most of the sodium sulf ate, leaving calcium su Ifate undissolv ed. 
The solids, which probably con tain other insoluble impurities, are 
settled in large Dorr thickeners. A second leaching step with water 
at 29°C results in maximum reco very of sodium sulf ate. Evapora- 
tion is carried out in a single-effect vacuum evaporator with forced 
circulation. Final d rying is done in a fluid b ed dryer with ho t air 
heated by steam (MclIlveen and Cheek 1994). 


PRICES 


Published price information for sodium sulfate usually only approx- 
imates the true market price. In the United States, prices usually are 
based on quotations from by-product sources located near consum- 
ing points. Because producers of the natural salt are located at great 
distances from most customers, the free on board (f.0.b.) plant value 
for natural material may be much less than the published price. On 
the other hand, in periods of s hortages and rising prices, pub lished 
information often lags behind actual selling levels. 

In 19 98, the terms ‘““Mo _ st-Favored Nation” and “Non-Most 
Favored Nation” were discarded and “Normal Trade Relations” and 
“Non-Normal Trade Relations” came into use. By 1999, “Non- 
Normal Trade Relations” was no longer applicable and w as not 
used. A few rogue nations without normal trade relations with th e 
United States, ho wever, face significantly higher tariffs. In 2003, 
the sodium sulfate (100% Na2SOug, bulk, f.o.b. works, in the East) 
was $114 per 0.9 t. In re gard to tariffs, crude (salt cake) was free, 
but anhydrous sodium sulfate had a 0.4% ad valorem tariff. 

For tax purposes, a depletion allowance of 14% for _ both 
domestic and foreign deposits is permitted by the Internal Revenue 
Service. 
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aT Ae 


Decorative Stone 


George S. Austin, James M. Barker, and Scott C. Lardner 


INTRODUCTION 


Stone, one of the oldest building materials, today remains a well- 
established material used throughout the construction industry. It is 
still widely considered to be the most aesthetically pleasing, presti- 
gious, and dur able building material. The use o f natural stone is 
much less prevalent now than in the past, though demand is rising. 
New and reopened quarries are coming online to meet increased 
demand related to ne w building technology and increased residen- 
tial use of stone. Natural stone is becoming a key design element in 
modern homes. Buyers prefer low-maintenance na tural materials 
inside and outside the home. 


CLASSIFICATION 


No classification can completely eliminate overlap between dimen- 
sion stone, aggregate, and decorative stone because most stone i s 
multipurpose. Much stone used for decorative purposes is n ot pro- 
duced specifically for that end use. About 50% of the rock quarried 
for dimension stone becomes waste, which can be sold as decorative 
stone coproducts (Figure 1) composed of the exact stone used in the 
dimension sto ne side of the business. Thus, dimension stone and 
decorative stone are i ntimately intertwined. Many uses require a 
compromise between decorative and structural qualities (O. Bowles, 
personal communication). 

Shipley (1945) used the term decorative stone interchangeably 
with ornamental stone. Gary, McAfee, and Wolf (1972) defined dec- 
orative stone as that used for architectural decoration, such as man- 
tels, columns, and store fronts, but added tha t it is som etimes set 
with silver or gold in je welry as curio stones. Bates and Jackson 
(1987) and Jackson (1997) also restricted decorative stone to that 
used for architectural decoration. Murho v and others (2002) pro- 
posed doing away with the term “decorative stone” in favor of deco- 
rative rock materials. Meanings of otherwise identical terms used in 
the stone industry differ between geologists, engineers, and quarries; 
they often carry a much broader meaning for quarriers and engineers 
compared to their very specific use by geologists (Makens, Dobrell, 
and Kennedy 1972). 

Geologist def ine deco rative stone, including ornamental 
stone, more broadly as any stone used primar ily for its color, tex- 
ture, and general appearance. It is not used primarily for its strength 
or dur ability, as isc onstruction stone, or in specific sizes, as is 
dimension stone. The de corative stone industry uses a much wider 
range of stone types, such as naturally rounded pebbles, compared 
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Figure 1. Materials flow from quarry (top) to numerous products, 
produced by New Mexico Travertine west of Belen, New Mexico. 
Travertillo is travertine tile with rounded corners similar to ceramic 
saltillos produced in Mexico. 


to the dimension ston e industry. Decorative stone usually serv es 
some structural purpose, but it is not load-bearing to an y great 
extent. Weak or costly stones that are attractive serve in solely dec- 
orative applications. 

The basic types o f decorative stone are rough stone, aggre- 
gate, cut or dressed stone, and synthetic stone: 


¢ Rough stone (unprocessed or slightly processed) 
— Fieldstone (moss rock) 
— Flagstone 
¢ Aggregate (lightly processed; screened or not) 
— Uncrushed stone 
= River rock 
= Scoria and cinder 
= Fused argillaceous rock 
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— Crushed stone 
= Rubble 
= Exposed aggregate 
= Dash 
= Terrazzo 
* Cut or dressed stone (moderately to highly processed; no set 
size) 
— Statuary and objet d’art 
— Fireplace rocks and hearthstones 
— Ashlar 
— Monuments and memorials 
— Tile and paving blocks 
— Veneer and wall cladding 
— Miscellaneous 
¢ Synthetic stone (made from various raw materials) 


STATISTICS AND END USES 


Decorative and dimension stone dataare difficultto separate 
because t he U.S. Ge ological Su rvey k eeps st atistics o nly on 
dimension stone, sand and gravel, and crushed stone. The value of 
domestic dimen sion-stone pro duction in 2004, which includes 
some decorati ve stone, w as a bout $257 mi Ilion c ompared to 
imports of about $1.49 billion and exports of about $64 million. 
Production in 2004 was 1.30 Mt, of which about 35% was for dec- 
orative uses (Dolley 2005). The principal uses are rough blocks in 
building constru ction (41%) an d mo nument stone applicatio ns 
(25%). In 2004, dimension stones used or sold were granite (35%), 
limestone (28%), sandstone (13%), marble (5%), slate (1 %), and 
miscellaneous stone (18%), by tonnage. Dressed stone was mainly 
sold for flagging (25%), ashlar or partly squared pieces (24%), and 
curbing (22%), with the re st miscellaneous or unspecified (29%), 
by tonnage (Dolley 2005). 

Crushed stone was valued at $9.7 billion in the United States 
in 2004. Imports were 15 Mt and exports were 2 Mt. About 
1.61 billion t of crushed stone was consumed. Of the 806 Mt identi- 
fied by use, 82% w as construction aggregate, 15% for cement and 
lime and chemical or metallurgical manufacturing, 2% for ag ricul- 
ture, and 1% for miscellaneous uses. Crushed stone used for deco- 
rative purposes is scattered th rough se veral of these categories. 
Limestone and dolomite constitute about 86% and granite 8% of 
crushed stone in the United Stat es. About 6% is sandstone and 
quartzite, misc ellaneous, marble, calcareous marl, sl ate, v olcanic 
cinder, scoria, and shell (Tepordei 2005). 


Rough Stone 


Rough stone is used as _ it is found in nature with very limited pro- 
cessing such as minor hand shaping, edge fitting, and size or quality 
sorting. This stone type is often marketed locally in relatively small 
tonnages and includes f ieldstone and flagstone. The primary end 
uses of rough stone are landscaping, edging, paving, and large indi- 
vidual stone landscape or interior accents (Figure 2). 


Fieldstone 


Fieldstone is picked up or pried out of the ground (gleaned) without 
extensive quarrying and includes g arden or large landscaping b oul- 
ders (Hansen 1969; Austin, Barker, and Smith 1990). Boulders and 
cobbles can be split or roughly trimmed for use in rubble walls and 
veneers, both interior and e xterior. Popular f ieldstone rock ty pes 
include sandstone, basalt, lime stone, gneiss, schist, quartzit e, and 
granite, but many others are suitable. Individuals or small companies 





Figure 2. Medium-to-large stone, for use as accents, on display in a 
New Mexico stone yard 








Figure 3. Slabby sandstone moss rock used in a retaining wall. The 
blocks are mottled by attached lichens. 


collect much of the fieldstone because the industry is labor intensive 
and markets are small. Shipping costs often preclude selling field- 
stone far from where it is collected. The stone can be sold in small 
quantities from the ba cks of v ehicles (Austin, Barker, and Smith 
1990). Fieldstone includes many rock types, sizes, and shapes, with 
the only common denominator that it must be set by hand and be 
durable (W.R. Power, personal communication). 

Moss rock is fieldstone partially covered by algae, mosses, 
lichens, and fu ngi, which gi ve the rock an aged and v_ariegated 
patina (Austin, Barker, and Smith 1990). The plants ar e supported 
by moisture and nutrients in the st one. Moss rock is used f or land- 
scaping, walls, and fireplaces. Although almost any durable rock can 
be moss rock, most are slabby or rounded sandstone and limestone 
(Figure 3). 


Flagstone 


Flagstone or flagging consists of thin, irregular slabs used for pav- 
ing, walkways, and wall veneers. Random-shaped flagging is pro- 
duced widely in the United States. S uitable stone br eaks v ery 
easily in one direction, producing flags. Any fissile stone can be 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Decorative Stone 895 














Figure 4. Ashlar blocks of Coconino Sandstone (Jurassic) used as a 
veneer for a wall of St. John’s Cathedral, Albuquerque, New Mexico 





Table 1. Typical coverages by size for decorative stone aggregate 














Aggregate _ Size, Size, Coverage, Coverage, 
Type in. cm Depth ff? /st ff?/t 
Rock 4 0.64 2 in. 115 126 
Vo 1.27 REM 0 165 
3/4—1 1.91-2.54 120 132 
River rock 1-3 2.54-7.62 1 rock 90 100 
3-6 7.62-15.24 60 66 
Riprap 1-3 2.54-7.62 90 100 
3-8 7 .62-20.32 1 rock 60 66 
6-12 15.24-30.48 30 66 
Pea gravel 3/3 0.95 2 in. 110 121 

(5.08 cm) 





Adapted from Arizona Trucking and Materials brochure, Tucson. 














Figure 5. Granite blocks used for curbing in a parking lot near Bar 
Harbor, Maine 


used, but sandstone (bedding planes) and slate (cleavage surfaces) 
are best and dominate the market. Limestone and dol ostone are 
quarried as flagstone in the Great Lakes area of the United States 
(A.M. Johnson, personal communication). The Coconino sand- 
stone is quarried extensively in Arizona and produces v ery high 
quality, re d-to-pink-to-white flagstone (Townsend 1962). Sand - 
stone flags up to 0.5 m? can be split to a thickness of 3 cm or less. 
Flagstone slabs 3 to 10 cm_ thick are used for walkways in high - 
traffic areas; they must be resistant to abrasion and have low relief 
on the wear surf ace to minim ize tripping. If used in w alkways, 
these thin slabs must be set on a very firm base. Thicker flags of 
sandstone or granite can be used in walls (Figure 4) or set on edge 
as curbing (Figure 5). 


Aggregate 

Uncrushed Stone 

Natural aggregate is lightly processed, usually by washing or screen- 
ing, yielding products suitable for decorative use. Fragments can be 
either rounded or angular and must be resistant to weathering. Many 
types of deco rative stone aggre gate can be used for rock la wns or 
area covers in virtually unlimite d colors. Typically, local materials 
are used, which limits choice b ut lowers cost. The aggre gate is 
placed on UV-resistant black, impermeable or semipermeable poly- 


Small river rock and volcanic cinder used for a xeriscape 


Figure 6. 
lawn 


ethylene (m ost often 4 mi_ Is thic k) c overing a prepare d surface 
treated with weed killer. A wide variety of sizes are used at an appli- 
cation rate of at least 50 kg/m?. The rate varies depending on aggre- 
gate size and layer thickness (Table 1). 

River Rock. River rock constitutes distinctive water-rounded 
pebbles, cob bles, and bo ulders commonly us ed as an a rea co ver 
(Figure 6). White to gray is typically specified, but other colors are 
available. River rock m ost commonly is granite or gneiss, but any 
durable rock can be used. The rounding usually is done in a river or 
coastal ma rine en vironment. In Pen nsylvania, wh ite-to-buff v ein 
quartz is a popular river rock for landscaping (S.W. Berkheiser, Jr., 
personal communication). 

A diverse market has arisen worldwide in rounded stones sold 
typically by weight ($0.07 to $1.65/kg) or bag. The stones are often 
polished, not always naturally, and may be fairly exotic rock types 
like jade, but more common stones are also widely sold. 

Scoria and Cinder. Scoria or volcanic cinder is a lightweight, 
vesicular equ ivalent of basalt (F igure 6) or o ther basic v olcanic 
rocks. It is used primar ily for desert landscaping in the southwest- 
ern United States; it is le ss common elsewhere but is a vailable in 
most parts of the country. Scoria is sold as either red-to-brown or 
black-to-gray v arieties, b ut both are othe rwise si milar. Red dish 
hues are more popular and, hence, more valuable than other hues 
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Figure 7. Rock lawn with accent pieces in Belen, New Mexico 


(Osburn 1980). The co lor differences of cinder are a result of th e 
presence (red) or absence (black ) of oxy gen during volcanic erup- 
tion and emplacement. 

Fused Argillaceous Rock. Natural fires in North Dak ota li g- 
nite produce fused interbedded claystone and sandstone (E.C. Mur- 
phy, personal communication). In New Mexico, natural coal f ires 
produce a similar material lo cally called “red dog” (Hof fman 
1996). Red baked and fused shale re lated to coal fires is mined in 
the northern Powder River basin of Wyoming (Harris 1991; Heffern 
and Coates 1997). These materials are used as lo w-quality aggre- 
gate in areas lacking better materials or in landscaping. 


Crushed Stone 


Crushed stone is the most common decorative aggregate and can be 
produced from virtually any pleasing stone. It is broken mechani- 
cally and usually screened before use; larger sizes are often called 
rubble. Har ris (1991) uses the term decorative a ggregate to 
describe crushed and sized stone used for landscaping such as area 
cover, rock lawns, walkways, and borders around plants or gardens 
(Figure 7). This chapter describes rubble, exposed aggregate, dash, 
and terrazzo here under crushed stone, although exposed aggregate, 
dash, and terrazzo are used with a binder such as cement. 

Rubble. Rubble consists of lar ge rough stone or blocks pro- 
duced in quar rying, often as waste, and used for retaining walls, 
seawalls, bridgework, and landscaping. Only landscaping rubble is 
considered decorati ve stone beca use it is use d prim arily for its 
color, texture, or general appearance. In New Mexico, large boul- 
ders of pegmatite are used in landscaping as accent pieces (Austin, 
Barker, and Smith 1990). 

Smaller rubble is popu lar as w all facing in homes an d com- 
mercial buildings. The primary pu rpose is aesthetic—it replaces 
brick or other veneer—but ease of installation, weather resistance, 
light weight, and ability to bond we II with mortar ar e also impor- 
tant. Rubble can be set inr andom patterns across 0.05 to 4 m? of 
exposed rock . Lo w-density rocks, such as pumice, ha ve se veral 
advantages: shipping costs are lower, setting is easier for the stone 
mason, and few, if any, anchors are required to tie the stone veneer 
to the wall (Power 1994). In Minnesota, waste rock from process- 
ing granite dimension stone, called gro ut, is us ed as dec orative 
stone, includin g sa wn, sp lit, a nde ven polished slabs (A.M. 
Johnson, personal communication; Jackson 1997). 


Figure 8. Large exposed aggregate panel on a commercial building 


Exposed Aggregate. Exposed ag gregate is one of the most 
common methods of using crushed stone (Figure 8). Stith (1970) 
found the most important proper ties to be color, hardness, sou nd- 
ness, absorption, shape, size distribution, and impurities. 

Many colors and shapes are available, making exposed aggre- 
gate compatible with almost any architectural scheme. Color should 
be uniform and permanent because it is the architects’ main crite- 
rion. Observation of weathered an d fractured outcrops of the pro- 
posed aggre gate can be useful in deter mining how the stone will 
react (Cutcliffe and Dunn 1967). Spalling and other forms of physi- 
cal deterior ation should b e not ed. The co lor should v ary only 
slightly, if at all, between weathered and fresh outcrops. Variations 
in color from exposure to sunlig ht or weather should be noted to 
minimize color differences across the faces of a structure (Cutcliffe 
and Dunn 1967). Color segregation of stone by quarry procedures, 
blasting, stockpiling, blending, batching, and weathering should be 
avoided (Cutcliffe and Dunn 1967; Evans 1993). 

The ability to c ast exposed aggre gate in complex shapes and 
with background coloring (dash) of cement gives the architect great 
freedom. Aggregate, mix ed with wh ite or gray cementin a 2:1 
ratio, can be precast into panels or cast in place in walls and floors 
or walkways, with the aggre gate dispersed or concentrated in the 
facing layer (Stith 1970). The agg regate is e xposed by sand blast- 
ing, bush hammering, wire brushing, or acid washing the surface of 
the aggregate/cement mixture (Cutcliffe and Dunn 1967), and then 
it is sealed. 

Dash. Dash, either coarse (f or texture) or fine (for color), is 
added to exposed aggregate, stucco, or concrete. Sand dash is added 
to stucco and small-scale, e xposed-aggregate surf aces for co lor. 
Very fine dash is added to concre te or cement as a permanen t pig- 
ment instead of more expensive mineral pigments that may react 
with the cement co mpounds. Well-mixed, nonreactive dash mate- 
rial avoids blotchiness or shade variation common with artificial or 
mineral pigments and can be used in conjunction with stucco dash 
or exposed aggregate. 

Terrazzo. First pro duced b y the Ro mans more than 1,500 
years ago, terrazzo floors provide quality at low original and main- 
tenance cost and ha ve av ery long life. T errazzo, a mixture of 
sized, crushed stone, and cement, offers variety in color and design 
(Figure 9). This mixture is poured into a prepared floor area, hard- 
ened, g round smoo th, sealed, and of ten po lished (Reed 1978; 
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Figure 9. Terrazzo flooring (polished) at the Dulles International 
Airport, Washington, D.C. Lighter area near lower center in front of 
pillar is a reflection off the highly polished surface. Exposed 
aggregate forms the surface of the pillar. 


American Geological Institute 1997). The stone aggregate has low 
porosity and low absorption. The portion of the terrazzo that needs 
protection is the portland cement matrix, which is porous and will 
absorb stains. The primary application of terrazzo is in high-traf- 
fic, pub lic areas and b uildings. Relatively soft stone—usually 
limestone, dol ostone, or ma rble—is preferred for te rrazzo, but 
granite is also used. Quality control is paramount during quarrying 
so that color can be matched across batches. Maintaining c onsis- 
tent color during processing ensures quality, color continuity, and 
freedom from impurities. The Terrazzo, Tile and Marble Associa- 
tion of Canada (www.ttmac.com) recommends a thin-gauge epoxy 
or polyacrylate for sealing. 


Cut or Dressed Stone 


Cut or dressed stone is f inished on one or more sides by various 
methods and is used where uniform surfaces are needed. Typical uses 
are in walls, monuments, sculpt ures, waterfalls, or ot her rel atively 
small, very deta iled artistic renderings. Many stones are f ashioned 
into struct ural or decorative adornments such as capi tals, veneers, 
friezes, cornices, corbels, coping, and ribbing. Nonstructural statuary 
and art, a long with stones t oo soft or brittl e for struct ural use, are 
used in some parts of buildings, although in low volume. 


Statuary and Objets d’Art 


Artists use stone for carving, scul pting, or prod ucing objets d’art 
(Figure 10). Carvable stone is commonly soft and uniform, such as 
marble, limestone, soapsto ne, and alabaster. Some sculptors carve 
commercial granite and jadeite , though those stones are hard. 
Color, texture, softness, and the ability to take a polish are impor- 
tant for statuary stone. Carv able stone commands the highest p rice 
but accounts for the smallest sales volume of any of the stone cate- 
gories. Many small firms and artisans cut and polish semiprecious 
gems and ornamen tal stone from ha rd stone such as jade, agate, 
quartz, jasper, chalcedony, chert, and petrified wood (Burchett and 
Eversoll 1991), or softer stone such as tuff, talc (s teatite), serpen- 
tine (verde antique), marble, travertine, and gypsum (alabaster). 


Fireplace Rocks and Hearthstones 


Many types of stone are u sed in fireplaces. Com mercial use is 
restricted to relatively few types compared to the many used by 








Figure 10. Renowned sculptor Allan Howser, of Taos, New Mexico, 
surrounded by statues and rock ready for his chisel 


individuals. Although rough stone and aggregate are often used in 

tustic fireplaces, dressed stone is more typical. Moss rock, flag- 

stone, river rock, scoria, and ashlar ar e often used as a decorative 
facing onaf_ ireplace. Ar gillite or mil lstock slate is cleaved or 

rough-finished and used as__hearthstones and mantles (_ Carpenter 
1983). Polished travertine is of ten stren gthened with epoxy or 
cement and is very popular for hearthstones. 


Ashlar 


Ashlar consists of rectangular, nonuniform stones with at least 
two smooth parallel sides, set randomly or by design ina wall. 
The e xposed surf ace of each piece is generally <0.4m 7, laid 
exposing the sawn or naturally smooth face or the rough (broken) 
face (Figure 4). Ashlar blocks are prepared either from natural 
slabs that split and fractu re into usable shap es or by sa wing the 
required two parallel si des usually about 7 to 15cm apart. The 
remaining sides have an attractive broken appearance that, when 
exposed, is called split-faced ashlar. Natural or sa wed blocks are 
broken inah_ ydraulic guillot ine to assorted sizes, palle tized, 
shipped to the job site, andlaid by hand in courses similar to 
brick. 


Monuments and Memorials 


Stone is cut and polished for tombstones, historical markers, and sim- 
ilar monuments and memorials. A ty pical stone used for monuments 
and memorials is pure white, st | atuary-grade marble. Monument 
stone must be hard, take a high polish, and be resistant to weathering. 
Tombstones are most often one of the varieties of granite. 


Tiles and Paving Blocks 


Tiles are cut or split stones with one very thin dimension that can be 
polished (Harris 1991). Typically they are 0.3 m? or 0.5 m? (12 in. 
x 12 in. or 18 in. x 18 in.) and 10 to 15 mm thick and can be used in 
many ways on all interior surfaces, including floors and walls (Fig- 
ure 11). Tiles can be made from many types of stone, but most are 
slate, granite, marble, limestone, basalt, or t uff. Travertine is also 
cut into tiles. 

Bluestone, slate, and ar gillite (Carpenter 1983; Power 1983), 
as decorative stone, are used primarily as flagging and floor tiles, 
but are also used for sill s, stair treads, risers, sho wer and toilet 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


898 Industrial Minerals and Rocks 











Figure 11. Various sizes of flagstone and floor tile composed of red 
Lyons Sandstone (darker color) of Permian age and other flagstone 
(lighter color) in stone yard near Lyons, Colorado 


stalls, and exterior spandrels and facings. They are available in var- 
ious shades of green, gray , purple, red, black, or v ariegated. Slate 
finishes vary from the natural split surface to kn ife-shaved, sand 
rubbed, and honed or semipolished (Harben 1990). 

Tiles and paving blocks made of tuff generally are called can- 
tera stone but include adoquin, sillar, tufa, tuff, calduro, and others 
(Kuiper 1988). Mo st of these are imported to the United States 
from Mexico. 


Veneers and Wall Cladding 


A veneer is any rock that can be laid up on a wall. Wall cladding is 
composed of larger sheets, often filled and polished, of travertine, 
serpentine (verde antique), marble , and others. Schist (Figure 12), 
which clea ves along preferred dire ctions, yield ing relati vely flat 
stones, is also used. 


Miscellaneous Uses 


Nonforested areas of the United States use stone in the manner that 
other areas of the country use wood, such as limestone fenceposts 
in Kansas (D .A. Grisafe, pers onal co mmunication). An Internet 
search re veals man y un usual u ses for stone around the w___ orld, 
including lamps with bases of rough stone. I n some lamps fro m 
Bali, even the lamp shade is carved from stone. Intricately carved 
stone furniture with latticework backs is for sale on Web sites from 
India. Stone dishes and lidded boxes from ancient cultures can also 
be purchased, in ad dition to mo dern examples, particularly fro m 
Southeast Asia. A number of sites _ sell “healing” stones and ar e 
devoted to stone therapy, and soap-shaped deodorant stones are also 
available. These are but a few examples illustrating the widespread 
use of stone across the ages. 


Synthetic Stone 


Cast st one is def ined as a ref ined architectural concrete building 
unit manufactured t o si mulate natural cut stone , use din uni t 
masonry applications. The earliest known use of cast stone was in 
AD 1138 (Cast Stone Institute 2005). Cast stone is a masonry prod- 
uct used as an architectural feature, trim, ornament, or facing for 
buildings or other structures. Cast stone can be made from white or 
gray ceme nt, manufactured or na tural sands, car efully se lected 








Figure 12. Precambrian Vadito schist used as veneer wainscoting in 
Santa Fe, New Mexico 


crushed stone, or well-graded natural gravels and mineral coloring 
pigments to achieve the desired color and appearance while main- 
taining durable physical properties that exceed most nat ural cut 
building stones. Cast stone is an excellent replacement for natural 
cut | imestone, br ownstone, sandstone, bluest one, grani te, slat e, 
keystone, travertine, and other natural building stones (Cast Stone 
Institute 2005). Some cast stone, however, can suffer deleterious 
effects from prolonged exposure to sunlight (T.P. Dolley, personal 
communication). 

Stone or slag, usually crushed, is the main ingredient in the 
production of manufactured stone by melting and frothing. Basalt is 
melted and cast into various for ms (K uzvart, Woller, and Hora 
1992). Irregularly shaped boulder- and cobble-sized masses are used 
as artificial scoria or cinder. Manufactured stone can be used in floor 
and wall panels. 

Crushed marble is combined with a binding polymer, and per- 
haps a coloring agent, to produce cultured-marble tiles. Ground 
limestone is mixed with organic resins to produce cultured marble 
molded into a v ariety of sha pes. Quartz stone is a re latively new 
product made from pure quartz and polymer bin ders, creating a 
countertop or flooring material that has properties similar to th ose 
of natural granite. 


GEOLOGY AND DISTRIBUTION OF MAJOR 
DECORATIVE STONES 


Hundreds if not thou sands of ty pes and varieties of stone are used 
in the decorative stone industry. The terms used in the stone indus- 
try vary widely between cou ntries, the professions involved in the 
stone industry, and se gments of the industry . In Scan dinavia, the 
stone industry differentiates hard stone from soft stone. The latter 
includes limestones and mar ble that, if si liceous, may be harder 
than some igneous rocks like tuff that are called hard (Shadmon 
1988). Complete co verage of all local industry classifications is 
nearly impossible. Consequently , only the d ominant commercial 
rock types are discussed here as an overview. 


Granite 


Commercial granite, which has a wider meaning than geological 
petrographic definitions, includes all feldspathic intrusive rock with 
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visible grains and all metamorphic rocks with gneissic te xture. It 
includes true granite plus other intrusive igneous rocks (Murhov 
et al. 2002) and their metamorphic eq uivalents—syenite, monzo- 
nite, gabbro, anorthosite, amphibolite, and gneiss. Com mercially, 
dark fine-grained igneous rocks, even of diabase or basalt composi- 
tion, are often called black granite (Power 1983). Commercial gran- 
ite, whether light or d ark, has high strength and durability and is 
relatively impervious to water and weathering. 

Commercial granite in the United States is quarried at more 
than 100 sites in 20 states. The dominant companies are Co Id 
Spring Granite, Rock of Ages Corp., and Coggins Granite Indus- 
tries. Major prod uction center s (Harben 1990) include Geor gia 
(Elberton), North and Sou th Carolina, New York, Massachusetts , 
Vermont, New Hampshire, Minnesota (St. Cloud), South Dakota, 
Wisconsin, and Texas (Burnet and Llano counties). Near Elberton, 
Georgia, about 100 companies quarry and sell granite as rough 
blocks or finished products such as memorial markers. 

Prominent European ig neous decorative stones are Scandina- 
vian red granite (rapakivi type in Finland), norite, diabase, and lar- 
vikite (an orthoclase syenite, labradorite). Rossa (red) | Asw an 
granite and red por phyry ( porfido rosso antico) is produced in 
Egypt. Green porphyry (porfido verde antico ) is produced in th e 
Peloponnesos re gion of Greece (K uzvart 1984). Sp ain, India, th e 
Republic of So uth Africa, Australia, and Brazil ar e also noted 
sources of granite in the world market. 


Pegmatite 


Most pe gmatites have about the same chemical and mineralogical 
composition as granite, but pe gmatites are typified by very large, 
interlocking crystals. Most pegmatites have a coarsely crystalline 
granite composition with abundant quartz and orthoclase feldspar. 
Other minerals, notably muscovite or white mica, may be abundant. 
Boulders are preferred to highlight this coarse texture. Many stone 
or landscaping companies stock large pegmatite boulders, which are 
moved to the building site by flatbed truck. In Quebec, amazonite 
pegmatite from Saint-Ludger -de-Milot and Lac Saint-Jean is used 
for decorative stone aggregate and for small decorative objects (J.-L. 
Caty, personal communication). Michig an arc hitects surv eyed by 
Johnson (198 3) high ly f avored coarse pegmatite. Although not 
extensively quarried today , old mines 0 perated when sheet musco- 

vite was mined in the past are inviting to enterprising stone dealers. 


Basalt and Traprock 


In the western United States, Tertiary and Quaternary basaltic rocks 
are exposed over thousands o f square k ilometers. B asalt is fine- 
grained, hard, tough, dense, and du rable. It is composed o f pyrox- 
ene and calcic plagioclase and is well suited for use as a decorative 
stone for landscaping. 

Traprock is a common term for basaltic dikes or flows. Power 
(1994) states the correct petrologic term for traprock is diabase or 
dolerite. When sol d as c ut building stone, itis commonly called 
black granite. 


Tuff 


The main use of tuff is as cantera stone floor tiles and wall cladding 
(Figure 13). Some Mexican tuff is sculpted into stat uary. The tuff 
varies in color, with pastels predominating. The stone is character- 
ized by many inclusions of large pumice fragments (up to 30%) and 
phenocrysts, up to 50 mm in diameter, of quartz, biotite, feldspar, 
magnetite, and rock fragments such as gr anite or basalt (Kuiper 
1988). The high porosity of tuff makes this rock suitable where low 
weight is a factor. In addition, the porosity gives the stone a texture 
that is visually appealing for rustic application (Figure 14). 





Figure 13. Volcanic tuff (cantera stone), cut with a chain saw, was 
used as the primary building stone at The Lodge (built circa 1930) at 
Los Alamos, New Mexico. Although containing voids and 
depressions, the cantera stone hardens somewhat with time to 
produce a more durable veneer. 





Figure 14. Cantera stone blocks used to form a wall at Bandelier 
National Monument, New Mexico 


Marble and Travertine 


Geologically, marble is a metamorphosed carbonate and travertine 
is a sedimentary carbonate deposited from flowing water, usually in 
a spring system. Commercial marble is an y crystalline rock com- 
posed predominantly (>50%)of calcite (CaCO 3), dolomite 
(CaMg(CO3)z), or serpentin e (Mg 3Si205(OH)a4). Se rpentine with 
white calcite or dolom ite stringers forms verde antique. Commer- 
cial marble must t ake a polish and may include crystalline 1 ime- 
stone, tra vertine,and serpentinein additiontom  etamorphic 
carbonate. Crystals range in size from fine (easily p olished) to 
coarse. The ability to take a polish is imp ortant, but the color and 
crystalline character can be more important. 
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Limestone, Dolostone, and Marble 


Carbonate rocks, usually marine in origin, are found in many parts 
of the United States and many other nations. Th e Bloomington— 
Bedford District of southern Indiana has produced a well-known 
dimension limest one (co mmonly called Indiana Limestone) for 
more than a century. Limestone and dolostone are usually gray, but 
can be white, buff, tan, or blac k. White marble is c omposed of 
nearly pure calcite. Dolostone is composed predominantly of dolo- 
mite. Mi neral imp urities that darken limestone and doloston e 
include iron carbonates, iron oxide, iron sulfide, chert, silica, clay, 
graphite, and carbonaceous matter (Power 1994). Crystallinity, bed 
thickness, ease of polishing (3 to 3.4 on the Mohs hardness scale), 
and the presence of fossils, stylol ites, or other te xtures and struc- 
tures make limestone and dolostone at tractive de corative stone s. 
Bedding can v ary from thin to massive and is important in deter- 
mining the end use of commercial marble and travertine. Limestone 
imported into the United States comes primarily from Spain and 
France. 

The Geor gia Marble Compan y in Georgia and the Vermont 
Marble Company in Vermont quarry the bulk of U.S. commercial 
marble production. Marble, particularly white marble, is commonly 
crushed and sized and sold in lots ranging from carloads to bags of 
<45 kg. White marble from Geor gia (Power 1994) and varicolored 
travertine from New Mexico (Austin and Barker 1990) are premium 
decorative stones. The Yule quarry in Gun nison County, Colorado, 
which supplied white marble for the Lincoln and Jefferson Memori- 
als in Washington, D.C., has re cently operated intermittently after 
being closed for many years. Marble imports come principally into 
the United States from Italy, Portugal, Spain, and Turkey. 


Travertine 


Commercial travertine is hard, dense to vuggy, finely crystalline, 
compact, massive to concretionary or fibrous limestone that takes a 
polish (Austin and Barker 1990). Impurities in tra vertine impart 
colors ranging from white to pink, red, tan, yello w, green, gold, 
brown, or black. Variations in impurities can cause multicolor 
banding of layered travertine. Travertine may be called tufa (within 
the industry; tuff is used to describe cantera or volcanic tuff, but 
never travertine), calcareous sinter, marble, Mexican onyx, or onyx 
marble. Ne w Me xico Travertine produces most of the domestic 
travertine (Barker, Austin, and Sivils 1996). 


Sandstone and Conglomerate 


Sandstone suitable for cutting, flagging, and curbing has been pro- 
duced w orldwide for thousands of years. Commercial sandston e 
consists of both sandsto ne and s iltstone. Color v ariations are du e 
largely to iron oxide. Moss rock is a popular sandstone found in 
many areas as loose fieldstone on surface outcrops. Picture rock is 
sandstone that exhibits comple x color (liese gang) banding from 
variations in weathering and which is sold as slabs cut to simulate 
landscape paintings. 


Slate, Schist, and Gneiss 


Slate is a fine-grained metamorphic rock with pronounced, rela- 
tively smooth, and flat clea vage surfaces that is used ma inly for 
roofing. Stair treads, floor tile, flagging, w ainscoting, trim, chalk- 
boards, billiard and laboratory ta bles, plaques, and signs are also 
produced. Slate can be purple, gray or black (reduced), red or green 
(oxidized), or mottled. These colors can alter or bleach on exposure 
(called semiweathering), b ut roofing slate should ha ve permanent 
colors (called unfading) or at least alter evenly to a pleasing shade 
and be from the same lot. Most slate is initially split by hand from 


quarry blocks (Sweet 1990) with further punching by foot treadles 
and machine shaping. 

Slate production in the United States is concentrated in Ne w 
York, Vermont, Virginia, and Pennsylvania, where it is centered at 
Pen Argyl and Slatedale. Slate production techniques have changed 
little with time. Quarrying must be done slowly with little blasting 
because it would split the slate. Wire and chain saws are also used. 
Cold weather limits the quarrying season in many places; the stone 
is ruined if it is freeze-thawed while in large blocks, so none can be 
quarried ahead without careful storage. Slate is still largely hand 
split and punched with foot-dri ven treadles. Because of the assis- 
tance of nature in prying weak ened surfaces apart by alt ernating 
freezing and thawing, flagstone quarries tend to be small and close 
to the surface. 

Sale of slate in the United States is particularly strong in the 
South, Southwest, and Californ ia (Harben 1990) because of __ its 
resistance to color change over ye ars in direct sunlight. S late is 
growing more important in world markets for its natural unpolished 
appearance, nonslippery and multicolored durable surfaces, and rel- 
atively low price (Vagt 2003). 


Quarizite 


Quartzite is metamorphosed quartz sandstone that breaks thro ugh 
the grains rather than around them. Commercial quartzite is a hard 
siliceous rock commonly white to light-gray to bluish-gray or pink- 
ish. Gneiss is often mark eted as quartzite. In Virginia, thin-bedded 
to massive quartzite of the Cambrian Weverton Formation has been 
quarried since 1893 (Sweet 1990). 

Quartzite is mark eted for flagstone, veneer facing stone, and 
other decorative uses. Fern stone is quartzite containing dendritic 
limonite along bedding p lanes. Idaho also produces quartzite used 
as both flagging and building stone. 


PRODUCTION 


Decorative stone oper ations range from very small to v ery large. 
Many lar ge quarries producing d imension or building stone also 
produce large quantities of waste rock, although their preferred out- 
put is large, sound, rectangular blocks. This waste material is nor- 
mally crushed to aggregate, screened, and sold as decorative stone. 
It may alternatively be processed into ashlar (Figure 15). Aggregate 
quarries produce rock that can be used as higher-value landscaping 
stone as easily as lower-value concrete aggregate. Demand, appear- 
ance, and cost of the stone are most commonly the deciding factors 
in the choice between these two alternatives. 

A number of finishes can be applied to a stone on an edge (E), 
a surface (S), or both (B): 


Natural cleft—natural, nonuniform finish (S) 


Sawn—dull, smooth finish created by a diamond or wire saw 
(E/S/B) 

Split—split with the natural grain (E/S) 

Honed—smooth, formal look, no shine (E/S/B) 
Polished—smooth, mirror finish (E/S/B) 

Flamed—slightly pebbled, medium relief (E/S/B) 
Sandblasted—slightly textured finish, light relief (E/S/B) 
Rocked—hand-cut, chiseled finish, heavy relief (E) 

Bush hammered—small pyramidal indentations, medium relief 
(E) 


Tumbled—rotated in a drum; rocks semirounded (B) 


Only two producers are active at this ti me. Georgia Marble 
produces only their white marbles, which under French ownership 
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Figure 15. Breaking and palletizing ashlar from dimension stone 
waste at New Mexico Travertine in Belen, New Mexico 


will expand over the next 5 years using imported stone. Ne w Mex- 
ico Travertine produces several colors of travertine from its quarry 
but hase xpanded to use more th an12 limestones from other 
domestic quarries. Tennessee Marble Company produces tiles and 
slabs but primarily markets the stone for cut -to-size projects and 
has limited access to stones other than Tennessee pink, which is dif- 
ficult to produce and is limited in slab size (Matthews 2002). 


Quarrying 
Quarrying decorative stone uses the same general techniques used 
in the produ ction of other types of stone, but details ar e adjusted 
depending on the desired finished product. For example, blasting is 
minimized using small ch arges of low-velocity explosives for slab 
blocks. Stone quarries use d iamond wire sa ws, belt sa ws, chain 
saws, and air wedges that allow rapid, more accurate quarrying and 
produce thinner products than in the past. Great care and consider- 
able hand dressing (Figure 16) are necessary for high-quality wall 
capstone, flagstone, or slate. Ac cent pieces used in landscaping, 
such as_ large pe gmatite boulders , req uire preserv ation of th e 
coarsely crystalline surface during transport to the final site. Cranes 
may be needed to lift pieces, and padding is used to prevent damage 
in transit. Contrast this to the production of crushed stone, which 
requires almost no protection. 

Stratification in rock p roduces zones of weakness called rift 
by produ cers. These are important because the y dete rmine th e 
direction in which the stone splits most easily. Spacing of the rift 
determines the thickness of the quarried layer. Bed seams, joints, 
cutters, reeds, and runs are additional terms used in the sandstone 
industry to describe other natural planes or directions in which the 
stone splits or can be cut (Bowles and Barton 1963). 


Processing 


By the early 1900s, the muscle power of earlier ages had given way 
to steam, electricity, and com pressed air. In rec ent years, carbides 
and diamonds for cutting and higher grade steels for drills have 
allowed for more efficient cutting of stone, but the basic equipment 
was similar to that of the past. Since the Browning torch was devel- 
oped, it has been widely used in the granite industry and has revolu- 
tionized channel cutting (Meade 1986a). Channel cuttin g with 





Figure 16. Limestone capstone being carefully hand-dressed at the 
finishing plant of New Mexico Travertine, Belen, New Mexico 


diamond-studded belt saws is doing the same to limestone and mar- 
ble pro duction (Harben 1990). High -pressure w ater jets are also 
being used to quarry granite in North Carolina. 

Automation that allo ws affordable production is being intro- 
duced rapidly, but much waste is still produced, leading to coprod- 
ucts. Products include tiles an d other decorati ve pieces such as 
kitchen counters, table or desk tops, bathroom counters and basins, 
and fireplace mantels. The trend is toward thinner slabs, specialty 
surfaces (polished or flame textured), and new applications such as 
coordinated lines of furniture in homes. Pr oduction of lar ge vol- 
umes of crushed stone is ensur ed by mo dern drilling equipment, 
blasting techniques, and crushing and processing machinery. 


SPECIFICATIONS 


Formal specifications exist through the Marble Institute of America 
for most stones used in the dimension stone industry. Specifications 
are less developed in the decorative stone industry, where color and 
texture are of principal imp ortance, along with the surface t reat- 
ment used. The ability to be split into flat slabs is important in the 
production of flagstone, of less importance in fieldstone and moss 
rock, and of no importance for river rock. 

Strength, porosity, adsorption, and durability are important in 
some decorative stone end uses and of little importance in others. 
Durability and str ength are signif icant in crushed stone used for 
some decorative purposes, such as terrazzo and e xposed aggregate 
(Ault 1989). The Aggregates and Dimension Stone chapters in this 
book cover physical properties in detail. 


Flagstone 


Irregularities on a flagstone wear su rface must be <1 cm in height 
(Harris 1991) to minimize tripping. A standard test for abrasion 
resistance of ston e subjected to foot traffic is given in A merican 
Society for Testing and Materials (ASTM) Standard C241. 


Tiles and Paving Blocks 


Slate for floor tiles sold in the United States comes in four basic 
square or rectangular sizes from 15 x 15 to 46 x 46 cm (Figure 17). 
Size is limited only by th e curvature of foliation, which can cause 
tripping in tiles more than 1 m across. Tile thickness varies from 
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Figure 17. Processing line for square floor tiles at New Mexico 
Travertine 


6 mm for light-duty and housing use to 9 mm for heavy-duty use in 
public areas (Harben 1990). Fle xure testing of slate is co vered by 
ASTM C120. A minimum abrasion resistance (ASTM C241) of 10 is 
required for carbonate floor tile. Where two ormore marbles are 
combined, there should be a maximum difference of 5 points of abra- 
sion resistance. For stairways, floors, and platforms subject to heavy 
foot traffic, a minimum abrasion resistance of 12 is recommended. 


Exposed Aggregate 


In general, tests for exposed aggregate are variations of those used 
for cement an d road building or construction-aggregate end u ses. 
Standard evaluation techniques for such end uses may ha ve severe 
shortcomings when applied to exposed aggregate. Highway service 
records, acceptance tests, and government ratings of stone do n ot 
correlate with its quality as exposed aggregate (Cutcliffe and Dunn 
1967). 

Hardness is determined by Lo s Angeles abrasion, ASTM, or 
Micro-Deval tests. The aggre gate should be hard enough to min i- 
mize replacement of faulty exposed aggregate because repair costs 
are extremely high, if re pair is possible at all (Cutclif fe and Dunn 
1967; Stith 1970). Abrasion resistance is less significant in exposed 
aggregate, but softness or brittleness may cause excessive fines dur- 
ing batching (Cutcliffe and Dunn 1967). 

Soundness is the main criterion that determines the durability 
of e xposed aggre gate during temperature and humidity cycles, 
weathering, and erosion. Several sides of an exposed aggregate par- 
ticle often are not encased in cement, m aking poor -quality stone 
very susceptible to wea thering. A variety of tests involving freeze— 
thaw cycling and exposure to solutions are applied to exposed aggre- 
gate as discussed by Stith (1970) and Cutcliffe and Dunn (1967). 

Water absorption should be <1 .5% because high absorption 
promotes weathering and staini ng (Sher gold 1954; Stith 1970). 
Average pore space and percentage saturation also influence sound- 
ness. Completely saturated rocks, small pores, and capillaries are 
more deleterious than lar ger, be tter-drained pores (V erbeck and 
Landgren 1960; Yedlosky and Dean 1961; Stith 1970). 

Particle shape and size distrib ution are less important factors 
for exposed aggregate. The two main criteria are few thin or platy 
particles and minimal dust or fines. Impurities to a void are shale, 
clay, iron sulfides and pyrite, chert, gypsum, bituminous materials, 


dolomite, limestone, or any reactive material >1% by weight (Cutc- 
liffe and Dunn 1967; Stith 1970). 


Dash 


Dash is fine-grained (up to 9 mm) exposed aggregate, and the basic 
principles and specif ications pre viously described for e xposed 
aggregate apply. Stone grains as small as 1.5 mm are used as con- 
crete block facing (Ladoo and Myers 1951). 


Terrazzo 


Aggregates for terrazzo use are tested by methods applicable to 
aggregates for other uses. These include ASTM Standards C33, 

C88, C131; Los Angeles abr asion; and sodium sulfate tests. Ter- 
razzo is essentially exposed aggregate with only one side exposed, 
so the criteria previously described for exposed aggregate generally 
apply. Specifications and data on terrazzo are available from the 

Terrazzo, Tile and Marble Association of Canada or the National 
Terrazzo and Mosaic Association. 


Veneer and Cladding 


Modern use of interior decorative stone as_ veneers and cladding 
does not require the high ASTM standards for compressive or flex- 
ural strength called for in structural stone. Exterior veneer and clad- 
ding stone is hung, using a variety of support and anchor systems, 
to the structural wall behind. Stone that meets the minimum ASTM 
criteria for flexural streng th, modulus of rupture, and density is 
usually suitable for exterior veneer. 

The standard specification for marble dimension stone (e xte- 
rior) is ASTM Standard C503. Marble in this context includes cal- 
cite, dolostone, travertine, and serpentine. Marble for e xterior use 
must be sound and free of spell cracks, open seams, pits, or other 
defects that would af fect its stre ngth, du rability, or ap pearance. 
Molded, cast, or artificially ag gregated units are discussed under 
the section on Synthetic Stone in this chapter. 


Cantera Stone 


The criteria established by ASTM for cantera (consolidated volca- 
nic tuff) stone are as follows: bulk specific gravity (C97), 1.336 to 
1.88; absorption (C97) , 9.9% to 22%; mod_ ulus of ru pture (C99), 
435 to 1,520 psi; compressive strength (C170), 1,800 to 9,960 psi; 
and an abrasive hardness (C501) of 3.3 (Kuiper 1988). 


ECONOMIC FACTORS 


The decorative stone industry tends to be vertically integrated in the 
United States, although a dealer/distributor network is also in place. 
Many producers market both through their own sales operation and 
through various representatives. This is due in part to the desire of 
clients to vie w the stone before purchase. De velopers of lar ge 
projects often visit the quarry, but it is often advantageous to have 
examples of the stone available regionally at distributors. 

The decision to use a particular stone in a project is made by 
architects who, asa group, are the greatest si ngle influence on 
demand in the decorative stone in dustry. The reputation and trade 
name of the stone are the principal factors rather than test results 
used by architects to determine durability. Architects rated f actors 
affecting their choice of stone (Johnson 1983) from most important 
to least as follows: (1) appearance (overwhelmingly), (2) durability, 
(3) cost, and (4) availability. Appearance of stone depends on color, 
texture, and uniformity . Limestone w as the most frequently 
selected stone with granite seco nd, but exposed aggregate panels 
were preferred for small commer cial buildings. Stone is specified 
often for government b uildings, some times for churche s, and 
increasingly for commercial or residential structures. 
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Costs 


Decorative stone ranges from a moderate cost, high-bulk commodity 
to a high cost, low-bulk one. Crushed stone for landscaping (ranging 
from $15 to $90 /t) is an e xample of the for mer, whereas stone for 
sculpture (perhaps $6,000 for a large block of Carrara marble) repre- 
sents the latter. Decorative stone often commands a higher price than 
identical stone used where aesthetics are not considered. 

In 2005, costs for decorative stone in Tucson, Arizona, ranged 
from $22 to $42/t for sized, b ulk, landscaping materials in v arious 
colors. Tumbled stone was $88/t and standard boulders were about 
$0.18/kg. Specialty boulders ranged up to $0.8 8/kg. Transport was 
$15 to $70 per loadin the greater Tucson area with large orders 
trucked free to the jobsite (K. Santini, personal communication). 


Transportation 


All major forms of transport are used for decorative stone. Truck 
transport of aggregate (86%) predominates over rail (6%) or inland/ 
coastal w ater transport (barge 2% and lak e <1%), where as sea 
transport (<1%) is least common (Anon. 1988). Any transport by 
water, barge, or ship i s the l owest cost. Truck transport is v ery 
effective, though usually more costly per unit sh ipped, because of 
flexibility and orientation to ward in dividual irre gular shipments 
and low capital outlay (Hayes 1991). The stone is shipped in b ulk 
or palletized (Figure 18) and is loaded onto the truck at the produc- 
tion site to be carried directly to the end-use site with no intermedi- 
ate handling. Delivery by truck is prompt, and damage is minimal 
even for polished or slabbed stone. In contrast, rail transport may 
cost more because it is oriented to large predictable shipments, is 
capital intensive, and has h igh fixed costs. High railcar coupling 
speeds may damage more stone th an road vibration durin g truck 
haulage. Rail rates often are set according to the finish rather than 
simply by the type of stone. Timing is important because most con- 
sumers need rapid delivery once a decorative stone is ordered. Dis- 
tribution yards closer to consum ers than production facilities are 
often used for flexibility and rapid delivery (Hayes 1991). 

In Michigan (Johnson 1983) in the early 1980s, transport costs 
ranged from 20% to 100% more for highly finished stone than for 
the same stone when unfinished, rough, split, or sa wn. Crushed 
stone transport cost w as only abou t 40% of th at for unfinished 
stone. Shipping of decorati ve stone on the Great Lakes was not 
readily available then, although its cost would have been about 10% 
of rail rates. Lake transport was reserved for lar ge volumes from 
established producers with regular shipments, such as coal or iron 
ore (Johnson 1983). 

Most f actors applicable to construction aggre gate transpo rt 
apply to decorati ve aggregate. Decorative st one aggre gate carries 
significantly more value than constru ction aggre gate, even if the y 
are the same rock, so higher transport costs are justified. Decorative 
stone includes a wide variety of products requiring transportation. 
Although much stone is used locally, certain segments of this mar- 
ket will support higher cost transport offshore and worldwide. Dec- 
orative stone is often sold in relatively small lots, so bulk transport 
cost advantages cannot often be realized, although they are substan- 
tial if the shipment is large. 

End uses of decorative aggregate such as landscaping rock are 
the most sensitive to t ransport cost a nd thus tra vel the least dis- 
tance, although this distance can be significant. Aggregate has been 
imported into the United States (Timmons and Harben 1987) to 
areas accessible to ships such as the eastern, Gulf, and southeastern 
coasts of the United States, and large portions of the Midwest by 
barge. This is particularly true for lo w-volume re tail sales where 
small lots may be shipped long distances because the per-ton retail 








Figure 18. Various rock types sorted by size, shape, and surface 
coating (such as moss rock); palletized, and ready for shipment by 
truck in New Mexico Travertine’s yard 


value is high . Polished or slabbe d decorative stone, a high- value 
commodity, can be shipped any distance if well protected. In con- 
trast, decorative aggre gate is re sistant to e xposure and shock and 
needs minimal protection during transport. 


Substitutes 


All decorative stones ha ve competition from substitute ma terials, 
and more are appearing. Examples include concrete, enameled por- 
celain, stainless steel, aluminum, br ick, plas tic, synthe tic sto ne, 
crushed glass and slag, and recycled materials. The aesthetic appeal, 
prestige, and durability of stone are exceeded by few substitutes. For 
this reason, substitutes simulate stone, often at lower cost. Stone sub- 
stitutes are of ten designed as prefabricated modules or precast pan- 
els, as re commended for m uch of t he potential decorative stone in 
Michigan (Bourque and Associates 1999). Some decorative stone 
such as terrazzo or exposed aggregate is also used in panels. 


TARIFFS AND DEPLETION ALLOWANCES 


Complex tariffs on imported dimension stone also apply to dimen- 
sion stone used as decorative stone. In the United States, the tariffs 
in 2003 v aried from free to 6.5% for Normal T rade Relations 
(NTR) status according to type, size, value, and degree of prepara- 
tion (Dolley 2005). Tariffs on crushed or rough stone, including that 
used for decorative purposes, are 3.0% ad valorem (Dolley 2005). 

In the United States, the depletion allowance for domestic or 
foreign decorative stone depends on the form of the stone and its 
end use. For dimension stone, it is 14%. For slate used or sold as 
sintered or burned lightweight aggregate, it is 7.5%. For stone used 
for rubble and other non structural purposes, th e depletion allo w- 
ance is 5%. 


MARKETS AND TRENDS 


The use of steel, glass, aluminum, plastic, and reinforced concrete 
made stone non essential in co nstruction and caused a long-term 
decline in use of lar ge structural blocks (Johnson 1983). Sales of 
stone for e xterior pa ving and cu rbing have decreased because of 
increased use of asphalt and con crete. In the last few decades, the 
beauty, heat and sound insulation, and permanence of stone h ave 
led to its use for exterior cladding (sheets or panels) of many com- 
mercial buildings (Hora 1994). 
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Stone acceptance and usage in the United States ha ve grown 
in recent years. In Europe, use of decorative and roughly dressed 
stone dropped from 50% to 0.25% re lative to crushed stone during 
the 20th century (Kuzvart 1984). Recently the aesthetic appeal of 
stone and the development of thinner stone in lightweight panels 
and frames have offset this toa de gree (Johnson 1983) and have 
increased the use of stone v eneers and cladding. Th in-stone slab 
applications are favored by architects because of lower cost relative 
to glass and steel (Sweet 1990). Dimension stone is being used 
more commonly in the residen tial mark ets. Improved quarrying, 
finishing, and handling technology , as well as greater variety of 
stone and the rising cost of alter native construction materials, are 
among the factors that suggest a continuing increase in demand for 
dimension stone durin g the ne xt5to10 years (Dolle y 2005) . 
Domestic crushed stone production appears to be stable or increas- 
ing slightly. While crushed stone free on board (f.0.b .) prices ar e 
not e xpected to increase signif icantly, the deli vered p rices ar e 
expected to increase, especially in and near metropolitan areas, 
mainly because more aggre gates are being transported longer dis- 
tances (Tepordei 2005). 

Veneer style has shifted to smaller pieces of stone assembled in 
panels for u nit construction , gi ving a cubic lo ok, particularly for 
granite buildings. Extensive engineering and testing led to precasting 
of stone and concrete panels, epoxy bonding of finished stone panels 
before installation on site, and mo st recently, bonding of ultra-thin 
stone veneer to expanded aluminum backing (Meade 1986b). Use of 
stone increased for decorative interiors with various shades and col- 
ors of marble in lobbies and foyers. Residential use of thin stone tiles 
and countertops, particularly granite, has increased. Decorative stone 
panels and tiles made from agglomerated stone such as Chilean lapis 
are bonded into tiles for high-contrast colored trim (L.P. Meade, per- 
sonal communication). Over time, taste in stone architecture changes 
and some stones fall out of favor, such as the brownstone fronts once 
popular on urban residences (Ladoo and Myers 1951). 

The trend in North America is for specialized use of stone for 
architectural purposes. The trend in stone use is away from blocks 
and toward veneer and cladding in larger thin panels that, depend- 
ing on stone type, may need to be backed by glass f iber/epoxy or 
other strengtheners. Wider spans may need to be thicker or use spe- 
cial anchors dependin g on wind load or other f actors. A trend in 
architecture is toward smaller, thinner preassemb led stone panels 
set in larger panels for rapid installation onto steel frameworks or 
exterior walls to yield a look as if built with large stone blocks. 

The broader residential mark et that uses a wider variety of 
stone is gro wing, particularly in the Southwest, but demand is not 
great enough to create demand f or all quarry waste. This contrasts 
with Italy, where virtually all stone quarried is used, so U.S. costs 
remain higher for stone and also for fabrication. The European par- 
ticipation in the Marble Institute of America shows that the U.S. 
market is viable for importers. Mul tinational participation in the 
U.S. stone industry is help ing es tablish acceptable standards for 
suspension systems and artificial supports. The U.S. stone industry 
carries much higher product liability, and en vironmental, safety , 
and health costs, compared to foreign producers (Meade 1986a). 

The stone industry remains labor intensive, which limits mar- 
kets for relati vely costly U.S. stone. T echnology improvements, 
particularly widespread diamond (Harben 1990) or f lame cutting, 
partly of fset thi s. Im provements i n me chanical f asteners and 
cements have fostered the decorative stone panel market, which is 
also being standardized to impr ove c ompetitiveness. Inc reased 
panel sales means increased sales of exposed aggregate, often turn- 
ing quarry waste into a product. Chemical treatment to increase 


durability of stone is making a wider variety of stone types avail- 
able (Johnson 1983). 

Zoning and altern ative land use are constant concerns of the 
stone industry. Federal agencies and sometimes state or local agen- 
cies re gulate stone quar ries and sand and gr avel operations. The 
decorative stone industry in the United States is subject to the same 
safety, health, and en vironmental pressures and regulations as the 
aggregate and dimension stone industries. Much decorative stone is 
produced as acopro duct of urba n stone quar ries that are under 
extreme pressure to relocate farther from growing population cen- 
ters and to impact less on wetlands. Many inoperative quarries are 
being converted into scenic and high-value commercial and res 1- 
dential developments. Shortages o f aggregate in most urban areas 
are likely because of local zoning restrictions and land development 
alternatives. The stone industry will continue to be concerned with 
environmental restrictions and safety factors. 

Matthews (2002) characterized and summarized trends in the 
North American dimension stone and the largely derivative decora- 
tive stone markets as follows: 


Domestic stone production is unable tomeet incr easing 


demand; >97% is imported. 


Besides Italy, Turkey and Mexico are supplying stone. 


Per capita use of stone is less than half that of Europe, so mar- 
ket growth is likely. 


Increased stone use during the 1990s was in residential fire- 
places (stone), bathrooms and entryways (tile), and kitchen 
countertops (granite). 


Colors in demand are beige, yellow, and white; green and 
black are still high in demand. 


Limestone is the stone of ch__ oice, and b uyers w ant h oned, 
sandblasted, water jet, flamed, or antique finishes. Granite and 
marble are declining in market share against limestone. Slate, 
quartzite, and sandstone demand is increasing. Cross-cut trav- 
ertine will lead demand. Indiana limestone, available only in 
buff-beige or gray, will decline. 


The latest finish for granite is water-blast, which is evenly tex- 
tured while maintaining color, and will partly replace flamed 
granite. Textured finishes that do not al ter the characteristics 
or color of the stone are preferred. 


The demand for tile, including natural stone tile and tile deco- 
rative accessories is dis placing ceramics and hard flo or- 
coverings, the dominant domestic market. The carpet industry 
is competing by consolidating carpet sales with c eramic and 
stone. This will lead to increased demand for natural stone 
tiles. 


Stone marketing is often dom estic and 1 ocal in scope. Most 
producers are regional and neither promote nor sell nationally. 
They do not use outside distribution channels. 


The lack of vertical integration in stone production and mar- 
keting is eroding. Many fabricators are bec oming installers 
and importers, making stone use more affordable. Many con- 
tractors or developers directly import stone. 


Producers typically operate a quarry serving a small f abrica- 
tion plant capable of producing only cubical work sold to con- 
tractors forcomm ercial or residential cladding. V ery fe w 
producers are capable of producing tiles, slab, or shapes. 


Countertops are the largest use of g ranite, which now com- 
petes with synthetic and laminate tops. As the price of syn- 
thetics increases and that of granite decreases, granite use in 
kitchens will dramatically increase. 
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¢ The do-it-yourself market is significant. 

¢ Local craftsmanship will rise as stone demand g rows. The 
shortage of qualified stone professionals, a sore spot with con- 
sumers, is temporarily being filled mainly by workers from 
Mexico. F abricators and instal lers must continually train 
workers to ens ure quality i nstallations tha t fost er market 
growth. 

¢ New domestic trade shows for hard surfaces are promoting 
flooring and countertops that include stone. 

¢ Buyers want delivered-to-their-door prices from local compa- 
nies rather than ex-factory imports with their price and timing 
uncertainties. 


Buyers will pay a premium for quicker service and delivery of 
stone, preferably in a designed package. 
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Stone is considered by many to be the premium material in all kinds 
of construction. Its use dates to the dawn of civilization, and only 
buildings made of stone have survived from ancient times. Although 
the use of stone relative to other materials declined during the latter 
half of the 20th century and reached a low point in the 1970s, there 
was a strong resurgence in the us e of stone in construction during 
the 1990s. This is most likely the result of ne w techniques for pro- 
ducing stone, a greater recognition of its beauty and durability, and 
greater affluence among consumers. The attraction of stone is con- 
firmed by the man y attempts to simulate it in synthetic materials. 
Today, natural stone is considered by many to be the ultimate in aes- 
thetic appeal, durability, and ease of maintenance. 

During the past decade, p roduction an d consumption of 
dimension stone has in creased dramatically w orldwide. Figure 1 
shows a dimension stone quarry recently opened in the Dominican 
Republic, exemplifying the dramatic increase in global stone pro- 
duction. The U.S. Geological Survey (USGS) reports that U.S. pro- 
duction and consumption of domestic dimension stone in 2003 had 
a value of $236 million. For the same period, the value of imported 
stone was $1.46 billion. Similar figures for 1992 show the value of 
domestic dimension stone consumption was $198 million, with an 
additional $404 million worth of dimension stone imported fro m 
various worldwide sources. 

Meaningful statistics o n di mension stone are dif ficult to 
acquire. Although the finished piece of stone is ahighly value- 
added product, stone can be sold as rough blocks, sawed slabs, or 
finished product. The same piece of stone can therefore be sold and 
reported three or more times. Furthermore, although the quantity of 
stone is most co mmonly reported in tons, stone cladding is mor e 
often sold by the surf ace area and at the same price for different 
thicknesses. By any measure, however, the pr oduction and con- 
sumption of dimension stone has increased dramatically during the 
past decade. A significant indication of the resurgence of stone has 
been the increased circulation of ne w trade publication s and th e 
increased membership in the stone trade organizations. 


DEFINITIONS 


In this chapter, the term dimension stone refers to stone that is fin- 
ished to specific dimensions and shapes. Most commonly it is quar- 
ried in large rectangular blocks, which are then sawed into slabs for 
further f inishing, andusedin _ b uildings, m onuments, furniture, 

industrial applications, and other uses. Other stone, sold as f ield- 
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Courtesy of Geomapping/Technographics. 
Figure 1. White marble quarry in the Dominican Republic 


stone, flagging, rubble, and other similar names, is sold in either nat- 
ural or brok en sizes and shapes that are sorted into siz e ranges but 
not finished or dressed to specific dimensions. These types of stone 
can be used for building, paving, decorative, or other purposes. 

The American Society for Testing and Materials (ASTM) and 
the USGS include both of these groups as dimension stone. None- 
theless, the disti nction se ems important. The dimensio n stone 
industry as defined here is h ighly sophisticated , using co mplex, 
often computerized equipment and large quantities of industrial 
diamonds and other abrasives. This portion of the business is capi- 
tal intensive and becoming more so. The production of stone that is 
not cut or f inished to specific dimensions remains a less sophisti- 
cated, more labor-intensive industry. The equipment used is sim- 
pler—drills, front-end loaders, and trucks—and the products are 
hand picked and sorted. C ommon to bo th, however, are sophisti- 
cated mark eting tech niques. Although family-owned operations 
serving local markets produce some nondimension building stones, 
others are marketed nationally and/or internationally. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


908 Industrial Minerals and Rocks 





Three of the most widely dist ributed trade mag azines reflect 
the distinction. Stone (formerly Dimensional Stone, Collingswood, 
New Jers ey, www.stone@ashlee.com) covers dimension stone as 
defined here, with ar ticles onne w machinery, produ ction tech- 
niques, market trends, and similar information. An annual directory 
and buyer’s guide is published every December. Stone World (Para- 
mount, Ne w Jerse y, www .stoneworld.com) also is de voted to 
dimension stone, pu blishing similar articles, with ab uyer’s guide 
published e very No vember. Building Stone Magazine (B uilding 
Stone Institute, Purdys, Ne w York, http://www.buildingstoneinsti- 
tute.org/publications.htm) covers the full range of building stones 
including rubble, flagging, and fieldstone. Its emphasis is more on 
the end prod uct (finished buildings, homes, etc.) than techniques. 
Much of the advertising in this ma gazine is for st one that is not 
quarried in blocks and dressed to specific size. All three magazines 
have extensive advertiser indices and offer reader services to their 
advertisers. 

There is no simple way to lo gically organize dimension and 
building stone in to a neat outli ne. B uilding sto ne includes bo th 
dressed and undressed stone, so dimension stone can be considered 
a subset of building stone. Dimension stone (as defined here) can be 
used for buildings, furniture, rolling mills, and other industrial uses, 
so building stone can be considered a subset of dimension stone. In 
this chapter, dimension and building stone are subdivided into two 
classes: 


1. Dimension: Stone that is cut and finished to specif ied sizes 
and shapes, which can be us ed for b uildings, monuments, 
paving, furniture, and decora tive obje cts. So metimes ca lled 
cut stone, it is typically quarried in rectangular blocks, then 
sawed and finished to specification. 


2. Building: Stone that is sold inn  atural or brok en sizes and 
shapes, which can be used for building, pa ving, rough 
construction, landscaping, and __ erosion contr ol. Itcanb e 
collected from the surface, be broken out of a quarry, or be the 
by-product of a b lock quarry. It is typically hand sorted into 
ranges of sizes and shapes. 


Both types of stone can be used in building. When so used, 
broken stone will produce an irregular, or natural, appearance. Hor- 
izontal lines will be wavy. Cut stone used in building will produce a 
regular or ge ometric appearance. Horizontal lines will be straight. 
Many consider cut stone to be the only true dimension stone. 

Dimension and building stone ar e also c lassified lit hologi- 
cally, which can create great confusion among geologists and engi- 
neers. The dimen sion st one ind ustry is one of the oldest in th e 
world, and many of its terms predate the advent of modern geology. 
For e xample, t he Oxford English Dictionary (2nd edition, s.v 
“Marble’’) lists five columns of definitions for marble, many of 
which have no relationship to a modern geologic definition. In Italy, 
marble includes all hard stone that is capable of taking a polish, 
including granite and other rock types. The ASTM committee on 
dimension stone has gr adually modified its definitions to bring 
them more into line with m oder geology, b ut lar ge disparities 
remain. Most c ommercial re tailers de aling in stone are not well 
versed in modern scientific definitions, nor is there any compelling 
reason why they should be. It is important for the geologist or engi- 
neer who becomes involved with the commercial stone business to 
learn the trade language. 


Stone Sold and Used in Natural or Broken Sizes 


This category includes all stone that is gathered from the surface, 
broken out of th e quarry, or is an undressed by -product from a 
block quarry. In b uilding construction, it produces a natural look 


and in today’s mark et is especi ally popular in homes and small 
commercial buildings. Some of this stone is produced and sold 
locally by small operations, but much is distributed nationally. 


Fieldstone 


Gathered from the surface, fieldstone is used to make stone walls, 
fireplaces, and similar structures. Dating back to antiquity, it was an 
important building material in early America. Although rock ven- 
dors may sell fieldstone, there is no generally accepted commercial 
connotation as to size, shap e, or rock type except that it can be set 
by hand. 


Rough Construction and Jetty Stone 


Large blocks of roughhewn granite or other stone ha ve long been 
used in such structures as re taining w alls, seawalls, and bridge 
work. For use in these applications, the stone must resist weather- 
ing and erosion and break naturally into rectangular shapes that are 
easily set. Granite fits these requirements admirably and is the most 
widely used stone for this purpose. Other good sources are waste or 
rejected blocks from dimension stone quarries. 


Rubble 


Smaller sizes of broken stone are very popular as wall-facing mate- 
rial in building construction, both for homes and small commercial 
buildings. The primary purpose is aesthetic—rubble replaces brick 
or other v eneer—but ease o f se tting, weather resistance, ligh t 
weight, and the ability to bond well to mortar are also important. 
With a minimum of capital investment by small operators, the stone 
can be produced as a by-product from other stone oper ations or 
from small pits. The only requirements are that it is marketable and 
that it can be transported easily and cheaply to market. 

Because of the ease of production, there are many small pro- 
ducers sup plying local mar kets. In 2003, some 132 comp anies 
produced dimension stone in 176 quarries located in 34 U.S. states 
(T.P. Dolley, personal communication). Some of the sellers quarry 
their own stone, but some also contract for the exclusive right to sell 
stone produced by a small operator in return for supplying advertis- 
ing and distribution services. 

The rock types advertised by the Building Sto ne Institute 
include all the standard dimension stone types as well as obsidian 
(which is actually pumice) and specialty stones. Some of these have 
national distribution. 

Rubble is set in random patterns and the sizes of pieces range 
from about 0.05 to 0.5 m? of exposed rock. A few years ago, slabs 
of thin-bedded natural flagstone were commonly used with the bed 
set parallel to the wall, but recently the three-dimensional effect has 
become more popular, and natural flagstones are more commonly 
set in courses with the bed perpendicular to the wall (see next sec- 
tion). Nonetheless, slab-shap ed rocks have an advantage in t hat 
they cover more surface with less volume and weight. Low-density 
rocks such as pumice and other porous rock ha ve several advan- 
tages. S hipping costs are lo wer, se tting ise asier for th e stone 
mason, and fewer or no anchors are required to tie the stone veneer 
to the wall. The wall, however, can be weaker. 


Flagstone 


Flagstone consists of thin slabs of stone used as paving. Slate and 
fine-grained sandstone are the most popular rock types, but any nat- 
urally fissile stone can be used, provided it has sufficient abrasion 
resistance. 

Flagstone slabs are generally 25 to 75 mm thick, but thinner 
slabs can be used where they are placed on an exceptionally firm 
base and subjected to only light traffic. Flagstone can be sawed into 
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rectangular shapes or can be produced in naturally irregular shapes. 
It can be sold in either cut or broken sizes. The lar gest production 
of cut flagstone is from bluestone and slate. Much slate flagstone is 
from quarry blocks that are not suitable for m ill stock or other 

higher-priced products. Random-shaped flagging is done by small 

producers for local mark ets. A st andard for abrasion resistance of 

stone subjected to foot traffic is given in ASTM C241 (Table 1). 


Paving Blocks 


Small rectangu lar blocks o f gran ite were formerly used to pa ve 
roads, docks, freight yards, and ot her areas subjected to heavy traf- 
fic. This market has all but disappeared, owing in part to the substi- 
tution of rubber tires for steel rim wheels. A small amount of granite 
is used for ornamental paving, and, in a similar application, a large 
amount of granite is used to cover slopes near bridge abutments and 
other areas where slope stability and erosion is a problem. 


Stone Cut to Size 


This group includes all stone that is cut to specific dimensions on at 
least two sides. Most of it is quarried as | arge, rectangular blocks 
that are sawed into slabs and pieces of the desired dimension. 


Dimension Stone 


Dimension stone includ es all b uilding stone that is cut to specif ic 
dimensions on all sides. The surface can be textured, smoothed, or 
polished, but is always controlled and f inished to specif ications. 
Dimension stone can be quarried and finished by a single producer 
or it can be finished by manufacturers who purchase quarry blocks 
or sawed slabs from a quarrier. 

Accurate data on production of cut dimension stone are diffi- 
cult to obtain. The USGS publis hes annual reports on th e produc- 
tion and value of v arious lithologies, but these data are decepti ve 
because the y are rep orted in ma ss units, whereas most cut ston e 
used in construction is sold b y volume. The production and finish- 
ing of cut stone is essentially a value-added business where the 
actual cost of raw material is a small portion of total cost. 

Specifications for dimension stone are stricter than for other 
categories of building stone. The most important physical tests as 
specified by ASTM are listed in Table 1. In addition to the these 
tests, the coefficient of e xpansion and thermal condu ctivity are 
important in some applications. 

Most dimension stone is used as non —load bearing curtain 
walls, or veneer. In modern architecture, the use of natural stone as 
structural members in buildings is almost nonexistent, but columns, 
lintels, and other structural members can be f aced with natural 
stone. The stone is hung using one of many systems on the market. 

Stone panels ranging in thickness from about 20 to 100 mm 
are set as a veneer with horizontal supports at each floor and appro- 
priate anchors to the — structural w all behind . The lo ad-bearing 
requirements of the stone are therefore limited to self-support for a 
floor height despite the rather high requirements for compressi ve 
strength called for in the ASTM designations. 

Thin panels offer two advantages: savings in the cost of the 
stone and sa vings in weight resulting in the use of less structural 
steel to support the stone . Because of the incr eased cost of struc- 
tural steel, there is constant pressure to reduce the weight and hence 
the thickness of pan els. When carried to excess, this can result in 
failure of the panels. The pro blem is especially acute when v ery 
large panels are used. 

Slate generally is used in natural thicknesses, commonly rang- 
ing from 6 to 50 mm and with natural cleft or face showing. Honing 
the surface destroys the natural beauty of the stone and in creases 
the chance of deleterious weathering. Slabs too thick for a particu- 


Table 1. ASTM specifications for building stone’ 

















Number Specification 

C406 Roofing slate 

C503 Marble dimension stone (exterior) 

C568 Limestone dimension stone 

C615 Granite dimension stone 

C616 Quartz-based dimension stone 

C629 Slate dimension stone 

Number Test Method 

C97 Absorption and bulk specific gravity of dimension stone 

C99 Modulus of rupture of dimension stone 

C120 Flexure testing of slate (modulus of rupture, modulus of 
elasticity) 

C121 Water absorption of slate 

C170 Compressive strength of dimension stone 

C217 Weather resistance of slate 

C241 Abrasion resistance of stone subjected to foot traffic 

C880 Flexural strength of dimension stone 

Number Definition of Terms 

C119 Dimension stone 





* Available from http://www.astm.org. 


lar application can be ground to specification on the reverse side. 
Most slate is used for roofing and flooring. Other uses are for bil- 
liard tables, electric panels, blackboards, mantels, window sills, and 
similar functions. 

Natural stone used in conjunction with other structural materi- 
als is a significant development in the dimension stone industry . 
This approach developed naturally with the use of very thin slabs in 
the marble industry; no w limestone, granite, and slate are being 
individually suspended on the f ace of buildings so as toallo w 
movement at the interface. Elastic jointing compounds have made 
weathertight seals possible. Stone is commonly preassembled into 
units such as column co vers and window frames using epoxy glue 
and metal supports. The units are furnished with brackets for easy 
attachment to hangers built into structural members of the building. 

A trend in the application of all kinds of dimension ston e is 
toward larger slabs. It is not uncommon for limestone and granite 
panels to be used in single floor-to-floor spans. Marble slabs are 
more limited in size (2 m2), but marble-faced panels backed with 
precast concrete can be prod uced in single units for floor-to-floor 
installation. Because ma ny of the lar ge slabs are supported at top 
and bottom only, producers and producer associations have adopted 
wind load and other design specifications relating the size of the 
panel to the thickness of th estonein order to gi ve adequ ate 
strength. Furthermore, these requirements have put additional bur- 
dens on the quarrier because no physical flaws in the stone along 
which separation might occur can be tolerated. Whereas smaller- 
sized pieces could be cut between natural flaws in a block, the quar- 
rier is now called on to produce large, virtually flaw-free blocks of 
stone. 

Although color and pattern are inherent qualities of stone, they 
can be influenced by the finish. Polished finishes tend to darken 
color and sho w vi vid con trasts. Rou gh-textured surf aces tend to 
lighten color and subdue patte rns but tend to catch dirt. Polished 
marble is used extensively on interior walls where the natural color 
and veining of many exotic marbles are used to advantage. In exte- 
rior work where uniform color and subdued pattern are currently in 
favor, rough- textured finishes can be used e xcept where airborne 
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Courtesy of Geomapping/Technographics. 
Figure 2. A polished green serpentine marble slab in Amman, 
Jordan 


soot is a problem. These surfaces are achieved by abrading the sur- 
face or, in the case of granite, flame treating. 

Granite and serpentine marble, or verde antique (Figur e 2), 
are favored stone for use in the base course and entrance features of 
large buildings. These are the only natural stones that will hold a 
polish in exterior use, and polished surfaces are easily maintained 
as well as attractive. 

Although seldom actually specified, the long-term availabil- 
ity of a particular stone may be an important factor in its selection 
for some uses. This is because of the possibility of additions or 
repair work that must match the original structure. A related fac- 
tor is that some architects may prefer established building stones 
with which the y are f amiliar. Th ese consi derations gi ve long- 
established quarries an advantage o ver new or un tried ston e 
despite any other considerations. 

Tile 

Tile is thin (1 cm) stone cut into square or rectangular shapes, almost 
always with a polished surface. In the United States, tile is still sold 
in 1-sq-ft pieces or sizes that are integrally divisible into 1 ft. The 
principal use is floo ring, but it can also be used on walls and coun- 
tertops. Consumption of t ile in the Unite d Sta tes has gre atly 
expanded in recent years, mostly because of the advent of auto- 

mated tile cutting and polishing machines. Most stone tile currently 
produced is marble because of the ease of cutting and polishing, but 
granite tile is increasingly produced and consumed. Blocks not suit- 
able for making lar ge panels can be used for tile, an advantage to 
the producer. 


Monumental Stone 


Monumental stone encompasses a variety of products ranging from 
simple grave markers to statues, mausoleums, and elaborate struc- 
tures such as the Lincoln and Jefferson memorials in W ashington, 


D.C. In construction and fabrication, the larger memorials and mau- 
soleums d iffer li ttle from b uilding c onstruction e xcept that they 
may contain more elaborate carving. 

Granite and marble, particularly white marble, are the pre - 
ferred stones for monumental use. According to USG S statistics, 
more than half the granite quarried is used for monumental p ur- 
poses. Georgia and Vermont are the largest producers of monumen- 
tal marble, b ut the p roducing co mpanies pro vide more b uilding 
than monumental stone. 

Standard sizes for building stones do not apply to monumental 
stone unless the purchaser specifies. The principal requirements are 
for uniformity of texture and color, freedom from flaws, suitability 
for polishing and carving, and resistance to weathering. These qual- 
ities either are aesthetic, and hence not amenable to standard speci- 
fications, or are qualities best determined by experience. So far, no 
one has developed a satisfactory test to predetermine the resistance 
of a stone to weathering. 


Ashlar 


Ashlar consists of rectangular pi eces of stone of no nuniform size 
that are set randomly in a wall. The exposed surface of each piece is 
generally less than 0.4 m2, and the surf ace can be sa wed (smooth 
face) or roughhewn (rock face). Ashlar blocks are prepared to spec- 
ified thicknesses, usually about 75 mm. Ashlar can be sa wed from 
quarry blocks that are not suitable for finishing to cut dimension 
stone or it can be made from rocks that break naturally into rectan- 
gular pieces. Although smooth-face ashlar was popular in the past, 
the roughhewn look of rock face is more in demand today. 


Split-faced Ashlar 


Split-faced ashlar consists of brick-shaped blocks of stone that are 
laid in courses. Blocks of marble or limestone are sawed into mod- 
ular thicknesses and then split with a power-driven wedge called a 
guillotine. The bl ocks are trim med and | aid in courses with the 
broken f ace sho wing. Natu ral f lagstones ( sandstone, slate, an d 
limestone) are similarly broken into brick-shaped pieces, differing 
only in that the thickness is not precisely controlled. In the | ime- 
stone and marble industry, split-faced ashlar consumes much stone 
that is considered waste in the production of dimension stone. 


Roofing Slate 


During the last decade, the volume of slate being used has substan- 
tially increased. Domestic U.S. sources are being augmented by 
imports from Canada, Brazil, Spain, India, and China. Used both in 
new construction as well as for repairs and restoration of older 
buildings, slate is considered by many to be the most permanent 
type of roof covering. Standard specifications for roofing slate are 
given in ASTM C406. 


Mill Stock Slate 


Smooth-finished slabs of slate are used for electric switchboard 
panels, billiard tables , blackb oards, counter tops, and similar pur- 
poses. Electric slate must have high electrical resistance and be free 
of magnetite and other conducting minerals. 


Slate Dimension Stone 


Either cleaved or smooth-finished slate can be used as hearthstones, 
mantels, steps, sills, or other structural purposes. Standard specifi- 
cations for structural slate are given in ASTM C629. 


Curbing 


Granite curbing is used in lar ge quantities because of its superior 
resistance to abrasion and weathering. In areasof abundant 
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freeze-thaw c ycling where deicin g salts are used, granite has 

proved an especially resistant material. Granite curbing is broken 
out along the rift and grain of the stone, but it is also possible to 
break out curved pieces by close drilling. Mt. Airy Granite Co. of 
North Carolina specifies a sawed upper surface, but the face and 
back are smooth-quarry split. 


Miscellaneous Uses 


Other uses of dimension stone include laboratory furniture and 
sinks, for wh ich soapstone is c onsidered t he pre mium material. 
Sandstone, quartzite, and granite are used to line tube mills for 
grinding ore or other material. Precision surface plates for moun t- 
ing optical instruments and fine machine work are made from gran- 
ite, while sandstone and soapstone have been used as refractory 
brick. In the past, large numbers of grindstones and millstones were 
made from sandstone or granite. Arkansas no vaculite, af ine- 
grained quartzite, is fashioned into hones. Because of its resistance 
to chemical corrosion and its favorable physical properties, granite 
is used to make cylinders up to 9.1 mlo ng and 1.5 mor more in 
diameter for grin ding pulp in paper mills. It is also used as sk id 
caps and tank liners in steel pickling mills (Richter 1988). 


LITHOLOGIC CLASSIFICATION 


Almost every variety of rock can or has been used as dimension 
stone. The suitability of a particular stone is governed primarily by 
physical properties and aesthetic appeal. Mineralogy and chemistry 
are, for the most part, important only indirectly as they bear on the 
physical properties. The exception to this statement is the resistance 
of a rock to weathering, which is profoundly affected by mineral- 
ogy and chemistry as well as by physical properties. 

ASTM has adopted standard definitions for granite, limestone, 
marble, greenstone, sandstone, slate, and certain subdi visions and 
varieties of each (ASTM C119). Standard geologic nomenclature 
and classification of rocks is ne edlessly cumbersome for an indus- 
try that is dominated by sales-oriented people and architects. Com- 
mercial definitions, however, recognize and respect history and use 
within the industry while attempting to keep the commercial defini- 
tions compatible with scientific terminology. This sometimes c re- 
ates confusion. The following sections discuss both scientific and 
commercial definitions. 


Granite 
Commercial Definition 


Commercial granite includes all feldspathic rocks of visibly granu- 
lar or gneissic texture, including granite family rocks as defined sci- 
entifically, plu s sye nite, g abbro, anorthosite, a nd oth er plutonic 
igneous rocks. In com mercial usage , f ine-grained i gneous rocks 
such as diabase or basalt are sometimes called black granite. Com- 
mercial granites are commonly named for the quarry or location 
where the y are found, with names mod ified by adjecti ves giving 
color, texture, or some exotic description. 


Scientific Definition 


To the petrologist, granite is a visibly crystalline rock with interlock- 
ing texture and composed essentially of alkali feldspar and quartz. A 
member of the granite f amily of rocks that includes all rocks with 
granitic texture, it is composed of essential quartz and feldspar. The 
granite family is subdivided into specific members, such as granite 
(proper) and granodiorite, on the basis of the kind and proportion of 
the three major feldspar varieties in the rock. All me mbers of the 
family contain qua rtz, and most contain minor accessory minerals 
such as biotite, muscovite, hornblende, and pyroxene. 


Granitoid rocks co ntaining e ssential fe Idspar, b ut wit h no 
quartz, are called syenite if alkali feldspar predominates; diorite if 
calcium fel dspar pre dominates; or mo nzonite if the feldspar are 
about equal in abundance. These rocks typically contain consider- 
able amounts of ferromagnesian minerals such as b iotite, ho rn- 
blende, and p yroxene as accessories. Rocks with a pproximately 
equal proportions of calcium feldsp ar and pyroxene are classed as 
gabbro or norite and are included in the typical black granites of 
commercial usage. Rocks with mineral composition of the granite 
family, but with a texture that shows distinct planar or linear prop- 
erties owing to the parallel alignm ent of mineral grains, are called 
gneiss. 

Most of the rocks discussed in this section are classed as plu- 
tonic by geologists, meaning that _ they form ed de ep wit hin the 
earth’s crust and c haracteristically have a visibly granular te xture. 
Exceptions are basalt family rock s, generally kno wn as traprock 
and sold as black granite. All but gneiss are typically of igneous 
origin, me aning that t hey form ed by consolidation from mo Iten 
material (magma). Most gneisses and so me granite family mem- 
bers, however, are thought to have been formed by metamorphism; 
that is, by transformation from preexisting sedimentary or other 
rocks. 

Granite family rocks can occur as dikes, sills, or lar ge subja- 
cent masses of irre gular or globular shape. For practical economic 
purposes, the y canbe considered bottomless. The mode of 
emplacement can be by forceful injection where the magma shoul- 
ders aside the country rock, or it can be more passive, in the form of 
stoping where the rising magma engulfs fragments of the country 
rock (which either sink into or are resorbed by the magma). Most 
granites are thought to have been emplaced in the roots of moun- 
tains that form at convergent plate margins and are exposed only 
after profoun d ero sion has removed t he co vering rocks . Grani te 
emplacement can be contemporaneous with orogenic folding (syn- 
orogenic) or can follow the principal orogenic movements (postoro- 
genic). Postorogenic granites, passively emplaced by block stoping, 
are more apt to be fre e of int ernal strain and usually make better 
dimension stone. 


Sandstone 
Commercial Definition 


ASTM defines com mercial sandstone as “ sedimentary rock c om- 
posed mostly of mineral and rock fragments within the sand size 
range (2-0.06 mm) and ha ving a minimum of 60% free silica, 
cemented or bonded to a greater or lesser degree by various materi- 
als including silica, iron oxides, carbonates, or clay, and which frac- 
tures around (not through) the c onstituent grains” (ASTM C119). 
This definition unnecessarily excludes many arkoses that have less 
than 60% free silica, including some bro wnstones from the C on- 
necticut Valley (see Pettijohn 1975). 

ASTM defines quartzitic sandstone as having 90% free silica 
and quartzite as “highly indurated, typically metamorphosed sand- 
stone containing at least 95% free silica, which fractures conchoid- 
ally through th e g rains” (AST M C119). Th is def inition would 
exclude many metamorphosed sandstones mapped as quartzites by 
geologists. 

Common com mercial varieties of sandstone quarried in the 
United States include bluestone, “‘a dense, hard, fine-grained, com- 
monly feldspathic san dstone of medium to dark greenish -gray or 
bluish-gray color that may split readily along original bedding 
planes to form thin slab s;” and bro wnstone, “a dense medium- 
grained stone, locally grading to conglomerate, with a distinctive 
dark brown to red color” (ASTM C119). T ypical brownstones are 
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arkosic sandstones quarried f rom Triassic basins in_ the ea stern 
United States. Freestone is sand stone or limestone that splits with 
equal ease in any direction. 


Scientific Definition 


Sandstone is a clastic sedimentary rock composed of indurated sand 
grains, most of which fall within the size range '/16 in. to 2 mm. The 
interstices typically contain cementing material, b ut enough voids 
can remain to give the rock considerable porosity and permeability. 
Rocks com posed of cl astic fr agments | arger tha n san d-size ar e 
called conglomerate if the pieces are rounded, or breccia if angular. 
Rocks composed of clastic particles smaller than sand-size are silt- 
stone or shale. 

Sandstones are deposited by waning currents, mostly in water, 
rarely by wind. They are the end product of a weathering and _ ero- 
sion cycle that starts with the disintegration and decomposition of 
source rock, followed by erosion and transportation of the resulting 
material to a final resting place where the sediment is deposited in 
horizontal layers. Quartz is the only abundant sand-size material in 
the source rocks that strongly resists alteration or decomposition by 
weathering. T ypically, feldspar and other labile ma terials ar e 
depleted during the cycle, leaving a concentrated residue of quartz. 
The amount of quartz concentration is a measure of the maturity of 
the sand. Quartz-rich sandstones, sometimes called orthoquartzites, 
tend to be well sorted and cemented with secondari ly precipitated 
calcite or silica. 

Immature sand stones co ntaining ab undant feldspar are call ed 
feldspathic sandstones (5% to 25 % feldspar) or ark oses (more than 
25% feldspar). Alternati vely, immature sandstone containing ab un- 
dant rock fragments is referred to as lithic sandstone, subgraywacke, 
or graywacke. Immature sandstones tend to be poorly sorted with the 
interstices commonly filled with clay, iron oxide, and other detritus. 

Perhaps the most conspicuous feature of sandstone is bedding 
or stratification, which was formed by successive influxes of sedi- 
ment. Bedding planes commonly are parting planes, and the direc- 
tion of bedding is called rift in the industry. Those bedding planes, 
along which the rock splits with greatest ease, are termed reeds. 
Some sandstones have a secon d direction of e asy splitting that is 
nearly perpendicular to bedding. The second direction , called run, 
can be of great aid to the quarrier. 

Sandstones with thin, even, and regular bedding along which 
the rock easily splits are na tural f lagstones. S andstones t hat are 
sawed into cut dimension stone must have massive beds, as the saw 
cuts are generally made perpen dicular to the bedding. Some sand- 
stone layers ha ve internal cross-bedding that is not parallel to th e 
principal stratification. If the stone parts along the cross-bedding, it 
is unsuitable for dimension stone. 


Limestone 
Commercial Definition 


Limestone is “a rock of sedimentary origin composed principally of 
calcium carbonate . . . or the double carbonate of calcium and mag- 
nesium .. . or some combination of these” (ASTM C119). In its 
most recent designatio n, ASTM (C 119) recognizes the follo wing 
special varieties: calc arenite, coquin a, dolom ite, microcrystallin e 
limestone, oolitic limestone, and recrystallized limestone. Of these 
terms, only calcarenite, coquina , and oolitic limestone are com- 
monly used in commerce. 

Limestones are commonly designated by location and texture 
(e.g., Indiana Oolitic Limestone). The color may be included in a 
name such as Cream Kasota Vein, or other descriptive or exotic ter- 
minology may be used as sales representation dictates. 


The Building Stone Institute, following industry usage, has 
defined an oolitic limestone as a stone formed of shells and shel! 
fragments that are of more or less uniform size and generally 2 mm 
or less in grea test dimension. The original fossil te xture is well 
preserved. By the present ASTM definition, such a rock should be 
called cal carenite. Be cause man y comme rcial ool itic limestones 
are composed in whole or part of oolites, which are tiny spheres of 
calcite or aragonite, they would also fit the scientific definition of 
calcarenite. 

Shell limestones gene rally contain larger un broken f ossil 
shells enclosed in a fine-grained matrix. Coquinas are composed of 
loosely cemented shells and shell fragments. 

Travertine and rec rystallized limestone can be considered 
either limestone or marble, based on the ability to take a polish. 


Scientific Definition 


Limestone is a sedimentary rock composed of one or bo th of the 
two polymor phs of calciu m carb onate—calcite and aragonite. 
Although aragonite iscommon  in_ limestones of Recen t age, 
because it is unstable and inverts to calcite, itis rare or a bsent in 
ancient | imestones. Sedi mentary rock composed of the mineral 
dolomite (calcium-ma gnesium car bonate) is called dolo mite or 
dolostone. Dolomitic limestone contains calcite and dolomite; mag- 
nesian limestone contains magnesium carbonate but not necessarily 
as dolomite. Man y limestones and dolostones contain abundant 
sand or clay, in which case they may be called sandy or argillaceous 
limestone (or dolostone). 

The vast ma jority of | imestones are compos ed of shells or 
shell fragments. When deposited in turbulent water, the fragments 
are broken, sorted, and re worked. Resulting features such as si ze 
sorting and bedding are the same as for sandstones, and the rocks 
have been called calcarenites, where the word “arenite” designates 
sand-sized pa rticles. In quie ter w ater, t he sturdier shell s can 
remain intact but other shells readily disintegrate into ultrafine par- 
ticles that can wash out, leaving a residue of larger shells sorted as 
to size. In very quiet water, the ultrafine material plus the shells of 
one-celled microorganisms can form a matrix in which larger fos- 
sils may or may not be embedded. Rocks composed of finely com- 
muted cal cite arecal led calcilutites. Li mestones composed 
predominantly or entirely of t he shell s of m icroorganisms are 
called chalk. 

The only limestones known to form by direct chemical precip- 
itation in open seas are in the fam of oolites. Oolites are commonly 
formed with a concentric structure around a nucleus consisting of a 
tiny fossil or other fragment. Modern studies show that oolites form 
in shallow, turbulent, warm seas where loss of carbon dioxide to the 
atmosphere causes supersatu ration of calcium carbonate. Oolitic 
limestones can be com posed entirely of oolites or of a mixtur e of 
oolites and shell fragments. 

Modern petrologic studies show that much of the finely com- 
muted material in limestones is reworked by burrowing organisms 
and pelletized by filter feeders. Modern ca rbonate classif ications 
are based on the texture of particles—be they fossil fragments, pel- 
lets, oolites, or other fragments—and the de gree of sorting of the 
particles. For further information, the reader is referr ed to various 
texts on sedimentary p etrology and the chapter on Limestone and 
Dolomite in this book. 

The origin of dolostone is less clear. Some appear to form by 
in situ re placement of calcium by m agnesium, and the re sulting 
stone commonly retains the texture and structure of the original 
limestone. Other dolomites are thought to form by direct precipita- 
tion in hypersaline waters where the climate is hot and dry. 
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Marble 
Commercial Definition 


Commercial m arble is any c rystalline rock com posed predomi - 
nantly of calcite, dolomite, or serpentine that is capable of taking a 
polish (ASTM C119). Marble is probably the oldest term used for 
dimension stone. In ancient Rome, the root word for marble—mar- 
more—was used for all hard stones _ that could b e polished. Th e 
same practice is followed in Italy today where the term “marble” is 
used for all hard stone that will take a polish, including granite. The 
practice is not foll owed in th e United St ates, where com mercial 
marble encompasses true marble in the geologic sense as well as 
many crystalline limestones, travertines, and serpe ntine, b ut n ot 
other lithologies. 

Travertine is a ce llular limestone deposited from hot springs. 
Onyx marble is ade nse, crystalline form of limestone, deposited 
from cold water solutions and commonly found in caves. Verde 
antique is massive serpentine, commonly crisscrossed by veinlets 
of calcite and capable of taking a high polish. 

Commercial trade names commonly give the quarry location, 
color, and an adjective describing the pattern or texture of the stone. 
Where a pattern is referred to as veined, the stone is generally cut 
across the bedding or layering. Fleuri patterns are achieved by cut- 
ting parallel to layering. 


Scientific Definition 


Marble in geolo gy usage is a metamorphosed limestone or dolos- 
tone that is so thoroughly recrystallized that much or all of the sedi- 
mentary and biologic textures a re obl iterated. T he re sultisan 
interlocking, mosaic texture. Bedding can be partially preserved in 
the form of compositional layering or banding. Where deformation 
is intense, the layering can be folded, stretc hed, and pulled apart, 
producing a swirly marbleized appearance (which, in an interesting 
note, gives “marble cake” its name). 

Impurities present in the original carbonate sediment form a 
characteristic suite of magnesium and lime silicate accessory min- 
erals. Most limestones are slightly magnesian to dolomitic, and the 
chief mineral impurities are quartz and clay minerals. Common 
accessory mi nerals are ta Ic, ch lorite, amphibole, and pyroxene. 
Accessory minerals are colorless to golden-bro wn magnesian vari- 
eties if iron is absent, but green if iron is present. Organic material 
entrapped within the rock forms graphite that is commonly accom- 
panied by finely disseminated pyrite. Pure calcite marble is white, 
but tiny amounts of impurities will color it signif icantly. Graphite 
and pyrite commonly color marble gray. Finely disseminated hema- 
tite will color marble pink. 

Most true marbles are deformed rocks in which original bed- 
ding planes have been folded, crumpled, or otherwise distorted. The 
crumpling is generally most intense along the axes of folds. On the 
limbs, the layering may remain straight and planar. Such is the case 
in West Rutland, Vermont, where the character of the marble is con- 
sistent parallel to the layering, but changes markedly across the lay- 
ering. On the limbs of folds, the layers may be stretched rather than 
crumpled. In some Alabama deposits , brittle interbeds of dolomite 
marble have broken and pulled apart during deformation, and more 
plastic calcite marble squeezed into the spaces around the broken 
pieces. At Tate, Georgia, a combination of intense crumpling and 
stretching has practicall y obliterated all sense of the original bed- 
ding and the entire deposit is a nearly homogeneous mass of swirly 
veined marble. 

Crystalline li mestones t hat take a polish a re com mercially 
classified as marble. Such limestones are not considered marble by 
petrologists, particular ly if sedimentary and biologic te xtures are 


well preserved. These dense, nonporous rocks may sho w recrystal- 
lization of the matrix and be tho roughly cemented with secondary 
calcite. Many of the more decorative marbles are of this class. 

Serpentine, classified as marble commercially, is not so delin- 
eated by petrologists. Most serpentine results from metamorphism 
of perido tite and related rock. Or iginally composed of p yroxene 
and olivine, peridotites are recrystallized at relatively low metamor- 
phic temperatures in the presence of water to form serpentine min- 
erals (hydrous magnesian silicates) and amphibole. Iron released in 
the reaction commonly forms magnetite, and li me released from 
pyroxene, or intr oduced from outside, commonl y forms calcite 
veinlets. Serpentine commonly forms in tabular or lens-shaped bod- 
ies associated with other metamorphic rocks. 

Travertine is a dense, comm only banded and cellular lime- 
stone deposited by chemical precip itation from springs or rivers. It 
isa hard, dense form of tufa. Much of the ce llular st ructure is 
thought to have formed from the weathering out of plants or other 
debris around which the travertine precipitated. 


Slate 


For both commercial and sc ientific purposes, com mercial sl ate is 
defined as a microgranular metamorphic rock derived from argilla- 
ceous sediments. It is characte rized by closely spaced _ parting 
planes called rock cleavage, which is entirely independent of origi- 
nal bedding. The cleavage permits the rock to split easily into thin 
slabs (ASTM C119). Slates are formed by dynamic metamorphism. 
Beds of differing composition that form color stripes on cleaved 
surfaces are called ribbons, whic h are considered deleterio us in 
high-grade slate. The best slate, therefore, comes from rocks having 
thick, massive, original bedding. 

Quartz is usua lly the dominant mine ral, but extremely fine- 
grained mica and other platy minerals are always present. The platy 
minerals tend to be aligned with _ the slaty cle avage and impart a 
sheen to the surf ace. Most slate s contain p yrite or iron oxide and 
many contain graphite. The color of slate is determined principally 
by the oxidation state of the iron and the amount of graphite or other 
coloring material present. Graphite and pyrite impart a dark gray or 
black color; ferric iron oxides color the slate red. Green slates owe 
their color to the presence of chlorite, other iron silicates, or ferrous 
iron oxides. 


Other Stone 


Other rock types sold as dimension stone include greenstone, soap- 
stone, and traprock or basalt. 


Greenstone 


Greenstone is a metamorphic rock containing “one or more of the 
following minerals: chlorite, epidote, or actinolite” (ASTM C119). 
It is deri ved by metamorphism of basalt, diabase, or other mafic 
igneous rocks. 


Soapstone 


Soapstone is a metamorphic rock derived from peridotite or other 
ultrabasic rocks and composed principally of talc. It has great heat- 
retaining properties and chemical inertness. For this reason, it is 
used for laboratory furniture, stoves, and fireplaces. 


Basalt 


Basalt is a mi crocrystalline volcanic rock composed of pyroxene 
and calcic plagioclase. Traprock is a common term for dike rock of 
the same composition. The correct petrologic term for traprock is 
diabase or dolerite. Diabase can have columnar jointing but lacks 
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Courtesy of Geomapping/Technographics. 
Figure 3. Tipping marble block prior to extraction from 
underground Vermont marble quarry 


VEE MOMT 





Courtesy of Geomapping/Technographics. 
Figure 4. Marble block ready for a gang saw in an underground 
Vermont finishing plant 


flow structures and commonly is coarser grained than basalt. When 
sold for dimension sto ne, itis commonly called black granite or 
traprock. 


QUARRY METHODS 


Quarry operations typically involve isolating a mass of st one by 
cutting it free from the parent mass on all sides but one (Figure 3). 
The isolated mass is then lifted or separated from the parent mass 
by breaking it free or by undercutting it with a wire or chain saw. 
The freed stone can be a block size suitable for sale or further pro- 
cessing—a mill block —or it can be much larger—a quarry block 
(Figure 4). Quarry blocks are subdivided by breaking into smaller 
blocks that can be remo ved from the quarry and sent to the mill. 
Typical mill blocks range in size from 12 t 0 30t , but they can 
reach weights as large as 65 t. Quarry operations thus involve cut- 
ting the stone, breaking the stone, and removing the stone from the 
quarry. 


Quarry Plan 

The quarry plan is determined by the geometry of the deposit, the 
amount of overburden, and the ne cessity of handling rectangular 
blocks weighing up to 65 t. Most quarries are the open-pit type 
(Figure 5). They have relatively small surface area and are worked 
downward in a pit below the general surface level. Open-pit quar- 
ries have several advantageous characteristics: 


¢ They can be located on outcrops or where overburden is thin. 
¢ They are within reach of fixed derricks with movable booms. 


¢ Electric service, air comp ressors, loading do cks, and other 
service facilities can be more or less permanently fixed near 
the working area. 


Traditionally, the quarry size is limited by the reach of the derrick 
boom. Larger open-pit quarries g enerally require se veral derricks, 
both for lifting out blocks and for emplacing and mo ving quarry 
machinery. In recent years, many operators have used large tractors, 
forklifts, and other machinery to move equipmen t and quarry 
blocks across the quarry floor, thus extending the reach of the der- 
rick boom. Some ha ve eliminated derricks altogether and_b uilt 
ramps to gi ve access to fork lifts and other mobile equipment for 
moving blocks and equipment. 

Open-pit quarries a re pa rticularly well suite dto massive 
deposits such as granite and some marble formations (Figure 6). 
Steeply dipping layered deposits are also quarried by this method, 
and the hanging wall is commonly undercut. Wall support is gener- 
ally not required where a single derrick makes one opening. If suc- 
cessive quatries are opened along the str ike, ho wever, a web 
between quarries can be left for wall support. 

The depth of open-pit quarries is limited by the thickness or 
depth of good stone, by spelling or so-called pressure breaks, or by 
excessive time loss in entering and leaving the quarry and in lifting 
out blocks. Open pits seldom reach depths of more than 75 m. 

Flat-lying, layered deposits can be worked as open-shelf quar- 
ries ina hillside. In this case, the quarry floor is le vel with the 
ground on one side. I fthedeposit is thick, the qu arry can be 
changed into an open pit as deep er layers are removed. The quarry 
can also be extended under the hill as an underground quarry if the 
overburden is too thick for removal on the high side (Figure 7). 

Blocks are nearly always cut parallel to layering if the layer- 
ing is pronounced and regular. Therefore, where layering is tilted, 
the quarry floors are not flat. This increases the difficulty of moving 
equipment and removing blocks. Movable equipment, such as trac- 
tors and forklifts, cannot be used, and enough derricks must be set 
to reach the entire working area of the quarry. 

Underground quarries are room- and-pillar mine s. Generally, 
no more than 25% and common ly as little as 15% of the stone is 
left for roof support. Under ground der ricks are set for loading 
blocks. These can be of the fixed-boom type, as blocks are g ener- 
ally skidded under them for loading onto trucks or 0 ther convey- 
ances. In recent years, forklifts strong en ough to lift quarry blocks 
have become available, eliminating the need for underground der- 
ricks in flat-floored quarries. 

The initial opening of a tunnel quarry can be made by cutting 
out blocks in a man ner similar to removing key blocks in an open 
quarry. The cost of removing these key or tunnel blocks is higher 
than for remo ving floor blocks. After the initial ope ning is made , 
quarry methods are g enerally the sa me as for op en quarries except 
for block removal. Alternatively, some underground marble quarries 
in Vermont have been opened by removing an o verlying layer of 
rock with conventional mining methods (i.e., blasting and mucking). 
More ef ficient quarry equ ipment has made underground mining 
unnecessary. 
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Courtesy of Geomapping/Technographics. 
Figure 5. Mature slate quarry in Vermont 








Courtesy of Geomapping/Technographics. 
Figure 6. Mature granite quarry in Vermont 


Cutting the Stone 
Channeling Machines 


One of the oldest methods for cutting stone is with chan neling 
machines that cut with the chopping action of several chisel-edged 
steel bars clamped together. The machine travels back and forth on 
tracks, cutting a channel 50 to 64 mm wide. As the channel is deep- 
ened, lon ger ba rs are substit uted int he m achine. Be cause th e 
method is slo w and the channel bars require fre quent sharpening, 
the quarrier is practically obliged to have a blacksmith shop. Chan- 
neling has generally been replaced by other quarry methods. 


Drilling and Broaching 


Drilling and broaching is another long-established method for cu t- 
ting stone. Drill and bro aching tools are moun ted on a quarry bar 

built into a rigid frame. The tools slide along the bar, which serves 
to align a series of closely spac ed holes. The web between these is 
cut out by the chiseling and chopping action of the broaching tool. 

Although the method is suitable for all kinds of stone, drilling and 
broaching is slo w, and, lik e channeling steel, the broaching steel 
requires frequent sharpening. In modern quarries, the method has 
largely been replaced by line drilling. 











Courtesy of Geomapping/Technographics. 
Figure 7. New tunnel opening in a Vermont marble quarry 


Line Drilling 


In line drilling, also called slot drilling, a line of overlapping holes is 
drilled. The drill is mounted on a quarry bar or frame, which serves 
to align the holes and hold the drill rigidly in position. A key to suc- 
cessful line drilling is a guide attached to the drill that is inserted into 
the last complete hole in the line and serves to ensure that successive 
holes o verlap. The T amrock Comp any has de veloped a machine 
(Slot Drill 600) that mechanically spaces 64-mm holes, then drills 
the web between them using a special guide. Tamrock claims a max- 
imum depth of 6 m for the system. This machine illustrates a trend 
toward mechanization that cuts labor costs. 


Jet Channeling 


Jet channeling is the most common method of cutting granite. Also 
known as flame-cutting , this method consists of di sintegrating the 
rock with intense heat from the combustion of fuel oil and oxyg en. 
The thermal shock causes the rock to spal 1, and the fragments are 
blown from the channel. The torch, which is passed back and forth 
over the rock, is commonly attached to a frame in order to keep the 
cut true. In some granite quarries, large blocks are freed using this 
method and then are subdivided by using cheaper methods of break- 
ing the rock. Although jet channeling works well in granite and other 
quartz-bearing igneous rocks that spall, it does not work in quartz- 
free rocks or carbonate rocks that calcine or fuse rather than spall. 

Jet channeling has two significant disadvantages: (1) the noise 
level is high enough to constitute a serious health hazard, and (2) 
the kerf is wide and irregular, thus wasting stone. For these reasons, 
jet channeling is being replaced by other methods. 
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Courtesy of Geomapping/Technographics. 
Figure 8. Wire and chain saw in Vermont 


Wire Saws Using Abrasives 


Wire saws using quartz sand or silicon carbide have been used for 
many years to cut marble and, more rarely, granite and limestone. 
The method, once dominant in some marble districts, has been and 
is being replaced by diamond wire saws (see following section). 

The wire saw consists of a single, double, or triple strand of 
wire that runs over sheaves and is fed under tension into the stone. 
Sand, aluminum oxide, silicon carbide, or another abrasive is fed to 
the wire and wears a groo ve or channel in the stone. The sheaves 
are mounted on a tower or track so that they can be moved into the 
cut. In order to press the wire into the cut, there must be tw o free 
and parallel sides to the block of _ stone being cut, or else alar ge 
hole to admit the sheaves must be drilled. In some cases, the hole 
need only be large enough to admit the axle, hub, and supporting 
arm of t he sheave. As it is pressed into the stone, the sheave is 
designed to cut its o wn groove. In some operations, other methods 
are used to cut parallel channels between which the stone can be 
wire-sawed. 

The wire itself abrades and must last for the entire cut. If it 
breaks before the cut is finished, the kerf may be too small to insert 
anew wire and the cutis lost. Therefore, the wire is comm only 
several thousand meters long. 

A single wire can be used to make many parallel or other cuts 
by guiding it with ap propriate sheaves. In order to keep tension on 
the wire, at least one movable sheave must be set up with appropri- 
ate counterweights. Wire-sawing produces a smooth cut that mini- 
mizes subsequent finishing in the shop and saves stone in the mill. 


Diamond Wire Saws 


During the 197 Os, diamond wire sa ws were introd uced into th e 
stone industry, first in mills and shops, then into the quarries. Since 
then, they have continued to replace the older wire-saw techniques. 
Detailed descriptions of the diamond wire are given in Hawkins 
et al. (1990) and Cia and Mancini (1989). The wire is a steel cable 
on which small, diamond -impregnated or diamond- bonded, c ylin- 
drical beads are mounted. The beads are separated by either wire 
springs for soft, nonabrasive rock or plastic for hard, abrasive rock. 
The wire is looped through drill holes and run by a motor-driven 
drive wheel mounted on tracks. T ension is provided by pulling the 
drive wheel assembly away from the cut on the tracks. Cuts can be 
either vertical or horizontal. 


Because most c uts req uire the dr illing of tw o int ersecting 
holes, the wire must make a sharp angl e when the cut is started, 
which becomes rounded as cutting proceeds. This requires care in 
providing correct tension during various phases of the cut. Cooling 
and lubrication is provided by water. 

The t echnique requires prec ise drill ing of the intersecting 
holes. In order to loop the wire, a nylon line is attached to a ball or 
wad of paper or other material that is fo rced through the holes 
hydraulically or with compressed air. The diamond wire can then 
be pulled through the intersecting holes with the nylon line. Fur- 
ther de tails can be provided by the Diam ond Bort C ompany of 
Columbia, South Carolina. 


Chain and Belt Saws 


Chain saws using carbide teeth were used more than 30 years ago to 
cut soapstone in Virginia. More sophisticated sa ws made in Europe 
and also using carbide teeth were used to cut limestone and soft mar- 
ble but were unsuccessful for cutting harder stone. Finally, with the 
incorporation of diamond-set teeth, chain saws became practical for 
use in marble and sl ate. The most recent development is a belt sa w 
in which a neoprene belt carrying diamonds embedded in metal seg- 
ments replaces the chain (Figure 8). Cooling and lubric ating water 
flows through the blade, which is hollow. Blades up to 5 m long are 
used in softer limestone; shorter blades are used in harder stone such 
as marble. Belt saws are also used in sandstone and slate but appar- 
ently not yet in granite. Ultimately, belt or chain saws will probably 
be used successfully in granite and other hard stone. 


Water Jet 


A promising new development in cutting granite is the water jet. A 
pulsating jet of water at pressures ranging from 96.5 to 275.8 MPa 
is directed at the granite and causes it to disintegrate. It is less noisy, 
produces less dust, and promises to be mor e economical than jet 
piercing. Rocky Mountain Rose Re d, Inc., of Lyons, Colorado, is 
currently using a w ater jet sy stem (Anon. 1991; Zielinski 1992). 
The Elberton Granite Association in Georgia has tested two experi- 
mental ma chines, b ut they ha ve apparently been less successfu 1 
than diamond wire saws. 


Breaking and Lifting the Stone 


In open-pit quarries, vertical cuts are made by dividing the floor of 
the quarry into appropriately sized blocks. After an initial key block 
is broken free by drilling a hole in the center to the depth of the ver- 
tical cuts, an explosive charge in this ho le frees the block with or 
without damage tothe block. Alternatively, the blo ck can be 
wedged free 0 r forced free with an air bladder . In under ground 
quarries, essentially the same technique is used except the initial 
cuts are horizontal and the key block is taken out of the tunnel face. 

Once the k ey block is_ removed, a series of c losely spaced 
holes is drilled underneath or behind the remaining blocks, and they 
are broken fre e with the use of feathers and wedges, with explo- 
sives, or, in some cases, wire saws. Feathers are pieces of half- 
round steel that are inserted into the hole. To produce the break, 
steel wedges are driven between the feathers. 

Dimension stone quarriers have traditionally shied away from 
use of explosives, but recent experience indicates that, if used prop- 
erly, explosives can be succes sfully and econom ically emplo yed 
without damaging the stone. Most modern quarriers use explosives 
to break the block free. Prima cord or light plastic-enclosed charges 
inserted into the holes generally pro vide enough force and do not 
damage the stone. When a block of stone is broken free, it can be 
further subdivided by the same technique. 
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Figure 9. Prospect opening in granite with heavy equipment in Vermont 


Granite typically has two directions of easy breakage, called 
rift and grain, or rift and run. In some quarries, large blocks con- 
taining many thousand cubic meters of stone are cut free by jet 
channeling or other means. These blocks are then broken into mill- 
size blocks along the rift andr un directions. Some granite ledg e 
quarries rely entirely on breakage to produce dimension blocks. 
Holes drilled for feathers and wedges in granite commonly need 
penetrate only a few centimeters of stone. If the rift is strong, the 
break produced runs true for the entire length of the block. If the rift 
is not strong, however, drill holes can penetrate the entire width of 
the block as in the so-called Finnish method (described in the next 
paragraph). Often, odd-shaped blocks are trimmed and squared by 
line drilling and breaking. 

In the Finnish method, marble and limestone are often cut into 
pieces of appropriate height and width for mill blocks, but of much 
greater length than granite. These are then lifted (broken free from 
the quarry floor), using feathers and wedges. Using the same tech- 
nique as for granite, the y are also broken into appropriate lengths. 
Drill holes for the feathers a nd wedges generally penetrate the 
entire width of the block. 

The stone can also be broken free with air pr essure. After a 
quarry block is cut free on all sides but the bottom, the bottom is 
drilled as though for using feathers and wedges. A large reinforced 
bladder is inserted in the vertical kerf that separates the block from 
the quarry. Air pressure applied to the bladder breaks the block free 
and sets it out from the quarry face. Usually 23 kg of pressure or 
less is sufficient. In some cases, the air bladder can also be used to 
break loose key blocks. 

A serious problem in some quarries is the failure of stone to 
break along predetermined di rections. This may happen in stone 
that does not have a natural grain or in which the quarry direction 
does not parallel the natural grain. In some deep marble quarries 
in Georgia, stone that is cut free on the sides has a tendency to 
break loose from the floor along arch-shaped fractures rather than 
parallel to the quarry floor. This not onl y ruins a mill block b ut 
presents a costly cleanup problem in order to k eep the quarry 
floor flat. These breaks, called rainbow breaks by the quarriers, 
are most common in large, deep quarries and where a long period 
of time has elapsed between cutt ing the block free on the sides 
and lifting it from the quarry floor. Some deep quarries have been 
abandoned because of rainbow breaks, even though the stone was 
good otherwise. 


Some quarriers use a wire saw to cut quarry blocks with a very 
large surface area. These slabs are broken free, turned on their 
sides, and broken into appropriately sized mill blocks. This p roce- 
dure not only eliminates muche xpensive cutting b ut allo ws the 
quarrier more fle xibility in choos ing the size and position of the 
mill blocks to be cu t from the sl ab. The slab can of ten be subdi- 
vided in such a manner that a minimum number of blocks con tain 
natural flaws, whereas the quarrier has less control with a set floor 
pattern. 


Removing Blocks from the Quarry 


Mill blocks are traditionally removed from the quar ry with f ixed 
derricks. The procedure is slow, and all other operations under the 
derrick boom must be halted while blocks are removed. The length 
of the boom also limits the size of some quarries. Blocks can be 
skidded from greater distance with tractors and crawler-type der- 
ricks, which can also add flexibility. A more efficient method is the 
use of forklifts that are now available in sizes large enough to han- 
dle mill blocks. Because forklifts require a flat or nearly flat floor 
and access ramps, they are not appropriate for all quarries. For large 
quarries, h owever, an in vestment in ra mps is proba bly justi fied 
(Figure 9). 


Mill Operations 


Most stone is sold as blocks, slabs, or finished product. Mill opera- 
tions involve cutting blocks into slabs and then cutting the slabs 
into appropriate sizes and shapes for the final product. Finally, the 
stone surface is given a final finish. 


Sawing Slabs 


Primary saw cuts can be made with a gang saw, wire saw, or circu- 
lar saw. 

Gang saws consist of a group of flat steel blades set in a frame 
that moves with a reciprocating motion. The frame is automatic ally 
fed into the block at a rate that depends on the type of stone and the 
abrasive or cutting edge used. A sand—water mixture may be fed into 
the saw for cutting soft stone. For harder stone such as granite or 
quartzite, hea vier notched blades ha ve been used, and the cutting 
medium is steel shot. F or faster cutting, the blad e can be fed with 
aluminum oxide or another abrasive. Nearly all modern mills use set 
teeth of diamond or carbide (mounted in wheels that grind the stone 
to are ciprocal shape just asa w ood-router bit shapes a board). 
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Although carbide can be used f or softer limestones, h arder rocks, 
such as marble and granite, require diamonds, which are set in seg- 
ments that are brazed to the gang saw blade. Set teeth generally cut 
faster and smoother than loose abrasives. As many as 40 blades can 
be set in a single gang saw when thin stock is being cut. 

In most g ang saws, the blade is horizontal and the frame is 
pressed downward through the block. The size of the block that can 
be sawed is thus limited by the size of the frame and blades. A 
newer development is vertically set gangs through which the block 
moves horizontally, producing longer slabs. 

One of the problems in gang saws is keeping equal tension on 
the blades. If a blade loosens, it can wander or buckle and jam the 
saw or ruin the c ut. The traditional method of holding a blade in 
position is with wedges dri ven through a hole in the blade outside 
the frame. Considerable skill is required to maintain a large number 
of blades under equal tension in a single frame. A more modern 
method involves the use of hydraulic tensioners. 

Wire saws are commonly used to make primary cuts in granite 
blocks. These can be grouped into multiple or g anged wire saws. 
The wire saws can be either twisted wire using abrasive or diamond 
wire saws. 

Wire saws are also used to make irregular or curved cuts. The 
saw is set vertically and the stone is fed into it as wood is fed into a 
band saw. Wire saws have also been used to turn lar ge columns, in 
which case the saw is usually set horizontal and the stone is slowly 
turned into it. 

Arecent development in the granite industry is the use of 
large-diameter circular saws to make primary cuts. The saw makes 
repeated passes across the block, cutting 5 to 10 mm _ at each pass. 
The re sulting cut is re markably smooth so that increased sa wing 
costs are more than compensated for. The largest circular saw in 
operation is reported to be 4.2 m in diameter and capable of 1.6 m 
total depth of cut. Another recent development is the use of the W.F. 
Meyers’ narrow-belt block saw for primary cuts in quarries and 
mills in the Indiana Limestone District. 


Secondary Cuts 


Sometimes called bridge saws, secondary cuts are set ina frame 
that guides the saw and, in most modern versions, are automatically 
controlled, often by computer. 


Shaping, Grinding, and Polishing 


A wide variety of methods is used for finishing the stone. Shaping 
can be done using hand-operated pneumatic tools, wire sa ws that 
cut as a band saw cuts wood, or silicon carbide. For softer stones, 
large m illing ma chines em ploying c arbide te eth can be used to 
gouge shapes into the stone. In modern mills, diamonds ha ve 
almost uni versally r eplaced ot her abrasi ves, and automated 
machines are common. 

Cylindrical shapes are made on a lathe that turns the stone into 
a carbide or diamond bit or into a wire saw. Boring machines can be 
set with diamonds or with carbide. 

In older mills, flat surfaces can be ground on a large horizontal 
cast-iron wheel called a rubbing bed. A water—sand mixture is used 
as abrasive. More modern plants ha ve replaced rubbing beds with 
automatic su rfacing machin es us ing impr egnated diamonds. The 
stone is belt-fed under aseries of successively finer horizontal 
wheels. Some machines fine-grind the edge of the stone as well as 
the surface. Much polishing is still done by a conventional grinding— 
polishing ma chine that m oves a spindle o ver the stone surf ace. 
Wheels using successively finer abrasives are set on the spindle. 

A significant development in the last several years is the intro- 
duction of automated tile-making machines that trim and polish the 











Courtesy of Geomapping/Technographics. 
Figure 10. Automated tile line in Amman, Jordan 


tile at lower cost and with more accuracy than previously possible 
(Figure 10). These machines are largely responsible for the much 
greater production and consumption of stone tile. 

Another signif icant de velopment is an automated shaping 
machine that can duplicate intricat e, carved pieces. T raditionally, 
much finishing was hand work by skilled stone workers. As these 
skills are being lost, much effort has go ne into automation of the 
finishing process. 


DISTRIBUTION OF DEPOSITS AND RESERVES 


The ultimate reserv es of dimension stone must be considered ine x- 
haustible. There can only be sh ortages of particular types or colors 
that can be discovered and produced at a competitive price. Although 
the distribution of various lithologies is a result of geologic factors, 
the location of | producing quar ries is governed by economics. 
Because dimension stone, particularly marble and granit e, is traded 
internationally in blocks, slabs, and finished products, every conti- 
nent and nearly every country is a producer or potential producer of 
dimension stone. 

Following is a brie f summary of the major producing areas, 
described by lithologies, first in North America, then in the rest of 
the world. 


The United States and Canada 


Currier (1960) di vided the United States into five geologic prov- 
inces for the purpose of describi ng the distribution of the major 
lithologies. All but one extend into Canada. 


Atlantic and Gulf Coastal Plain Province 


The Atlantic and Gulf Coastal Plain lies east and south of the Appa- 
lachian Moun tains, e xtending from Ne w Y ork to Alabama, and 
south of the Interior Sedimentary Province from Alabama through 
Texas. It is underlain by poorly consolidated sedimentary rocks of 
Cretaceous and younger age that lie in near ly horizontal strata. 
Although little dimension stone is produced in th e province, soft 
coquina that hardens on exposure to air has been used as building 
stone in Florida since the 17th century, and Cretaceous limestone is 
quarried near Liberty Hill, Texas. 


Appalachian Crystalline Province 


This province extends from Alab ama to Maine and _ north through 
eastern C anada to Newfoundland. Because it is the exposed root 
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Courtesy of Geomapping/Technographics. 
Figure 11. White marble quarry in Alabama 


zone of an ancient mountain chain that formed during mid-Paleozoic 
time, itis some times called the “older Appalachians.” Granit e, 
gneiss, marble, serpentine, slate, and other crystalline rocks are pro- 
duced from this region (Figure 11). 

Granite. The principal granite-prod ucing areas in this pro v- 
ince are in Georgia and New England. North Carolina is also a sig- 
nificant producer. 

Georgia produces more granite than an y other state or prov- 
ince in North America. The industry is centered in the town of 
Elberton in northeast Geor gia. Unlike many districts, Elberton is 
not do minated b y one comp any but rather has man _y prod ucers. 
Some produ cers specialize in quarrying blocks, so me in sa wing 
slabs, and some in making finished products. Still other companies 
are vertically integrated, performing all operations from quarry to 
finished product. The production in Elberton is principally aimed at 
the memorial market, but structural stone such as b uilding facing 
and floor tiles is a gro wing market. In 2003, more than 45 granite 
quarries were operating in the batholith within a 25-mile radius of 
Elberton. Elberton firms also operate quarries or buy stone in sev- 
eral other states or countries. 

The prevailing method of cutting stone in Elberton is jet chan- 
neling, but some operators are switching to high-speed drilling 
using Tamrock’s slot dr ill or to diamond wire sa ws. Because jet 
channeling is noisy, wasteful, and less efficient than the other meth- 
ods, this trend will probably continue. A summary of quarry tech- 
niques is given in the Elberton Graniteer (Anon. 1990a). 

The three Ne w England states of Vermont, New Hampshire, 
and Massachusetts are the primary sources of granite in the Appala- 
chian Crystalline Pro vince. The lar gest single gr anite-producing 
district in this region is in Barre, Vermont, where the Rock of Ages 
Co. is the sole producer. 


Descriptions of the Barre Dist rict are given by Richter (1987) 
and Ratté and Ogden (1989). Since the mid-19th century, granite has 
been quarried from a mid-P aleozoic pluton, mostly for monuments 
but also for building facing panels, surface plates, and paper rollers 
up to 10 mlong and 2 m in diameter. Quarriers use natural rift and 
grain to remove blocks averaging 5 to 6 m? (Richter 1987). 

North Carolina is also a major producer of granite, principally 
from the Mt. Airy District. Connecticut, Maine, Pennsylvania, and 
South Carolina are minor producers. 

Sandstone. For more than 100 years, ark osic sandstone has 
been pro duced from do wn-faulted basins of T riassic age, which 
form a subpro vince within th e Appalachian Crystalline Pro vince 
(Currier 1960). Known as brownstone, the stone was formerly used 
extensively for buildings and residences in New England and the 
mid-Atlantic states but production is much reduced today. 

Marble. True marble (i.e., marb le formed by metamorphism 
of limestone or dolosto ne) occurs throughout the pro vince, and 
most states within the province have produced marble at one time 
or another. Today, however, nearly all production comes from Geor- 
gia and Vermont with some minor production from Alabama. 

The Polycor Group purchased all of what had been the Geor- 
gia Marble Compan y and now extracts marble from several large 
dimension-stone quarries in Pickens County, Georgia. The stone is 
medium- to coarse-grained white or light gray and most commonly 
veined with dark er material. The stone is c ut with diamond belt 
saws and quarry bars; quarry blocks are broken free and subdivided 
using mild e xplosives in sp aced drill holes; and mi Il blocks are 
removed with large forklifts. Stone from this large-volume, lo w- 
recovery operation is used for monuments and buildings. 

The Vermont Quarries Company has leased the Danby Imperial 
Quarry from what had been the Vermont Marble Company. Recent 
underground expansion has secured reserves of this source of white 
marble in the to wn of Danby, Vermont, where a 10- to 20-m-thick 
layer of Ordovician marble lies in a broad, shallow syncline. Tunnel 
cuts are made horizontall y with a diamond-toothed chain saw, and 
the sides are cut with a diamond wire saw. Vertical floor cuts are then 
made with a diamond chain or belt saw and bottom cuts with a dia- 
mond wire saw. Average block size is about 20 t (Rat té and Ogden 
1989). A complete block-sawing and slab-manufacturing facility has 
been incorporated in the portion of the un derground workings that 
had been previously quarried. 

The black marble quarry at Isle la Motte, Vermont (which was 
previously owned and operated by the Vermont Marble Company) 
has been sold, along with the red marble quarry property in Swan- 
ton, Vermont. The new owners, a group of Vermont quarriers, have 
resurrected the operations under th e name of Barney Marble—the 
historical company in Swanton, Vermont, that produced stone from 
these quarries and supplied man y buildings in Washington D.C. in 
the late 19th century. Similarly, the Rochester Verde Antique quarry 
at Rochester, Vermont, was sold by the Vermont Marble Company 
and is supply ing stone to the world market under the compan y 
name of Vermont Verde Antique International. 

Alabama was once a major producer of white marble from the 
Sylacauga marble belt, but the principal producers have switched to 
industrial fillers. A small quarry producing block marble for export 
southwest of Sy lacauga has been a small but consistent producer. 
Marble also has been produced from the Murphy marble belt in 
western North Carolina. White marble from the Cockeysville For- 
mation in Mar yland was used in the W ashington Monument, and 
white marble from Lee, Massachusetts, helped construct the U.S. 
Capitol building in the last century. During the 1990s, a Canadian 
firm ceased block production in Lee and none of these districts have 
significant production today. 
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Slate. Vermont and Penn sylvania account for 70% of U.S. 
production of slate. In Vermont, lower Ordovician- and upper Cam- 
brian-aged slates are quar ried into blocks by drilling and blasting, 
followed by manual splitting. Th e high angle of dip of the slaty 
cleavage m akes conventional qua rry techniq ues dif ficult. Blocks 
are tak en to the mill wher e the y are cut by diamond sa_ ws and 
trimmed to siz e for manual splitting into roofing slates. Floor t ile 
and flagging are gauged by planers to specified thicknesses. Struc- 
tural slate (mantels, electric panels, and similar products) are fin- 
ished inthe mill using standard cutting, honing, and polishing 
equipment (Ratté and Ogden 1989). 

Pennsylvania slates of upper Ordo vician age in the Lehigh- 
Northampton District have a nearly horizontal axial plane cleavage. 
The slate is quarried in benches 4-m thick using wire saws with sil- 
ica sand abrasive to isolate quarry blocks. These are then lifted by 
drilling and wedging . Quarry blocks are reduced to manageable 
size (mill blocks) by splitting al ong “w atersplits” an d a natural 
grain, or sculp, which is perpendicular to the slaty cleavage. In the 
mill, diamond sa ws, splitters, and v arious other too Is turn blocks 
into finished products (Berkheiser 1984; Colley 1990). 

Slate is also produced in Virginia (Sweet 1990), in New York, 
and intermittently in No va Scotia and Ne wfoundland (Vagt and 
Bergeron 1990) as well as Quebec. 

Soapstone. Soapstone is produced in Nelson County , V ir- 
ginia. Blocks are cut out by a large German-made chain saw and 
finished into fireplaces, cook stoves, and other pr oducts benefiting 
from the heat-retaining properties of the stone ( Sweet 1990). This 
district was formerly a major producer of laboratory furniture. The 
greatly increased demand for soapstone is being supplied by Brazil- 
ian producers from quarries in the Minas Gerais District of Brazil. 


Interior Sedimentary Province 


This pro vince e xtends fr om the Appalachian Mountains to th e 
Rockies and from Mexico north into the prairie provinces of Can- 
ada. It is underlain by nearly flat-lying, mostly marine sedimentary 
rocks ranging in age from Cambrian to Cretaceous. These sedimen- 
tary rocks co ver an older, Precambrian basement, which is an 
extension of the Canadian Shield and is exposed in several isolated 
uplifts. Limestone, sands tone, and marble (cry stalline limestone) 
are produced from the sedimentary rocks, and granite from base- 
ment rocks exposed in the isolated uplifts. 

Limestone. The amount of dimension limestone p roduced in 
Indiana exceeds the amount of all dimension stone produced in any 
other state. Ind iana limestone has probab ly been th e dominant 
building stone in the United States fo r more than a century. The 
industry is centered around the towns of Bloomington and Bedford 
in south-central Indiana where quarries have been operated since 
1827. The district and its history have been described by Patton and 
Carr (1982). 

The stone has been ca lled Be dford Rock, B edford Oolitic 
Limestone, Indi ana Oo litic L imestone, an d Indiana Limestone. 
Today Indiana Limestone is a generic term for building stone quar- 
ried from the Salem Limestone of Mississippian age in the Bed- 
ford-Bloomington District (Patton and Carr 1982 ). The stone is a 
light gray to b luish-gray, massive, even-grained, granular, porous, 
and cross-bedded calcarenite (Patton and Carr 1982). The industry 
markets buff, gray, and variegated, a combination of the tw o stone 
colors. 

Because of the district’s long history, many kinds of quarry 
methods have been used to e xtract stone. Today, most quarriers in 
the district combine W .F. Meyers’ diamond-belt quarry saws with 
diamond wire saws. 


In northwe stern Alabama, similar stone of t he same age is 
quarried in an underground mine. Here, tunnel cuts are made with 
three quarry bars mounted on a ma ssive frame and aligned so that 
the top block tapers to the rear, making extraction easier. 

Limestone is also produced from the Oneota Formation of 
Ordovician age in the upper midwes tern United States. In cen tral 
Texas, limestone is produced from lower Paleozoic rocks. 

Marble. Some crystalline limestones within the Interior Prov- 
ince take a polish and, therefore, are c lassed as marble. The most 
notable is the Holston Formation in east Tennessee from which vast 
quantities of Tennessee Marble have been produced. The district 
lies wi thin the Valley and Ridge Province of the Appal achian 
Mountains where the rock s are stee ply folded and faulted. Blocks 
must be quarried parallel to bedding, and, because of the steep dip, 
it is difficult to use fo rklift trucks and belt or chain sa ws. Most of 
the b est deposits ha ve been worked as far as possible without 
underground tunneling. Tennessee Marble remains one of the most 
attractive and durable dimen sion stones. One quarry near Friends- 
ville remains in operation with a modern finishing facility that sat- 
isfies the current market. In ad dition, the Imperial Black Marble 
quarry in Grainer County has been a source of black marble in this 
area of Tennessee. 

Sandstone. Most sandstone producti on in the Un ited States 
comes from the Interior Province. Because most sandstone is sold 
in broken and irregular sizes, however, it does not qualify as dimen- 
sion stone in this chapter. Bluestone from New York and Pennsyl- 
vania is sawed and dressed and a small amount of sandstone from 
Tennessee is cut and polished for furniture. 

Granite. The sedimentary ro cks of the Interior Province are 
underlain by crystalline rocks that are an extension of the Canadian 
Shield. These basement rocks are exposed in localized uplifts in 
southeastern Missouri, central Texas, the Arb uckle a nd W ichita 
mountains of Oklahoma, and the Black Hills in South Dakota. All 
of these areas have produced or are producing dimension granite. 


Lake Superior Crystalline Province 


The Canadian Shield includes the Lake Superior crystalline pro v- 
ince of Currier (1960) and underlies most of Canada _ west of the 
Maritime Provinces and east of the Rocky Mountains. Although it 
is underlain by Pr ecambrian rocks—mostly granite and gneiss— 
extensive marble occurs in the Grenville subprovince of southern 
Ontario and Quebec. 

Granite. In the United States, the principal producer from this 
province is the Cold Spring Granite Company of Cold Spring, Min- 
nesota, which operates a number of quarries in Minnesota and else- 
where, including Texas and Manitoba. 

In Canada, granite is produced in Manitoba, Ontario, and 
Quebec (Anon. 1990b). Quebec is the lar gest producer with about 
25 active quarries (Nantel 1983; Anon. 1990b). 

Although there are few active quarries in the other provinces, 
the potential is very large. Several provinces are working to find 
and promote dimension stone deposits. Two provinces, Ontario and 
Saskatchewan, publish catalogs depicting potential sources. 

Other Stone. Only small amounts of other dimension stone, 
including marble and quartzite, are produced from the Canadian 
Shield. 


Western Province 


The Western Province includes a wide variety of subprovinces that 
encompass nearly every conceivable geologic environment. Nearly 
every type of rock can be found and at one time or another has been 
quarried. It is the only province in which recent volcanic rocks are 
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found and is the o nly region in North America from which traver- 
tine is produced. 

Travertine. Travertine de posits are typically associated with 
recent geologic ac tivity such a s volcanism and faulting. F or this 
reason, the W estern Province is the only pro vince in th e United 
States and Canada from which travertine is produced. Currently, the 
only pro duction is from Idaho, Montana, and New Me xico, but 
potential deposits are known to occur in Oregon and possibly other 
states. 

Two travertine deposits in southeast Idaho are operated by 
Idaho T ravertine, Inc., of Idah o Falls, Idah o. Production sin ce 
1968 is said to have averaged 2,000 m? per year (Neumann 1991). 
The principal deposit, just west of Swann Valley, Idaho, is a boul- 
der deposit, meaning that it consists of large masses or boulders of 
travertine embedded in a highly fractured matrix. The boulders are 
excavated by dozers and loaders. A D-9 dozer fitted with a ripping 
bar on the front end is u sed to pry loose the boulders. Those that 
are too large to transport to the mill are trimmed by line drilling at 
15- to 20-cm spacing and blasting with pr ima chord. Recovery is 
said to range from 5% to 10% of volume removed. 

The Montana deposit, near Gard iner, north of Yellowstone 
Park, is also a boulder deposit, and quarrying methods are similar to 
that of Idaho Travertine. Five- to ten-ton blocks are removed, and 
slabs, tile, and ashlar are produced at a shop in Livingston. 

About 50 discrete deposits of travertine have been identified 
in New Mexico (Barker 1986). New Mexico Travertine Co. quarries 
one of these from a _ deposit approximately 40 km west of Belen, 
producing five color-varieties of travertine and one limestone (Aus- 
tin and Barker 1990). The stone is quarried using a concrete saw to 
remove cap rock and diamond belt and wire saws to cut the traver- 
tine. A mill just west of Belen finishes the stone to polished slabs 
and split-faced ashlar. 

Other Stone. Most of the quarries in the W estern Pro vince 
were worked in the early part of the 20th century and were aban- 
doned long ago. No permanent centers of dimension stone produc- 
tion have d eveloped similar tot hose in Georgia, Indiana, and 
Vermont. Information on qu _arry si tes a nd p ast ac tivity can be 
obtained from most state or provincial surveys. 

Since the early 1990s, the Colorado Yule marble quarry, Gun- 
nison County, Colorado, which supplied white marble for the Lin- 
coln Memorial and the Tomb of the Unknown Soldier, has been 
quarrying and selling quarry blocks to domestic finishing shops as 
well as exporting to off-shore fabricators. 


Outside the United States and Canada 


International trade in dimension stone is inthe form of f inished 
stone ready for installation, in dressed slabs, and in rough blocks or 
slabs. Granite and marb le (including travertine) are the principal 
rock types, with limestone and slate becoming increasingly impor- 
tant in the marketplace. 

As the leading importer of rough blocks and the leading 
exporter of finished material, It aly dominates intern ational trade. 
and is also a leading manufacturer of stone-working machinery. It is 
through the establishment of turnkey finishing facilities around the 
world that th e Italian stone industry has beco mea _ principal 
exporter of equipment and tec hnology, as_ well as a principal 
importer of raw blocks. The United States continues to be the prin- 
cipal importer of both finished products and unfinished slabs. 


Marble 


Most of t he world’s commercial marble formed from carbonate 
rocks that were deposited in the great Tethyan seaway that stretched 
from the Iberian Peninsula to the Him alayas. T hese roc ks were 


metamorphosed into marble during the Alpine orog enies and have 
been quarried since classic times. 

The Carrara District in northern Italy produces what is proba- 
bly the world’s most famous marble. Travertine has been produced 
from Tivoli and marble in many patterns and colors has been quar- 
ried in the area since Roman times; the classic names for these have 
become generic in much of the rest of the world. 

In Gree ce, marble has been quarried fr om at least th e sixth 
century BC. Recently, the Greek marble industry has undergone a 
significant re vival, and Greece, along with T urkey, has become a 
major source of marble. China, Israel, Spain, and Mexico have dra- 
matically increased their exports of marble and limestone into the 
U.S. market (Reis 2004). 


Granite 


Granite is the most abundant rock on earth and is found on all con- 
tinents and in most countries. Italy, the major exporter to the United 
States, gets its stone from Sa rdinia or by importing blocks from 

Scandinavia and shipping finished stone. Other coun tries that 

export significant granite to the United States are Brazil, Canada, 
China, and India. Nota bly missing from the list are the Scandina- 

vian countries of Finland, Sw eden, and Norw ay, which pr oduce 
large quantities of gran ite for th e European market. Most of t he 
Scandinavian stone is first shipped to Italy for fabrication before 
entering the European and North American markets. 


Limestone 


France, Israel, Jordan, Spain, and Turkey have been major suppliers 
of limestone to the world market for use as exterior building appli- 
cations. The ease of working the stone and the natural warm colors 
make it an attractive stone, both in commercial as well as residen- 
tial applications. 


Soapstone 


Brazil has do minated the w orld market as a sou rce of supply for 
soapstone. Traditionally, soapstone was used as acid-resistant labo- 
ratory counter tops, but composite materials have replaced this out- 
let. Today, soapstone has gained acceptance for use in residential 

kitchen and bathroom installations. 


Slate 


Slate from Braz il, China, India, and Spain has been imported in 
increasing quantities into the Nort h Ame rican marketplace. 
Although North American brokers are the usual suppliers for the 
commercial markets, wholesale outlets are the sources for the resi- 
dential market. Large-scale commercial installations of slate that 
need a consistent material and reliable supply source are gener ally 
serviced by domestic producers. 


EVALUATION OF DEPOSITS 


In order to properly e valuate a potential dimension stone deposit, 
one must determine the marketability of the stone; its soundness; its 
size and shape; the overburden; the distance to market; the kinds of 
transportation available; the availability of labor; the accessibility 
of power and other utilities; and similar concerns. Most of these 
determinations are the same for the e valuation of an y mineral 
deposit, but several are unique to dimension stone deposits. 


Marketability 


The marketability of a stone is governed largely by ae sthetic fac- 
tors not subject to quantitative measurement, including color, pat- 
tern, and texture. Unless the deposit is an extension of a pr oven 
quarry or an exact duplicate of a popular stone, the judgment about 
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marketability should be left to an experienced architect or market- 
ing person. 

It is important that a reliable sample be obtained. The _ best 
sample is a block from which slabs 0.3 m ? or larger can be sawed 
and used to evaluate color and pattern and also for making required 
physical tests. The more varied the color and pattern, the larger the 
sample should be. Drill cores are commonly deceptive but can be 
suitable for fine-grained uniform-textured stone or for extensions of 
known deposits. 

It is the responsibility of the examining geologist or engineer 
to determine the size, e xtent, and uniformity of the depo sit and to 
obtain samples that are truly representative. In the case of | ayered 
deposits, samples f rom each separate stratum should be obtained 
and compared for uniformity. 

Purchasers of stone for lar ge buildings generally make their 
choice on the basis of the history and reputation of the quarry, sam- 
ples submitted by the quarrier, or, more commonly, both. Swenson 
(1991) observed that the buyer is often disapp ointed because the 
color and texture of the final product does not meet the buyer’s 
expectations. He pointed out that “stone continually changes during 
the life o f the quarr y” (Swenson 1991, p. 46) and samples don ot 
always represent what the quarry is currently producing. The fault 
may lie with an o verly optimistic salesperson, lack of suf ficient 
quarry de velopment, or insuf ficient kno wledge of the deposit. 
Swenson offered a number of suggestions to architects but warned, 
“Geologic studi esa re effective in de termining t he long-term 
resource . .. but may indicate nothing about the short-term design 
needs of a project” (Swenson 1991, p. 46). This, it seems, indicates 
a lack of communication or quarriers’ understanding of the limits of 
geological investigations. Fe w qu arriers have geologists on their 
staff or even hire consulting geol ogists. Fewer still map their quar- 
ries. Some, like Vermont Marble Co., which remained under th e 
same management for years and had competent geological staf fs, 
knew their deposits intimately and could predict quality and grade 
with great accuracy. Good, de tailed geologic mapping, sometimes 
supplemented with core drilling, should allow a quarrier to predict 
changes in the nature of the stone. 

One of the problems is that fe w in the quarry business are 
knowledgeable enough about modern geology to recognize that a 
consultant must be either well versed in dimension stone problems, 
or be a specialist in the lithologic type under consideration, or both. 
A limestone or crys talline limestone requires a carbon ate petrolo- 
gist; granite requires an igneou s petrologist —structural geologist. 
Whether it is c ost-effective to hire a specialist is for the quarriers 
and architects to decide, but even geologic specialists are generally 
less expensive than lawyers. 


Soundness 


Soundness, or freedom from flaws, is one of the most critical fac- 
tors in evaluating a dimension stone deposit an d one of the most 
difficult to determine. Every joint and fracture should be mapped. 
This should be supplemented by core drilling parallel to the direc- 
tion in which the stone is to be sawed. If at all possible, the deposit 
should be drilled in tw o intersecting directions in order to find all 
possible weakness directions that may limit the size of blocks and 
slabs. If mapping shows a pron ounced joint direction, the drilling 
should be p erpendicular to it. The drilling must be done with 
extreme care, and nothing smaller th an NX size should be used. If 
the core breaks on anything but a natural weakness, the drilling will 
have failed in its purpose of proving sound stone. 

Any directions of natural splitting that would aid in quarrying 
should be determined. Rift, run, andgraincanb e benef icial, 
whereas close-spaced open fractures are deleterious. The investiga- 


tor sh ould re member that the ultimate obje ctive is to fr ee lar ge 
blocks that are without internal fractures. 

Some rocks that have been subjected to great stress are still 
strained. In many cases, such stone will de velop new fractures and 
split after blocks are quarried. Some hidd en fractures show up only 
after the block has been sawed, which pro ves costly because the 
flaw appears only after a large investment has bee n made in the 
stone. This type of fracture is probably less common in horizontally 
layered sedimentary rocks and in postorogenic granites that have 
intruded passively than in rocks that have been subjected to tectonic 
stress. 


Other Factors 


The investigator should remember that quarrying blocks for cut and 
sized dimension stone is still a high labor-input industry. He or she 
should also keep in mind that each salable unit—a mill block—will 
weigh 9 tor more and will re quire special handling methods to 
extract and transport to market. Compared to other industrial miner- 
als and rocks, the total output of a dimension stone quarry is small. 
Only a large operation would extract more than a few blocks a day, 
and fe w, if an y, deposits w ould justify building new roads, rail- 
roads, or expensive utility lines just to service a quarry. 
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Strontium Minerals 
Joyce A. Ober 


INTRODUCTION 

Strontium occurs commonly in na_ ture, a veraging 0.034% o f all 
igneous rock, and is the 15th most abundant element in the ear th’s 
crust. Only two minerals, ho wever—celestite, or celestine (stron- 
tium sulf ate, SrS Og), and strontianite (strontium carbonate, 
SrCO3)—contain strontium in sufficient quantities to m ake recov- 
ery practical, and these minerals are fo und predominantly in sedi- 
mentary rocks. Of the two, celestite is more common in economic 
deposits. It is similar in structure to barite, the barium sulfate min- 
eral. Strontianite is more desirable of the two common minerals 
because strontium is used most commonly in the car bonate form 
and contains more stro ntium, but few deposits have been disco v- 
ered that are suitab le for economic development. Table | lists th e 
properties of celestite and strontianite. 

In 2003, celestite production was reported in Argentina, Iran, 
Mexico, Morocco, Pakistan, Spain, andT urkey (Ober 2004). 
Although lar ge depo sits have been identified in these and other 
countries, detailed descriptions of the deposits and locations are not 
available. 

Nearly all celestite is con verted to strontium carbonate, which 
may be used as-is or co nverted into other strontium compounds, 


Table 1. Physical properties of strontium minerals 


including strontium chloride, chromate, nitrate, oxalate, oxide, and 
peroxide. The largest end use for strontium is in faceplate glass for 
cathode-ray tubes (CRTs) such as is used in _ televisions and com- 
puter monitors. Probably the oldest use for strontium is in pyrotech- 
nics such as fireworks, signal flares, and tracer ammunition, because 
strontium compounds burn with a brilliant crimson flame; strontium 
nitrate and peroxide ar e the most common stro ntium compound s 
used in pyrotechnics. These and other strontium compounds are 
used in le sser quantities in ceramics and glass, perma nent fe rrite 
magnets, paint, and toothpaste for temperature-sensitive teeth. 


MAJOR DEPOSITS AND PRODUCTION 


Although the average strontium content of sedimentary rocks is less 
than in igneous rocks, nearly all commercial operations are in sedi- 
mentary deposits. These sedimentary deposits (primarily as celes- 
tite) formed in lak es and lagoons by replacement of pree xisting 
clastic sediments and fre quently occur as beds or lenses associated 
with gypsum, anh ydrite, or halite. This type of deposit occurs in 

Iran, Me xico, Spain, the United Kingdom, and the United States. 
Hydrothermal strontium mineral deposits have been found in Russia 
and the United States. Infiltration deposits that can be predominantly 





Property Celestite Strontianite 

Chemical formula SrSO4 SrCO3 

Crystal structure Dipyramidal orthorhombic, tabular. Sometimes fibrous Dipyramidal orthorhombic. Radiating, columnar, fibrous, or 
and granular. granular. 


Cleavage Perfect basal and prismatic Imperfect prismatic 

Color Primarily white to grayish blue. Sometimes shades of Primarily white or grayish white. Sometimes pale green or 
yellow and red. yellowish. 

Flame color Crimson Crimson 

Fracture Uneven Conchoidal 

Hardness 3.0-3.5 3.5-4.0 

Index of refraction 1.622-1.631 1.520-1.667 

Luster Vitreous, pearly on cleavage Vitreous 

Solubility Insoluble Effervescent in hydrochloric acid 

Specific gravity 3.9-4.0 3.6-3.8 

Streak White White 

Theorectical strontium content 47.6% 59.3% 


Transparency 


Translucent to opaque. Rarely, nearly transparent. 


Translucent to transparent. 
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celestite or strontianite appear as geodes in calcite, celestite veins in 
clays and carbonate rocks, and metasomatic bodies in carbonate 
rocks. One deposit of this type is identified near Miinster, Germany. 
Volcanic—sedimentary deposits are associated with rhyolites, andes- 
ites, basalts, and their tuffs and tuffites. Strontianite is believed to be 
a secondary mineral formed thr ough the weathering of celestite 
(Harben and Kuzvart 1996). 


United States 


Although celestite deposits have been id entified natio nwide, 
domestic production has been very limited. During World War II, 
celestite w as mined in Californ iaandT exas. Since 1959, all 
demand has been met from foreign sources. Only one U.S. com- 
pany, Chemical Prod ucts Cor poration (C PC), produces strontium 
carbonate—by far, the most im portant strontium compound. CPC 
uses the black ash method to convert imported Mexican celestite to 
strontium carbonate production at its 22-ktpy plant in Cartersville, 
Georgia. The company also produces strontium nitrate. 

A few companies pro duce other min or strontium compounds 
from strontium carbonate. Mallinkrodt Inc. of St. Louis, Missouri, 
produces strontium chloride, and La porte Pigments Corp. of Belts- 
ville, Maryland, produces strontium chromate. Other companies pro- 
duce smaller quantities of other downstream strontium compounds. 

In 1944, domestic strontium deposits were operated at the fol- 
lowing sites: near Blanket in Brown County, Texas; in Nolan County, 
Texas; inthe Fish Mountains in Imperial C ounty, California; and 
near Ludlow, California (Gwinn 1944). At that time, the major use 
for strontium chemicals was for pyrotechnic applications such as sig- 
nal flares and tracer bullets required for military applications. Imme- 
diately following World War II, this demand dramatically decreased, 
resulting in reduced domestic production of celestite. 

Resources in the United States have been estimated at 3.2 Mt 
with an ide ntified reserve base of 1.4 Mt. The reserve base figure 
includes material containing no more than 60% strontium sulfate, a 
much lower grade than specified by modern consumers. In addition 
to deposits mined in the early 1940s, celestite has been discovered 
in Arizona, Arkansas, Kentucky, Michigan, Missouri, New York, 
Ohio, Pennsylv ania, Tennessee, Utah, and W ashington ( Schreck 
and Arundale 1959). 


Other Countries 


Huge dep osits of high-grade ce _lestite ha ve bee n di scovered 
throughout the w orld. In almost all instances, celestite deposits 
occur far from population centers in remote, undeveloped locations 
where ine xpensive labor is available for mining. World ce lestite 
production is listed in Table 2. 

Detailed information on most world resources is not readily 
available. Many of the large deposits are in remote, sparsely inhab- 
ited areas, where very little exploration has occurred. Other known 
deposits are in countries where specific mineral information is not 
easily obtained. 

Two types of strontium capacity exist. The first is ore produc- 
tion capacity in which celestite is mined and beneficiated for use or 
additional processing. The second, strontium compound production 
capacity, represents the size of the operations that convert strontium 
minerals (almo st always celestit e) thr ough chemical reactions to 
other forms of strontium, including strontium carbonate and stron- 
tium metal. Stro ntium co mpound capacity is deemed the mor e 
important fo r se veral reasons. Essentially, a ll strontium i s c on- 
sumed in compound form, primarily as the carbonate and to a lesser 
extent as the nitrate. Strontium carbonate is also the intermediate 
product in production of do wnstream co mpounds. At least nin e 
countries mined celestite in 2003, as shown in Table 2. 


Table 2. Celestite: World production by country,’ t 








Countryt 1999 2000 2001 2002 2003* 
Argentina 2,141 4,656 2,440 3,106 3,3238 
Iran* ** 1,6501t 2,000 2,000 2,000 2,000 
Mexico 164,682 157,420 145,789 94,015 126,7478 
Morocco 0 7,539 1,879 3,780 2,700 
Pakistan 634 1,918 2,000# 2,0004 2,000 
Spain 128,457 148,352 129,794 160,519 160,000 
Turkey 60,540 24,150 63,635 70,000# 70,000 
Total 358,000 346,000 348,000 335,000 367,000 





Adapted from Ober 2004. 

* World totals and estimated data are rounded to no more than three signifi- 
cant digits and may not add to totals shown. 

t In addition to the countries listed, China and the Commonwealth of Indepen- 
dent States (CIS) produce strontium materials, but output is not reported 
quantitatively and available information is inadequate to make reliable es- 
timates of output levels. 

+ Estimated. 

§ Preliminary. 

** Data are for year beginning March 21 of that stated. 
tt Reported figure. 


Virtually all of the celestite mined annually is consumed in the 
production of strontium carbonate and other strontium compounds. 
Very little strontium was consumed directly in the mineral form. 
Because most ore is produced for market by means of very simple 
sorting and ben eficiation techniques, capacity can easily be raised 
to meet increased demand. Strontium carbonate production capac- 
ity is the limiting factor in strontium production, requiring more 
complicated and sophisticated processing facilities. Estimated 
strontium carbonate production capacity listed in Table 3 was com- 
piled from reports cited in the following specific country sections. 


Algeria 


Celestite was mined in Algeria from the Beni Man cour surface 
deposit near Boira, alth ough no production has been rep orted 
since at least 1996. The deposit was mined by Enterprise Nation- 
ale des Produits Non Ferreux et des Substances Utiles (ENOF) 
and was controlled by L Enterprise National de De veloppement 
Miniéres (SON AREM). Int he past, as much as 3.6 ktp y was 
exported to nations in Eastern Europe and the former Federal 
Republic of German y. Although the celestite was relatively low 
grade—only about 70% strontium sulfate—it contained low con- 
centrations of barite, silica, gypsum, and iron, making it possible 
to concentrate the ore to acceptable levels using only gravity sep- 
aration (Anon. 1988a). Reported reserves at Beni Mancour were 
more than 6 Mt of 70% strontium sulfate. ENOF was considering 
new production from the depo sit to supp ly a possibl e domestic 
strontium car bonate p lant wh ose o utput w ould bee xported 
(Senouci, Nadir, and Houssa 2000). 


Argentina 


Although not a major produ cer of celestite, some is mined in 

Argentina. Little information about the Argentine strontium indus- 
try, other than production data, has been published for several years 
(Torres 2 003). When detailed in formation w as last reported in 

1988, celestite mining w as controlled by the Ar gentine Mining 
Union at the San Juan mine in the province of Mendoza. Celestite 
was identified at afew additional small mines, the Ma ria Del 
Carmen and Don Luis mines, al so in Mendoza Province, and the 
Rayoso, Julio, Cerro P artido, and Llao mines in the pro vince of 
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Table 3. Estimated world strontium carbonate annual production 
capacity, t 





Country Rated Capacity” 
North America 
Mexico 127,000 
United Statest 22,000 
Total 149,000 
Europe 
Germanyt 70,000 
Spain 20,000 
Russia and CIS t 
Total 90,000 
Asia 
China 200,000 
Japant 20,000 
Korea, Republic of 40,000 
Total “260,000 
World total 499,000 





* May include capacity at operating plants as well as plants on a standby 
basis. 

t Production was entirely from imported celestite. 

t Strontium carbonate production capacity existed in these countries, but spe 
cific data are not available. 


Neuquen. It is unlik ely that production has occurred on a re gular 
basis at these mines. Most Argentine production was exported to 
Brazil (Anon. 1988b). 


Canada 


Canada has produced ce lestite ore inthe past from th e McRae 
deposit, also known as the old Kaiser Celestite Mining Ltd. mine, at 
Enon, Cape Breton County, Nova Scotia. Timminco Ltd. of Toronto 
holds the mineral rights for this deposit. Exploration identif ied 
reserves of more than 1 Mt of celestite, with grades ranging fro m 
60% to 65% strontium sulfate. Reopening the mine has been con- 
sidered, but the low grade of the ore makes economic feasib ility 
questionable. Other strontium deposits have been identified in Brit- 
ish Columbia, Newfoundland, and Ontario, but none are as signifi- 
cant as the deposit in Nova Scotia (Dawson 1985). Celestite has not 
been produced in Canada for many years. 

Timminco, the world’s leading producer of strontium metal, 
produces strontium metal in Ontario from imported strontium car- 
bonate. The co mpany also produces stront ium-aluminum ma ster 
alloys, which Timminco advertises as the highe st quality in the 
world, re ferring to their purity, low gas cont ent, fast dissolution 
rate, low porosity, and precise weight. Timminco sells strontium as 
crowns, sections, and turnings, and in master allo ys containing 
90% strontium and 10% aluminum (Timminco 2000). 


China 


A long-time produ cer of celestite and strontium carbonate, China 
has dramatically expanded its carbonate capacity to reach more than 
200 ktpy in 2003 from about 50 ktpy in 1995. Celestite production 
has not kept pace, and so China has become a major importer of cel- 
estite to supply its stron tium carbonate plants. Strontium carbonate 
is used for televisions and magnets in China, but the majority of it is 
exported. Exports grew to 97 kt in 2002 from 42 kt in 1995. 
Although China may have suf ficient reserv es to sup ply its 
domestic strontium car bonate plants, celestite concentrates v ary 
from 80% to 85% strontium sulfate, much lower quality than prod- 


ucts from depo sits in Me xico, Spain, and Turkey. Celestite is pro- 
duced from the Hechuan deposit in Sichuan Province and from the 
Lishui deposit in Jiangsu Province. Coope reported reserves to be 
nearly 30 Mt. Celestite is also produced in Henan Province (Harben 
and KuZvart 1996; Coope 2003). A strontium carbonate plant in 
Sichuan Province was the only one in the world based on strontian- 
ite. Technical problems hampered the success of the process, and 
the current status is unknown (Hong 1993). 


Cyprus 


Celestite w as mined brie fly in Cyprus startingin 1985 from a 
deposit near the village of Maroni near the southern coast of the 
island. Hellenic Mining Co. Ltd. operated the mine (Mal iotis and 
Tlich 19 86). The 0 re averaged about 5 4% strontium sulf ate and, 
therefore, required beneficiation to make it marketable. The ore was 
beneficiated through a flotation process to reach 94% strontium sul- 
fate. The reserves were reported to be 200 kt of celestite (Griffiths 
1984). No production has been reported, however, since 1987. 


Germany 


Strontianite was produced sporad ically from deposits in W estpha- 
lia. Celestite de posits have also been identified, but no stron tium 
concentrates have been produced in Germany for nearly 50 years. 

Solvay Barium Strontium GmbH (a subsidiary of Be lgium’s 
Solvay S.A.) operates a 150- ktpy barium and strontium carbon ate 
plant at Bad Hénningen; the effective strontium carbonate capacity 
is about 70 ktpy. Solvay uses imported Spanish celestite as the raw 
material for its b lack ash stro ntium carbonate plant. Including its 
strontium carbon ate p lants in Italy, the Republic of Korea, and 
Mexico, Solvay is the w orld’s largest strontium carbonate supp lier 
(Houssa 1999). 


Iran 


Iran has a v ery large celestite deposit about 200 km southeast of 
Tehran in the n orthwestern part of the Dasht-e-Ka vir salt desert. 
Average strontium sulfate values for the deposit have been reported 
at more than 91%, but the levels of barium sulfate and calcium sul- 
fate are unfavorably high (Shiebel 1978). Iran Strontium Co. pro- 
duces c elestite c oncentrate from the Nakhjir deposit. Ce lestite 
reserves in Ir an werer eported to be abo ut 3 Mt (Harben and 
KuzZvart 1996; Regueiro 1998). 


Italy 


In the past, Mineral Chimica Farnesiana Sp A in T arquinia mined 
celestite near Rome. The product was 75% strontium sulf ate and 
5% barium sulf ate, most of which was sold domestically. Annual 
production capacity at the mine was 7.3 ktp y (Anon. 1992). Pro- 
duction ceased in 1988. Celestite de posits have been identified on 
Sicily, b ut, because co sts we re h igh, productio n probably w as 
restricted to material that was exported to Germany during World 
War II. 
Solvay owns a plant in Massa that can produce barium or 

strontium carbonate. Its capacity is not known (Anon. 1999b). 


Japan 


Once a large producer of strontium carbonate from imported celes- 
tite, Japan’ s importance as a_ strontium compound producer has 

declined as p roduction in the Republic of Korea and Me xico has 
increased. F our companies pr oduced strontium carbonate from 

imported celestite, although up-to-date information on plant capaci- 
ties and status are difficult to c onfirm. Capacity is believed to be 
about 20 ktp y. All celestite is imported. Honjo Chemi cal Corp. 
and Sakai Chemical Industries Co. operated strontium carbonate 
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production facilities and still offer strontium carbonate for sale. No 
current information is available for the other two companies. 


Korea, Republic of 


Celestite deposits have not been identified in the Republic of Korea, 
but its tel evision industry consumes lar ge quantities of strontium 
carbonate. Daehan S pecialty Chemicals Co., Ltd., a joint venture 
between Solvay and Samsung Display Services, has produced stron- 
tium carbonate and barium carbonate since 1990 at its 40-ktpy plant 
in Onsan. The black ash process is used (Anon. 1999a). 


Malawi 


In 2002, Rift Valley Resource Development Ltd. conducted a feasi- 
bility study on the development of the Kangankunde strontianite/ 
rare-earths deposit. The Malawian Geological Survey reported that 
the deposit contains 11 Mt of strontianite and monazite (a rare-earth 
mineral). Phase 1 of development would produce strontium carbon- 
ate for export and mo nazite concentrates that would be stockpiled 
for later phases of the project. Glass-grade strontium carbonate pro- 
duction was expected to be about 20 ktpy (Tassell 2002). The Euro- 
pean Investment Bank and the Development Bank of South Africa 
funded the feasibility study (Saner 2002). 


Mexico 


Mexico is the world’s lar gest celestite producer, and virtually all 
U.S. imports of ce lestite since 1991 ha ve been fro m Me xico. 
Although mining methods are very simple, mining efficiency has 
increased, and improved mining methods have expanded productiv- 
ity at se veral small operations. The largest Mexican celestite pro- 
ducer is Minas de CelestitaSA de CV,acom pany that controls 
celestite reserves in Coahuila State of between 6 Mt and 6.5 Mt of 
proven and infer red ore. Cia. Minera La Valenciana SA de CV 
(CMV) operates the San Agustin mine, the single largest mine in 
Mexico. As much as 1 Mt of ce lestite has been mined f rom this 
deposit that may be nearing depletion. Minera La Roja, SA de CV 
is the third major celestite producer in Mexico. 

Minas de Celestita operates mines that supply CPC’s opera- 
tion in Mexico and the United States exclusively. In addition to its 
Georgia plant, CPC operates a 50-ktpy-strontium carbonate plant in 
Reynosa, Tamaulipas State. CMV’s mine provides the celestite to 
operate itso wn 50-ktp y-strontium carbon ate plant in T  orre6n. 
Solvay Quimica y Minera, SA de CV (a subsidiary of Solvay), uses 
celestite produced by Minera La Roja at its 27-k tpy strontium car- 
bonate plant in Monterrey (Moore 2002) . Me xico is the lar gest 
strontium carbonate producer in the world, and the vast majority of 
all U.S. stron tium i mports, including minerals and compou nds, 
come from Mexico. 


Pakistan 


Recent reports descr ibing the strontium industry in Pakistan are 
unavailable, although production data are reported annu ally. Older 
publications reported celestite production from two mines, one near 
Dawood Khail and one near Karachi (Anon. 1988c). Tawakkal Min- 
eral Exports Corp. recovered celestite from these mines in the Dadu 
District of Sind Province. No beneficiation was necessary to p ro- 
duce 95% strontium sulfate. Reserves of celestite ha ve not been 
reported at this location (Griffiths 1987). Other deposits, with 500 kt 
of reported reserves, have been identified in the Punjab Pro vince 
(Anon. 1992). 


Russia and the Commonwealth of Independent States 


Very little is kno wn about p roduction of strontium minerals in th is 
part of the world. Deposits are known in the following regions: the 


Karakum Desert, Zaungu z Plateau; near Bashkir; inthe Pine ga 
Area, Arc hangel Pro vince; near Y akutsk, eastern Siberia; and in 
Turkestan from eastern Fergana to the shores of the Caspian Sea and 
from southeastern Bucharia to the shores of the Sea of Aral. Celes- 
tite also has been found in the cap rocks of the Romy and Isachkov 
salt domes. Reserves are believed to be very large, but the ore grade 
is probably not high (Kishimoto 19 82). Few details are a vailable 
concerning the production of celestite or strontium carbonate since 
the breakup of the Soviet Union. Celestite was reportedly produced 
from two deposits in Turkmenistan (Regueiro 1998). 


Spain 


As the world’s second largest celestite producer, Spain mines cel- 
estite at two locations. The Montevive deposit, which is operated 
by Canteras Industriales SL, ha s been in production since about 
1940, and the Esctzar d eposit, which is mined by So lvay Min- 
erales SA (a subsidiary of Solv ay), has been in production since 
1989 (Griffiths 1992; Coope 1997). The Montevive deposit con- 
tains an estimated 8 Mt of reserves grading 80% strontium sulfate. 
Selective mining, h and sorting, crushing, and granulometric sort- 
ing results inapro duct containing 95% _ strontium sulf ate. A 
mobile secondary screen separates a second 90% strontium sulfate 
product; additional concentration facilities are planned. Much of 
the Montevive pr oduction is exported to Ch ina. The Esctizar 
deposit has reserves estimated at about 4 Mt of 54% strontium sul- 
fate. More complicated beneficiation techniques than those used at 
Montevive produce a 94 % strontium sulfate concentrate. Most of 
this material is exported to Sol vay in Germany or Daehan in the 
Republic of Korea (Regueiro 1998). 

Promotora de Industria del Sur = (Prominsur SA) pro duced 
strontium carbonate and strontium nitrate at a combined facility 
near Granada until 1991 when market conditions forced its closure. 
The plant had a theoretical design ca pacity of 8 ktpy of carbonate 
but never reached that level of production. Strontium carbonate was 
produced by the soda ash method. The plant also had an unattained 
production capacity of about 3  ktpy of nitrate (Grif fiths 1992). 
Quimico Estroncio (a joi nt venture of Minas de Almadadén y 
Arrayanes SA, Fertiberia SA, a nd Erkimia SA) b uilta 20-ktpy 
strontium carbonate plant in Cartegena that opened in 2000. The 
plant was to use an unusual technology for strontium carbonate pro- 
duction, and it seems to have experienced some technical problems 
scaling up tocommercial production. Sig nificant pro duction has 
not been achieved, although Fertiberia, the new owner of the plant, 
continues to work toward successful operation (Coope 2003). 


Turkey 


A long-time celestite producer for the export market, Barit Maden 
Turk AS sold most of its produ ction to the Republic of K orea and 
China. Barit Maden produces celestite from a mine near Akkaya in 
Sivas Province. Run-of-mine ore is gravity-separated to produce a 
concentrate with a minimum of 95% strontium sulfate. Because of 
the harsh winters in the re gion, the mine can be operated only sea- 
sonally, from May to October. Identified reserves have been placed 
at 550 kt, and further reserv e potential was estimated to be greater 
than 2 Mt (Karayazici 1987). 

As of 1999, the company was building its own strontium car- 
bonate plant; progress on this project is unknown. In preparation for 
its expansion into carbonate production, Barit Maden built a carbon 
dioxide plant that was profitable even before the strontium carbonate 
facilities were completed. Its high-quality celestite resources and the 
in-house carbon dioxide supply contributed to Barit Maden’ s confi- 
dence that its strontium carbonate w ould be high quality and cost- 
competitive with other producers (Houssa 1999). 
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United Kingdom 


The world’s lar gest supplier of celestite from around the time of 
World War I until about 1968, Br istol Minerals Co. Ltd. mined 
deposits inthe Bristol area. The ore was crushed, w ashed, and 
graded to achieve a product with 95% strontium sulfate. One of the 
few sites in the w orld where ce lestite deposits were in populated 
areas, the British deposits were encroached on by large-scale hous- 
ing developments, which limited exploitation of the minerals (Grif- 
fiths 1984). Mining ceased in 1991 when the accessib le reserves 
were exhausted. For a short time following the closure of the mine, 
Bristol Minerals continued to reprocess mine tailings that were sold 
to Solvay in Germany (Griffiths 1992). 


Other Countries 


Strontium minerals have been identified in other countries, but the 
deposits were not commercially developed on a large scale. Celes- 
tite occurs in Australia, France, India, Morocco, Poland, and Tuni- 
sia (Schreck and Arundale 1959; Harben and Kuzvart 1996). 


PROCESSING 


Strontium commonly occurs with barium and calcium, two elements 
with properties v ery similar to strontium, making separation diffi- 
cult. Because removing many im purities from c elestite is difficult 
and ener gy inten sive, stro nttum chemical produ cers require that 
material contain at least 90% strontium sulfate. Most of the operat- 
ing celestite facilities in 2003 produced sufficient supplies with only 
minimal processing nec essary to achieve acceptable specifications. 
Hand sorting and some w ashing are ad equate at many strontium 
mines to produce celestite that meets customer specifications. A few 
operations use fro th flotation or gr avity separation to benef iciate 
their ore. 

Strontium carbonate is the most important strontium com- 
pound, and two methods are used to produce it. The black ash and 
soda ash methods are the two most common recovery techniques. 

The black ash m ethod, known alternatively as the calcining 
method, produces chemical-grade strontium carbonate, which con- 
tains at least 98% st rontium carbonate. This method received its 
name because, in the f irst step in the pr ocedure, the cr ushed and 
screened celestite is m ixed with powdered coal, making a black 
mixture. The mixture is then heat ed to about 1, 100°C, expelling 
oxygen in the form of carbon dioxide from the insoluble strontium 
sulfate to form water-soluble strontium sulfide. Strontium sulfide 
is dissolved in w ater, and t he re sulting sol ution filtered. Carbon 
dioxide then is passed through the so lution or soda ash is added. 
Either compo und pr ovides the n ecessary carbon and oxygen for 
strontium carbonate to form and precipitate from the solution. The 
precipitated strontium carbonate is then removed from the solution 
by filtering and is dried, ground, and packaged. The sulfur released 
in the process is either recovered as elemental sulfur or in other by- 
product sulfur compounds. A simplified flow chart illustrates both 
processes in Figure 1. 

In the soda ash method, ground celestite is washed and most 
of the water removed. The thickened mixture is th en mixed with 
soda ash and treated with steam for 1 to 3 hours. During this time, 
celestite and soda ash react to form strontium carbonate and sodium 
sulfate. Sodium sulfate is water soluble, making it possible to sepa- 
rate the insoluble stron tium carbonate by centri fuging. Although 
the soda ash method is a simpler process than the black ash process, 
the lower grade of the product makes it the less preferred method of 
recovery. The black ash method is more common for strontium car- 
bonate production. 

Other strontium chemicals are produced from strontium car- 
bonate. St rontium ni trate is produced through the reaction of 
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Adapted from Ober 1989. 
Figure 1. Simplified flow chart of the two methods for strontium 
carbonate production 


strontium carbonate with nitric acid. Other strontium chemicals are 
produced through similar procedures of reacting strontium carbon- 
ate with the acid appropriate for the desired result. Some of the 
acids used are bromic,h ydrochloric, oxalic, stear ic, and tartaric 
(Schreck and Arundale 1959). 

Strontium ferrite magnets are prepared by mixing stron tium 
carbonate with iron oxide and crystal growth inhibitors and presin- 
tering at between 1,000° and 1,300°C (Reynolds 1980). Strontium 
titanate is formed by reacting a mixture of high-purity strontium 
carbonate and titanium dioxide (Griffiths 1985). 

Strontium metal can be produced in two ways. The more com- 
mon method is thr ough the thermal reduction of strontium oxide 
and aluminum metal, subsequent distillation under high v acuum, 
and condensation of metallic strontium on a cooled plate. The other 
method is e lectrolysis of a fused bath of stront ium ch loride and 
ammonium chloride or potassium chloride (Schreck and Arund ale 
1959). 


ECONOMIC FACTORS 
Uses 


Approximately 80% of all strontium is consumed in ceramics and 
glass manuf acture, prim arilyin television faceplate gla ss and 
ceramic ferrite magnets (Table 4), and smaller amounts in other 
ceramic and glass applications. In the past 20 years, color television 
production has become the major consumer of strontium. Because 
of the unique properties that strontium compounds possess, includ- 
ing the ability to bloc k x-rays, magnetic c haracteristics, and the 
brilliant red flame when burned, technologies have been developed 
that take advantage of those properties for specific applications. All 
color televisions and other de vices containing color CR Ts sold in 
the United States are required by law to contain strontium in the 
faceplate glass of t he picture tube. Strontium blocks x-rays better 
than barium, which was previously used, and, although lead is a 
better x -ray barrier than strontium, it causes a bro wning of the 
glass. Major manufacturers of television picture-tube glass incorpo- 
rate about 8% strontium oxide, by weight, in their glass f aceplate 
material. The strontium is adde d to the glass melt in the form of 
strontium carbonate, and during processing it is converted to stron- 
tium oxide. In addition to blocking x-rays, the strontium improves 
the appearance of the glass, increasing the brilliance and improving 
the quality of the picture (Wagner 1986). 
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Table 4. U.S. estimated percentage distribution of primary 
strontium compounds, by end use 








End Use 1999 2000 2001 2002 2003 
Electrolytic roductjon f inco z 2 2 2 2 2 
Ferrite eramicc agnetsn 10 8 9 9 10 
Pigments nd illars 3 2 3 2 2 
Pyrotechnics nd_ igmals s 6 9 9 9 10 
Television icturep ubes t 75 77 75 75 73 
Other 4 2 2 3 3 

Total 100 100 100 100 100 





Source: Ober 2004. 


Trends in CRT production show a shift to larger, flatter tubes 
that require thicker glass and therefore more strontium. Although 
the U.S. tele vision industry is c onsidered mature, the demand for 
replacement TVs as well as for additional sets in large numbers of 
households continues. The rising sales of perso nal computers and 
sophisticated, computerized inst rumentation increased the demand 
for strontium in color monitors for these devices. The increasing 
popularity of flat-screen devices for television and computer moni- 
tors is, ho wever, starting to a dversely af fect the consumption of 
strontium in CRT applications. Flat-screen technology, such as liq- 
uid cry stal displays (LCDs) and plasma de vices, do not requir e 
strontium. These de vices are be coming more affordable, causing 
decreased demand for mo re-traditional CR Ts and thus —_ lower 
demand for strontium carbonate. 

The presence of strontium in other glass applications improves 
the brilliance of the glass and the quality of certain ceramic glazes as 
well as eliminates the toxicity that may be present in glazes contain- 
ing lead or barium. One high-tech strontium ceramic is strontium 
titanate, which is some times used a s substrate m aterial for semi- 
conductors and also in some optical and piezoelectric applications. 

Permanent c eramic magnets are an other large end use for 
strontium compounds, in the form of strontium ferrite. When these 
magnets were first developed, they were used primarily as magnetic 
closures for refrigerator doors. Applications ha ve e xpanded to 
include e xtensive use in small di rect current (DC ) motors, espe- 
cially for automotive applications such as windshield wiper motors, 
as well as loudspeakers, other electronic equipment, toys, and mag- 
netically attached decorative items. 

Strontium fe rrites are used in permanent ce ramic ma gnets 
because they have high co ercive force, high thermal and _ electrical 
resistivity, and are chem ically inert. T hey re tain their magnetism 
well, are not adversely affected by electrical currents or hi gh tem- 
peratures, and do not react with most chemical solvents. Other prop- 
erties that make the strontium magnets more att ractive for spec ific 
applications are their resista nce to demagnetization and lower den- 
sity, making them m ore desirable in applications where weight is a 
factor (Haberberger 1971). Barium or lead can replace the strontium 
in ferrite magnets, but strontium ferrites have been found to possess 
the best combination of properties necessary for superior magnets. 

One of the most consistent a nd continuing applications for 
strontium has been in p yrotechnic devices. Strontium burns with a 
brilliant red flame, and no other material has been found to be bet- 
ter in this application. The — strontium compound used most _ fre- 
quently in pyrotechnic devices is strontium nitrate. Some strontium 
compounds are slightly hygroscopic, but strontium nitrate takes on 
very little water and imparts the desired brilliant red. Strontium car- 
bonate, strontium oxalate, strontium sulfate, and strontium chlorate 
are used in pyrotechnic applications, but strontium nitrate is used in 
significantly larger quantities than any of them. Pyrotechnic devices 


are used in military and non military applications. Military pyro- 
technic applications that contain strontium in clude tracer ammuni- 
tion, military fl ares, a nd ma rine di stress si gnals. Nonm ilitary 
applications include warning devices andf ireworks ( Conkling 
1981). The strontium content in military flares can be up to 40% by 
weight and about 20% for Roman candle f ireworks (Harben and 
Kuzvart 1996). 

Strontium is used to re move lead impurities during the elec- 
trolytic p roduction of zinc. Zinc used indiec  asting allo ys is 
required to contain less than 0.003% lead. The addition of stron- 
tium carbonate in sulfuric acid to the electrolyte r educes the lead 
content of the electrolyte and of the zinc that is deposited on the 
cathode (Bratt and Smith 1963). 

Adding strontium chromate to paint creates a coating that is 
resistant to corrosion and effective for aluminum, most notably on 
aircraft fuselages and ships. Thes e paints are used to some de gree 
on aluminum packaging to prevent package corrosion. The nitrate 
and chloride contents of strontium chromate paint pigment are very 
strictly controlled to prevent corrosion (Anon. 1992). 

Metallic strontium is a small part of total strontium consump- 
tion. Small amounts of strontium are added to molten aluminum to 
improve the castability of the metal, making it much more suitable 
for casting items that have been traditionally made from steel. The 
addition of strontium to the melt improves the machinability of the 
casting. Although aluminum parts were impractical before modifi- 
cation techniques were developed, the use of cast aluminum, rather 
than steel par ts, has become common in the automotive industry. 
The resulting redu ction in the weight of the automobile helps to 
improve the energy efficiency of the cars incorporating these parts 
(Lidman 1984). 

At the pre sent time, other st rontium end uses consume only 
small amounts o f strontium and strontium compoun ds. Strontium 
chloride is used in toothpaste for sensitive teeth. For this application, 
the content of impurities must be strictly controlled, with limits for 
some of them in the parts-per-million range. Strontium phosphate is 
used in the manufacture of fluorescent lights, and the entire range of 
strontium chemicals is used in analytical chemistry laboratories. 


Prices 


Published prices for celestite and strontium compounds are no t 
available. Tracking the customs values of various imported material 
is the best available way to e valuate trends in strontium pricing. 

Although the customs values may not represent the exact price any 
specific consumer pays for cele stite or another strontium product, 
they are a good b asis for estimating and evaluating trends in pric- 
ing. The average customs value for celestite imported from Mexico, 
the sole source of U.S. celestite imports in 2003, was about $57/t, a 
decrease of nearly 29% since 1990 when the customs value was 
$80/t. In 2003, the a verage unit customs value of imported str on- 
tium carbonate was $0.48/kg and the corresponding value for stron- 
tium nitrate was $2.95/kg. Strontium carbonate v alues have been 
relatively steady or lo wer in recent y ears, and strontium nitrate 
prices ha ve been increasing. T able 5 lists the average value of 
imported celestite, along with other important strontium statistics. 


Foreign Trade 


The United States has never been a major exporter of strontium com- 
pounds. The U.S. Bureau of Mines published estimated export statis- 
tics for the first time in 1985 at a total of about 21t of strontium 
exports. The U.S. Census Bureau reported strontium exports for the 
first time in 1990 including the two categories of strontium carbonate 
and stro ntium ox ide, hyd roxide, and peroxide th at to taled 2.88 kt. 
Exports peaked in 2000 at 7.18 Mt (Table 6). Since that time, exports 
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Table 5. Salient strontium statistics, f t 
1999 2000 2001 2002 2003 
United States 
Production, trontium irerals m 0 0 0 0 0 
Imports+ for consumption 
Strontium minerals 13,700 7,460 5,640 1,150 1,120 
Strontium compounds 26,800 29,900 26,500 25,400 23,300 
Exportst (compounds) 2,890 4,520 929 340 693 
Shipments from overnment gockpile xcesses e 0 0 0 0 0 
Apparent consumption§ 37,600 32,800 31,200 26,500 23,600 
Price, average value of mineral imports at port of exportation, dollars per ton 73 62 63 60 58 
World production*” (celestite) 358,000 346,000 348,000 335,000 367,000Tt 
Source: Ober 2004. 
* Data are rounded to no more than three significant digits. 
t The strontium content of celestite is 43.88%, which was used to convert units to celestite. 
+ Data from the U.S. Census Bureau. 
§ Production plus imports minus exports. 
** Excludes China and CIS. 
tt Estimated. 
Table 6. U.S. exports of strontium compounds, by country’ 
1999, 2000, 2001, 2002, ane 
Compound and Country kg kg kg kg Value, USSt 
Strontium carbonate, precipitated 
Australia 0 67,800 0 0 0 0 
Brazil 0 0 5,460 0 0 0 
Canada 254,000 138,000 289,000 76,500 42,600 39,600 
Germany 10,800 4,610 21,500 15,000 32,000 130,000 
Hong Kong 0 0 17,400 16,400 35,100 50,600 
Japan 2,480,000 5,170,000 108,000 3,840 12,300 12,600 
Korea, Republic of 0 82,000 0 0 171,000 62,800 
Mexico 51,200 417,000 204 0 60,500 57,500 
Singapore 577,000 307,000 0 0 0 0 
South Africa 38,800 0 0 0 0 0 
Taiwan 228,000 119,000 0 0 0 0 
Thailand 213,000 0 0 0 0 0 
Tokelau 0 0 0 0 2,580 3,040 
United Kingdom 907 1,620 4,280 3,370 18,600 96,300 
Venezuela 0 10,000 0 0 0 0 
Total 3,860,000 6,320,000 446,000 115,000 375,000 452,000 
Strontium oxide, hydroxide, peroxide 
Australia 0 14,900 8,810 11,600 0 0 
Brazil 124,000 26,700 0 0 6,910 20,000 
Canada 272,000 432,000 263,000 20,400 50,500 26,200 
Colombia 0 0 548 0 0 0 
Germany 19,600 99,200 14,400 0 35,400 19,500 
India 0 0 34,100 0 0 0 
Italy 0 0 18,900 0 0 0 
Japan 176,000 74,000 9,010 0 0 0 
Korea, Republic of 82,800 161,000 548,000 63,900 0 0 
Malaysia 21,600 0 0 0 0 0 
Mexico 127,000 0 3,210 189,000 523,000 287,000 
Netherlands 0 0 0 0 29,200 16,100 
Norway 20,100 44,200 0 34,400 0 0 
Portugal 0 10,200 6,780 0 0 0 
Sweden 0 0 0 57,200 0 0 
Switzerland 0 0 7,090 0 0 0 
Thailand 0 0 0 0 8,410 4,630 
United Kingdom 10,600 0 9,440 0 0 0 
Total 854,000 862,000 923,000 377,000 653,000 374,000 





Courtesy of the U.S. Census Bureau. 


* Data are rounded to no more than three significant digits and may not add to totals shown. 


t Customs value. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 


All rights reserved. Electronic edition published 2009. 


932 Industrial Minerals and Rocks 





have fallen sharply with t otal exports of 1.03 Mt in 2003, an 86% from 31.3 kt in 1999. Strontium carbonate is the most important 
decrease in 3 years (Table 6). This is a result of increased production strontium compound that is imported, consistently repr esenting at 
worldwide, which created additional competition for U.S. exports. least 97% of total imports of strontium compounds. Mexico is the 
Much lar ger q uantities of strontium pr oducts are imported source of 94% o f strontium ca rbonate imports. Strontium com- 
into the United States than are exported, as shown in T able7. pound imports were more than 22% lo wer in 2003 at 39.2 kt than 


Imports of celestite have decreased significantly to 2.32 kt in 2002 they were in 2000 when they reached 50.5 kt. 


Table 7. U.S. imports for consumption of celestite and strontium compounds, by country’ 




















1999, 2000, 2001, 2002, ene 
Compound and Country kg kg kg kg kg Value, USSt 
Celestite 
Mexico 31,300,000 17,000,000 12,800,000 2,580,000 2,320,000 135,000 
Strontium carbonate 
Belgium 0 0 73,700 142,000 61,800 26,100 
China 425,000 270,000 931,000 392,000 114,000 45,000 
France 0 0 0 79,400 0 0 
Germany 2,380,000 2,510,000 2,680,000 1,970,000 2,060,000 900,000 
Italy 6,000 6,000 4,000 10,800 1,000 6,620 
Japan 100 280 1,260 3,700 0 0 
Mexico 41,000,000 46,500,000 39,800,800 39,400,000 35,800,000 17,200,000 
Netherlands 0 0 0 0 20,600 8,170 
Russia 0 0 20,000 0 0 0 
Spain 0 0 0 19,400 200,000 85,300 
United Kingdom 35 0 13 10 20 5,390 
Total 44,000,000 49,300,000 43,500,000 42,000,000 38,200,000 18,200,000 
Strontium metal 
Canada 88,400 90,700 48,600 30,500 39,900 263,000 
China 123,000 211,000 76,000 48,700 15,000 72,300 
France 0 5,810 11,000 10,000 10,000 67,700 
Germany 10 0 15,000 0 0 0 
Japan 104,000 0 119,000 62,400 218,000 682,000 
Mexico 0 281 0 0 0 0 
United Kingdom 0 0 0 4,000 300 2,570 
Total 315,000 308,000 270,000 156,000 283,000 1,090,000 
Strontium nitrate 
Canada 0 0 0 20,000 0 0 
China 195,000 234,000 352,000 399,000 375,000 261,000 
Finland 0 57,700 0 0 0 0 
France 174,000 209,000 221,000 70,000 0 0 
Germany 0 150 0 0 0 0 
Japan 98,700 107,000 118,000 160,000 252,000 1,750,000 
Mexico 122,000 79,000 140,000 123,000 77,100 56,300 
Singapore 0 0 0 0 12 7,250 
Switzerland 50 0 0 0 0 0 
United ingdom K 0 0 0 0 18 2,210 
Total 590,000 687,000 831,000 771,000 705,000 2,080,000 
Strontium oxide, hydroxide, peroxide 
Australia 0 0 0 1,050 0 0 
China 66,700 71,000 35,100 72,000 0 0 
Germany 60,000 3,600 0 9 0 0 
Japan 90,500 117,000 29,000 303 0 0 
Mexico 30,300 0 0 0 0 0 
Switzerland 20,000 0 0 0 0 0 
Total 267,000 192,000 64,100 73,400 0 0 





Courtesy of the U.S. Census Bureau. 
* Data rounded to no more than three significant digits and may not add to totals shown. 
t Free alongside ship value. 
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PROBLEMS AND FUTURE TRENDS 


Environmental Problems 


Not all strontium is beneficial. Strontium-90, a radioactive isotope 
of strontium, is a comp onent of nuclear waste from reactors and 
nuclear fallout. It presents special problems for waste disposal and 
storage becau se it ge neratesa significant amount o f heat as it 
decays. When released into the atmosphere through nuclear testing 
or accidents, it easily enters the food supply via milk and vegetables 
because it is so che mically similar to calcium. Recent re ports on 
possible terrorist activities have suggested that strontium-90 from 
spent nuclear fuel rods could be one component of a dirty bomb, in 
which a con ventional e xplosive de vice could be used to spread 
radioactive material, creating a contaminated area that could be dif- 
ficult to clean up. 

Scientists at Argonne National Laboratory de veloped a pro- 
cess forremoving strontium-90 from liquid n uclear waste. The 
method dissolves more than 99.999% of the strontium-90 from the 
waste st reaminaspe cial sol vent. Pure stront ium-90 is the n 
removed from the solvent with water or a dilute acid. The recovered 
strontium-90 could be used in radioisotopic thermal generators that 
are found in de vices such as ha rbor markers, which require long- 
lasting, unattended power supplies (Worthy 1990). 


Future Trends 


Sales of televisions and computer monitors in the United States will 
continue to influence U.S. strontium consumption signif icantly, 
although increased imports of faceplate glass and decreased growth 
in CRT demand will contribute to lower domestic consumption of 
strontium compounds. As long as CR Ts are used in tele vision and 
computer monitors, w orld co nsumption should continue, but at 
lower growth rates than those seen in recent years. Ferrite magnet 
markets are expected to be stro ng. Gro wth in other mark ets will 
probably continue at the current slower rate. Impro ved economic 
conditions worldwide could sp ur additional growth in demand for 
strontium carbonate. 

Flat-screen display systems for televisions and computer mon- 
itors have threatened to replace CRTs for many years, but the cost 
of the new technology has restricted growth. Flat panels, ho wever, 
have begun to have an impact on the CRT market, and the flat-panel 
market is growing at a much higher rate than that of the CR T mar- 
ket. Improvements have increased the likelihood that the lar ge flat 
screens that use either LCDs or plasma technol ogy will replace 
bulkier CRTs. LCDs, which are s maller and use less ener gy than 
plasma display systems, seem to be filling the market for relatively 
small, flat displays, such as those required for portable computers. 
The market for LCD materials is expected to gro wat arate of 
16.4% per year through 2005 (Markarian 2002). 

Worldwide, about 150 million CRTs per year are produced. In 
2001, the last year for wh ich such da ta we re available, about 
300,000 plasma displays were sold; by 2005, sales were expected to 
approach 4 million units, a 13-fo Id increase (T remblay 2002). 
Plasma technology is more common for large, high-definition tele- 
visions with screens up to 60 in. and wider (Tremblay 1999). Nei- 
ther LCD or plasma technology requires strontium carbonate in the 
glass, but both have been too expensive to make serious inroads in 
the domestic CRT market until no w. In 2000, a 20-in. flat-screen 
television in Japan cost around $2,500, significantly more than a 
comparable device with a CRT. The costs of larger plasma screens 
(usually between 37 and 60 in. diagonally) were between $10,000 
and $14,000 (Landers 2000). In 2002, prices were reported to b e 
between $6,000 and $10,000 for si milar items—a signif icant 
decrease, but still quite expensive (Tremblay 2002). Major retailers, 


however, were offering some plasma display systems at $3,000 and 
below. In 2004 and 2005, the pr ice for similar items was under 
$2,000. As these new display systems become more economically 
attractive to the public, CRTs will become obsolete, and so will the 
major market for strontium carbonate. 
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Sulfur 


Joyce Ober 


INTRODUCTION 


Sulfur, a nonmetallic element, is wi dely distributed in nature and 
has great industrial and economic importance. It is the thirteenth 
most abundant element in the earth’s crust (0.06%) and an impor- 
tant constituent of animal and plant life (Bush and Semrad 1996). 

Sulfur has been known and used since ancient times for sev- 
eral medicinal and industrial uses. In modern times, most sulfur is 
used to generate sulfuric acid, which is a component of a wide 
variety of industrial processes, particularly the production of fertil- 
izer. Because of this, sulfuric acid (and hence sulfur) consumption 
often has been regarded as a good indicator of a nation’s industrial 
development. 

In the past, sulfur was mined from surface occurrences in sev- 
eral geologic en vironments and was used inre latively sm all 
amounts. Over time, the uses of sulfur and sulfuric acid expanded, 
as did the need for larger quantities of these commodities. Sulfur is 
now mined from underground depos its; a much lar ger quan tity, 
however, is recovered as a by-product from a number of industrial 
processes. 

Sulfur resources are abundant and widespread, but prevailing 
prices and e xtraction technologies constrain the e xtent to which 
they can be classified as reserves. At present, sulfur can be econom- 
ically mined from very few deposits. Most of the sulfur that is cur- 
rently pro duced comes from natu ral gas and p etroleum deposits, 
making it difficult to formulate reliable reserve data. 

The sulfur industry is roughly divided into two sectors: volun- 
tary (or discretionary) and involuntary (or nondiscretionary). In vol- 
untary production, mining sulfur or pyrites is the sole objective, and 
the recovery of the resource is as complete as economic conditions 
will allow. During involuntary production, sulfur or sulfuric acid is 
recovered as a by-product and the quantity of the output is dictated 
by the demand for the primary product and the environmental regu- 
lations mandating sulfur remo val from the f inished produc ts and 
emissions. Involuntary sulfur is often referred to as recovered sulfur 
and the acid produced is known as by-product sulfuric acid. 

In the early sulfur industry, voluntary sulfur was the sole 
source of sulfur production. Smal | quantities of in voluntary sulfur 
in the form of sulfuric acid began to appear early in the 20th cen- 
tury, and by-pr oduct elemental sulfur w as rep orted in the late 
1930s. Recovery of e lemental su lfur from natural gas processing 
and petroleum refining first overtook sulfur mining as the dominant 
source in the United States in 1982 , and its importance has 


increased steadily since that time. Recovered sulfur dominates the 
world markets. In 2003, mined sulfur was less than 3% of total ele- 
mental pr oduction w orldwide. U. S. sulfur mining ceased com- 
pletely in 2000. Poland con tinued to mine sulfur at one location, 
and some sulfur may have been mined in Iraq. 


Sulfur Sources 


Barker (1983) describes sulfur sources as follows: 


Combined sulfur—sulfur that occurs in nature combined with 
other elements, commonly referred to as sulfides and sulfates 


Cupriferous pyrites—pyrite containing minor amounts of cop- 
per sulfides. The most common is chalcopyrite, a sulfide of 
copper and iron with the formula CuFeS2 or CumFepS(m+n). 


Hydrogen sulf ide (H 2S)—a colorless, fla mmable, to xic gas 
that may occur in petroleum and natural gas 


Involuntary sulf ur—sulfur produced as a 
response to legislative or process mandates 


by-product in 


Native sulfur—sulfur that occurs in elemental form in nature 


Nonferrous metal sulf ides—copper, lead, zinc, nick el, and 
molybdenum sulfides that are processed for their metal content 


Organic sulfur—comple x or ganic su Ifur compounds that 
occur in petroleum, coal, oil shale, and tar sands 


Pyrites—metallic-looking sulf ide min erals of which iron 
pyrites (pyrite) is the most common, and includes marcasite, 
and pyrrhotite 

Sulfate sulfur—sulfur combined as SO,” as contained in 
anhydrite, gypsum, and many other minerals 


Voluntary sulf ur—elemental su Ifur or p yrites p roduced in 
response to market demand 


Basic Sulfur Products 


Barker (1983) describes basic sulfur products as follows: 

¢ Acid sludge—contaminated sulfuric acid, frequently the result 
of petroleum alk ylation, usually returned to acid plants for 
reconstitution 

¢ Bright sulfur —crude sulfur free of discolo ring impurities; 
bright yellow in color 

¢ Brimstone—common name fo r sulfur; synonymous with 
crude sulfur 


¢ Broken sulfur—solid crude sulfur crushed to —8 in. 
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¢ By-product sulfuric acid—sulfuric acid produced as a by-prod- 
uct of a metallurgical or industrial process, generally relating 
to combined sulfur sources 


Crude sulfur—commercial nomenclature for eleme ntal sulfur 
that is 99.0% to 99.9% pure and is free from arsenic, selenium, 
and tellurium 


¢ Dark sulfur—crude sulfur discolored by minor quantities of 
hydrocarbons, ranging up to 1.0% oil and carbo naceous 
material 

¢ Elemental sulfur—processed sulfur in the elemental form pro- 
duced from native sulfur or combined sulfur sources, generally 
with a minimum sulfur content of 99.5% 

¢ Formed sulfur—elemental sulfur cast or pressed into particu- 


lar shapes to enhance handling and to suppress dust genera- 
tion and moisture retention 


Frasch sulfur—elemental sulfur produced from native sulfur 
sources using the Frasch hot water mining process 


Liquid sulfur—synonymous with molten sulfur 


Liquid sulfur dioxide—purified sulfur dioxide compressed to 
the liquid phase 


Molten sulfur—crude sulfur at a sufficiently high temperature 
to keep it from solidifying, thus maintaining a liquid (molten) 
state 

Prilled sulfur—solid crude sulfur that is cooled in air or water 
to form small spheroids 


¢ Recovered sulfur—elemental sulfur produced as a by-product 
of natural g as processing, petroleum refining, water gas, and 
other fuel gases 


Slated sulfur— solid crude sulf urin the form of slate-like 
lumps, produced by allo wing molten sulfur to solidify on a 
moving belt 


Specialty sulfur—prepared or refined grades of elemental sul- 
fur that include amorph ous, coll oidal, flo wers, precipitated, 
wettable, flour, and paste sulfur , usually used in elemental 
form 


¢ Sulfur ore—unprocessed ore containing native sulfur 


Sulfuric ac id—sulfuric acid of commerce as produc ed from 
all sources of sulfur, generally reported in terms of 100% 
H2SOq4 with 32.69% sulfur content 


Ober (2004) estimates that nearly 62 Mt of sulfur w as mined 
or recovered as a by-product in 2003 (Table 1). Produ ction was 
reported in more than 75 countries, 24 of which accounted for 
almost 93% of the production, each producing more than 500,000 t. 
The United States and Canada_ were the leadin g producers, each 
with more than 9 Mt of production in 2003. 

Sulfur occurs natu rally as anati ve element in subsurf ace 
deposits within salt domes and bedded e vaporites (anh ydrite and 
gypsum), many of which were mined in situ using the Frasch min- 
ing method. Such deposits are thought to form through the actions 
of bacteria in the presence of hydrocarbons and calcium sulfate, 
and are termed bioepigenetic deposits. In 1974, the year in which 
Frasch and other native sulfur production was at the highest histori- 
cal levels, voluntary elemental sulfur sources supplied 35% (about 
18 Mt) of the total world sulfur demand. Since that time, its impor- 
tance has decreased dr amatically, accounting for less than 3% of 
the total production in 2003 (Tables 1 and 2). 

Bioepigenetic sulfur source s constitute most of the v oluntary 
elemental sulfur production. Large bioepigenetic deposits have been 
exploited in the Unite d Stat es, Me xico, Pola nd, Ira q, Russi a, 
Ukraine, and other former Soviet republics. Poland is the only major 


sulfur producer that continues to produce Frasch sulfur. Iraq could 
potentially produce signif icant quantities of Frasch sulfur , but the 
situation in that country has been difficult to pinpoint since the 1990 
Iraqi invasion of Kuwait and the subsequent wars and sanctions. 

Native sulfur also occurs in solfatara-type deposits associated 
with v olcanism and _ recent h ydrothermal ac tivity. Th ese dep osits 
are common in volcanic regions such as the western United States, 
Central America, the Andes, and the Philippines. Volcanic deposits 
are often contaminated with toxic elements, and so are rarely used 
except for nonagricultural local consumption. 

Sulfur also occurs in combination with base metals as ferrous 
sulfides (pyrites) and nonferrous sulfides, from which sulfur or sul- 
furic acid is pr oduced as a primary product or by-pr oduct. The 
importance of this source of sulfur has decreased in recent years, 
and in 2003 it supplied about 7% (less than 5 Mt) of _ the total 
demand for sulfur and sulfur compounds. China and Finland are the 
only major sulfur -producing count ries wher e the major sulfur 
source is pyrites (Table 1). 

Large quantities of sulfur are present in natural gas and petro- 
leum as hydrogen sulfide and organic compounds from which ele- 
mental sulfur isco mmonly r ecovered. Su Ifur recovered fr om 
natural gas and petroleum refining supplied almost 70% (about 
43 Mtpy) of worldwide demand in 2003. In the United States, fuel 
processing plants accounted for 93% of the total output of sulfur in 
all forms. Ten countries recovered more than 1 Mt of el emental 
sulfur from fuel processing in 20 03. The y were, in decreasin g 
order of production, the United States, Canada, Russia, Saudi Ara- 
bia, Japan, the United Arab Emirates, Germany, Kazakhstan, Iran, 
and Mexico. 

Sulfur also occurs in organic form in coal, oil san ds, oil shale, 
and tar sands. Canada is the only significant producer from this 
source, but that produ ction is incl uded with other fuels. Oil sa nds 
represent a potentially large source for reco vered sulfur, especially 
in Canada. The province of Alberta has hu ge deposits of oil sand s 
with estimated reserves of 300 billion bbl of reco verable crude oil 
that also contain 4% to 5% sulfur (Stevens 1998). The Athabasca oil 
sands are a mixture of sand, w ater, clay, and bitu men (a naturally 
occurring viscous mixture of heavy hydrocarbons). Because of its 
complexity, bitumen is difficult or impossible to refine at mo st oil 
refineries. It must be upgraded to a light-oil equivalent before further 
refining, or it must be processed at facilities specifically designed 
for processing bitumen. Oil sands with more than 10% b itumen are 
considered rich; those with less than 7% bitumen are not economi- 
cally attractive (Anon. 1999a). 

Enormous amounts of sulfur are present as sulfate (anhydrite 
and gypsum) in evaporite basins throughout the world, but eco- 
nomic metho ds have not been developed to recover sulfur from 
sulfate. 

Commercial grades of elemental sulfur are classified as crude 
(run-of-mine, bright, or dark) and recovered. Both types of elemen- 
tal sulfur are shipped in liquid or solid form, and are guaranteed to 
be 99.5% pure. The only sig nificant impurity is usually carbon, 
present as hydrocarbons dispersed throughout the sulfur (dark sul- 
fur may contain u p to 0.3% carbon). Most end uses require rela- 
tively pure sulfur free of contaminating elements such as arseni c, 
selenium, and tellurium. 

Most elemental sulfur in the United States is marketed in the 
liquid state. In international trade, sulfuris generally shipped as 
broken or for med sulfur. Formed sulfur (prills, slates, etc.) is pre- 
ferred to broken sulfur because it causes fewer dust problems. Fine 
sulfur dust particles are difficult to contain and can be blown great 
distances on the wind. In addition to contaminating the area adja- 
cent to the production locations, contamination can be a prob lem 
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Sulfur 937 
Table 1. World production of sulfur in all forms, by country and source, kt’ t 
Country and Source* 1993 1999 2000 2001 2002 20038 
Albania$ 
Elemental 10 10 10 10 5 5 
Pyrites 6 4 4 4 0 0 
Total 16 14 14 14 5 5 
Algeria, by-product, natural and petroleum§ 25 16 12 7 19 20 
Aruba, by-product, petroleum§ 34 50 77 77 77 77 
Australia, by-product § 
Metallurgy 299 44] 654 817 899 863 
Petroleum 85 25 30 A5 60 60 
Total "384 466 684 “862 “959 ~~ 923 
Austria, by-product § 
Metallurgy 9** 5 5 5 10 8 
Natural gas and petroleum 8°" 9 10°** 9 9 9 
Total 17** 14" 14** 14 19 17 
Bahrain, by-product, petroleum 54 678 62 67 67 68 
Belarus8 na (not available) 20 20 20 25 30 
Belgium, by-product, all sources§ 300 408 410 410 400 400 
Bosnia and Herzogovina, by-product, metallurgy8 tt 1 1 1 1 ] 
Brazil 
Frasch 22 23 24 24 23 23 
Pyrites 2 0 0 0 0 0 
By-product 
Metallurgy 184 217 217 280 284 284 
Petroleum 59 58 82 80 77 80 
Total 266 298 323 385 384 387 
Bulgaria8 
Pyrites 18 20 0 0 0 0 
By-product, all sources 95 151 239 233 200 200 
Total 113 17] "239 "233 ~~ 200 ~~ 200 
Canada, by-product 
Metallurgy 900 1,159 1,167 1,124 1,109 969** 
Natural gas, oil sands, petroleum 7,530 8,656 8,621 8,620 7,816 8,061** 
Total 8,430 9,815 9,788 9,744 8,925 ~ 9,030"* 
Chile8 
Native, refined and from caliche ] 0 0 0 0 0 
By-product, metallurgy 385 1,040 1,100 1,160 1,275** 1,300 
Total 386 1,040 1,100 1,160 1,275 1,300 
China8 
Elemental 330 280 290 290 290 290 
Pyrites 5,330 3,860 3,370 3,090 3,240 3,400 
By-product, metallurgy 700 1,630 1,900 2,000 2,200 2,400 
Total "6,360 5,770 ~ 5,560 "5,380 "5,730 ~ 6,090 
Colombia 
Native 51 16 16 13 12 12** 
By-product, petroleum 128 18 21 15 12 14° 
Total 64 34 "37 29 24 ~26"* 
Croatia, by-product, petroleum§ 15 15 15 15 15 15 
Cuba, by-product, petroleum§ 5 5 5 5 5 5 
Cyprus8 0) 1 1 1 1 1 
Czech Republic, by-product, all sources8#+ 37 35 35 35 35 35 
Denmark, by-product, petroleum§ 10 10 11 11 11 11 
Ecuador§ 
Native 4 4 4 4 4 4 
By-product 
Natural as g 5 5 5 5 5 
Petroleum 5 8" 12** 12 12 12 
Total 14 17 21 21 27 27 
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Table 1. World production of sulfur in all forms, by country and source, kt’ t (continued) 










































































Country and Source* 1993 1999 2000 2001 2002 20038 
Egypt, by-product, natural gas and petroleum§ 4** 10 60 78 78 78 
Finland§ 
Pyrites 292 380 260 270 359 341 
By-product 
Metallurgy 217 299 283 227 308 305 
Petroleum 328 A2 46 46 55 60 
Total «SATS 721 589 543 722 706 
France, by-product 8 
Natural gas 829 600 600 600 500 500 
Petroleum 278 250 250 250 250 250 
Unspecified 150 250 250 250 250 250 
Total "1,260 ~ 1,100 1,110 ~ 1,100 ~ 1,000 ~ 1,000 
Germany 
Pyrites 0 30 30 61 0 o** 
By-product 
Metallurgy 33 504 618 684 754 697** 
Natural gas and petroleum 1,5008 1,842 1,753 1,749 1,745 1,661** 
Total 1,530 2,358 2,401 2,494 2,499 2,358" 
Greece8 
Pyrites 25 0 0 0 0 0 
By-product 
Natural gas 100 na na na na na 
Petroleum 9 na na na na na 
Natural gas and petroleum na 148 150 153 157 162 
Total 134 148 150 153 157 162 
Hungary, by-product, all sources§ 30 30 30 30 30 30 
India8 
Pyrites 117 32 32 32 32 32 
By-product 
Metallurgy 123 261 359 A458 A458 539 
Natural gas and petroleum 31 101 376 526 371 451 
Total “277 "394 "767 1,016 861 “1,022 
Indonesia’ 
Native 4 4 4 4 4 4 
By-product 
Metallurgy na 80 100 100 100 100 
Petroleum na 50 50 50 50 50 
Total 4 134 154 154 154 154 
Iran, by-product8 
Metallurgy 50 47 50 50 50 50 
Natural gas and petroleum 750 963 963 880 1,200 1,310 
Total ~~ 800 1,010 1,013 930 "1,250 ~ 1,360 
Iraq, elemental8 
Native, Frasch na 98 300 300 300 50 
By-product, natural gas and petroleum na 2 2 2 2 ] 
All sources 450 na na na na na 
Total ~ 450 ~~ 100 ~~ 302 ~~ 302 ~~ 302 51 
Israel, by-product, natural gas and petroleum 60 31 38 35 36 45 
Italy§ 
Pyrites 145 0 0 0 0 0 
By-product 
Metallurgy na 193 203 203 142 119 
Petroleum 300 485 A490 540 560 565 
Total "445 678 693 “743 702 ~~ 684 
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Sulfur 939 
Table 1. World production of sulfur in all forms, by country and source, kt’t (continued) 
Country and Source* 1993 1999 2000 2001 2002 20038 
Japan 
Pyrites$ 29°" Al 30 30 25 25 
By-product 
Metallurgy 1,383 1,361 1,384 1,319 1,326 1,281°* 
Petroleum 1,510°* 2,060 2,072 2,424 1,865 2,000 
Total ~ 2,922"* 3,462 3,486 3,773 "3,216 3,306 
Kazakhstan§ 
Native 219 0 0 0 0 0 
Pyrites 219 0 0 0 0 0 
By-product 
Metallurgy 276 245 300 310 260 325 
Petroleum 182 1,073 1,200 1,400 1,600 1,600 
Total 896 1,318 "1,500 1,710 "1,860 “T/925. 
Korea, North8 
Pyrites 210 na na na na na 
By-product, metallurgy 30 na na na na na 
Unspecified na Al Al Al A2 A2 
Total 240 Al Al Al A2 42 
Korea, Republic of, by-product8 
Metallurgy 263 528 572 665 680 690 
Petroleum 200 600 600 600 610 610 
Total ~~ 463 “7,128 “1,172 1,265 1,290 1,300 
Kuwait, by-product, natural gas and petroleum$ 175 639 512 524 634 714 
Libya, by-product, natural gas and petroleum§ 13 13 15 15 15 15 
Macedonia, by-product, metallurgy$ 6 15 13 15 15 10 
Mexico 
Frasch 102 0 0 0 0 0 
By-product 
Metallurgy 300 A74 A474 5728 5758 575 
Natural gas and petroleum 804 860 851 878 877 1,034** 
Unspecified 30 na na na na na 
Total 1,236 “1,334 “1,325 “1,450 “1,452 “1,609 
Namibia, pyrites 0 0 6 34 2 16** 
Netherlands, by-product§ 
Metallurgy 125 290 123 126 124 119 
Petroleum 290 445 A428 384 373 408 
Total AIS "574 551 ~~ 510 "497 “527 
Netherlands Antilles, by-product, petroleum§ 32 30 30 30 30 30 
Norway8 
Pyrites 44 0 0 0 0 0 
By-product 
Metallurgy 75 97 92 105 105 105 
Petroleum 15 12 18 18 19 20 
Total 134 ~~ 109 ~~ 110 “123 “124 125 
Oman, by-product, all sources$ AO 30 30 30 30 30 
Pakistan, all sources? 27 21 20 21 21 21 
Peru, by-product, all sources§ 60 191 196 203 201 204 
Philippines, by-product, metallurgy8 261 133 134 170 180 180 
Poland§§ 
Frasch 1,861 1,172 1,482 942 760 750 
By-product 
Metallurgy 220" 278 279 277 2758 275 
Petroleum 29°" 748 708 133 180 150 
Gypsum§ 10 0 0 0 0 0 
Total ~ 2,120 ~ 1,524 1,83] ~ 1,352 ~ 17215 “1,175 
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Table 1. World production of sulfur in all forms, by country and source, kt’ (continued) 

































































Country and Source* 1993 1999 2000 2001 2002 20038 
Portugal8 
Pyrites 5 0 0 0 0 0 
By-product, all sources 4 32 28 35 28 27 
Total 9 32 28 35 28 27 
Qatar, by-product, natural gas 72 155 191 221 221 221 
Romania 
Pyrites 170 17 20 208 208 20 
By-product, all sources 33 45 45 458 458 45 
Total 203 62 65 65 65 65 
Russia8*** 
Native 100 50 50 50 50 50 
Pyrites 640 300 350 400 400 450 
By-product, natural gas 2,680 4,405 4,900 5,300 5,400 5,600 
Other 300 510 600 500 500 500 
Total 3,720 5,265 5,900 6,250 6,350 6,600 
Saudi Arabia, by-product, all sources 2,400 1,940 2,101 2,3508§ 2,3608§ 2,400 
Serbia and Montenegro8 
Pyrites ] 0 0 0 0 0 
By-product 
Metallurgy 130** 15 30 30 30 30 
Petroleum 1 2 2 2 2 2 
Total 132** 17 32 32 32 32 
Singapore, by-product, petroleum$ 75 190 180 180 175 175 
Slovakia, by-product, all sources§ 6 25 25 25 25 25 
South Africa 
Pyrites, S content from gold mines 323 141 146 150 183 176** 
By-product 
Metallurgy 808 125 119 115 362 308 
Petroleum 17] 139 184 123 137 130 
Total 575 406 448 388 682 614** 
Spain 
Pyrites 408 388 138 718 0 0 
By-product8 
Coal, lignite, gasification 2 2 1 1 1 ] 
Metallurgy 258 455 A54 461 544 560 
Petroleum 100 110 115 135 140 145 
Total 768 955 708 668 685 706 
Sweden’ 
Pyrites 40 0 0 0 0 0 
By-product 
Metallurgy 125 65 91 152 170 180 
Petroleum AO 56 61 55 60 57 
Total 165 121 152 207 230 237 
Switzerland, by-product, petroleum§ 3 3% 3 3 3 3 
Syria, by-product, natural gas and petroleum 358 12 17 168 168 15 
Taiwan, by-product, all sources 153 195 206 224 212 225** 
Trinidad and Tobago, by-product, petroleum§ 5 15 15 15 15 15 
Turkey§ 
Native 17 0 0 0 0 0 
Pyrites 27** 45** 26** 30 30 30 
By-product 
Petroleum 21 47 A3 51 50 48** 
Unspecified 5 75 75 75 75 72 
Total 70 167 144 156 155 150 
Turkmenistan, by-product, all sources$ 60 9 9 9 9 9 
Ukraine, elemental8 500 80 88 126 124 142 
United Arab Emirates, by-product, natural gas, and 249 1,089 1,120 1,490 1,900 1,900 
petroleum§ 
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Table 1. World production of sulfur in all forms, by country and source, kt’ t (continued) 















































Country and Source* 1993 1999 2000 2001 2002 20038 
United Kingdom, by-product§ 
Metallurgy 62" 27** Sie" 69 33 13 
Petroleum 202** 136 140 111 125 115 
Total ~~ 264"* 163 191 ~~ 180 158 128 
United States 
Frasch 1,900 1,7808 9008 0 0 o** 
By-product 
Metallurgy 1,430 1,320 1,030 682 772 683°" 
Natural gas 2,910 2,150 2,230 2,000 1,760 1,940** 
Petroleum 4,820 3,210 6,360 6,480 6,750 6,970** 
Total 11,100 ‘11,500 ‘10,500 ~ 6,470 "9,270 ~ 9,600"* 
Uruguay, by-product, petroleum§ 3 3° 3 3 3 3 
Uzbekistan, by-product§ 
Metallurgy 170 175 160 160 170 170 
Natural gas and petroleum 400 280 285 300 350 350 
Total 570 455 445 460 520 520 
Venezuela, by-product, natural gas and petroleum 135 68 328 322 283 300 
Zambia 
Pyrites 338 27 218 86 95 100 
By-product, metallurgy 868 39 368 21 33 35 
Total 1198 66 578 “106 128 135 
Zimbabwe 
Pyrites 32 16 23 32 29 25 
By-product, all sources§ 5 3 3 2 2 2 
Total 37 18 25 34 31 27 
Grand total, world 50,400 58,500 59,700 60,400 60,500 61,800 
Of which 
Frasch 2,030 2,980 2,410 966 783 773 
Nativettt 1,240 542 762 797 789 556 
Pyrites 8,120 5,300 4,450 4,310 4,410 4,620 
By-product 
Coal, lignite, gasification§ 2 2 ] ] ] ] 
Metallurgy 8,180 11,400 12,000 12,700 13,200 13,200 
Natural gas 6,600 7,310 7,920 8,130 7,880 8,270 
Natural gas, oil sands, petroleum, 11,500 15,800 16,300 17,000 17,100 17,700 
undifferentiated 
Petroleum 8,440 11,200 11,500 12,000 11,800 12,100 
Unspecified 4,280 4,010 4,370 4,540 4,490 4,550 
Gypsum 10 0 0 0 0 0 





Source: Ober 2004. 


* World totals, U.S. data, and estimated data are rounded to no more than three significant digits; may not add to totals shown. 


t Table includes data available through July 22, 2004. 


+ The term “source” reflects the means of collecting sulfur and the type of raw material. 


§ Estimated. 

Reported figure. 

tt Less than ¥ unit. 

tt May also produce limited quantities of by-product sulfur from oil refining. 

§§ Government of Poland sources report total Frasch and native-mined sulfur 
native-mined sulfur based on information from supplementary sources. 


KKK 


ttt Includes “China, elemental.” 


along rail lines and at port facilities. Of even more concern than the 
dust contamination is the hazardous nature of sulfu r dust. Finely 
divided sulfur presents e xplosive and fire hazards, and the sulfur 
dioxide (SO2) generated by such a fire is toxic (W est 1966). Spe- 
cialty grades (such as refined sulfur of various shapes and sublimed 
sulfur) are prepared from commercial grades and distilled sulfur. 


output annually, undifferentiated; this figure has been divided between Frasch and 


Sulfur is believed to be produced by the Frasch method and as a petroleum by-product; information is inadequate to formulate estimates. 


Sulfuric acid may be sold at various strengths, but it is generally 
marketed at 100 %. Aci dis gener ally shi ppedat 66° Bé (93 % 
H2SOz4), as 98% acid, or as 20% to 22% fuming oleum, which is sul- 
fur tr ioxide dissolved in sulfu ric acid ( sulfuric acid str ength is 
reported as afunction of its specific gravity, reported inde grees 
Baumé, which is an arbitrary scale). In general, the specific gravity of 
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Table 2. Sulfur supply (in all forms) from natural resources 


Source 


Major Methods of Recovery 


World Resources, Mt 





Native deposits: 


Bioepigenetic Frasch and surface mining ~2.5 

Volcanic Surface mining, smelting/flotation ~0.5 
Pyrites and base metal sulfides Sulfuric acid and sulfur dioxide from roasting, acid from stack gases ~1.5 
Natural gas Hydrogen sulfide recovered using Claus process 0.7 
Petroleum Desulfurization during refining 0.5 
Tar sands Desulfurization during refining ~2.0 
Coal By-product pyrite and chemical processing >1.0 
Gypsum and anhydrite Surface mining, sulfate reduction Very large 





Source: Adapted from Niec 1986a. 


sulfuric acid increases as the con centration increases until it reaches 
98% acid, at which point the specific gravity remains relatively con- 
stant as the concentration continues to increase (Anon. 1961). 


HISTORICAL BACKGROUND 


Sulfur has been known and used by humans since at least 4000 BC 
as a pigment, as a fumigant, and for medicinal and religious pur- 
poses (Haynes 1959). Earlier peoples throughout the world proba- 
bly used sulfu ras well, but sulfur’s rapid oxidatio n in surface 
environments tends to remove it from the archaeological record. 

As early as 2000 BC, the Egyptians used su Ifur as sulfur diox- 
ide to bleach linen textiles (Morse 1991). During the Peloponnesian 
War, in the 5th century BC, the Greeks may have employed the first 
chemical weapon when they burned a sulfur-pitch mixture to gener- 
ate suffocating gases (Bauman 2001 ). The Roman s used sulfur to 
create incendiary weapons, and they mined much of the sulfur the y 
used from open cuts and shallow underground mines in the evapor- 
ite-hosted stratiform deposits in Sicily (Ellison 1971). The Romans 
also mined sulfur at other site s in their empire, such as in pre sent- 
day Syria. Alchemists probably produced the f irst sulfuric acid 
around 700 AD. 

The early uses of sulfur were relatively limited and only small 
quantities were mined. The invention of gunpowder by the Chinese 
in the 10th century eventually led to its widespread use in warfare 
and made sulfur an impor tant mineral commod ity. Some accounts 
suggest that gunpowder first was used in the West at the Battle of 
Crecy (1346) during the Hundred Years’ War between England and 
France (1337 to 1453), and its introduction led to p rofound social 
and political changes in Europe. During this time, the Sicilian sulfur 
deposits continued to satisfy European demand. 

Early in the 1 7th century, Johann Glauber, a German alche- 
mist, accidentally discovered a process for making sulfuric acid by 
burning su Ifur and n iter ( potassium nitrate) u nder a glass bell. 
Glauber’s process w as destined to become the corn erstone of the 
sulfuric acid industry, although at the time, sulfuric acid was gen- 
erally used on ly for medicinal purposes. As others r eproduced 
Glauber’s efforts, and sulfuric acid production increased, industrial 
uses for sul fur developed and expanded. An English phy sician, 
John R oebuck, began manu facturing lar ge quantities of sulfuric 
acid using a le ss expensive lead-lined container, and soon simi lar 
acid manufactories appeared. Because it is the che apest and most 
versatile of the mineral acids, sulfuric acid became the workhorse 
of numerous che mical industries. By 1820, there we re 23 acid 
plants in England alone (Haynes 1959). T he first American acid 
production was in 1793. 

The Sicilian sulfur dep osits continued to supply much of th e 
world’s sul fur, but an at tempt by Frenc hc ontrolling interests in 


1838 to stabilize the price of Sicilian sulfur at a high level led to the 
use of other sources of sulfur for the production of sulfuric acid. In 
1833, a Fr ench chemist, Michel Perrett, de veloped a reasonably 
economical method of obtaining sulfur dioxide by roasting pyrites. 
His invention led to the de velopment of a rotary furnace in 1 870 
that made pyrites a profitable raw material for acid. By 1880, sulfu- 
ric acid throughout the world was produced from pyrites, except in 
the United States where import tariffs on iron and copper prevented 
the shift from native sulfur. These import tariffs were removed in 
1890 and 1894, respectively, and by 1900 p yrites had become the 
principal acid-making material in the United States. 

Native sulfur deposits were known in North America, and sev- 
eral attempts were made to mine sulfur from salt-dome cap rock in 
Louisiana between 1870 and 1890 using conventional underground 
mining techniques. These efforts were frustrated by the nature of 
the sulfur ore and the overlying strata. In 1894 , Herman Frasch 
developed a method of mining sulfur in situ using hot water and 
compressed air. Sulfur was first commercially obtained usin g the 
Frasch method in 1895 by the Union Sulphur Compan y at Sulphur 
Mines dome, Calcasieu Parish, Louisiana. The Frasch method was 
also employed in 191 2 at Br yan Mound, Brazoria County, Texas, 
and later at many other domes (Ellison 1971; Halbouty 1979). 

Shipping problems during World War I, and a growing prefer- 
ence for brimstone over pyrites in the contact process of acid pro- 
duction (first developed in the 1880s to generate larger quantities of 
high-strength acid), led to expanded use of Frasch sulfur. By 1919, 
48% of American acid p roduction used brimstone; by 192 9, 69% 
came from this source (Haynes 1959). 

World War II disrupted sulfur p roduction and transportation 
outside North America, and recovery after the war was slow. For- 
eign consumers became more dependent on U.S. Frasch producers 
as they attempted to rehabilitate and expand their acid industries. 

In 1950, Frasch sulfur from the U.S. Gulf Coast and sulfuric 
acid from p yrite-roasting plants in Europe were the major sources 
of the western w orld’s sulfur. Competition from lo w-cost U.S. 
mines caused a rapid decline in sulfur production in Italy. 

A supply shortfall during the Korean War led to short-lived con- 
trols imposed on the indu stry by the U.S. government. The controls 
were lifted after the cessation of hostilities. New mines were opened 
at several sites at about the same time. Producers opened ne w mines 
in the Unit ed States at Garden Island Bay and Damon Mound, and 
Mexico entered the Frasch mark et with production from San Cristo- 
bal in 1954 (Salas 1991). Also of great significance was the e xpan- 
sion and accelerat ed gro wth of recovered sulfur production in 
Canada, beginning at about this same time. Recovered sulfur produc- 
tion began in France in 1957, and Texasgulf Inc. opened the world’s 
first liquid sulfur terminal in 1958 (Barker 1983; Giusti 1984). 
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The f irst Fra sch sulfur from the huge deposits in Poland 
reached the mar ket in 1960. Canadi an and French recovered sulfur 
production continued to expand, and the U.S. share of world exports 
fell 19% in 4 years to 31%. Mexico surpassed the U.S. export ton- 
nage in 1964 . Additional Frasch mines were opened in Polan d in 
1966 and 1967, and the Du val Corporation discovered the lar ge 
deposit at the Culberson mine in western Texas in 1967. As time 
progressed, recovered sulfur output e xceeded Frasch sulfur output, 
even with the opening of the Frasch mine at Mishragq, Iraq, in 1972. 

Price offensives by the oil and phosphate cartels in 1974 and 
1975 led to recession and the drawdown of existing sulfur stocks. 
This resulted in a major cutback in the United States and Mexico, 
and the beginning of a gradual decline in North American Frasch 
production that continued until 2000, when North American pro- 
duction ceased entirely. 

The three historical leaders in mined sulfur production in the 
United States were Freeport S ulphur Co., Pennzoil Sulphu r Co., 
and Texasgulf (Lou ghbrough 1991). Over time, each co mpany 
operated multiple Frasch mines and was notable for dif ferent rea- 
sons. Freeport, the last U.S. Frasch producer when it closed its 
Main Pass mine in 2 000, operated mo re con ventional salt-dome 
deposits, but was unusual in that the company’s last mines wer e 
developed on platforms in the Gulf of Mexico. Pennzoil adapted the 
Frasch process to produce sulfur from bedded evaporite deposits 
such as its Culberson mine in western Texas, which Pennzoil even- 
tually sold to Freeport. Texasgulf operated the most prolif ic sulfur 
mine in Texas, on Boling d ome, extracting 82 Mt of sulfur during 
more than 60 years of production. The mine closed in 1993. 

The United States remains the world’s foremost producer and 
consumer of sulfur and sulfuric acid, with production from recov- 
ered and by-product sources. The United States is a net importer of 
sulfur, however, with most of its imports coming from Canada and 
Mexico. Canada, the second largest producer, is the world’s leading 
exporter. Other countries that produce 1 Mt or more of sulfur in all 
forms a re Chi le, Chi na, Franc e, Germ any, Indi a, Iran, J apan, 
Kazakhstan, Republic of K orea, Mexico, Poland, Russia, Sau di 
Arabia, and United Arab Emirates (see Table 1). 

Poland is the only producer of Frasch sulfur, although produc- 
tion has decreased to only about 750,000 t from one mine; it once 
produced nearly 5 Mtpy from three mines. Frasch production from 
the Mishraq deposit near Mosul in the Kurdish north of Iraq cou ld 
resume when conditions th ere stabilize; Poland’s Frasch producer 
has shown interest in operating th e mine but is w aiting until cir- 
cumstances are more favorable. Iraq’s status as a majore xporter 
was negatively affected by the United Nations’ trade embar go that 
was enacted as a result of its in vasion of K uwait in 1990 and was 
lifted only after the start of the second Gulf War in 2003. China is 
the only major pro ducer that obtains the majority of its sulfur pro- 
duction from pyrites. 


GEOLOGY OF NATIVE SULFUR DEPOSITS 

Mineralogy and Classification of Deposits 

Elemental sulfur occurs natura lly by replacemen t reactions wi th 
anhydrite and gypsum in salt -dome capro_ cks an d bedded 
evaporites. Iti s also common inv olcanic en vironments and 
associated with thermal springs. 

Native sulfur is readily oxidized, particularly in the presence 
of sulfur -oxidizing bacteria, a ndsoissome what e phemeral in 
nature. S urface e xposures are re latively rare andare _ generally 
restricted to regions of ongoing or very recent mineralization. Most 
known sulfur deposits are thought to be Tertiary in age or younger, 
but some fossil deposits (from which the sulfur has been removed) 
may be older. 


The element sulfur occurs as sulfate (anhydrite and gypsum) 
throughout the world, and in sulfides, both ferrous and nonferrous. 
All of these occurrences of sulfur are used locally as a source of 
elemental sulfur and sulfuric acid. Sulfur is present in organic com- 
pounds and as hydrogen sulfide in petroleum and natural gas, and in 
coal, tar sands, and oil shale. 

The atomic weight of sulfur is 32.064, and it has an ato mic 
number of 16. Sulfur has four ox idation states (+6, +4, 0, and —2), 
of which the S~* sulfide ion and the S*° sulfate cation are the most 
important in nature. 

There are four stable isotopes of sulf ur—S, 335, 34S, and 
36S__that respectively are 95.02%, 0.75%, 4.21%, and 0.02% of the 
total te rrestrial sulfur .T he isotopic c omposition of sulfur is 
expressed in terms of 8°4S (Faure 1977). The most important cause 
for variation in the isotopic composition of sulfur in nature is frac- 
tionation by sulfate-reducing bacteria. These bacteria split oxygen 
from sulfate ions and excrete hydrogen sulfide that is en riched in 
32S relative to the sulfate. The extent of the fractionation is variable 
and depends on the rate of reduction, the temperature, the nature 
and availability of the food supply, and the size of the sulfate reser- 
voir. Native sulfur from salt-dome cap rock and bedded e vaporites 
(as described in the following text) is enriched in 77S, and the resid- 
ual anhydrite and gypsum and asso ciated sulfate minerals such as 
barite are enriched in 34S, lending evidence to the origin of sulfur in 
these environments by sulfate-reducing bacteria (Thode 1972). 

Native sulfur is polymorphous; although it commonly occurs 
in the orthorhombic or alpha ( ) sulfur form, it is also kno wn in 
two monoclinic forms, beta ( §) sulfur and g amma (y) sulfur. The 
monoclinic forms are unstable at normal surface temperatures and 
readily con vert to the orthorhombic form. Orthorhombic sulfur , 
when heated to 95.5°C , changes to monoclinic crystals. Natural 
monoclinic sulfur is rare, but is known from several sites, including 
Moravia, in the Czech Republic, where it has been given the name 
of rosickyite (Ford 1949). Native sulfur also occurs in an amor- 
phous state. 

Native sulfur c rystals are commonly dipyramidal and some- 
times thick tabular on c(001) or sphenoidal. Sulfur also occurs in 
irregular m asses, in reniform sha pes, as incrustations and earthy 
masses, and in stalactitic and stalagmitic forms. Cleavage is imper- 
fect, and fracture is conchoidal to uneven. Native sulfur is brittle to 
imperfectly sectile, has a Mohs hardness of 1.5 to 2.5, andhas a 
resinous luster. Sulfur has a specif ic gravity of 2.05 to 2.09. The 
average weight o f orthorhombic sulfur is 2.07 g/mL, the average 
weight of monoclinic sulfur is 1.96 g/mL, and the average weight 
of amorphous sulfur is 1.92 g/mL (Ellison 1971). The color of sul- 
fur varies from bright yellow to honey yellow, yello wish br own, 
greenish, or reddish to yellowish gray. The color depends on the 
temperature and discoloring impur ities such as hydrocarbons and 
clay. 

Sulfur is a nonconductor of electricity and a poor conductor of 
heat. Orthorhombic sulfur melts at 112.8°C, monoclinic sulfur at 
119.2°C, and amorphous sulfur at 120.0°C. Molten sulfur is fairly 
mobile near th e melting point, but its viscos ity increases with 
increasing temperature to 188°C, and then decreases to sulfur’s 
boiling point at 444.6°C. Th e specific gravity of molten sulfur is 
1.79 at 132°C, and the flash point (modified Cleveland open cup) is 
168.3° to 187.3°C. 

Sulfur is insoluble in water and is nonhydroscopic but is solu- 
ble in benzene, ether , toluene, alcohol, and carbon disulfide. It is 
unaffected by most acids. Sulfur is readily ignited in air, burning at 
270°C with a blue flame and evolution of sulfur dioxide. Corrosiv- 
ity is nil for dry sulfur with slow generation of sulfuric acid when 
wet. Vapor pressure is less than 0.1 mm Hg (mercury) at 20°C. 
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Ruckmick, Wimberly, and Edwards (1979) classify native sul- 
fur deposits according to genesis in the following fashion: 


I. Biogenic deposits 
A. Bioepigenetic 
1. Cap rock 
2. Stratabound 
B. Biosyngenetic 
II. Volcanic deposits 
Ill. Oxidative deposits 
IV. Thermogenic accumulations 


The biogenic deposits listed incl ude all types of mineraliza- 
tion thou ght to originate through the action  s of sulf ate-reducing 
bacteria. The bioepigenetic deposits are the most economically sig- 
nificant and include depo sits in salt-dome c ap rocks (c ap rock 
above) and replacement deposits in bedded gypsum and anhydrite 
(stratabound above; stratiform is discussed in the follo wing text). 
The biosyngenetic deposits include small occurrences of native sul- 
fur in modern marine or lacustrine sediments generated by bacterial 
reduction of sulfate. None of the significant sulfur occurrences in 
the world is known to be biosyngenetic. 

Native sul fur is com mon in v olcanic terranes, generally as 
vein and fracture f illings, and is associated with thermal springs . 
Volcanic oc currences a re gene rally sm all, but a fe w have been 
mined and are locally important. The oxi dative classification of 
Ruckmick, Wimberly, and Edw ards (1979) refers to widespread, 
but generally small, occurrences of sulfur formed at the surface or 
at depth where ver hy drogen sulfide (re gardless of or igin) is oxi- 
dized. This class of deposit is discussed in more detail in the section 
on Stratiform Deposits in this chapter where two oxidative deposits 
are described. 

Native sulfur is also known to originate from high-temperature 
and high-pressure reactions in deep strata, here termed thermogenic 
accumulations. This type of deposit occurs in association with sour 
natural gas and is discussed in the section on Reco vered Elemental 
Sulfur in this chapter. 


Salt Domes 


Salt domes, pillows, and anticlines are common in evaporite basins 
throughout the w orld. Salt domes host sulfur mineralization at 
numerous widespread sites, including Tunisia, the Canadian Arc- 
tic, andthe Gulf Coast region of the United States and Mexico 
(Figure 1), b ut only those salt domes in t he Gulf Coa st are cur- 
rently known to host economic sulfur deposits. Salt domes are also 
important traps for oil and gas accumulations, and the presence of 
hydrocarbons is essential for the development of native sulfur. 

Numerous references discuss the origins of salt domes and 
cap rock, including previous editions of this v olume. Additional 
overviews of salt domes and pertinent Gulf Coast geology can be 
found in works by Ellison (1971), Halbouty (1979), Seni (1986), 
Lerche and O’Brien (1987), Warren (1989), Kyle and Posey (1991), 
and Salas (1991), among others. Man y recent papers present data 
collected as part of the efforts to evaluate salt domes for the storage 
of radioactive waste, and data pe rtaining to fluid migration, cap 
rock development, and metallic sulfide occurrences. 

Salt domes are genera lly described as diap irs of halite that 
have intruded younger strata in response to early differential load- 
ing and subsequent density in version. It is misleading, however, to 
believe that salt is capable of intruding many kilometers of stra ta. 
Diapirs begin forming early in the sequence of burial, probably as a 
response to differential loading, and pass to a stage of diapirism as 


overlying strata are loaded on the salt bed in t hicknesses greatest 
where the salt is thinning and migrating toward the diapir (Trus- 
heim 1960; Jackson and T albot 1986; Posey and K yle 1988). The 
top of the salt plug maintains a more or less constant elevation rela- 
tive to the sediment-— water interface, although the buoyancy of the 
salt and continued upward movement may cause minor faulting and 
deformation in strata above, and the salt may breach the surface. 

In the Gulf Coast, the salt that forms the domes has its source 
in the Jurassic Louann Formation, a thick deposit of halite thou- 
sands of meters below the surface. The L ouann halite is relatively 
pure but contains about 5% in soluble material, mostly anh ydrite 
crystals with small amounts of dolomite, calcite, an d quartz, and 
traces of limonite, barite, and other minerals. 

Subsequent sedimentation on the top of the halite deformed 
the salt and initiated movement, and was eventually directed to dis- 
tinct salt plugs that gr ew in response to continued loading. Late in 
the history of each salt d iapir, the top of th e salt plug dissolved 
through the actions of migrating fresh waters. As salt mo vement 
continued upward, the halite at the top was removed and the anhy- 
drite residue accumulated, eventually becoming c ompacted a nd 
cemented. Further dissolution a nd residue underplating resulted in 
the formation of a banded anhydrite cap rock that is younger down- 
ward. The salt dissolution at the up per surface of the salt stock is 
relatively flat. The location of active dissolution probably migrates 
across the salt dome with time, and may be only locally apparent. 
Only those salt domes that penetrate to within about 2 km of the 
surface exhibit anhydrite cap rock (Halbouty 1979). 

The upper (or outermost) portions of the anhydrite cap rock 
are commonly replaced by calcite cap rock. Figure 2 is a schematic 
cross section of a typical salt dome. The calcite cap rock is roughly 
divisible into two parts: an upper variegated calcite cap and a lower 
banded calcite cap (Kyle and Po sey 1991), both of which may be 
intensely brecciated and veined with crystalline calcite. The calcite 
cap is separated from the anhydrite by a transitional zone of gyp- 
sum. The underlying anhydrite may be locally absent, p articularly 
at the edges of the dome, if calcite replacement has been complete. 

Native sulfur may be found throughout the cap rock and adja- 
cent supercap strata in min or amounts, but it is generally concen- 
trated in the lower portion of the calcite cap. The upper portion of 
the calcite cap is often barren of sulfur, possibly because of non- 
deposition or subsequent oxidation. The th ickest accumulations of 
calcite cap, and also of native sulfur, are commonly on the basin- 
ward sides of the salt domes, which in the U.S. Gulf Coast is pre- 
dominately to the south. 

Celestite and barite 1 ocally ac company the sulfur a s minor 
accessory mi nerals. Se veral recent studies also docu mented the 
occurrence of Mississippi Valley type metallic sulfides in both cal- 
cite and anh ydrite cap rock. Documented sulfide minerals include 
pyrite, marcasite,p yrrhotite, hauerite, ala bandite, sp halerite, 
galena, chalcopyrite, and acanthite (Price, Kyle, and Wessel 1983; 
Kyle and Price 1986). Uranium minerals are also found in supercap 
strata adjacent to salt domes, and realgar has been noted associated 
with silver values at one dome (G. Wessel, unpublished data 1991). 

The origin of sulfur deposits in salt- dome cap rock (and in 
replacements in bedded evaporites, described as foll ows) is now 
widely accepted to be associated with the actions of sulfate-reduc- 
ing bacteria in the presence of a sulfate source (anhydrite and gyp- 
sum) and hydrocarbons. At relat ively shallo w depths (g enerally 
less than 750 m, but locally deeper) and at temperatures belo w 
about 60°C, sulfate-reducing bacteria can th rive in the subsurf ace 
given an ad equate ener gy source. Sulfate-reducing ba cteria a re 
anaerobic, but they are ubiquitous in nature and exist (and probably 
thrive) with aerobic bacteria in microenvironments. 
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Figure 1. Sulfur-producing domes in the Gulf Coast region of the United States and Mexico 


The origin of the sulfur dep osits is comple x and depends on 
several parameters. The host anhydrite must be relatively near the 
surface and exposed to migrating meteoric waters, so that the anhy- 
drite is hydrated to gypsum and put into solution. Into this system, 
petroleum or natural gas is introduced from depth, generally along 
faults and joints or per meable strata. Sulf ate-reducing and other 
bacteria introduced with the mete oric water oxidize the hydrocar- 
bons and reduce the sulfate to hydrogen sulfide, represented by the 
following reaction (greatly simplified): 


CaSOq4*2(H20) + CH4 (hydrocarbons) 
+ bacteria > H2S + CaCO3 + H2O 


The h ydrogen sulfide is oxidized to elemental sulfur with 
molecular oxygen, presumably pres ent in the ground water, repre- 
sented by 

2H2S + O72 — 28° + 2H2O 


Hydrogen sulfide may also be oxidized to sulfur by ferric iron, 
polysulfide disproportionation, or microbially by colorless and col- 


ored sulfur -oxidizing bacteria (Machel 1992). The oxidation of 
hydrogen sulfide by excess sulfate ions has also been suggested as a 
mechanism for producing native sulfur (Davis and Kirkland 1979; 
Ruckmick, Wimberly, and Edwards 1979). In more oxidizing envi- 
ronments, h ydrogen sulfide may be oxidized to v alences higher 
than zero and no elemental sulfur may be formed. 

These reactions basically represent only the end products of 
sulfate red uction and sulfur deposition. Numerous intermediate 
reactions have been omitted for clarity b ut are important to under- 
standing the nature of sulfur generation. Regardless of the mecha- 
nism of oxidation of the h ydrogen sulfide, it ap pears that the 
confinement of the hydrogen sul fide to a res tricted area where the 
native sulfur may be deposited and preserved is critical to the gen- 
eration of a significant sulfur deposit. Dissipation of hydrogen sul- 
fide to the atmosphere or else where will pre vent the deposition of 
economic quantities of sulfur. Similarly, subse quent oxidation of 
sulfur mineralization, especially from the actions of sulfur -oxidiz- 
ing bacteria such as Thiobacillus sp., may leave calcite replacement 
bodies barren of native sulfur. Overlying impermeable strata such 
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Adapted from Kyle and Posey 1991. 
Figure 2. Schematic cross section of a salt-dome cap rock showing 
an idealized sequence of cap-rock lithologies 


as shales are generally credited with providing a barrier to hydro- 
gen sulfide migration and later oxidation. 

One particula r species of sulfate-reducing bacteria, Des- 
ulfovibrio desulfuricans, is commonly credited with being the most 
significant contributor to sulfur mineraliz ation, but several species 
of Desulfovibrio are probably involved, as are species of Clostrid- 
ium, Desulfotomaculum, and possibly others. These sulfate-reducing 
bacteria a re stric t anae robes, b ut the y cane xist and thri ve in 
microenvironments distributed throughout o xidized strata contain- 
ing aerobic bacteria. The sulf ate-reducing bacteria do not de grade 
hydrocarbons but use only simple organic substrates such as acetate, 
lactate, pyruvate, fuma rate, and form ate (K uznetsov, Iv anov, and 
Lyalikova 1963; Ivanov 1968; Postgate 1979; Skyring 1987). Some 
are thought to oxidize methane, but for hydrocarbons to be consid- 
ered an energy source, aerobic bacteria must be present to generate 
appropriate substrates. The process of native sulfur deposition from 
sulfate reduction most likely involves numerous types of bacteria in 
a complex and evolving ecosystem. 

The amount of hydrocarbons necessary to produ ce a signifi- 
cant sulfur deposit is fairly large. It is thought that 2 to 4 bbl of oil 
must be consumed f oreach ton of sulfur dep osited (Ruckmick, 
Wimberly, and Edwards 1979). The actual amount of hydrocarbons 
required probably varies depending on local geologic conditions. 

Concurrent with the generation of hydrogen sulfide and the 
deposition of sulfur, calcite in mul tiple generations (sometimes 
referred to as_biocalcite) is deposited as areplacem ent of the 
anhydrite and forms the calcite cap rock. Early generations of cal- 
cite may be massive and fine grained; later calcite filling veins and 
vugs is often finely to coarsely crystalline, white to tan, and com- 
monly petroliferous. Much of the calcite cap rock is a breccia con- 
taining clasts of w all rock and ea rlier generations of ca Icite and 


associated minerals. The calcite breccia may be barren of sulfur 
because of nondeposition, later oxidation, and removal, or perhaps 
because of remobili zation and nearby reprecipitation as described 
by Nieé (1992). 

The role of sulfate-reducing bacteria in the formation of sulfur 
deposits is supported by isotope studies of both sulfur and carbon. 
Sulfate-reducing bacteria fractionate the sulfur isotopes and selec- 
tively concentrate the light isotope. The sulfur is e nriched in *°S, 
and the remaining sulfate is enriched in 34S. The calcite cap rock is 
isotopically similar to the carbon in associated crude oil and signif- 
icantly enri ched i n *?C with respect to sedimentary limestone 
(Feely and Kulp 1957; Faure 1977). 

Currently 167 onshore salt domes and 180 offshore domes are 
known in the Gulf Coast province of Texas (excluding south Texas) 
and Louisiana (G. Eager and B. Salisbury, unpublished data, 1991). 
Of the 167 onshore domes, 90 are shallow enough to be prospective 
for sulfur, and 24 o f these do mes produced sulfur (incl uded in 
Table 3); 12 produced more than 5 Mt, 5 produced more than 
10 Mt, and 3 produced more than 20 Mt. Mexico was also a signifi- 
cant producer of salt dome-—hosted sulfur, but published data on 
Mexican production and geology are not extensive (Salas 1991). 
Two of t he most im portant salt domes in the Gulf Co ast, Boling 
dome and Main Pass, are described in the following sections. 


Boling Dome 


Boling dome is located in Whar ton County, Texas, about 100 km 
southwest of Houston. Disco vered in 1922 , Boling operated from 
1928 to 1993. Operated by Texasgulf Inc., Boling produced more 
than 82 Mt of sulfur from more than 8,000 wells (Samuelson 1986, 
1992; Seni and Kyle 1986, 1987). When the mine closed, sulfur 
production was at a rate of about 361 tpd, much less than the peak 
production in 1948 of 8,510 tpd. A cogeneration plant, opened in 
1985, generated electricity that was marketed to a local utility. The 
cogeneration plant kept Boling dome profitable longer than w ould 
have otherwise been possible. 

Boling dome is the largest salt dome in Texas with an area of 
38 km? at the —1,219 mele vation contour. The minimum depth to 
cap rock is 117 m, and the margins of the cap rock plunge steeply 
below a depth of 1,524 m. 

The cap rock is divisible into three zones: an upper barren cal- 
cite zone, a mid dle calcite/sulfur zone, and a lo wer anhydrite zone. 
The transitional gy psum zo ne, present at other do mes, is poorly 
developed at Boling. The calcite cap rock is composed of light- to 
dark-gray, fine- to medium-grained calcite that has been brecciated 
and v eined with crystal line cal cite. Rhyt hmically banded calcite, 
common at other domes, is rare at Boling except near the base of the 
calcite cap rock. The anhydrite cap rock is dense, dark gray, and com- 
posed of interlocking euhedral anhydrite grains cemented by anhy- 
drite. Uncemented anh ydrite sands are locally present at t he contact 
with the underlying salt. The to p of the salt diapir is relatively flat 
(Figure 3). 

Relatively large amounts of detrital material are incorporated 
within the cap rock. Lenses of calcitic sandstone and shale, trans- 
ported to the surface with the salt, are present in both the calcite and 
anhydrite cap rock, and locally hamper mining operations. 

The main sulfur deposit was within the calcite/sulfur zone in 
the southeastern third of the dome (Figure 4). The richest areas of 
sulfur mineralization roughly corresponded to the thickest calcite 
cap rock, which ranges from 0 m to more than 122 m thick. Some 
wells in the thi ckest ca Icite in tersected sul fur m ineralization 
averaging 20% sulfur by volume for the entire 122-m interval. 

Accessory minerals include barite, pyrite, hauerite, sphaler- 
ite, and galena. The barite occurs as filled cavities and as massive 
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Table 3. Production of Frasch sulfur in the United States and Mexico by mine and company, 1894 through 2000 


Mine 


Sulfur 





Company 


Years Operated 


Total Output, kt 


947 





United States 

Sulphur Mine, Louisiana 

Bryan Mound, Texas 

Big Hill Mound, Texas 

Hoskins Mound, Texas 

Palangana Dome, Texas 

Boling Dome, Texas 

Long Point Dome, Texas 
Lake Peignuer, Louisiana 
Grande Ecaille, Louisiana 
Boling Dome, Texas 
Clemens Dome, Texas 
Orchard Dome, Texas 
Long Point Dome, Texas 
Moss Bluff Dome, Texas 
Starks Dome, Texas 
Bay Ste. Elaine, Louisiana 
Spindletop Dome, Texas 
Garden Island Bay, Louisiana 
Damon Mound, Texas 
Nash Dome, Texas 
Chacahoula Dome, Louisiana 
Fannett Dome, Texas 
High Island Dome, Texas 


Grande Isle, Louisiana 





Lake Pelto, Louisiana 
Sulphur Mine, Louisiana 
Nash Dome, Texas 
Chacahoula Dome, Louisiana 
Fort Stockton, Texas 
Fort Stockton, Texas 
Caminada Pass, Louisiana 
Bully Camp, Louisiana 
Culberson, Texas 
High Island Dome, Texas 
Lake Hermitage, Louisiana 
Comanche Creek, Texas 
Caillou Island, Louisiana 
Phillips Ranch, Texas 
Main Pass, Louisiana 

Mexico 
San Cristobal 
Jaltipan 
Salinas 
Noplapa 
Texistepec 
Texistepec 
Coachapa 
Otapan 


Union Sulphur Co. 

Freeport Sulphur Co. 
TexasGulf Sulphur Co. 1919- 
Freeport Sulphur Co. 

Duval Corp. 

Union Sulphur Co. 

TexasGulf Sulphur Co. 
Jefferson Lake Sulphur Co. 
Freeport Sulphur Co. 

Duval Corp. 

Jefferson Lake Sulphur Co. 
Duval Corp. 

Jefferson Lake Sulphur Co. 
TexasGulf Sulphur Co. 
Jefferson Lake Sulphur Co. 
Freeport Sulphur Co. 
TexasGulf Sulphur Co. 
Freeport Sulphur Co. 
Standard Sulfur Co. 

Freeport Sulphur Co. 

Freeport Sulphur Co. 
TexasGulf Sulphur Co. 

United States Sulphur Co. 
Freeport Sulphur Co. 

Freeport Sulphur Co. 

Union Texas Petroleum Co. 
Phelan Sulphur Co. 

U.S. Oil of Louisiana, Ltd. 
Atlantic Richfield Co. 

Duval Corp. 

Freeport Sulphur Co. 1968- 
TexasGulf Sulphur Co. 
Duval/Pennzoil Sulphur Co. 
Pan American Petroleum Corp. 
Jefferson Lake Sulphur Co. 
TexasGulf Sulphur Co. 1975- 
Freeport Sulphur Co. 
Duval/Pennzoil Sulphur Co. 
Freeport Sulphur Co. 


Mexican Gulf Sulfur Co. 

Azufrera Panamericana S.A. 

Cia. De Azufre Veracruz 

Cia. Exploradora del Istmo 1957- 
Central Minera S.A. 

Cia. Exploradora del Istmo 

Azufrera Panamericana S.A. 


Azufrera Panamericana S.A. 


894-1925 
1912-1935 
936, 1965-1970 
923-1955 
1928-1935 
929-1993 
930-1938 
932-1936 
1933-1978 
935-1940 
937-1960 
938-1970 
946-1982 
948-1982 
951-1960 
952-1959 
1952-1976 
953-1991 
1953-1957 
1954-1956 
955-1962 
958-1977 
960-1962 
1960-1991 
960-1976 
1966-1970 
966-1969 
967-1970 
968-1985 
968-1970 
969, 1988-1994 
968-1978 
969-1999 
969-1971 
968-1972 
983, 1988-1989 
1980-1984 
980-1982 
992-2000 





953-1957 
1954-1992 
956-1969 
960, 1967-1971 
959-1961 
971-1993 
1981-1992 
987-1992 





9,560 
5,080 
13,100 
11,100 
241 
>82,000 
A408 
438 
41,000 
580 
3,020 
5,580 
8,710 
9,460 
853 
1,150 
9,990 
28,100 
142 
153 
1,220 
3,530 
38 
26,800 
5,710 
69 
174 
156 
1,860 
588 
1,600 
1,750 
45,000 
111 
448 
1,730 
803 
86 
10,000° 


165 
>34,000 
3,930 
681 

9 
>12,500 
>1,990 
>89 





Adapted from Wessell 1992. 
* Estimated. 
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Figure 3. West-to-east cross section of cap rock at Boling dome, Wharton County, Texas (location of cross section is shown in Figure 4) 
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Figure 4. Depth to top of cap rock (in feet) and the location of sulfur 
mineralization at Boling dome, Wharton County, Texas (cross section 
A-A” is shown in Figure 3) 


bodies in the upper part of the calcite cap. The sulfide minerals are 
concentrated along the east flank of the dome but are not present in 
quantities of economic interest. 


Main Pass 


The Main P ass deposit, located in Main P ass Block 299 in U.S. 
federal waters in the Gulf of Mexico, about 27 km east of Venice, 
Louisiana, was disco vered in 19 88 by ajo int-venture e ffort of 
Freeport-McMoRan In c., I MC Fer tilizer Inc. , and Fel mont Oil 
Corp. (which later became Homestake Sulphur Co.). The deposit 
contained proven sulfur reserves of 68 Mt. The Main Pass deposit 
is situated in about 63 m of water (Anon. 1991la; Ackerman 1992; 
Edwards et al. 1992). 

Before exploration for sulfur, Chevron discovered oil and gas 
in strata flank ing the salt dome. Freeport’s sulfur drilling in 1988 
intersected oil and gas reserves within the cap rock and overlying 


strata. Freepor t pur chased Che vron’s h ydrocarbon reserv es and 
consolidated hydrocarbon and sulfur interests under the Main Pass 
Joint Venture, which produced sulfur and hydrocarbons. Recover- 
able oil and g as reserves were 39.4 million bbl and0.2 Gm’, 
respectively. The sta cked sulfur /oil/gas deposits pre sented c hal- 
lenging engineering problems for the development staff. 

The Main P ass 299 salt dome is roughly circular in plan 
(Figure 5) with an approximate diameter of 3,000 m at the 900-m 
subsea contour (Ackerman 1992; Edwards et al. 1992). The top of 
the dome (about 400 m below sea level) is relatively flat. Cap rock 
extends over about 680 ha and consists of calcite and anhydrite. 
Total cap-rock thickness varies from about 40 to 160 m. Sul fur- 
bearing cap rock up to 70 m thick was intercepted in the explora- 
tion program. 

Plans for the mine comple x consisted of 15 offshore sulfur 
mining platforms an d related facilities. Production be gan in 1992 
and reached full pr oduction in 1993. Production was expected to 
reach 2 Mtpy over a mine life of 30 years, but developments in the 
sulfur industry and technical problems forced the closure of Main 
Pass mine in 2000. 


Stratiform Deposits 


Stratiform deposits of native sulfur associated with bedded anhydrite 
and gypsum are relatively common in oil-producing evaporite basins 
throughout the world, but large deposits suitable for mining are few. 
Significant stratiform sulfur deposits have been mined in Iraq, Italy, 
Poland, Russia, western Texas, and Ukraine. Similar occurrences are 
known in man y coun tries, including Ar gentina, Angola, Canada, 
China, Eg ypt, Eng land, Greece, _ Iran, Isr ael, north ern Me xico, 
Romania, Spain, Syria, Turkey, and numerous others. Several depos- 
its that were important operations are described here. 

The origin of the stratiform deposits is very similar to that of 
the salt dome—hosted de posits described previously. Shallow anhy- 
drite or gypsum beds are replaced by bioepigenetic calcite and sul- 
fur through the actions of sulfate-reducing bacteria in the presence 
of oil and migrating meteoric water. 

Many of the stratiform deposits are in arid regions where shal- 
low evaporites are more lik ely to be preserved and are commonly 
proximal to a major river or othe r recognized sour ce of meteoric 
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Figure 5. Cross-section A-A’, Main Pass mine, offshore Louisiana (depths shown in feet from sea level) 


water. The deposits are usually at the edges of the evaporite basins 
and are within or adjacent to structures (such as drape folds, anti- 
clines, and faults) that have focused hydrocarbon migration or sur- 
face water channeling and evaporite dissolution. As described here, 
these deposits are difficult exploration targets and are often found 
by accident during the drilling of oil wells. 


Western Texas 


Stratiform sulfur deposits are widespread in the Permia n Basin of 
western Texas. S ulfur w as the mo st recently produced from Pen- 
nzoil’s Culberson mine and also was produced in the past from sev- 
eral smaller deposit s. The Permia n Basin w as the site of intense 
exploration, most notably in the late 1960s. There are two known sul- 
fur districts in western Texas: the Ft. Stockton District and the Rus- 
tler Springs District. The Ft. Stockt on Distri ctis located ont he 
Central Basin platform that sep arates the Mi dland and Del aware 
basins ( Figure 6). The R ustler Sp rings Di strict and the Cul berson 
mine are located in the Delaware basin portion of the Permian Basin. 
Sulfur in the Ft. Stockton District occurs with calcite and replaces 
anhydrite of the Permian Salado, Tansill, and Yates formations. The 
host formations, as well as formations above and below, drape over 
the Pennsylv anian—Permian Central basin platform and define a 
northwest-trending anticline loc ally termed the He iner an ticline 
(Figure 7). Structural highs along the axis of the Heiner anticline 
served as foci for hydrocarbon entrapment and subsequent sites of 
sulfate reduction and sulfur mineralization (Z immerman a nd 
Thomas 1969; Ellison 1971; McNeal and Hemenway 1972; Hentz, 
Price, and Gutierrez 1989). 

Native sulfur was first noted in the Ft. Stockton District in an 
oil well drilled in about 1900 (Adkins 1927). Subsequent oil drilling 
noted other occurrences of sulfur, but it was not until the exploration 
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Figure 7. Cross section showing stratigraphic distribution of sulfur at Ft. Stockton mine, Pecos County, Texas 


surge of the mid-1960s that the Ft. Stockton deposit was discovered. 
The majority of the district is c overed by Quaternary alluvium, and 
the sulfur mineralization is not exposed at the surface. 

Production from the Ft. Stockton District has been limited to 
three small Frasch mines: Duval’s (Pennzoil’s) Heiner mine, Sin- 
clair’s (A tlantic Ric hfield’s) Ft. Stockton mine, and Texasgulf’s 
Comanche Creek mine. The Comanche Creek deposit is thought to 
have been the largest with 7.6 Mt of original in-place sulfur, but 
none of the deposits produced more than 2.0 Mt. 

The Rustler Springs District contains numerous small sul- 
fur deposits, and one v ery large deposit that produced Frasch 
sulfur until 1999—Pennzoil’ s Culberson mine. The Culb erson 
mine had an operating capacity of 2.5 Mtpy, but the production 
rate to ward the en d of operation w as much lo wer (Cra wford 
1990). About 45 Mt of sulfur were p roduced from the mine. 
Other production from the Rustler Springs District was limited 
to the Phillips Ranch deposit, from which 86,360 t were pro- 
duced from 1980 to 1982. Addwest Minerals built another Fra- 
sch operation atthe Phillips Ranch site,b utne ver started 
production because economic con ditions were never favorable 
(Guilinger and Nestlerode 1992). 

Mineralization at the Culberson mine is ho sted by bedded 
anhydrite and gypsum in the Ochoan Castile, Salado, and Rustler 
formations, but most of t he ore is within the Sal ado Formation 
(Smith 1980; Mussey and Tyree 1985; Hentz, Price, and Gutierrez 


1989; Crawford 1990; Wallace and Cra wford 1992). The sulfur 
occurs with calcite and accessory barite and celestite in three gen- 
eral modes (Cra wford 1990): (1) as microcrystalline dissemina- 
tions in gray diagenetic (replacement) limestone orca _ve-fill 
breccias, (2) as orthorhombic cr ystals lining cavernous voids in 
the replacement limestone, and (3) as coarsely crystalline crusts 
or agglomerates that nearly f ill all v oids in the limestone. The 
diagenetic limestone (calcit e) is a product of biogenic replace- 
ment of anh ydrite and gypsum soluti on co llapse breccias, and 
original breccia textures are commonly preserved. Similarly, cal- 
cite and sulfur locally replace and preserve varves in the Castile 
evaporite. The ores commonly contain up to 30 wt % sulfur and 
average about 25% porosity. 

The Culberson ore body is elliptical and extends from 100 to 
720 m belo w the su rface. The ores a re intimately associated with 
dissolution collapse and ca ve-fill breccias (Figure 8) that preferen- 
tially occur along selected horizons in the Salado Formation (Miller 
1992; Wallace and Crawford 1992). The collapse and cave breccias 
presumably channeled both hydro carbons and oxygenated meteoric 
water, and led to the reduction and replacement of evaporite-bearing 
breccia clasts and adjacent evaporitic strata. The dissolution collapse 
and cave breccias appear to be localized along northeast-trending 
Tertiary normal faults and joints. Rarely visible at the surface, such 
fractures can be inferred from the linear distribution of collapse 
sinks, minor offsets indicated by oil-well da _ ta and sulfur -related 
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Source: Wallace and Crawford 1992. 
Figure 8. Cross section A-A’, Culberson mine, Culberson County, Texas 


alteration features. The presence of a residual silty clay cap over the 
Culberson deposit appears to ha ve been critical to the preservation 
of hydrogen sulfide and to the generation and preservation of native 
sulfur (Figure 8). 

The presence of sulfur in the Rustler Springs area has been 
known since 1854. Numerous surface occurrences of sulfur and 
erosional remnants of bioepigene tic calcite (Kirkland and E vans 
1976) are known, and there were several attempts be ginning in the 
early 1890s to mine surface ores (Porch 1917; Evans 1946). Duval 
Corporation discovered the Culberson mine in 1967 near the site of 
some old surface works. 


Poland 


Native sulfur deposits in Poland occur in Upper Miocene strata on 
the northern (platform) border of the Carpathian foredeep (Figure 9). 
Sulfur occurs in bioepigenetic calcite replacements of a gypsum unit 
of Middle Badenian age and is accompanied by _barite and celestite. 
The sulfur deposits are located on up lifted blocks near the northern 
margin of the Carpathian foredeep at dep ths from a fe w meters to 
about 360 m (Pawlowski, Pawlowska, and Kubica 1979; Anon. 1988, 
1990a; Preisner 1991; Nie¢ 1992). 

The sulfur-bearing rocks vary in thickness from a few meters 
to more than 40 m, and they are subhorizontal. The host strata in 
nearly the entire region are covered by Quaternary deposits of vari- 
able thickness. 

The sulfur content of the ore is quite variable and ranges from 
a few percent up to more than 50% in selected samples. Rocks con- 
taining less than 5% sulfur are considered barren. The average sul- 
fur content of indi vidual deposits varies from 22% to 33%. Or e 
textures commonly mimic textures in the original gypsum. 
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Small surface deposits of native sulfur have been exploited on 
a limited scale for hundreds of years. The earliest documented sul- 
fur mining in Poland occurred in 1415, but it was not un til 1953 
that e xploration ef forts resulted in a disco very of sulfur -bearing 
limestone in the subsurface near Tarnobrzeg, which became the 
center of sulfur mining. 

There were tw o main sulfur -producing areas in Po land: the 
Staszow-Tarnobrzeg r egion contai ning four deposits and the 
Lubaczow Area where one deposit is di ssected b y th e Pol ish- 
Ukrainian border . The regional tr end of sulfur mineralization 
follows the northern mar gin of the Carpathian foredeep into 
Ukraine, where sul fur was mined at se veral deposits u sing both 
Frasch and open-pit methods. Westward from Staszow-Tarnobrzeg, 
only small sulfur deposits have been found, some of which were 
mined before 1921. 

The known Polish sulfur depo sits together con tain app roxi- 
mately 600 Mt of demonstrated sulfur reserves and about 500 Mt 
of inferred and hypothetical resources (Nie¢ 1992). Open-pit min- 
ing was begun in 1956 at the Piaseczno mine, and Frasch mining 
modified to fit the unconf ined ores of the Polish deposits (the 
thermohydrodynamic or h ydrodynamic meth od) has been su c- 
cessfully applied since 196 6 (Anon. 1986b). One hydrodynamic 
mine remains in production. At its peak, total annual sulfur produc- 
tion reached more than 5 Mtpy, but the annual capacity at the last 
active mine is only 800 ktpy. The total recovery from the sulfur 
deposits varied between 40% and 70%. 


Iraq 


Sulfur deposits in Iraq are found in the folded portion of the Meso- 
potamian depression that separa tes the nappes and the Zagros 
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Figure 9. Sulfur and hydrocarbon deposits in the Carpathian foredeep, Poland and Ukraine 
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Adapted from Barker, Cochran, and Semrad 1979. 
Figure 10. Map of the total thickness of sulfur-bearing rock, Mishraq 
deposit, northern Iraq, showing locations of cross section in Figure 11 


Mountains to the east from the unfolded Arabian platform to the 

west (Barker, Cochran, and Semrad 1979). Within this region is the 
largest stratiform sulfur deposit in the world, the Mishraq deposit 
(see Figures 10 and 11). Located about 40 km southeast of Mosul 
and 315 km north of Baghdad, the Mishraq deposit consists of at 

least three ore bodies thought to contain at least 100 Mt of nati ve 
sulfur. Recoverable reserves may total as much as 500 to 600 Mt 
(Babbitt 1991). 

Native sulfur and bioepigenetic calcite at Mishraq are present 
in three main zones in the basal Lower Fars Formation, a sequence 
of Middle Miocene interbedded bituminous carbonates and anh y- 
drite and gypsum with minor shal e and sandstone (Figures 10 and 
11). Sulfur mineralization is thickest in areas where intense folding 
and f aulting en hanced solution, fluid migr ation, and mixing of 
hydrocarbons and meteoric waters. The combined thickness of the 
three sulfur-bearing zones varies from 2 to 124 m, with a maximum 
ore section of 108 mand ana verage grade of 23 .1 wt % sulfur. 
Seven ore types have been differentiated; the predominant ore type 
is coarsely cry stalline sulfur interbedded with bands of secondary 
limestone. 

Sulfur mineralization and hydrogen sulfide springs were first 
noted in the Mishraq Area during oil exploration in the 1930s. Rus- 
sian geologists conducted sulfur exploration in the 1960s, and the y 
discovered an ore body while drilling several prospective structures. 

The Mishraq mine that was operated by the Mishraq State 
Sulphur Enterprise (MSSE) be gan pr oducing in 1972 using the 
Polish h ydrodynamic (mod ified Frasch) method. The pl ant was 
built with a nominal capacity of 1 Mtpy. Numerous problems pre- 
vented reaching design capacity, and, as a result, only 11 Mt were 
produced between 1972 and 1991. Although little specific infor- 
mation is available concerning production at Mishraq since 1991, 
production most likely was severely limited by the United Nations 
sanctions on trade with Iraq. 

Production wells at Mishraq are located on a bluff several hun- 
dred feet above the T igris River. In the pa st, excess quantities of 
mining fluids were injected into the ore, and large quantities of fluid 
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Figure 11. Cross section A-A’ and B-B’, Mishraq deposit, northern Iraq (locations of cross sections shown in Figure 10) 


and molten sulfur were ob served to be po uring out of the bluff and 
into the Tigris River, causing severe contamination (Babbitt 1991). 
Fluids also lea ked into adja cent barren structures as far as 3 km 
away. This indicated excessive costs from fluid loss and overheating 
of the host rock. 

The inclusion of carbon, hydrocarbons, and ash in Mishraq 
sulfur w as a problem in mar keting Iraqi Frasch sulfur. Early 
filtering systems were inadequate and routinely resulted in losses of 
up to 50%. Efforts by Freeport under contract to MSSE to construct 
a filtering plant were halted by Iraq’s 1990 invasion of Kuwait. The 
resulting war led to the destruction of some recovered sulfur plants, 
but there were no reports of significant damage to the Mishraq 
facility. 

During Ir aq’s w ar with Iran inthe 1980s, pro duction at 
Mishraq varied widely. In 1981, total Iraqi sulfur pro duction (of 
which about 80% comes from Mishraq) was 145 kt; in 1987, it was 
850 kt (Anon. 1989). Before the invasion of Kuwait, Iraq was pro- 
ducing about 1.8 Mtp y, with Mi shraq producing about 1.4 Mtp yy. 
MSSE had previously announced that production at Mishraq would 
expand to 2.0 Mtpy by 1991, but continuing political and economic 
instability adversely affected production through 2004. If the co un- 
try achie ves stability, a lar ge increas e in sulfur producti on could 
occur, possibly with the assistance of the Polish sulfur producers. 


Oxidative Deposits 


Ruckmick, Wimberly, and Edwards (1979) also included a category 
of deposits that they termed oxidative. In the strictest sense, almost 
all native sulfur deposits are oxidative in that they are formed from 
the oxidation of hydrogen sulf ide, but this cate gory proper ly 
includes only those depos its not associated with volcanic or bio- 
genic sources of sulfur. They probably are formed as a result of the 


oxidation of hydrogen sulfide from a remote source, resulting in 
native sulfur deposition in existing voids in porous host rock. The 
hydrogen sulfide may originate in high-temperature diagenetic set- 
tings, such as those associated with thermal maturation of crude oil 
and thermochemical sulf ate r eduction (Machel 1 992), b ut the 
source of the hydrogen sulfide is commonly difficult to identify. 
Oxidative deposits are widespread, but they are generally small and 
are not currently used as a source of sulfur. 

Oxidative deposits o f nati ve su Ifur h ave been described in 
Lechuguilla Cave, located in the Capitan reef at the northern mar- 
gin of the Delaware Basin (near Carlsbad Ca verns, northeastern 
New Mexico), as well as in west ern Texas. At Lechuguilla Ca ve, 
hydrogen sulfide dissolved in basinal brines was oxidized to native 
sulfur and is intimately associated with speleogenesis there and at 
Carlsbad Caverns (Spirakis and Cunningham 1992). 

Numerous occurr ences of nati ve sulfur in porous carbon ate 
strata of the San Andres Formation, Permian Basin, western Texas, 
are also probably oxidative deposits of this type. One such deposit, 
the Mustang Draw occurrence in Glasscock County, Texas, was a 
site of exploration activity from 1987 to 1990. A resource of 7.4 Mt 
of sulfur was identified in rock that locally contains 6.5% sulfur by 
volume (Ruckmick et al. 1992). A similar occurrence in the Per- 
mian Clearfork F ormation south of Mustang Dra w was the site of 
an unsuccessful pilot Frasch test in 1968 (Zimmerman and Thomas 
1969; Ellison 1971). 


Volcanic Deposits 


Sulfur of volcanic origin is probably the most widely distributed of 
native sulfur deposits. Deposits of this type are known in nearly all 
volcanic re gions of the w orld, par ticularly in the P acific Rim 
region: deposits are present in western North and South America, 
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Central Ame rica, the Ka mchatka Peninsula, the Kurile Islands, 
Japan, the Philippines, Indone sia, T aiwan, and Ne w Zealand. 
Deposits are also present in volcanic re gions in western T urkey, 
Greece, Italy, and elsewhere. 

Volcanic sulfur deposits can be subdivided into four types by 
mode of emplacement (Barker 1983; Niec 1986a): 


1. Impregnation and replacement deposits, usually formed by the 
actions of hot-acid springs that are rich in sulf urous gases, 
often in tuffs and volcanic breccias, with sulfur in irregular or 
lens-shaped or e bo dies al igned along fracture zones; 
accompanied by _ sulfides and al teration (a lunitization, 
argillization, sil icification) tha t loc ally com pletely repl aces 
the host rock; economically the most important of th e 
volcanic deposits 


2. Sublimation deposits, formed by gaseous or fumarolic activity 
near volcanic craters, where sulfur coats fractures and cavities 
near the surface in small deposits that are locally mined 


3. Sedimentary deposits, formed by precipitation of sulfur in hot 
crater lakes 


4. Sulfur flows, small-flo w de posits th at probably o riginated 
from older deposits th at were remelted; of loca 1 im portance 
only 


Volcanic sulfur deposits are usually found in tuffs, lava flows, 
and other volcanic rocks but are also found in sedimentary , intru- 
sive, and other rock types in volcanic regions. 

Volcanic deposits have been mined in the past in many areas, 
but significant production of v olcanic sulfur has been limited to 
Japan, Turkey, Mexico, Italy, and the Andean countries of South 
America. Mining methods used include standard under ground and 
surface mining methods as described here. 

Mined volcanic sulfur dominated Japanese production until the 
mid-1960s, when recovered sulfur challenged its importance (Anon. 
1985b). The mining of volcanic ores in Japan ceased completely in 
the mid-1970s. Sulfur deposits in a highly altered rhyolite dike near 
Keciborlu in southwest Turkey supplied much of Turkey’s domestic 
demand in the past. In the United States, se veral deposits have been 
mined to su pply local needs, including the Le viathan deposit in 
Alpine County, California, which was mined from 1953 to 1962 to 
supply sulf uric acid for Anaconda’ s Y erington, Ne vada, copper 
operation. More recently , numerous projects have been initiated to 
recover sulfur from volcanic ores, including sites in South America 
(Anon. 1987a), Romania (Fodor et al. 1989), the Philippines (Anon. 
1986a), Utah (Slim 1986), and California (Ward 1992). 

In comparison to bioepigeneti cdeposits,v olcanic sulfur 
deposits are generally small. Fe w contain more than 10 Mt of 
reserves, but some (such as the Matsou deposit in Japan) are signif- 
icantly larger. Volcanic deposits are also at a disadv antage because 
they are sometimes located far from markets and economical trans- 
portation. In addition, volcanic sulfur is commonly impure and con- 
tains elements (such as arsenic, selenium, and tellurium) that make 
it unsuitable for some applications. Some ores cannot be economi- 
cally processed using e xisting technology. Commercial interest in 
volcanic deposits is high only when premium or protected markets 
exist. 


EXPLORATION TECHNIQUES 


Exploration for native sulfur deposits is a difficult task, especially 
for Frasch-minable de posits. There is often little indication at the 
surface of subsurface sulfur deposits, and surface exposures of sul- 
fur are rare because of the in stability of e lemental sulf ur (it is 
readily oxidized to soluble sulf ate). Indirect ind icators may be all 


the geologist has to sugg est the presence of sulfur, and subsequent 
drilling may be necessary to fully test such blind targets. 

For bioepigenetic deposits, the genetic relationship between 
hydrocarbons and sulfur dictates that exploration be directed to 
appropriate host rocks in areas that contain oil or gas. For this rea- 
son, sulfur exploration commonly makes extensive use of o il and 
gas we Il data,so much sot hat sul fur e xploration i s s ometimes 
almost indistinguishable from efforts to locate shallow oil and gas 
reserves. The sulfur geologist is essentially looking for a potential 
oil trap adjacent to or wit hin evaporitic strata that has been biode- 
graded and is now replaced by calcite and sulfur. Exploration drill- 
ing for sulfur sometimes intersects oil and gas accumulations, just 
as oil wells commonly intersect sulfur shows. 

Barker, Cochran, and Semrad (1979) and Nie¢ (1986a) sum- 
marized the general conditions necessary for the generation of strat- 
iform sulfur deposits: 


1. Thick anh ydrite or gy psum beds, gener ally in the border 
regions of evaporite basins 


2. Proximity toh ydrocarbon accumu lations in correlative or 
underlying strata 


3. Hydrodynamic commu nication between sulf ates and 
hydrocarbons, often along join ts, f aults, solution-deri ved 
porosity, or other structural or stratigraphic pathways 


4. Astra tigraphic or stru ctural trap (anticlines, mo noclines, 
horsts, etc.) to contain the precursors of the sulfur -forming 
reaction 


5. Serial, coi ncident, or coexisting reduci ng and oxidizing 
environments wher eh ydrocarbons are _ biodegraded and 
sulfate is reduced and then oxidized to sulfur 


6. An overlying barrier to fluid migration capable of containing 
reaction products and preventing later oxidation of sulfur 


Tools useful in locating stratiform deposits are few and locally 
unreliable. Standard field and photogeologic techniques are com- 
monly used to identify prospective structures and surface alteration. 
Detailed mapping such as that described by Wessel (1992) is valu- 
able where surface exposures are adequate. Surface occurrences of 
sulfur or bioepigenetic calcite (verified by isotope studies) are most 
encouraging, as are occurrences of sulfur and bioepigenetic calcite 
in oil and gas well cuttings. Anomalous occurrences of silica and 
iron staining or bleaching are sometimes considered evidence of 
leakage of reactants from below. A number of surf ace geophysical 
surveys (including gamma ray spectrometer, spontaneous potential, 
resistivity, induced polarization, and ground and airborne magnetic) 
are used to locate hydrogen sulfide p lumes and a Iteration ha los 
(Salisbury 1992). Thermal infrared , remote sensing, and seismic 
data have been locally useful, and some surface geochemical tech- 
niques (soil gas, airborne gas spectrometry, etc.) have been tested. 

Gravity surveys are routinely used to locate stratif orm sulfur 
deposits because of the v oid development and brecciatio n associ- 
ated with sulfur mineralization. Unaltered anhydrite has a density 
of about 2.96, and sulfur ore bodies vary in density from 2.00 to 
2.40, yielding a potentially measur able negative gravity anomaly. 
The amount of variation depends on the nature of the sulfur miner- 
alization, void development, depth of mineralization, and numerous 
unknown stratigraphic and structural variables. Gravity data are 
best used in com bination wi th ot her da ta, b ut int erpretation is 
always difficult (Schmoker 1979; Salisbury 1992). Actual use has 
resulted in few exploration successes. 

Downhole logs of oil and g as wells ar e commonly used to 
establish formation control and identify low-density zones that may 
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indicate sulfur min eralization. The use o f the se log sis limited 
where well density is low or shallow strata are not logged. 

Salt domes present perhaps the most straightforward explora- 
tion problem. The locations of most salt domes are known in areas 
such as the Gulf Coast of the United States and Mexico as a result 
of past oile xploration efforts. In the United States, the onshore 
domes have been intensely explored, and little potential remains for 
exploration success. Man y of fshore do mes, ho wever, remain 
untested for sulfur , and the lik elihood of another discovery lik e 
Main Pass remains high. Given that the location of a specific salt 
dome is kno wn, the pr udent sulfur prospector could evaluate its 
potential based on the depth and thickness of cap rock, the presence 
(if known) of calcite cap rock, and the presence (if any) of shows of 
mineralization or alteration in oi 1 wells. Gravity and se ismic data 
can be used to define the shape of the cap rock. Gravity data can 
also indicate potential ore bodies inthe cap rock, but ag ain, the 
interpretation of g ravity data is often difficult. Oil-well shows of 
sulfur and bioepigenetic calcite are the most commonly used guides 
to mineralization. Hydrogen sulfide springs may be present at the 
surface, but they are not reliable indicators of mineralization. Other 
surface indications and techniques previously described are often 
not applicable, particularly in the Gulf Coast. 

Exploration for volcanic sulfur follows the more conventional 
style associated with exploration for hydrothermal deposits. Similar 
to bioepigenetic deposits, some volcanic deposits are discovered by 
accident during metals exploration (Ward 1992). Exploration for 
other sources of sulfur, such as pyrites and sour gas, is uncommon 
because they generally supply sulfur only as a by-product. 

For many sulfur deposits, the most successful exploration tool 
is the drilling rig. Nevertheless, great care must be tak en to cor- 
rectly describe and interpret cuttings, core, and other drilling data. 
There is no substitute for an observant and skilled field geologist. 


MINING AND PROCESSING OF NATIVE SULFUR ORES 


Sulfur mining uses three different mining techniques: conventional 
underground meth ods, con ventional open-pit metho ds, and t he 
Frasch mining (or under ground melting) method. The last method 
is specific for sulfur owing to the low temperature at which sulfur 
melts. Most mined sulfur has been obtained through Frasch mining; 
most of the remaining sulfur has been recovered using surface min- 
ing techniques, and very little has been obtained by under ground 
mining methods (Nie¢ 1986b). 

For surface and near-surface sulfur ores, surface mining meth- 
ods predominate, but conventional underground meth ods also are 
used, particularly in steeply dipping volcanic deposits. Techniques 
used include open pit, tunneling, room-and-pillar, cut-and-fill sys- 
tems, and various forms of stop ing. These m ethods are genera lly 
confined to shallow high-grade ores with no overlying impermeable 
barrier that might al low use of the less costly Frasch mining tech- 
nique. Underground mining techniques are seldom used because of 
relatively high costs and because of technical problems rel ated to 
the common abundance of subsurface water and hydrogen sulf ide. 
Ore recovered from surface and underground mines is processed to 
separate the sulfur from the host rocks and associated contaminants 
by various combinations of melting, distillation, agglomeration, flo- 
tation, and solvent extraction (Dale 1981; Fodor et al. 1989). 

Herman Fra sch, the res earch and de velopment director for 
Standard Oil Co. and the founder of the Union Sulphur Co., devised 
the Frasch mining process. First used in 1894 at the Sulphu r Mine 
dome in Louisiana, the Frasch te chnique is no w used to e xtract 
native sulfur from salt domes in the United States and Mexico, and 
(with local modif ications) from st ratiform deposits in western 
Texas, Poland, the former U.S.S.R., and Iraq. 


The Frasch process capitalizes on several characteristics of sul- 
fur—the low melting point (about 115°C), its insolubility and immis- 
cibility in water, and a specif ic gravity of 1.8. Basically, the process 
involves heating water to about 165°C and pumping the heated water 
through the deposit. The heat from the water melts the sulfur, which 
sinks and accumulates in a pool below the hot w ater. The sulfur is 
then lifted with air out through nested pipes in the same hole used to 
inject the water. 

Requisites for the econ omical production of sulfur using the 
Frasch process are (1) ala rge sulfur deposit (pr eferably more than 
several million tons) hosted in a porous and permeable formation, 
generally cavernous limestone brec cia; (2) impermeable or partly 
permeable stratigraphic seals bounding the ore body so that it is 
hydrologically isolated; (3) a large, dependable supply of water; and 
(4) an inexpensive fuel supply. An attractive deposit would contain 
more than 10 Mt of recoverable sulfur, average 20% or more of sul- 
fur over an interval of at least 30 m, lie between 65 and 800 m deep, 
have a uniform p orosity of 10 % to 15 %, and be o verlain by an 
impervious bed (Donner and Wornat 1973). Deposits less attractive 
than this may still be v ery profitable, but deposits exhibiting poor 
characteristics may be mined only in special cases (Nie¢ 1986b). 

Figure 12 shows a typical Frasch well. A single well consists 
of four concentric pipes varying in diameter. The outer pipe acts as 
a protective casing and extends to the top of the barren cap rock. 
The next pipe extends to the bottom of the ore body and carries the 
flow of hot water, which is forced into the sulfur-bearing formation 
through perforations at the bo ttom of the pipe. As sulfur melts, it 
percolates down through the porous host rock to form a pool of liq- 
uid sulfur at th e bottom of the well. Of the two inner pipes, the 
smaller one in the center carries compressed air to foam and lift 
the sulfur through the | arger pipe to the surf ace, where the air is 
removed from the sulfur in a separator before shipment via heated 
pipeline, barge, or railcar to storage, or to a sulfur-forming device 
to be solidified in various forms. The volume of the compressed air 
and hence the rate of production are closely monitored so that the 
production rate equals th e sulfur m elting rate in order not to 
deplete the sulfur pool and cause the well to produce water. If the 
pool is depleted, production is stop ped an d add itional w ater is 
injected until the sulfur pool is reestablished (Donner and Wornat 
1973; Anon. 1990b). Bleed wells that extract cooled water from 
the deposit are generally located at the edge s of the mining are a. 
Individual sulfur wells usually recover sulfur from an area of less 
than 2,000 m? and may be operated only 3 to 4 months before 
exhaustion. Large operations generally have ac ontinual program 
of drilling to replace wells that become e xhausted. On average, 
about 70% of the sulfur is ultimately recovered. 

The philosophy of Fra sch mining is to k eep the tem perature 
inside the deposit as close as possible to 150°C, at which the viscos- 
ity of sulfur is lo west. At temperatures greater than 160°C, the vi s- 
cosity dramatically increases and sulfur may become unrecoverable. 

The costs and availability of water and fuel are often critical to 
the economical operation of a Fr asch mine. A lar ge quantity of 
water is injected to mine the sulfur, up to 57 m? or more per ton of 
sulfur mined, and a dependable supply of water is desirable. Fresh- 
water is generally pref erred, but seawater has bee n used success- 
fully at several sites in the Gulf of Mexico (Barker 1983), including 
the Main Pass mine (Ackerman 1992; Edwards et al. 1992). 

In areas like western Texas where water is sc arce, excessive 
fluid loss was minimized. Water from the bleed wells, a mixture of 
spent injection water and connate water that was contaminated with 
corrosive and scale-forming solutes, was locally treated, reheated, 
and reinjected. This eliminated environmental problems associated 
with the disposal of contaminated bleed water. 
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Figure 12. Schematic cutaway view of a typical Frasch well 


Fuel-cost increases during the energy crises of the 1970s also 
led to increased reinjection of spent waters and the development of 
several ne w rec ycling methods (Anon. 1990b) to minimize heat 
losses. One system de veloped by Freeport rec ycled m ine w ater 
underground by mixing it in place with “ne w” superheated water. 
This system reportedly reduced the energy consumption of a well 
producing over 2 tph to a third of the original amount. Fuel substi- 
tution and cogeneration also circumvented rising energy costs, as at 
Texasgulf’s Boling dome mine. 

In stratiform deposits where th e su lfur-bearing rocks are not 
hydrologically isolated f rom ad jacent st rata, fluid loss through 
underlying or overlying strata can prevent economic sulfur recovery. 
Such a situation exists in Poland where, in contrast to the salt domes 
of the Gulf Coast that a re at moderate depth and spatially isolated, 
the sulfur deposits are at shallow depths, are only 10 to 15 m thick, 
and overlie permeable strata. They are also pe rmeated by me teoric 
water. For these reasons, the hydrodynamic method (a variation of 
the Frasch process) was developed and has_ been used since 1966. 
The hydrodynamic method was also used in Iraq, and a similar tech- 
nique was used to exploit the Culberson deposit in western Texas 
(Anon. 1990b). 

The hydrodynamic method uses the same concentric well pip- 
ing as in the Frasch process, but the wells are arranged in rows 
along an exploitation front. Because the sulfur-bearing rock cannot 
retain the heated water under pressure, special measures are used to 
direct the flow of water under ground, including mud injection to 
seal off areas, judicious blasting to create permeability, and w ater 
withdrawal through depression wells placed in adv ance ofthe 
exploitation front. The injected water is thus directed to the depres- 
sion wells rather than being lost in all directions. 

Molten sulfur tends to adhere to the host limestone, leaving 
about 5% residual sulfur in the ore deposit. For this r eason, and 
because islands of unmelted sulf urremain between production 
holes, few Frasch op erations recover more than about 70% of the 
sulfur in place, and many sulfur deposits that have been abandoned 


yielded considerably less than that (Anon. 1990b). As a result, sev- 
eral secondary and tertiary recovery techniques ha ve been de vel- 
oped, including the Thermofluid technique described by Zakiewicz 
(1986). Secondary recovery techniques ar e most po pular during 
times of high sulfur prices. 


RECOVERED ELEMENTAL SULFUR 


Recovered elemental sulfur as discussed here is largely a nondiscre- 
tionary by-product of petroleum refining, natural gas processing, 
and coking plants. Recovered sulfur is produced primarily to com- 
ply with en vironmental regulations applicable directly to process- 
ing facilities or indirectly by re stricting the sulfur content of fuels 
sold or used. 

In 2003, involuntary sources of sulfur contributed nearly 97% 
of the elemental sulfur produced worldwide, a dramatic increase 
since 1990 when recovered sulfur repr esented 65% of elemental 
sulfur production. The combination of reco vered elemental sulfur 
and by-product sulfuric acid was more than 90% of the total world 
production of sulfur in all forms in 2003, up from 58% in 1990. 

The principal sources of recovered sulfur are hyd rogen sulfide 
in sour natural gas and organic sulfur compounds in crude oil. Recov- 
ery is mainly inthe elem ental form, alth ough som e is co nverted 
directly to sulfuric acid. Smaller quantities of sulfur are recovered 
from oil sands, oil shale, and co al, although oil sands are increasing 
in importance in Canada. Of the 24 countries that produced more 
than 500 ktpy of sulfur in all forms in 2003, recovered elemental sul- 
fur is the domi nant sulfur source in 15 of them—Canada, France, 
Germany, Iran, Italy, Japan, Kazakhstan, Kuwait, Mexico, the Neth- 
erlands, Russia, Saudi Arabia, the United Arab Emirates, the Uni ted 
States, and Uzbekistan (Table 1). Table 4 shows salient statistics for 
the U.S. sulfur industry. 


Sour Natural Gas and Crude Oil 


The growth in the recovery of sulfur from sour natural g as and 
crude oil since the mid-1950s has been one of the most significant 
trends in the sulfur industry. Generally expanding at the expense of 
Frasch pr oduction,r ecovered sulfur production has steadily 
increased for reasons independent of sulfur demand. The introduc- 
tion of stricter environmental c ontrols, combined with incr eased 
market demand for lighter petroleum products, a trend toward refin- 
ing heavier, sourer crudes, and increased use of sour gases led to the 
availability of greater quantities of recovered sulfur, commonly at a 
substantially lower price than Frasch sulfur. Recovered sulfur pro- 
ducers usually incur addition al transportation costs becau se many 
of the production facilities are far from major consumers, but their 
product is al ways price competitive. Because it is an involuntary 
by-product, the cost of production attributed to recovered sulfur is 
more a question of accounting practices. 

Sulfur in oil occurs as organic sulfur compounds such as mer- 
captans (thiols), alk yl and aryl sulfides and disulfides, thiophenes, 
and complex condensed aromatic heterocyclic sulfur compounds, 
which must be converted to hydrogen sulfide before the recovery of 
sulfur. Sulfur in natural gas is mainly in the form of hydrogen sul- 
fide, which must be removed from the gas at the wellhead because 
of its toxicity, corrosiveness, and chemical activity. Hydrogen sul- 
fide forms in high-temperature diagenetic settings (such as in deep 
oil and gas reservoirs) through the thermal maturation of crude oil 
and through th ermochemical sulf ate r eduction. Thermochemical 
reduction of sulfate by hydrocarbons is probably responsible for the 
bulk of the hydrogen sulfide found in this setting (Machel 1992). 

Elemental sulfur is also present in high-temperature hydrocar- 
bon reservoirs as aresult of oxidation of contained h ydrogen sul- 
fide by sulfate and other processes. The elemental sulfur generally 
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Table 4. Salient statistics for the U.S. industry, kf 
1993 1999 2000 2001 2002 2003 
World Production 
United States 11,100 11,500 10,500 6,470 9,270 9,600 
Rest of world 40,500 47,000 49,200 53,900 51,200 52,200 
Total 51,600 58,500 59,700 60,400 60,500 61,800 
Components and Distribution of U.S. Supply 
Production 
Frasch 1,900 1,780t 900t 0 0 0 
Recovered elementalt 7,720 8,360 8,590 8,490 8,500 8,920 
Other 1,430 1,320 1,030 982 772 683 
Total, all forms 11,100 11,500 10,500 9,470 9,270 9,600 
Shipments 
Frasch 1,4808 ae ee 0 0 0 
Recovered 7,580tt 9,9404+ 9,710# 8,470 8,490 8,920 
Other 1,430 1,320 1,030 982 772 683 
Total, all forms 10,500 11,300 10,700 9,450 9,260 9,600 
Exports 
Elemental88 656 685 762 675 687 742 
Sulfuric acid 46 51 62 69 48 67 
Imports 
Elemental 2,040 2,580 2,330 1,730 2,560 2,870 
Sulfuric acid 797 447 463 462 346 297 
Consumption, all forms*** 12,600 13,600 12,700 10,900 11,400 12,000 
Combined producer stocks, Frasch and recovered (December 31) 1,380 A451 208 232 181 206 





Source: Ober 1994, 2004. 


t Estimated. 
$ Includes Puerto Rico and U.S. Virgin Islands. 


Data are rounded to no more than three significant digits; may not add to totals shown. 


§ Includes 10 months of Frasch sulfur data. Two remaining months of Frasch data included with “Recovered” to avoid disclosing company proprietary data. 


tt Includes Frasch sulfur data for November and December. 

tt Includes corresponding Frasch sulfur data. 

§§ Includes exports from the U.S. Virgin Islands to foreign countries. 
Consumption is calculated as shipments minus exports plus imports. 


occurs as disseminated droplets of liquid sulfur. Large quantities of 
sulfur also may be present as polysulfides or dissolved in the hydro- 
carbon fluids. Lo wering of reservoir temperature and pressure (as 
ina well string) can result in exsolution of elemental sul fur and 
plugging of rock formations and production equipment. Ruckmick, 
Wimberly, and Edwards (1979) call such occurrences thermogenic. 
Hydrogen sulfide originating from thermochemical s ulfate re duc- 
tion may also migrate to near-surface environments and become 
oxidized to native sulfur. This mechanism may explain some of the 
enigmatic oxidative occurrences previously discussed. 

Sulfur in crude oi] is re covered during the refining process, 
and the amount of sulfur recovered depends on the sulfur content of 
the crude, the amount of crude processed, the refining process, and 
the products. Ref ineries in the past were equipped to remove the 
sulfur only from the lighter refinery products, and much of the sul- 
fur in the crude oil remained in the refinery emission gases or the 
residual fue 1 oils and was ultimately em itted to the atm osphere 
when these oils were burned. Environmental restrictions now limit 
the quantity of allowable emissions and severely reduced the sulfur 
content of most f inished products from p etroleum refineries. The 
amount of sulfur recovered is increasing because of the increasing 


Withheld to avoid disclosing company proprietary data; included with “Shipments, Total, all forms.” 


use of heavier and sulfur-rich crudes and more recent requirements 
to recover most of the sulfur content of the crude oil. 

The organic sulfur compounds in crude oil must be removed 
from the refinery feed an d con verted to hyd rogen sul fide by a 
hydrogenation process before the sulf ur can be recovered. The 
sulfur in natural gas is already present as hydrogen sulfide, sepa- 
rable from the hydrocarbon gases by a variety of processes (Hyne 
1982; Anon. 1987b, 1987c). A process developed by C.F. Claus in 
Germany in 1883 converts hydrogen sulfide from both sources to 
elemental sulfur. Ov er the years, the Claus process has been 
improved and modified to fit a variety of situations, so that it has 
become known as the modified Claus process. The basic process 
is now used in hundreds of sulfur recovery units with different 
configurations throughout the world, collectively referred to sim- 
ply as Claus plants. Anon. (1986c) gives an excellent overview of 
the Claus process in its various forms. 

The process w as based on the follo wing reaction in which 
hydrogen sulfide is burned to yield elemental sulfur and water: 


2H»S + Or > S29 + 2H»O 
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Figure 13. Generalized flowsheet of a Claus plant for recovery of sulfur from hydrogen sulfide 


Only under ideal conditions does this reaction happen exactly 
as described. Modern Claus reactors incorporate a two-step process 
that takes advantage of the following reactions: 


2H2S + 202 > SO2 + S + 2H20 
2HoS + SO2 > 3S + 2H20 


In the first step of the process, insufficient oxygen is present to 
convert all the H 2S to SO», thus also causing elemental sulfur and 
water to be formed. In the second stage, the rea ction product SO 
from the first reactor mixes with additional H2S, completing the for- 
mation of elemental sulfur and water, usually with the aid of a cata- 
lyst. The sulfur c ondenses and is remo ved in molten form from the 
reaction vessel and stored until shipping or use onsite (Leffler 2000). 
Figure 13 shows the Claus process in a generalized flow sheet. 

The efficiency of the Claus process for sulfur reco very from 
gas streams co ntaining H 2S depends on the co ncentration of th e 
H2S being treated. The modifications to the process have improved 
the recovery of sulfur, although not all the sulfur is recovered. Typ- 
ical sulfur recovery efficiency at Claus plants is 90% to 96% for a 
two-stage reactor and 95% to 98% for a three-stage reactor. If the 
depleted process gas is within acceptable limits, it is then inciner- 
ated in the final stage of the Claus process to oxidize all the remain- 
ing sulfur compounds, and the remainder, or tail gas, is emitted into 
the atmosphere. Usually, however, the tail gas must undergo further 
processing to remove as much of the sulfur as technically possible 
to meet en vironmental requirements. In the United States, 99.9% 
recovery efficiency is required at sulfur rec overy plants with a 
capacity of at least 20 t pd. Amine-based tail gas treatment is the 
most common tail gas process in the United States, where sulfur 
compounds in the tail gas are converted to H 2S, separated, and 
recycled to a Claus plant. Other developed countries ha ve similar 
requirements. Canada re quires sulfur reco very of 98.5% at 50-tpd 
plants and 99% for 2,000-tpd operation s. The European Union 
(EU) mandates 98.5% sulfur recovery. Germany, a member of the 
EU, has set higher standards of 99.8% for 20- to 50-tpd plants and 
99.5% for those with lar ger than 50-tpd capacity. Japanese opera- 
tions must reco ver 99.8% of sulfur; and Taiwan has th e highest 
standard at 99.95% recovery (Connock 1998). 


In 2003, 38 companies in the United States produced sulfur at 
106 plants in 26 states and the U.S. Virgin Islands. The number of 
companies producing recovered sulfur has decreased signif icantly 
since 1990, primarily owing to consolidation in the energy industry. 
Most of these plants are small, with 33 reporting annual production 
exceeding 100 kt. By source, ref ineries or satellite plants treating 
refinery g ases and three coking __ plants pr oduced 78.2% of the 
recovered elemental sulfur. Natural gas treatment plants produced 
the remainder . The leading U.S. reco vered sulfur producers in 
2003, all with more than 500 kt of production were, in descending 
order of production, Exxon Mobil Corp., BP PLC, ChevronTexaco 
Corp., ConocoPhillips Corp., Shell Oil Co., and CITGO Petroleum 
Corp. These companies collectively accounted for 68.4% of 
recovered elemental sulfur production in 2003 (Ober 2004). 

Canada is the second largest involuntary producer of sulfur in 
the world, with a 200 3 production of 8.1 Mt, all from oil and g as 
(Ober 2004). Canada is also the — world’s lar gest sulf ur e xporter. 
Canada’s ability to e xport most of its production from V ancouver 
and its willingness to ship large volumes of sulfur contributed to its 
dominance of the sulfur market. 

Most Canadian sulfur production comes from sour natural gas 
processing plants in the western Canadian sed imentary basin in 
Alberta, although production in British Columbia is significant also 
(Anon. 1991a). Occurr ences of nati ve sulfur are alsok nown in 
Alberta, Brit ish Colum bia, No va Scotia, and else where, some of 
which are oxidati ve deposits (Hollister 1984; Hora and Hamilton 
1992). 

Recovered sulfur production in Alberta began in 1952 (Anon. 
1984a), but sales did not match production until 1979, when ade- 
quate transportation and mark eting f acilities we re established. 
Before 1979, sulfur was stockpiled, reaching a level of more than 
21 Mt in 1977 (Schw alm and Doyle 1987). Strong e xport sales 
reduced the Canadian stocks to about 3 Mt by 1992, but since then 
inventories have increased, re aching nearly 15 Mt in 2002 (Ober 
1994; Anon. 2002). 

Russia is the world’s second -largest exporter and the third- 
largest producer of recovered sulfur, most of which is a by-product 
of natural gas processing. The Astrakhan gas processing plant is the 
largest single source of recovered sulfur in the world. Construction 
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of Astrakhangazprom’s first gas processing plant began in 1981 and 
production started in 1986. The gas is very sour, containing 26% 
hydrogen sulfide, and is mo re than 4,000 m deep. Astrakhan pro- 
duces gasoline, diesel, furnace fuel oil, kerosene, and liquified gas. 
Sulfur production has increased si gnificantly since 1995 with the 
completion of subsequent phases of development. In 1995, produc- 
tion at this operation was 1.7 Mt of sulfur. By 2000, production had 
more than doubled to 3.8 Mt, and future increases may reach 4.5 Mt 
(Anon. 2001). Oren burg is another sour-gas o peration in Russia, 
with sulfur recovery of about 800,000 tpy. 

The Tengiz oil and gas field is the main source of current sul- 
fur production in Kazakhstan. Located on the northeastern shore of 
the Caspian Sea in western Kazakhs tan, Tengiz has been oper ated 
by Tengizchevroil (TCO) since 1993. One of the world’s largest oil 
fields, Tengiz contains high-quality oil with 0.49% sulfur and asso- 
ciated natural gas that contains 12.5% hydrogen sulfide (Connell 
et al. 2000). An expansion plan at Tengiz to nearly double oil pro- 
duction includes the reinjection of sour gas, limiting total recovery 
of sulfur at the site (Anon. 2003c). Sulfur also is recovered from the 
Karachaganak gas-condensate field in Kazakhstan near the Russian 
border. Because it is close to the Russian gas-processing operation 
in Orenberg, sour gas from Karach aganak is treated at Orenber g. 
No gas treatment facilities have been installed at the site (Anon. 
2001). 

In Western Europe, France, Germ any, Italy, and the Ne ther- 
lands are the leading producers of recovered sulfur from natural gas 
and refineries. Recovered sulfur production in th e Middle East is 
mostly f rom a ssociated nat ural g as. Petro leum prod uced in this 
region may have high sulfur content, but much of it is exported, and 
so the sulfur is recovered in other countries. The largest producer is 
Saudi Ara bia, b ut signi ficant quan tities a re alsor ecovered in 
Kuwait, Iran, and the United Arab Emirates. Japan’s elemental sul- 
fur production is entirely attributed to oil refining; Mexican produc- 
tion is from a combination of gas processing and oil refining. 


Oil Sands 


Sulfur is recovered from synthetic crude oil derived from oil sands 
in Canada. As con ventional petroleum pro duction in C anada has 
declined, oil sands have become a mo re important source of petro- 
leum for the North American market (Cunningham 2001). The pro- 
portion of Can adian petroleum produ ctionf rom oil sands is 
expected to increase from 9% in 2001 to 21% in 2005 and 30% in 
2010 (Pok 2002). Oil sands represent a lar ge source of recovered 
sulfur, and they offer potential for huge additional quantities in the 
future. Alb erta hash uge deposits of oil sands, withe stimated 
reserves of 300 billion bbl of recoverable crude oil that also contain 
4% to 5% sulfur as or ganic sulfur compounds (Ste vens 1998). 
Known for more than 200 years, the Athabasca oil sands in the 
Ft. McMurray Area of Alberta are a mixture of sand, water, clay, and 
bitumen (a natu rally occurring viscous mixture of hea vy hydrocar- 
bons). Because of its complexity, bitumen is difficult or impossible 
to refine at most oil refineries. It must be upgraded to a light-oil 
equivalent before further refining, or it must be processed at facili- 
ties specif ically desig ned for processing bitumen (Anon. 1999a). 
During upgrading and refining the oil sands, significant quantities of 
sulfur must be recovered using processes designed for conventional 
oil refining. 

The Athabasca deposits crop out locally and are visible at the 
surface and amenable to conventional surf ace-mining techniques, 
but most of the oil sands are buried up to depths of 50 m and requis 
in situ mining methods. Three surface mines are in operation at oil 
sand deposits, and se veral other operations are producing small 
quantities of bitumen using an in situ method that injects steam into 


the oil sand, separating the water and bitumen from the sand parti- 
cles. The bitumen is then remo ved from the deposit, and the sand 
remains in pla ce. Man y addi tional pro jects of both types are 
planned (Anon. 2004d). 

Other large deposits of oil sands are known in Venezuela and 
Colombia. The United States has deposits in California, K entucky, 
New Me xico, Utah, and elsewhere, b ut they are compa ratively 
small. Interest in recovering oil from sands, and consequently sulfur, 
is highly dependent on the price of crude oil. 


Other Sources 


More important than oil sands as a_ potential source of synthetic 
crude oil (and by-product sulfur) for the United States are its oil 
shale deposits, particularly those in Colorado, Utah, and Wyoming 
(Gray et al. 198 2). Se veral co mpanies de veloped processes to 
recover oil from shales between 1940 and 1990, primarily in west- 
ern Colorado, but the relatively high costs of extraction coupled 
with the problems of disposal of the spent shale have combined to 
prevent large-scale use of oil shale. As with tar sands, interest in 
processing oil shale tends to wax and wane with the economic for- 
tunes of the oil industry, although local conditions, such as political 
isolation or foreign currency restrictions, may spur the development 
of oil shale resources. 

In the United States in 2003, electric utilities and other power 
producers burned more than 1 Gtof coal with ana verage sulfur 
content of 0.94% (Anon. 2004a). Essen tially none of the sulfur in 
coal is reco vered before its co mbustion, although coal-cleaning 
technologies are ca pable of rem oving a substantial portion of the 
contained sulfides. Pyrite recovered from coal-bearing strata was an 
important source of sulfur in China, but its importance is declining 
(Anon. 1985b). Much of the sulf ur contained in coal is reco vered 
from coke oven and comb ustion gases as described in the Sulfur 
Dioxide Emission Control section of this chapter. 

The organic sulfur compounds in coal can be removed only by 
processes of hydrogenation, liquef action, or g asification, which 
change the form of the coal (Gra y et al. 198 2). Sulfur is pro duced 
from coal gasification in the United States, from coal gas liquefac- 
tion in Europe (principally Germany) and in the Republic of South 
Africa, and fro m lig nite gasif ication in Spain. T otal production 
from these sources represents a very small portion of global sulfur 
production. 


COMBINED SULFUR 


Sulfur is also recovered from sources where it is chemically com- 
bined with other elements, principally as a sulfide or sulfate. Such 
compounds are processed directly to reco ver the sulfur as sulfuric 
acid or other forms, and sulfur is recovered from gaseous pollutants 
arising from the processing of sulfides in metal ores, coal, and other 
sources. 


Pyrites and Other Metal Sulfides 


Metal sulf ides, widely distrib uted in nature, ha ve long been an 
important source of sulfur. Sulfide ores of com mercial interest for 
their sulfur value alone belong to the ferrous group collecti vely 
known as p yrites. The most impor tant of t hese are the minerals 
pyrite, marcasite, and pyrrhotite. Pyrites commonly contain traces 
of nonferrous metals (Russell 1989). Pyrites once were mined in 
many countries specifically for their sulfur content, but they have 
decreased in importance globally. 

Sulfur is also recovered (ultimately as sulfuric acid) from non- 
ferrous metal sulfides that are mined and processed for their nonfer- 
rous metal content. The most im portant nonferrous metal sulfides 
include those o f copper (chalcopyrite, chalcocite), lead (galena), 
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zinc (sphalerite), molybdenum (molybdenite), nickel (pentlandite), 
mercury (cinnabar), arsenic (arsenopyrite, realgar), antimony (stib- 
nite), and silver (argentite and various sulfosalts). Associated iron 
sulfides are also reco vered as ab y-product flotation concentrate 
during the processing of nonferrous ores. This source of pyrite has 
displaced some voluntary pyrite sources, but it also depends on the 
market for nonferrous metals. 

Ferrous and nonferrous sulfides are the leading source of sulfur 
production in Australia, Chile, China, Finland, India, the Republic 
of Korea, and Spain. Large quantities of by-product sulfides are pro- 
duced in Canada, Germany, Japan, Mexico, Russia, and the United 
States. China and Finland are the only countries where the major 
source of sulfur is pyrites; all the other countries listed produce sul- 
furic acid as a by-product of metal smelting. 

Sulfide ore deposits occur in a v ariety of geolo gical environ- 
ments. Mineralization occurs in massive lenses, tabular masses, and 
veins, and disseminated thr oughout a variety of rock types. Pur e 
pyrite contains 53.4% sulfur and 46.6% iron. Commercial-grad e 
pyrite ores are usually between 40% and 50% sulfur and frequently 
contain small amou nts of arsenic, lead, copper, cobalt, gold, zinc, 
thallium, and other trace elemen ts. Th ese asso ciated nonferrous 
metals can be reco vered as a by- product, but they canalsobe a 
source of environmental problems. 

Pure pyrrhotite has v arying che mical compositions, but it is 
poor in sulfur relative to pyrite. When pure, it contains about 38% 
sulfur and 62% iron. Pyrrhotite is softer than pyrite and weakly to 
strongly magnetic. Cobalt, nickel, and copper are frequently found 
in a ssociation wit h p yrrhotite. Silver, g old, platinum, and other 
trace elements are less common. 

Pyrites were the second major source of sulfur in the mid- to 
late-19th century foll owing the rise in the pric e of Sicilian sulfur. 
Pyrites lost predominance to Frasch sulfur in the early 20th century, 
and pyrite production continues to decline. In 2003, pyrites supplied 
7% of the world’s sulfur in all forms, down from 17% in 1990. 

One of the major reasons for this decline is the capital invest- 
ment required for a pyrite-based sulfuric acid plant, which is two to 
three times that required for a comparable plant based on elemental 
sulfur (Loughb rough 1991). En vironmental pro blems ha ve also 
plagued p yrite produc ers, because the disposal of cinder residues 
from p yrite processing is a great obstacle. These f actors, coupled 
with the increasing availability of elemental sulfur, have resulted in 
less p roduction from p yrites. Several acid plants in Europe and 
China were converted from p yrite-based to elemental sulfur-based, 
leaving v ery little p yrite-based sulfuric acid ca pacity an ywhere 
except China and Finland. Even in those countries, pyrites continue 
to decline. 

Sulfur is also recovered during the smelting of nonferrous sul- 
fides. Sulfur di oxide in the sme Iter gases is con verted to sulfuric 
acid, liquid su Ifur dioxide, or oleum. The manner in which these 
concentrates are processed is similar to the way that pyrite is treated, 
but sulfur recovery can be more di fficult because of widely varying 
sulfur contents in fluctuating gas streams. This source of sulfur has 
been increasing in significance as a result of progressively tighter 
antipollution legislation. By-product sulfuric acid r epresented 21% 
of all global sulfur p roduction in 2 003, an increase of nearly 62% 
since 1990, when it was 13% of total sulfur production. 

In th e United States, by-product sulfuric acid fromth e 
nation’s nonferrous smelters and roasters supplied about 7% of the 
total domestic production of sulfur in all forms in 2003. This figure 
has decreased stead ily since 1998 because _ several U.S. copper 
smelters have closed asa result of poor copp er metal prices and 
preference of lower-cost copper leaching processes. In 1990, seven 
acid plants operated in conjunction with copper smelters, and eight 


were accessories to lead, molybdenum, and zinc smelting and roast- 
ing operations; in 2003 , three c opper smelters an d three other 
smelters reported by-product sulfuric acid production (Ober 2004). 


Sulfur Dioxide Emission Control 


In addition to being a commercial source of sulfur, sulfur dioxide is 
also one of the most common synt hetic pollutants. Human activity 
released about 142 Mt of sulfur dioxide containing 71 Mt of sulfur 
into the atmosphere in 2003. The leading source of this pollution is 
the b urning of coal to prod uce electric power( Anon. 2004f). 
Although these fuels often contain low percentages of sulfur by 
weight, large quantities of fuel are burned by utilities and industrial 
users, discharging large quantities of sulfur in dilute gases. 

Much of the remaining synthetic emissions come from the 
smelting of nonferrous ores. Py rometallurgical operations emit 
higher concentrations of sulfur dioxide than do po wer plants, but 
there are many fewer installations worldwide. 

The environmental problems associated with sulfur emissions 
have been known and studied for some time. The do wnwind depo- 
sition of sulfur-bearing compounds, principally sulfuric acid, leads 
to acidification of lakes and streams, loss of soil nutrients, and dam- 
age to plant life. Widespread deforestation has occurred locally in 
Europe (whe re it is estimated that pollution-related disease has 
spread to more than half of the forested land in western German y) 
and North America (Anon. 1985a, 1991b). 

Sulfur compounds are but one of numerous air pollutants, but 
they are also one of the easiest to control, and several useful com- 
pounds can be recovered. A comprehensive review of flue gas des- 
ulfurization (FGD) methods is beyond the scope of this chapter, but 
the reader is referred to the FGD chapter in this book. FGD meth- 
ods can be classif ied broadly as re generative or thro waway p ro- 
cesses, depending on whether the sulfur values are recovered in a 
useful form or disposed as solid waste. Both recovery methods can 
be carried out in wet or dry syst ems. Existing processes use a vari- 
ety of compounds (lime, limestone, magnesium oxide, sodium car- 
bonate, and others) to ne utralize or collect the sulfur dio xide. End 
products include gypsum, sulfur ic acid, liquid sulfur dioxide, and 
elemental sulfur, all of which can be used if local markets exist. If 
local markets do not exist, large quantities of gypsum or sulfuric 
acid may ha ve to be neutralized or otherwise disposed of, which 
can create other environmental problems. 

In the United States, the Clean Air Act Amendments of 1990 
successfully mandated r eductions in SO 2 emissions. In 2002, the 
last year for which data are available, sulfur dioxide emissions from 
power plants totaled 9.9 Mt, a 33% decrease from the 14.8 Mt emit- 
ted in 1990 (Anon. 2003a, 2004b). This was achieved by a combi- 
nation of alternative clean fuels such as natural gas and low-sulfur 
coal and innovative FGD technology. 

Pollution c ontrol le gislation, by requiring the neutralization 
and recovery of environmentally damaging compounds, effectively 
provides additional quantities of sulfur to the market regardless of 
the economic viability of these activities. As pollu tion legislation 
has continued to tighten, increasi ng quantities of sulfur have been 
recovered. Despite the predictions of increased tonnages of sulfur 
recovered from SO emissions at power plants, however, the impact 
on total sulfur production has not been dramatic. A high proportion 
of the sulfur is recovered in the form of gypsum, and useful sulfur 
values are a very small portion of total production. 


Sulfates 


Sulfate minerals, particularly an hydrite and g ypsum, represent the 
world’s largest sulfur resource. Thick deposits of naturally occurring 
anhydrite and gypsum are found in evaporite basins worldwide, and 
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large amounts of gypsum are produced as by-product waste materi- 
als from anumber of ind ustrial and pollution contr ol processes. 
Nevertheless, sulfates are rarely used as a source of sulfur o wing to 
the high cost of the processing. 

Sulfur values (in the form of sulfuric acid and ammonium sul- 
fate) have been recovered from sulfate in only afe w countries, 
including Austria, Germany, India, Pakistan, Poland, Turkey, and 
the United Kingdom (Anon. 1985b). Sulfuric acid is produced from 
anhydrite and gypsum using the Muller—Kuhne process, developed 
in Germany during World War I. Ammon ium sulfate is manuf ac- 
tured from natural and by-product sulfate using the Merseberg pro- 
cess in which calcium sulfate is reacted with ammonium carbonate 
(Barker 1983). 

Elemental sulfur can also be recovered from sulf ate minerals, 
including anhydrite and gypsum, but the process has never been eco- 
nomic. Although there have been se veral attempts to design p ro- 
cesses to recover elemental sulfur from sulfate minerals, only one 
commercial attempt was made in the late 1960s. Located in western 
Texas, the Elcor Chemic al Corp. plant used gypsum from Permian 
evaporites in a two-step process in which calcium sulfide produced 
in akiln w as hydrolyzed to hydrogen sulf ide, which then yielded 
sulfur by the Claus proc ess. The process was energy intensive, and 
high fuel costs combined with technical problems and a drop in the 
price of sulfur caused the demise of the pr oject (Anon. 1968, 1983; 
Ellison 1971). Despite occasional efforts by researchers to produce 
sulfur economically from sulfates, it is unlikely that sulfates will be 
used extensively because of the increasing availability of recovered 
sulfur and the relatively low price of the commodity. 

Tremendous quantities of phosphogypsum, a by-product of the 
production of phosphoric acid, have been generated worldwide, and 
more than | Gt are stockpiled in se veral states in the United Sta tes, 
especially Flo rida. Mu ch of these stockpiled comp ounds con tain 
radioactive impurities (Anon 2000). Se veral or ganizations, includ- 
ing such groups as the Florida Institute of Phosphate Research and 
the Institute for Recyclable Materials at Louisiana State University, 
have conducted phosphogypsum utilization studies, but attempts to 
devise econ omically v iable alternati vesto pho sphogypsum 
impoundment or disposal have not been successful. Recovery of sul- 
fur from phosphogypsum can be eco nomically feasible only if the 
gypsum is not radioactive and sulfur prices are extremely high, a sit- 
uation that is not likely in the foreseeable future. 


FORMED SULFUR 


Before the early 1950s, much of the world’s tonnage of export sulfur 
was handled as crushed bulk. Because of safety, environmental, and 
economic concems arising from breakage of the solid sulfur and 
generation of sulfur dust, sulfur-forming techniques were developed 
to overcome difficulties inherent in solid sulfur operations. 

Basically, liquid sulfur is formed into solid, moderately sized 
particles of sel ected shapes. These particles are designed to resist 
attrition, be unwettable, and handle easily during stockpiling, load- 
ing, transport, and unloading. 

Early sulfur forming w as limited to the production of flak es 
and slates, b ut as sulfur output from sour g as inc reased in th e 
1960s, so did the development of new processes for sulfur forming. 
A variety of forms are now produced, many of which are spherical 
(Raymont and Hyne 1983). 


Production of Formed Sulfur 


The main purpose in sul fur forming is to prevent breakage of the 
solid sulfur particles d uring handling. Two factors emerge as the 

most important in determining resistance to breakage: particle size 
and sphericity (Hyne 1990). The larger the particle size, the greater 


the tendency to brea k apart during hand ling (friability). The opti- 

mum size for spherically formed sulfur is between 1.5 and 3.5 mm. 
Sphericity is also important in that the more spherical the form, the 
less likely it is to have easily ruptured protrusions. These factors are 
especially important in the so-called premium products, where fines 
(less than 0.3 mm) or dust production is required to be less than 2%. 
Highly spherical products, however, will have a low angle of repose 
and angle of climb (the maximum inclination that can be used to lift 
a product on acon veyer belt without it running back), which may 
generate other problems during transportation and storage. 

Reduced friability al so reduces the environmental impact of 
solid sulfur handling. On exposure to water and air, elemental sul- 
fur reacts to f orm sulfurous and sulfuric acids, which can create 
localized environmental problems and lead to excessive corrosion 
of plant facilities. The reaction is bacterially mediated, and the rate 
of reaction is inversely proportional to the sulfur particle size. The 
production of acid can be minimized if dust levels are controlled or 
bactericides are used. 

Sulfur is made into several primary forms: flakes, slates, prills 
(or pellets), nuggets, gra nules, pastilles, and briquettes. Flakes are 
the easiest, b ut least popular, of the forms to produce. Sulfur is 
cooled and solidified on the outsi de of large rotating drums, from 
which it peels off into small flakes (Anon. 1979b). 

Slating, the least e xpensive process, is wi dely used b ut also 
produces particles having relatively high friability. Molten sulfur is 
cast onto a continuous conveyer belt and is cooled with air or water 
so that it solidifies into a thin sheet. As it reaches the end of the belt, 
the sheet is broken, or breaks naturally, into smaller pieces. 

Prilling sulfur is a more complicated forming method, but it 
also is widely used. There are two fundamental types of sulfur prill- 
ing—air and water. In air prilling, molten sulfur is sprayed from the 
top of a tower against an upward flow of air. As it falls, the sulfur 
breaks into small droplets and cools into prills. In water prilling, the 
sulfur is sprayed into tanks containing water, from which the prills 
are collected and dried. Prilling is also referred to as pell eting, a 
legacy from the production of lead shot in towers. Minor modifica- 
tions to prilling techniques are used to produce nuggets. 

Granulation in volves applying successive coats of sulfur to 
solid particles of sulfur in a gran ulator until the particle size reaches 
the required value. In the GX granulation process of Enersul Ltd., liq- 
uid sulfur is sprayed into a rotating drum in which small seed parti- 
cles of sulfur are rec ycled from the end of the process (Hyne 1990). 
The product granules are spherical, dry, hard, and free from the voids 
and structural weaknesses often associated with prills. The end prod- 
uct size can also be varied to meet customer requirements. 

Pastilles are indi vidual droplets of molten sulfur that have 
been drop ped on a steel belt and cooled by conduction. Sandvik 
A.B. has a_ Rotoform process th at uses apa tented Rot oformer 
(essentially a perforated drum) to distribute the sulfur on the belt. 
At the end of the belt, the pastilles are scraped off and fall onto a 
collecting conveyer. The re sulting pastilles are s pherical but fl at- 
tened on one side. 


Characteristics of Formed Sulfur 


The characteristics of the sulfur form have a direct bearing on the 
suitability of the form for tr ansport. Important characteristics 
include friability, moisture performance, and handling characteris- 
tics; friability is probably the most important (Anon. 1979b; Ray- 
mont and Hyne 1983). The friability of a sulfur form is influenced 
by the particle size, surface texture, internal voids, and crystallinity. 
Moisture performance is de fined by the moisture content of 
the newly formed product an d the moisture uptake and retention 
when it is stockpile d. Those forms produced by water quenching 
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Figure 14. Sulfur-sulfuric acid supply and end uses 


have a higher initial moisture c ontent than forms produced by dry 
processes, but me chanical dewatering and drying can reduce the 
moisture c ontent. The moisture uptake and retention ofa sulfur 
form are particularly important because stored sulfur is common ly 
exposed to the atmosphere. F ormed sulfur usually has reasonable 
water rejection properties because sulfur itself is hydrophobic. The 
spherical forms e xhibit superior water rejection properties; w ater 
will often penetrate only the f irst few centimeters into a stockpile 
and then drain away. 

The hand ling characteristics of a sulfur form depend on 
particle size and shape, uniformity, surf ace te xture, density , and 
hardness. The properties of bulk density and the angle of repose are 
two of the most important handli ng characteristics. Normal dry 
bulk sulfur has a b ulk density of between 1,345 and 1,440 kg/m? 
and an angle of repose of 35°. Formed sulfur should have a density 
approaching bulk sulfur and as high an angle of repose as possible, 
but these values vary considerably, even for forms produced by the 
same technique. The density and angle of repose are also affected 
by the moisture content. 


REFINED SULFUR 


The category of refined sulfur includes a wide range of manuf ac- 
tured products,o f which ground sulfur is the most pr ominent. 
Sometimes refe rred toas specialty sul fur, this ca tegory also 
includes wettable, insoluble, precipitated (als o referred to as sub- 
limed o r flo wers of sulfur), colloidal, micronized, and double- 
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refined su lfur, along with specia 1 gr ades used in manufacturing 
pharmaceutical and photochemical products (Anon. 1979a, 1992). 

Although refined sulfur is the oldest end use of sulfur—having 
been used since antiq _uity, pa rticularly in pharmacology and 
alchemy—demand for refined sulfur continues to gro w. Neverthe- 
less, of all the sulfur consumed in the western world, only a very 
small percentage is used as refined sulfur or specialty grades. Even 
SO, it is a business that is important in its own right because it sup- 
plies essential an d highly specialized products for agriculture and 
industry. 

Although ground and ref ined sulfur are used to some e xtent 
almost e verywhere i nt he w orld, the manuf acture of g round an d 
refined sulfur is confined to a re latively small number of enterprises, 
most of which are conce ntrated in areas where the le vel of economic 
development is hig h, such as No rth Amer ica, Eu rope, an d Japan. 
Other p roducers are fo und where  therei s signi ficant domesti c 
demand, such as Australia, the Republic of South Africa, India, Mex- 
ico, Brazil, and Chile, or where large quantities of recovered sulfur are 
available for export, such as Kuwait and Saudi Arabia (Anon. 1984b). 

Ground sulfur must be manufactured in highly controlled con- 
ditions to prevent explosions. Because ground sulfur will autoignite 
at 190°C, grinding is done inan inert atmosphere with special 
equipment to minimize the buildup of heat and static electricity. 

A healthy international trade in refined sulfur exists because 
almost all economies need sulfur, but not necessaril y enough to 
justify establishing a dom estic industry. In ge neral, the pattern of 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 























Sulfur 963 
Table 5. Sulfur and sulfuric acid sold or used in the United States, by end use, kf 
Elemental Sulfurt Sulfuric Acid (Sulfur Equivalent) Total 
End Use SIC Code* 2002 2003 2002 2003 2002 2003 
Copper ores 102 0 0 7078 A21 707 421 
Uranium and vanadium ores 1094 0 0 2 4 2 4 
Other ores 10 0 0 1 58 1 58 
Pulp mills and paper products 26, 261 “y oa 122 225 122 225 
Inorganic pigments paints and allied 28, 285, 286, 0 5 27 7\ 27 76 
products, industrial organic chemicals, 2816 
other chemical productstt 
Other inorganic chemicals 281 ™ 188 50 97 50 285 
Synthetic rubber and other plastic 282, 2822 0 0 66 82 66 82 
materials and synthetics 
Cellulosic fibers, including rayon 2823 0 0 6 1 6 1 
Drugs 283 0 0 2 2 2 2 
Soaps and detergents 284 - 0 0 2 0 
Industrial organic chemicals 286 0 0 4 22 4 22 
Nitrogenous fertilizers 2873 0 0 105 206 105 206 
Phosphatic fertilizers 2874 0 0 6,6608 6,660 6,6608 6,660 
Pesticides 2879 0 0 8 1] 8 11 
Other agricultural chemicals 287 1,650 1,590 29 46 1,680 1,630 
Explosives 2892 0 0 8 10 8 10 
Water-treatment compounds 2899 0 0 DY. 98 59 98 
Other chemical products 28 0 0 21 45 21 45 
Petroleum refining and other petroleum 29, 291 2,390 3,700 90 140 2,480 3,840 
and coal products 
Steel pickling 331 0 0 7 58 7 58 
Nonferrous metals 333 0 0 2 3 2 3 
Other primary metals 33 0 0 7 9 7 9 
Storage batteries (acid) 3691 0 0 3 13 3 13 
Exported sulfuric acid 0 0 334 1,420 334 1,420 
Total identified 4,040 5,480 8,3208 9,700 12,4008 — 15,200 
Unidentified 248 678 52 409 300 1,090 
Grand total 4,290 6,160 83808 10,100 12,7008 16,300 
Source: Ober 2004. 
* Data are rounded to no more than three significant digits; may not add to totals shown. 
t Does not include elemental sulfur used for production of sulfuric acid. 
$ Standard industrial classification. 
§ Revised. 
** Withheld to avoid disclosing company proprietary data; included with “Unidentified.” 
tt No elemental sulfur was used in inorganic pigments and paints and allied products. 
trade is from North Americato South Americainthe Western Sulfuric Acid 


Hemisphere and from Europe and Japan to nonproducing countries 
in the Eastern Hemisphere. 


END USES 


Sulfur is consumed mainly inthe form of acid and, to a lesser 
extent, other intermediate chemicals used to ma nufacture a final 
product that often does not contain much, if any, sulfur. Approxi- 
mately 90% of all sulfur consumed in the United States every year 
is in the form of sulfuric acid for use in a mul titude of industries. 
The balance is used fora v ariety of nonacid industr ial purposes. 
Figure 14 an d Table 5 gi ve detailed end-use information for th e 
United States. 

The largest single use of sulfu r is in the production of phos- 
phate fertilizers, followed by petroleum refining, other agricultural 
chemicals, copper ore leaching, and other industrial uses. Com- 
bined agricultural uses of sulfur in all forms account for 62% of 
identified domestic use. 


Sulfuric acid, because of its desirable properties, is the most univer- 
sally used mineral acid and the largest-volume inorganic chemical 
interms of the quantity produced and consumed in the Un ited 
States (Ober 200 4). World sulfuric acid production totaled about 
159 Mt in 2003 ( 100% sulfuric acid), of which 41 Mt containing 
about 13 Mt of sulfur was produced in the United States. 
The reasons for sulf uric acid’s dominance as the most desir- 
able mineral acid are as follows (Shelton 1980; Barker 1983): 
1. Raw materials and acid plant operating costs are low. 
2. Shipping, handling, and storage problems are fewer than for 
other acids. 
3. The acid adapts to numerous acidulation and neutralization 
processes. 
4. It has excellent dehydrating properties. 
5. It demonstrates effective catalysis in man y hydrocarbon and 
organic chemical syntheses. 
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6. Itreadily forms organic sulfates with man y h ydrocarbons, 
which are easily hydrolyzed to form other basic products. 


7. It has a high boiling point, whic h limits volatilization losses 
caused by high temperatures required in many processes. 


8. It can be partially used in one process, reused in a second or 
even a third process, and be readily regenerated, fortified, and 
concentrated for still further uses. 


The basic equations for sulfuric acid production are the same 
regardless of the process used or the source of the sulfur. The reac- 
tion sequence goes as follows 


YOr H20 
sulfur source — SQ) > SO3  — H»SQO4 
catalyst 


Actual production is much more complicated than this and 
processes vary significantly, as do requirements for different sulfur 
sources. 

The earliest commercial process for sulfuric acid production, 
the chamber process, was first used in 1746 (Sander, Rothe, and 
Kola 1984). In this process, oxides of nitrogen acted as catalysts for 
the oxidation of sulfur dioxide to sulfur trioxide in a lead chamber 
reaction vessel. Because the maximum concentration of the sulfuric 
acid prod uct from the chamber process is about 77% to 7 8%— 
lower than that produ ced in most industrial f acilities—the process 
is considered obsolete, with very limited production from plants of 
this type (Donovan and Salamone 1983). 

The contact process replaced the chamber process early in the 
20th century because it could pr oduce the much more c oncentrated 
acid (about 98%) needed in the production of synthetic dyes, organic 
chemicals, and the explosives required during World War I. The first 
contact process, usin g a platinum catalyst to oxidize sulfur dioxide 
to sulfur triox ide, was developed in 18 31. It continues to be u_ sed 
with improvements, especially in the type of catalysts used. Eventu- 
ally vanadium pentoxide replaced platinum as the dominant catalyst, 
owing to its inse nsitivity to cat alyst poisons and its lo wer cost; a 
cesium-promoted vanadium catalyst was a later innovation. A sec- 
ond absorption stage was added in the contact p rocess, optimizing 
the efficiency of the conversion of sulfur dioxide to sulfur trioxide, 
reducing sulfur dioxide emissions significantly, and improving the 
environmental performance of modern sulfuric acid plants. Nearly 
all sulfuric acid plants in developed countries use double-absorption 
systems to comply with environmental regulations limit ing sulfur 
dioxide emissions at chemical ope rations (Sander, Rothe, and K ola 
1984). Typical doub le-absorption p lants, as sho wn in Figure 15, 
recover 99.5% to 99.8% of the sulfur dioxide produced at the sulfur 
burner, and some are even more efficient (Donovan and Salamone 
1983). Single-absorp tion con tact plants can treat their tail gas, 
sometimes by producing ammonium sulfate to meet environmental 
standards. 

Smelter-based sulfuric acid plants use the doub le-absorption 
process to strip their off-gases of sulfur dioxide. The biggest differ- 
ence between sulfur-burning and by- product sulfuric acid plants is 
the lack of a sulfur burner at smelters. Smelter gases have lower sul- 
fur dioxide content and more impurities, requiring slightly different 
steps and higher gas-flow capabilities to produce comparable quan- 
tities of sulfuric acid. 


Agricultural Uses of Sulfur 


More sulfuric acid is consumed in con verting phosphate rock into 
phosphoric acid and other phosphate fertilizers than is consumed in 
any other industry. Sulfuric acid converts the insoluble phosphate 


minerals into phosphoric acid that can then be used directly or pro- 
cessed into more complex fertilizers. Ammonia and sulfuric acid 
combine to form ammonium sulfate, another fertilizer that requires 
sulfur for its production. Elemental sulfur products ha ve been 

developed to pro vide sulfur for crop nutrition. Other agricultural 
uses that require elemental sulfur include nutritional supplements in 
animal feeds and salt blocks. Finely divided sulfur is also used in 
agriculture as fungicides, insecticides, and miticides. 

In agriculture, refined sulfur in powdered (dry or wettable), 
micronized, sublimed, and other forms, often combined with metal 
compounds, is used in direct ap plication on cr ops, in viticulture, 
and in horticulture as protection against mildew, powdery mildew, 
and other fungi. In these end uses, however, crude recovered sulfur 
increasingly is use d without be ing refined because the quality of 
recovered sulfur is sufficient. 

Refined sulfur, mainly ground, is also used in wine and sugar 
refining, as a pe sticide (since ancient times), in fertilizer as a soil 
conditioner, and as an additi ve to compound animal feeds. Plant 
nutrient sulfur (PNS) products formulated from ref ined sulfur 
deliver small sulfur particles that decompose more readily into the 
sulfate form. The particles can be agglomerated into granules with a 
binding material that makes the sulfur easier to handle, limiting the 
sulfur dust, and improving the safety of handling finely divided sul- 
fur. Other products incorporate elemental sulfur with 10% bentonite 
clay. After application, the c lay swells as it absorbs soil moisture, 
breaking off the sulfur in a variety of particle sizes (Anon. 1999b). 


Industrial Uses for Sulfur 


In addition to be ing the largest source of recovered sulfur in the 
United States, petroleum ref ining is a large consumer of sulfur in 
the form of sulfuric acid. Refineries use sulfuric acid in the alkyla- 
tion pro cess, which co mbines sp ecific h ydrocarbon materials to 

produce high-qu ality g asoline. In n onferrous metals pr oduction, 
processes have been developed that dissolve the v arious me tals 
from the host rock with sulfuric acid and then recover the desired 
metals from the solutions. Copper has been produced through a sol- 
vent e xtraction—electrowinning (SX—-EW) pr ocess sin ce abou t 
1967. Nickel can be produced using a pressure acid leach process. 

Another industrial use of sulfuric acid is the source of one sul- 
fur compound used in agriculture. Ammonium sulfate is a by-product 
from the pr oduction of capr olactam, an or ganic chemical that is a 
precursor for the nylon-6 polymer that is used in carpets, other textile 
products, and plastics. Through a series of complex reactions, sulfur, 
ammonia, and benzene combine to form caprolactam and ammonium 
sulfate. This process is unusual in that as it consumes sulfuric acid, it 
produces a usabl e sulfur by -product—ammonium sul fate, which is 
used in agriculture. 

Although not currently widely used, sulfur construction materi- 
als can offer improvements over more conventional materials, espe- 
cially in specific applications. Sulfur construction materials include 
sulfur concrete, sulfur-extended asphalt pavements, precast concrete 
components, extrusions, and cast-in-place forms. Other major end 
uses for sulfur and sulfuric acid are hydrofluoric acid produ ction, 
pulp and paper processing, and titanium dioxide production. 

Smaller end uses include vu Icanization of natural and syn- 
thetic rubber tires, pro duction of explosives and other organic and 
inorganic chemicals, steelmaking, and the production of synthetic 
rayon fiber. The electrolyte in lead—acid batteries is sulfuric acid. 

In industry, the rubber and tire sector is the prime user of spe- 
cial sulfur, using ventilated, micronized, and insoluble forms, all of 
which are necessary in the vulca nization process. Much smaller 
quantities of specialty grades are used in the manufacture of such 
diverse items as pharmaceuticals, matches, fireworks, and textiles. 
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Source: Barker 1983. 
Figure 15. Simplified flowsheet, double-contact sulfuric acid plant 


Many other processes use sulfur and sulfuric acid, but listing all of 
them would be nearly impossible. 


Uses for Sulfur with Potential for Growth 


Various industrial, academic, and governmental groups ha ve been 
researching expanded uses for sulfur for some time. The growing 
supply of sulfur in both elemental and combined forms _ has led to 
the development of a number of new products. The use of sulfur in 
construction applicati ons possesses the lar gest pot ential for ne w 
sulfur consumption. The practicality of these applications is largely 
a function of the price of sulfur in relation to competing materials. 

Many products have been researched, and some are currently 
in use. The most promising construction uses are sulfur-extended 
asphalt pa ving applications, whic h give increased durab ility and 
performance over a wider range of temperature, and sulfur polymer 
concrete, a paving or construction material that uses a modified sul- 
fur binder with conventional aggregates. Other con struction uses 
include an extender or recycling agent for used asphalt; foamed sul- 
fur with high compressive strength and insulating proper ties to be 
used for insulation, pa vement subbases, and possibly lightweight 
structural applications; an impregnator of various of compounds to 
increase strength, durability, and water resistance; a coating mixed 
with fibers or modif iers on bloc k or brick b uildings, linings for 
ponds, and other applications where a durable coating is useful; sul- 
fur concretes, mortars, and aggregates with enhanced corrosion and 
salt resistance; and molded sulf ur blocks for tile and brick. Other 
research has tested using sulfur in electrodes in alkali metal batter- 
ies andin sewage and w astewater treatment (Muir 1982; Terrel 
1982; Barker 1983). 

Paving materials containing sulfur have been shown to possess 
superior qualities to more conventional paving materials in t ests at 
numerous sites but have enjoyed limited commercial application. In 
sulfur-extended asphalt, up to 30% of the asphalt binder is replaced 
with elemental sulfur, ma king pavement with inc reased stability, 
reduced rutting, and increased resistance to cracking at low tempera- 
tures (Keenan 2003). Sulfur concrete has several attractive properties 
that make it superior to portland cement concrete in some applica- 
tions. These include strength and dur ability; short setting times and 
rapid achievement of full strength; impermeability; resistance to cor- 
rosion from acids and salts; and high electrical resistivity. Sulfur 
concrete is par ticularly effective in high- corrosion en vironments 
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such as industrial flooring, acid storage tank s, electrolytic cells, 
sewer pipes, and bridge decking (Pickren and Mollére 2002). 

Copper SX—EW operations are expanding around the world, 
especially in Austra lia, Chile, Peru, and the United States. With 
large reserves of leachable copper ores identified around the world, 
SX-EW processing holds the potential for significant growth and, 
with it, significant increases in sulfur and sulfuric acid consumption 
(Gillen 1996). 

In the nickel pressure acid leach (PAL) process, sulfuric acid 
reacts with nickel laterite ores under high temperature and pressure 
to dissolve the nickel from the minerals. Large quantities of sulfu- 
ric acid are required to reco ver nickel from the ores, averaging 
about 30 t of acid per ton of nickel produced. This end use could 
add significantly to sulfur and sulfuric acid demand, but detailed 
and specific forecasts are not available. 


ECONOMIC FACTORS 
Costs 


Economic factors and costs of production in th e sulfur indu stry 
must be considered separately for the voluntary and in voluntary 
producers. As with most industria | minerals, the v oluntary sulfur 
industry is market driven. The de gree of use of sulfur and sulfuric 
acid depends on w orldwide econo mic activity and the health of 
industries that use sulfur-bearing compounds for the production of 
other goods. That is not entirely true for involuntary producers who 
must recover sulfur if their primary operations are to remain active. 

What remains of the voluntary sector of the sulfur industry is 
based on the orderly mining of discrete deposits of native sulfur to 
obtain as ne arly a c omplete recovery of t he resource as e conomic 
conditions will allow ( Morse 1 985). Thisr equires a relatively 
assured mark et and a price structure attractive to both producers 
and consumers. The assured market is commonly based on the rela- 
tively close proximity of sulfur users, frequently fertilizer produc- 
tion ce nters, and the availability of cheap transportation to end 
users. To a significant extent, stability of sulfur supply and price is 
accomplished by the maintenance of lar ge stocks of sulfur by the 
producers. 

For the Frasch producers, the main operating expenses are 
fuel for heating the process water, chemicals for treating the water, 
and the cost of drilling production wells. Work-force requirements 
are relati vely lo w. Additional costs include plant maintenance, 
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royalty payments to lando wners ( frequently a sign ificant cost), 
taxes, and transportation. High fuel costs or e xcessive subsurface 
water loss can increase the cost of sulfur recovery to a point where 
it is no longer profitable to operate the plant. 

In contrast, involuntary producers are often forced to reco ver 
sulfur from their primary product because of en vironmental 
restraints or other mandates. The economic desirability of produc- 
ing sulfur is often subordinate to the necessity of recovering it, and 
the sulfur revenues may represent only a small portion of the re ve- 
nues (sometimes not even enough to pay for recovery) from the pri- 
mary product. In such cases, there may be no ready market for the 
sulfur or sulfuric acid, and the producer may be forced to dump the 
product on the market regardless of the cost. The sulfur may also be 
transported to a market far from the source, and so the transporta- 
tion char ge constitutes a large part of the sulfur cost. Involuntary 
sulfur production depends on demand for the primary product, and 
as such is always independent of the need for sulfur. 

Sulfur prices can vary greatly by location, source, and terms. 
In late 2004, Fertilizer Markets, a weekly fertilizer industry ne ws- 
letter, published sulfur prices that ranged from $50 to $93/t (Anon. 
2004e). Green Markets, a similar publication, reported prices rang- 
ing from $12 to $ 74/t for other locations (Anon. 2004c). Tampa, 
Florida, Frasch pric es were once t he standard ag ainst which the 
prices for all other mark ets were compa red. Frasch sulfur once 
demanded a premium price because of its superior quality to recov- 
ered sulfur, but recovered sulfur has improved to a level comparable 
to Frasch and its availability to the point that no separate prices are 
published. As the Frasch industry declined, so has its d ominance in 
sulfur pricing strategy. 

By 1990, world sulfur price leadership had shifted from U.S. 
Frasch producers to the C anadian recovered sulfur exporters. This 
shift was aided by the ability of Canada to e xport most of its pro- 
duction from the Port of Vancouver and to ship large volumes from 
vatted stocks. The ab undance of sulfur exporters has diluted th e 
ability of an y one industry se gment to influence prices. Interna- 
tional sulfur trade has become qui _ te competitive, and consumers 
sometimes have the upper hand in price negotiations. 


Markets 


The international market for elemental sulfur is active and growing. 
In 2003, world sulfur trade was 24 Mt, representing 54% of all ele- 
mental sulfur produced glo bally, compared to 1990 when 17 Mt 
(44% of global production) was traded internationally. The export- 
ers with more than 1 Mt in 1990 were Canada, Poland, Saudi Ara- 
bia, and Mexico. The leading exporting countries in 2003 were, in 
descending order of export tonnage, Canada, Russia, Saudi Arabia, 
the United Arab Emirates, and Japan, all with more than 1 Mt of 
elemental sulfur exports. 

Countries with more than 1 Mt of elemental sulfur imports in 
2003 were China, Morocco, the United States, Tunisia, Brazil, and 
India. All of these countries use the majority of their sulfur imports 
to produce sul furic acid, which is used for phosphate fertilizer 
production. 

Sulfuric acid al so is trad ed in ternationally, b ut to amuch 
smaller degree than crude sulfur. Sulfuric acid trade is extensive in 
Canada, Europe, Japan, Mexico, and the United States (Ober 2004). 


Transportation 


Sulfur can be transported either in liquid or in solid states. Conver- 
sion to sulfuric acid, the pr incipal end use, is easiest using liquid 
sulfur, so this has become the _ preferred form, especi ally when 
environmental effects are considered. When sulfur cannot be trans- 
ported to a consumer in the liquid form, it is converted to a variety 


of solid forms for tran sportation or is sto ckpiled. Stockpiling of 
sulfur is cheapest by far in large solid blocks (vats) that are broken 
or melted before shipment. Because sulfur block rem elting is 
expensive, as i s liq uid sul fur-handling eq uipment, transport and 
handling of formed solid sulfur is often more economical except 
where liquid-handling facilities are in place. 

Transporting sulfur in the liquid phase offers certain advan- 
tages, includin g ease of handling, absence of fugiti ve dust, and 
reduced losses. Un protected pers onnel, however, may be e xposed 
to hydrogen sulfide and sulfur dioxide during handling. Problems 
associated with solid su Ifur include en vironmental de gradation 
from fugitive dust, possible ignition of sulfur or explosion of sulfur 
dust, and corrosion of unprotected metal (Morse 1985). 

Sulfur transportation costs can be a critical factor in determin- 
ing the economic viability of a sulfur production facility. For exam- 
ple, sulfur in western Canada must be shipped to Vancouver by rail, 
adding a significant charge to the cost of the sulfur. Some of the oil 
sands operations are so remote th at transportation costs ha ve lim- 
ited their availability to international markets of sulfur. The same 
situation exists in Kazakhstan, but pressure from government offi- 
cials to reduce sulfur stocks has spurred the installation of forming 
apparatus to make the Tengiz material more attractive in the global 
marketplace. 


Alternative Materials 


For many uses, there are no alternative materials that can replace 
sulfur or sulfu ric acid. Inanumber of di verse areas, ho wever, 
hydrochloric or other acids can be substituted for sulfuric acid. The 
prices of these acids generally dictate which one will be used, and 
sulfuric acid has been the most widely used because of its relatively 
low cost. Su lfuric acid has been replaced by h ydrochloric acid in 
the production of titanium dioxide. Because hydrochloric acid pro- 
duction costs have decreased, it could replace sulfuric acid in other 
applications as well. Sulfuric acid can be replaced by hydrofluoric 
acid in petroleum alkylation, but sulfuric acid is often perceived as 
safer than hydrofluoric acid (Anon. 1990c). 


Environmental Considerations 


Sulfur-bearing compounds, particularly sulfur dioxide and sulfuric 
acid, are of prime concern in legislation restricting releases of con- 
taminants to the atmosphere and bodies of water. The broad topic 
of sulfur as a pollutant is well beyond the scope of this discussion, 
but it should be remembered that sources of sulfur pollutants are 
now used as sour ces of recovered elemental sulfur, as previously 
discussed. 

As legislation affecting atmospheric discharge of sulfur oxides 
or sulfuric acid is tightened, larger quantities of sulfur (generally as 
acid or calcium sulfate) will be available for use in other industries. 
Similarly, discharges of sulfuric acid to bodies of water are increas- 
ingly prohibited. Dilute acid dumping at sea is now restricted by the 
European Union, and this measure, coupled with similar efforts else- 
where, has prom pted an increase inthe recycling of w aste ac id. 
Spent sulfuric acid w as formerly neutralized or otherwise disposed 
of; now it is regenerated at numerous sites, where it is reburned with 
additional sulfur to produce re generated acid an d additional virgin 
acid. 

Environmental concerns also affect sulfuric acid consumption 
indirectly. Because of en vironmental pressures, manufacturers of 
titanium dioxide (a pigment commonly used in paint) have largely 
converted their manufacturing process from one using sulfuric acid 
to a chloride-based process. 

The environmental impacts of native sulfur mining and _ trans- 
portation are generally minimal and restricted to small areas. Frasch 
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mining operations commonly experience varying degrees of subsid- 
ence from sulfur removal, but at many mines, particularly in west- 
ern Texas and offshore of the Gulf of Mexico, subsidence is mainly 
an engineering challenge. Bleedwater recovered during Frasch min- 
ing may have to be treated or cooled before it is disposed of, but in 
some cases w ater is scarce enoug h that the bleed water is r eused. 
Native sulfur spilled at the surface quickly reacts to form sulfurous 
and sulfuric acids, which may lead to acid drainage and corrosion 
damage, but these effects are generally restricted in area and of 
short duration. 


FUTURE TRENDS 


Outlook for Consumption 


Demand for elemental sulf ur and sulfur-bearing products has con- 
tinued to grow steadily as the world population and economy have 
grown, but temporary slumps in the market for sulfur have occurred 
concurrent with eco nomic recessions. Th e Sulphur Institute _pre- 
dicts that world sulfur consumption will grow an average of 2.3% 
annually through 2011, reaching 74.2 Mt at that time. Fer tilizer 
should continue as the dominant end use for sulfur, but other end 
uses will grow also, especially in metal leaching (Anon. 2003b). 


Outlook for Supply 


Production exceeded consumption in 2003 for the twelfth consecu- 
tive year, although surpluses were smaller than th ey had been in 
recent years (Kitto 2004). It appears, however, that much of the sur- 
plus is material in those remote locations that inhibit transportation 
to mark et. Stocks in Kazakhs tan gre w, b ut Canadian stocks 
declined for the first time in several years. 

Recovered sulfur is expected to continue to increase, although 
reinjection projects at natural gas operations may minimize its effect 
on the su pply/demand imbalance. North American sulfur re covery 
at natural gas operations has already declined as a result of depletion 
of deposits, but reinjection projects are likely to remove significant 
quantities from the mark et beginning in early 2005. Other reinjec- 
tion plans may limit the growth in gas-recovered sulfur that could be 
produced ate xpanded operations , especially in Kazakhstan. 
Although not a major force in global su Ifur trade in 2003 , improve- 
ments to sulfu r forming and handling facilities were under w ay, 
making increased availability of sulfur from Kazakhstan likely. 

Sulfur production from Canadian oil sands operations will 
increase as more projects come on s tream, but these deposits also 
are in remote locations with little of the necessary infrastructure to 
move large quantities of ma terial to major markets. If ma rkets do 
not e xpand in less con ventional areas such as constru ction, oil 
sands companies may choose to store their sulfur underground until 
the markets improve. This would limit the effect that lar ge addi- 
tional quantities of sulfur produced in Canada would have on the 
world market. 

Petroleum refiners have fewer options for disposing of excess 
sulfur and more potential for growth in production. Refineries are 
located in populated areas where large stockpiles of solid sulfur are 
not acceptable, and the y are not close to formations amenable to 
reinjection of sour gases. Even in countries with a shor t history of 
environmental protection it is be coming more imperative that they 
reduce sulfur dioxide emissions from refineries and remove the sul- 
fur from their finished fuels, both of which increase the production 
of elemental sulfur .In addition to these f actors, ref ineries a re 
increasingly dependent on crudes with higher sulfur content, neces- 
sitating additional sulfur recovery capacity. Thus, sulfur production 
from oil refineries would be expected to increase as the production 
of petroleum products increases, but more sour crudes, more strin- 
gent environmental controls, lower sulfur levels in fuels, and fewer 


alternatives for disp osing of e xcess supplies suggest that sulfur 
from this source is li kely to expand at a higher rate than that of 
other refinery products. 

In most industrialized regions, especially Japan, North Amer- 
ica, and Western Europe, environmental re gulations have resulted 
in very high sulfur recovery and very low sulfur dioxide emissions. 
Lower sulfur fuel limits and further reductions in allo wable emis- 
sions are expected to add relatively small quantities of recovered 
sulfur. The refining of higher -sulfur crudes will have much more 
effect on sulfur production at refineries in these regions. In develop- 
ing countries, however, more stringent environmental re gulations 
and bet ter enforcement of the se | aws repres ent the pote ntial for 
very large additional supplies of recovered sulfur. In addition, these 
producers will face the same challenges with lower sulfur content 
in fuels and higher sulfur content of the crudes_ processed. These 
factors could result in tremendous increases in elemen tal sulfur 
supplies from oil refineries. A recent analysis took these factors 
into account and predicted that elemental sulfur recovery from oil 
refining cou Id approach 50 Mt wi thin 25 years, an increase of 
nearly 200% o ver the 1 7 Mt reco vered from that source in 2 003 
(Stevens and Hernandez 2003). 

Voluntary production of elemental sulf urise xpected to 
remain relatively steady until the remaining mine in Poland ceases 
production. The possibility exists for Frasch production to resume 
in Iraq, perhaps with the assistance of the Polish prod ucer, when 
conditions stabilize there, but the situation is too precarious to make 
a definitive prediction of what will happen. 

Other voluntary production, including pyrites and other native 
production, is likely to continue to decline. The environmental fac- 
tors that make pyrites use undesirable will continue to push con- 
sumers to alternati ve ra w mate rials. Small production of nati ve 
sulfur may persist where it is used for local consumption. 

In conclusion, production of recovered sulfur is expected to 
increase steadily for the foreseeable future. Frasch and native sulfur 
and pyrites production is lik ely to continue to decrease in imp or- 
tance and, atsome point, cease entirely unless ne w high-volume 
end uses become widely accepted. 


BIBLIOGRAPHY 


Ackerman, J.M. 1992. Main Pass—Frasch sulphur mine and oil and 
gas development. Pages 73-80 in Proceedings, Native Sulfur— 
Developments in Geology and_ Exploration. Edited by G.R. 
Wessel and B.H. Wimberly. Littleton, CO: SME. 

Adkins, W.S. 1927. The Geology and Mineral Resources of the Fort 
Stockton Quadr angle. Bulletin27 38. Austin: Bur eau of 
Economic Geology, University of Texas—Austin. 

Anon. 1 961. Sulfuric Acid User’ s Handbook. Ne w Y ork: U.S. 
Industrial Chemicals Co. 

. 1968. Elcor Chemical Co rp’s rock house project. Sulphur 

79:29-30. 

. 1979a. Ref ined sulphur—a small industry with growing 

prospects. Sulphur 141:19-22. 

. 1979b. Sulphur forming processes. Sulphur 142:30-39. 

. 1983. Reco vering the sulphu r values fro m gypsum. 

Sulphur 167:38-39. 

. 1984a. Outlook for Alberta’s sulphur production. Sulphur 

171:26-30. 

. 1984b. Saudi Arabia—a source of refined sulphur. Sulphur 

171:33-35. 

. 1985a. Pollution sulphur. Su/phur 181:29-33. 

. 1985b. World Survey of Sulphur Resou rces. 3rd_ edition. 

London: British Sulphur. 


























© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


968 Industrial Minerals and Rocks 








. 1986a. New sulphur v enture launched in the Philippines. 

Sulphur 185:18-19. 

. 1986 b. Poland, 25 years as a 

184:21-23. 

. 198 6c. The status of Clau s su Iphur reco very processes. 

Sulphur 187. 

1987a. Reco vering sulphur fr om mar ginal so urces. 

Sulphur 193:33-36. 

. 1987b. Sweetening natural gas: H. Sulphur 193:26-31. 

. 1987c. Sweetening natural gas: I. Sulphur 192:30-40. 

. 1988. Poland, supply shortfall? Sulphur 199:19-21. 

. 1989. Middle East, a review of sulphur production, on the 

up and up. Sulphur 201:13-17. 

. 1990a. Geared to change, Ciech, Poland’s chemical trading 

company celebrates 45 years. Sulphur 211:13-14. 

. 19 90b. I mproved techniqu es in und erground sulphur 

mining. Sulphur 209:29-38. 

. 1990c. Sulphuric acid: A new threat? Sulphur 211:17. 

. 1991a. A bright future? Sulphur 213:27-29. 

. 1991b. FGD: Still much to achieve. Sulphur 217:39-41. 

. 1992. A small but important market. Su/phur 219:19-21. 

. 1999a. A description of Canadian oil sands characteristics. 

Oil and Gas Journal 97(26):48. 

. 1999b. Run with the Lead er—New Tiger 90CR, Quic ker 

Breakdown, Season -Long Sulphur Nutrition . Calg ary, Canada: 

Tiger Industries Ltd. 

.20 00. National Emissio nS tandards fo r H azardous Air 

Pollutants—subpart R: Ra don fr om p hosphogypsum stac ks. 

Washington, DC: U.S. Environmental Protection Agency (EPA). 

Also available at http:// www.epa.gov/radiation/neshaps/subpartr. 

Accessed May 2001. 

. 2001. Rising profile. Sulphur 273:17-19. 

. 2002. Canada. North American Sulphur Service 13(12):8. 

. 2003a. Emissions, 1990 th rough 2001. In Electric Power 

Annual. Washington, DC: U.S. De partment of Ener gy (DOE) 

Energy Information Administration (EIA). 

. 2003 b. Ex ecutive summary .In The Sulph ur Institute’ s 

Sulphur Update. Washington, DC: The Sulphur Institute. 

. 2003c. Life less expensive for Tengiz S producers. Sulphur 

286:11. 

.200 4a. Pages 24, 31 in 

Washington, DC: DOE EIA. 

. 2004b. Emissions, 1991 through 2002. In Electric Power 

Annual. Washington, DC: DOE EIA. 

. 2004c. Green markets price scan. Green Markets 28(48):5. 

. 2004d. Oil Sands, Fact Sheet. F ort McMurray, Alberta, 

Canada: Oil Sands Discovery Centre. 

. 2004e. Prices. Fertilizer Week 18(31):19. 

. 2004f. Trends in global SO 2 emissions 1990- 1995. In 
Emission Da_ tabase fo rGloba 1 Atmospheric Resear ch. 
Bilthoven, the Netherlands: National Institute of Public Health 
and the En vironment. Also a vailable from ht tp://arch.rivm.nl/ 
env/int/coredata/edgar/title.html. Accessed December 2004. 

Babbitt, J.F. 1991. Impact on w orld sulphur supply and trade. 
Sulphur 213:18—22. 

Barker, J.M. 1983. Sulfur. Pages 1235-1274 in Industrial Minerals 
and Rocks. 5th edition. Volume 2. Edited by S.J. Lefond. New 
York: AIME. 

Barker, J. M., D.E. Cochran, andR.Semrad. 197 9. Eco nomic 
geology of the Mishraq nati ve sulfur d eposit, Northern Iraq. 
Economic Geology 74:484—495. 





sulphur e xporter. Sulphur 











| 














| 





























Electric Power Annual . 

















Bauman, J. 2001. Chemical w arfarehasalon gand_ terrifying 
history. Deseret Ne ws. February 14. http://www_ .deseretnews. 
com/dn/view/0,1249,250011075,00.html. Accessed November 
2004. 

Bush, W.R., and R. Semrad. 1996. Sulfur—native occurrence and 
extraction. P ages 269 —295in Encyclopedia of Chemica 1 
Processing and Design. Edited by J.J. McK _ etta and GE. 
Weismantel. New York: Marcel Dekker. 

Connell, D., B. Ormiston, N. Am ott, and I. Cullum. 2000. Gas- 
plant update moves Tengiz field toward 2004 prod ucing target. 
Oil and Gas Journal 98(24):64—72. 

Connock, L. 1998. Approach ing the limit—9 9.9+% sulp hur 
recovery. Sulphur 257:34—55. 

Crawford, J.-E. 1990. Geology and Frasch-mining operations of the 
Culberson sulfur mine, Culberson County, West Texas. Pages 
141-162 in In dustrial Mineral Res ources of the Delaware 
Basin, Texas and Ne w Me xico, Guidebo ok Series . Volume 8. 
Edited by J.R. K yle. Littleton, CO: Society of | Economic 
Geologists. 

Cunningham, C. 2001. Oil sands bonanza. Sulphur 272:27-33. 

Dale, J.M. 1981. Sulfur from surf ace ores. Mining Engineering 
33(9):1340-1342. 

Davis, J.B.,and D.W _. Kirkla nd. 1979. B 
deposits. Economic Geology 74:462-468. 

Donner, W.S., and R .O. Wornat. 1973. Mining throu gh boreholes 
Frasch sulfur mining system. Mining En gineering Hand book. 
Volume 2. Edited by A.B. Cummins and I.A. Given. New York: 
AIME. 

Donovan, J.R., and J.M. Salamone. 1983. Sulfuric acid and sulfur 
trioxide. P ages 19 0-232 in Kirk—Othmer Encyclopediao f 
Chemical Technology. 3rd edition. Volume 22. Edited by M. 
Grayson and D. Eckroth. New York: John Wiley & Sons. 

Edwards, A.F., et al. 1992. The Geology of the M ain Pass Sulphur 
and Oil Deposit . Preprint 92-254. Annual Meeting, Littleton, 
CO: SME. 

Ellison, S.P., Jr. 1971. Sulfur in Texas. Handbook 2. Austin: Bureau 
of Economic Geology, University of Texas—Austin. 

Evans, G.L. 1946. The Rustler Springs sulphur deposits as a source 
of fertilizer. Report of In vestigations 1 . Au stin: Bure au of 
Economic Geology, University of Texas—Austin. 

Faure, G. 1 977. Principles of Isotop e Geolo gy. New York: John 
Wiley & Sons. 

Feely, H.W., and J.L. Kulp. 1957. Origin of Gulf Coast salt dome 
sulfur deposits. American Association of Petroleum Geologists 
Bulletin 41:1802-1853. 

Fodor, I., N. Smaranda, M. Puia, and V. Dajoukat. 1989. A ne w 
process for extracting sulphu r from lo w-grade ore. Sulphur 
200:36—40. 

Ford, W.E. 1949. Dana’s Textbook of Mineralogy. 4th edition. New 
York: John Wiley & Sons. 

Gillen, G.P . 1996. Cop per leaching with sulfuric acid— past, 
present, future. Proceedings, Sulphur Mark ets T oday and 
Tomorrow—Sth Biennial International Symposium. Washington, 
DC: The Sulphur Institute. 

Giusti, G.P . 19 84. T exas Gu If, se venty-five year s. Sulphur 
174:16-19. 

Gray, D., M.B. Neuworth, A. El Sawy, and G. T omlinson. 1982. 
The potential impact of synthetic fuels on the sulfur industry . 
Pages 83-100 in Proceedings, Sulfur: New Sources and Uses. 
Symposium Ser ies 18 3.E ditedby M.E.D. Raymont. 
Washington, DC: American Chemical Society (ACS). 


ioepigenetic sulfur 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Sulfur 969 





Guilinger, J.R., and E. Ne stlerode. 1992. The geology and 
development of the Phillips Ranch sulfur deposit. Pages 125—- 
134 in Proceedings, N ative Su lfur—Developments in Geol ogy 
and Exploration. Edited by G.R. Wessel and B.H. Wimberly. 
Littleton, CO: SME. 

Halbouty, M.T. 1979. Salt Domes, Gulf Region, U.S. and M exico. 
2nd edition. Houston, TX: Gulf Publishing. 

Harben, P.W., and R.L. Bates. 199 0. Pages 265-273 in Industrial 
Minerals, Geolo gy and W orld Depo sits. London: Ind _ustrial 
Minerals Division, Metal Bulletin Plc. 

Haynes, W. 1959. Brimstone, The Stone That Burns. Princeton, NJ: 
Van Nostrand. 

Hentz, T .F,J.G. Price, and G.N. Gutierrez. 1989. Geologic 
Occurrence and Re gional A ssessment of Evaporite-Hosted 
Native Sulfur, TransPecos Texas. Report of Investigations 184. 
Austin: Bureau of Economic Geology, Un iversity of T exas— 
Austin. 

Hollister, V.F. 1984. Sulphur deposits of Nova Scotia. Pages 31-32 
in The Geolo gy of Industrial Minerals in Canada . Spe cial 
Volume 29. Edited by G. R. Guillet and W. Martin. Montreal: 
Canadian Institute of Mining and Metallurgy. 

Hora, Z.D., and W.N. Hamilton. 1992. Nati ve sulfur resource 
potential of western Canad a. P ages 51-57 in Pr oceedings, 
Native Su Ifur—Developments in Geo logy an d Explo ration. 
Edited by G.R. Wessel and B.H. Wimberly. Littleton, CO: SME. 

Hyne, J.B. 1982. Recent developments in su lfur production from 
hydrogen sulfide-containing gases. Pages 37-56 in Proceedings, 
Sulfur: New Sources and Uses. Symposium Series 183. Edited 
by M.E.D. Raymont. Washington, DC: ACS. 

. 1990. Sulphur forming, handling, and transport: Still not a 
completely routine matter. Sulphur 208:35-47. 

Ivanov, M.V. 1968. Microbiological Processes in the Formation of 
Sulfur Deposits. Academy of Sciences of the U.S.S.R., Institute 
of Microbiology. Jer usalem: Israe 1 Progra m for Sci entific 
Translations. 

Jackson, M.P.A., and C.J.T albot. 1986. External 
rates, and dynamics _ of salt structures. 
America Bulletin 97:305—323. 

Keenan, K. 2003. Sulphur asphalt—then and now. Proceedings, 
Sulphur 2003. London: British Sulphur. 

Kirkland, D. W., and R. E vans. 1976. Origin of li mestone buttes, 
gypsum plain, Culberson County, Texas. American Association 
of Petroleum Geologists Bulletin 60:2005—2018. 

Kitto, M. 2004. Recent trends in the sulphur an d sulphuric acid 
markets. Sulphur 293:24—28. 

Kuznetsov, S.I., M.V. Ivanov, and N.N. Lyalikova. 1963. The role 
of micro organisms in the formation and destr uction of sulfur 
deposits. Pages 100-123 in Introduction to Geolo _ gical 
Microbiology. New York: McGraw-Hill. 

Kyle, J.R.,andH.H. Pose = y. 1991. Halokinesis, cap rock 
development, and salt dome mineral resources. Pages 413-474 
in Evaporites, Petroleum, and Mineral Resources. Edited by J.L. 
Melvin. New York: Elsevier. 

Kyle, J.R., and PE. Price. 1986. Metallic sulfide mineralization in 
saltdome cap rocks, Gulf Coast, U. S.A. Transactions of th e 
Institution of Mining and Metallurgy Section B 95:B6-B 16. 

Leffler, W .L. 2000. P ages 179-180 in P etroleum Ref ining in 
Nontechnical Language. 3rd edition. Tulsa, OK: Pennwell. 

Lerche, I., and J.J. O’ Brien, editors. 1987. Dynamical Geology of 
Salt and Related Structures. Orlando, FL: Academic Press. 

Loughbrough, R. 1991. Natural versus refined sulphur, a breath of 
Frasch air. Industrial Minerals 286:19-29. 





shapes, strain 
Geological Society of 


Machel, H.G. 1992. Low-temperature and high-temperature origin 
of nati ve sulfurind iagenetic en vironments. P ages 3—22 in 
Proceedings, Native Sulfur—De_ velopments inGeolo gy and 
Exploration. Edi ted by G.R. W essel an d B.H. W imberly. 
Littleton, CO: SME. 

McNeal, R.P., and G. A. Hemenw ay. 1 972. Geology of the F ort 
Stockton su lfurmin e, Pecos County , Texas. American 
Association of Petroleum Geologists Bulletin 56:26-37. 

Miller, L.J. 1992. Sulphur ore controls within th e Salado and 
Castile fo rmations of W estT exas.P ages 165 -—192 in 
Proceedings, Native Sulfur—De_ velopments inGeolo gy and 
Exploration. Edi ted by G.R. W essel an d B.H. W imberly. 
Littleton, CO: SME. 

Morse, D.E. 1985 . Sulfur. Pages 783-797 in Miner al Facts and 
Problems, Bulletin 675. Washington, DC: U.S. Bureau of Mines 
(USBM). 

.1 991. Sulfur. Preprint. 
Washington, DC: USBM. 

Muir, D.R. 1982. New product opportunities for sulfur. Pages 127— 
136 in Sulfur: New Sources and Uses. Symposium Series 183. 
Edited by M.E.D. Raymont. Washington, DC: ACS. 

Mussey, J.W., and P .O. Tyree. 1985. Geology an d production of 
West T exas-type sulphur deposits. Pages 113-12 0 in 
Proceedings, Applied Mining Geol ogy: Problems of Sampling 
and Grade Control. Edited by R.A. Metz. New York: AIME. 

Niec, M. 1986 a. Geolo gy of su Iphur deposits. P ages 84-92 in 
Fertilizer Minerals in Asia and the Pacific. Volume 1. Mineral 
Concentrations and Hydrocarbon Accumulations in the ESCAP 
Region. Bangk ok, Thailand : United Nations, Economic and 
Social Commission for Asia and the Pacific (UNESCAP). 

. 198 6b. Mining of sulphur deposits. P ages 143-146 in 

Fertilizer Minerals in Asia and the Pacific. Volume 1. Mineral 

Concentrations and Hydrocarbon Accumulations in the ESCAP 

Region. Bangkok, Thailand: UNESCAP. 

. 1992. Native sulfur deposits in Poland. Pages 23-50 in 
Proceedings, Native Sulfur—De_ velopments inGeolo gy and 
Exploration. Edi ted by G.R. W essel an d B.H. W imberly. 
Littleton, CO: SME. 

Ober, J.A. 1994. Sulfur. Pages 1165-1193 in Minerals Yearbook 
1993. Volume 1. Washington, DC: USBM. 

. 2002. Materials Flow of Sulfur. Open-File Report 02-298. 

Reston, VA: U.S. Geological Survey (USGS). 

. 2004. Sulfur .P ages 74.1-74.25 in Miner als Y earbook 
2003. Volume 1. Reston, VA: USGS. 

Pawlowski, S., K. Pawlowska, and B. Kubica. 1979. Geology and 
genesis of the Po lish sulf ur deposits. Economic Geolo gy 
74:475—-483. 

Pickren, R.A., Jr ., and P .D. Mo llére. 200 2. Ne w sulfur mark ets: 
Yesterday’s research ,tom orrow’s demand. Proceedings, 
Sulphur Markets Today and Tomorrow 2002. Washington, DC: 
The Sulphur Institute. 

Pok, J. 2002. Oil sands development in Alberta and the implications 
on sulfur supply. Proceedings of the International Fertilizer 
Industry Association Production and InternationalT rade 
Conference. Paris: International Fertilizer Industry Association. 

Porch, E.L., Jr . 1917. The Rustler Springs Sulphur Deposits . 
Bulletin 1722. Austin: Bureau of Economic Geology, University 
of Texas—Austin. 

Posey, H.H., and J.R. Kyle. 1988. Fluid-rock interactions in the salt 
dome en vironment: An introduction and review. Chemical 
Geology 74:1-24. 

Postgate, J.R. 1979. The Sulphate-Reducing Bacteria. Cambridge, 
UK: Cambridge University Press. 





Minerals Y earbook 1990 . 














© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


970 Industrial Minerals and Rocks 





Preisner, L. 1991. Sulphur Mining in P oland. Working P aper 47. 
Kingston, Ontario: C entre fo r Resource Stu. dies, Queen’ s 
University. 

Price, P.E., K.R. Kyle, and G.R. Wessel. 1983. Salt-dome related 
zinc—lead deposits. Pages 558-5 71 in Pr oceedings of th e 
International Conference on Mississippi Valley Type Lead—Zinc 
Deposits. Edited by G. Kisvarsanyi, S.K. Grant, W.P. Pratt, and 
J.W. Koenig. Rolla: University of Missouri—Rolla. 

Raymont, M.E.D., and J.B. Hyne . 1983. Ten years e xperience in 
sulphur forming. Alberta Sulphur Research Quarterly Bulletin 
20(2):24-72. 

Ruckmick, J. C., L J. S tewart, W.E. T hrelkeld, and J.A. Treacy. 
1992. The Mustang Dra w sulfur deposit in Glasscock County , 
Texas. P ages 135-1 38 in Pr oceedings, Native  Sulfur— 
Developments in Geolo gy and Explor ation. Edited by G.R. 
Wessel and B.H. Wimberly. Littleton, CO: SME. 

Ruckmick, J.C.,B .H. Wimberly,and A.F. Edwards. 1979. 
Classification and genesis of biogenic sulfur deposits. Economic 
Geology 74:469-474. 

Russell, A. 1989. Pyrites as a sulphur source, down but not out. 
Industrial Minerals 261:41-52. 

Salas, G.P. 1991. Histor y of e xploration for sulfur in sou theast 
Mexico. Pages 415-424 in Economic Geology, Mexico. Volume 
P-3. The Geology of Nor th Am erica. Edited by G.P. Salas. 
Boulder, CO: Geological Society of America. 

Salisbury, B.K. 1992. Geoph_ ysical and geochemical sur veys in 
Delaware basin sulfur exploration. Pages 81—90 in Proceedings, 
Native Sulfur—De velopments in Geolo gy and Exploration. 
Edited by G.R. Wessel and B.H. Wimberly. Littleton, CO: SME. 

Samuelson, S.F. 1986. Sulfur mining at Boling dome. Pages 147— 
154 in Comparison of Cap Rocks, M ineral Resour ces, and 
Surface Features of Salt Domes in the Houston Diapir Province 
Field T rip Guidebook. Edite d byS.J..Se niand J.R.K yle. 
Boulder, CO: Geological Society of America. 

. 1992. Anatomy of an elephant: Boling dome. Pages 59-71 
in Proceedings, Native Sulfur—D evelopments in Geolo gy and 
Exploration. Edited b yG.R. Wessel and B .H. W imberly. 
Littleton, CO: SME. 

Sander, U.H.F., U. Rothe, and R. Kola. 1984. Sulphuric acid. Pages 
257-399 in Sulphur , Sulphur Dioxide and Sulphuric Acid. 
London: British Sulphur. 

Schmoker, J.W. 1979. Interpretation of borehole gravity surveys in 
anative sulfur deposit, Cu lberson Coun ty, Texas. Economic 
Geology 74:1462-1470. 

Schwalm, W.J., and K.B. Doyle. 1987. Alberta’s sulphur inventory: 
The prese nt situation and future reco verability. Sulphur 
190:20-23. 

Seni, S.J. 1986. Evolution and lithofacies of Boling dome cap rock. 
Pages 15 5-168in Comparison of Cap Roc ks,M ineral 
Resources, and Surface F eatures of Salt Domes in the Houston 
Diapir Province Field Trip Guidebook. Edited by S.J. Seni and 
J.R. Kyle. Boulder, CO: Geological Society of America. 

. 1987. Evolution of Boling dome cap rock with emphasis 

on included _ terrigenous clasti cs, F ort Ben d and Wharton 

counties, Texas. Pages 543-591 in Dynamical Geology of Salt 
and Related Structur es. Edited by I. Lerche and J.J. O’Br ien. 

Orlando, FL: Academic Press. 








Shelton, J-E. 1980. Su/fur. Preprint, Bulletin 671. Washington, DC: 
USBM. 

Skyring, G.W . 1987. Sulf ate reduction in coastal ecosy stems. 
Geomicrobiology Journal 5(3-4):295-374. 

Slim, B.A. 1986. Sulphurdale, Utah, a feasibility study for an open 
pit mine. Sulphur 182:16—20. 

Smith, A.R. 1980. Sulfur deposits in ochoan rocks of the Gypsum 
Plain, southeast New Mexico and West Texas. Pages 277-282 in 
Trans—Pecos Region, Southeastern New Mexico and West Texas, 
31st F ield Confer ence Guidebook. E dited by P .W. Dickerson 
and J.M. Hoffer. Las Cruces: New Mexico Geological Society. 

Spirakis, C.S., and K.J. Cunni ngham. 1992. Genesis of sulfur 
deposits in Lechuguilla Ca ve, Carlsbad Caverns National Park, 
New Mexico. Pages 139-145 in Proceedings, Native Sulfur— 
Developments in Geology and_ Exploration. Edited by G.R. 
Wessel and B.H. Wimberly. Littleton, CO: SME. 

Stevens, D.K., and A. F. Hernandez. 2003. The oil r efining sector 
from the w orld brimstone mark et perspective. Pages 9-19 in 
Proceedings, Sulphur 2003. London: British Sulphur. 

Stevens, J. 1998. Oil sands projects gather pace. Sulphur 254:27-30. 

Terrel, R.L. 1982. The potential for ne w sulf ur products in the 
Middle East. P ages 225-2 50 in Pr oceedings, Sulfur: Ne w 
Sources and Uses . Symposium Series 183. Ed ited by M.E.D. 
Raymont. Washington, DC: ACS. 

Thode, H.G. 1972 . Sulfur isot ope fractionatio n—in biological 
processes. Pages 1152-1157 in Encyclopedia of Geochemistry 
and Environmental Sciences, En cyclopedia of Earth Sciences 
Series. Volume IVA. Edited by R.W. Fairbridge Jr. New York: 
Van Nostrand Reinhold. 

Trusheim, F. 19 60. Mechanisms of salt migrationin Northern 
Germany. American Association of _ Petroleum Geolo gists 
Bulletin 44:1519-1540. 

Wallace,C.S.A, andJ.E. Crawford. 1992. Geology of — the 
Culberson or e bod y. P ages 91-10 5 in Pr oceedings, Native 
Sulfur—Developments in Geology and Explor ation. Edited by 
G.R. Wessel and B.H. Wimberly. Littleton, CO: SME. 

Ward, J.M. 1992. The Cinnabar Canyon sulfur deposit. Pages 159- 
164 in Proceedings, Native Sulfu r—Developments in Geolo gy 
and Explor ation. Edited by G.R. Wessel and B .H. Wimberly. 
Littleton, CO: SME. 

Warren, J.K. 1989. Evaporite Se dimentology. Engle wood Cliffs, 
NJ: Prentice Hall. 

Wessel, G.R. 1992. Sur face mappi ng and subsu rface structure: 
Application to Penman Basin, W est Texas. WestTe xas 
Geological Society Bulletin 31(7):6. 

West, J.R.19 66. Safetyin handling liquid and dry 
Commercial Fertilizer 112(1):15—20. 

Zakiewicz, B. 1986. Recent developments in sulphu r mining by 
underground melting. Sulphur 184:26-32. 

Zimmerman, J.B., and E. Thomas. 1969. Sulfur in West Texas: Its 
Geology and Economics .Geological Circular 6 9-2. Austin: 
Bureau of Economic Geology, University of Texas—Austin. 


sulfur. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Beth eae. aa a 2 i eee A eee 
Talc 


Edward F. McCarthy, Noel A. Genco, and Ernest H. Reade Jr. 


INTRODUCTION 

The term falc refers both to the pure mineral and a wide variety of 
soft, talc-containing rocks that are mined and utilized for a variety 
of applications. Talc occurs fairly widely in a range of purities, and 
itis mined on every continent. The commercially e xploited ores 
contain 20% to 99% of the pure mineral, and, although the trend is 
toward mo re upgrading an d_ higher purity , man y applications 
require the properties of the minerals that occur with talc. 

The terms talc, steatite, and soapstone are widely used and 
misused in discussions of talc, its origin, and geology. Steatite was 
originally considered a relatively pure machinable talc, which was 
used in ceramic applications. Today there are two widely accepted 
uses of t his term. In ge ology, stea tite refers to ar elatively pure, 
massive talc ore. In ceramics, steatite refers to a composition con- 
taining 80% talc and some fluxes, which is fired and used for elec- 
trical insulation—refer red to in this chapter as synthetic ste atite. 
Soapstone generally refers to a lower-purity talcose ore of mafic or 
ultramafic origin, which can be sawed or carved. 

Talc has been used by humans for more than 3,000 years. The 
earliest uses were in sculpture and cosmetics. The ancient Chinese 
carved intricate sculptures from talc rock and made f ace powders 
using talc and rice flour. In the first century AD, the Roman philoso- 
pher Pliny referred to cosmetics made from steatitis. The Vikings 
used Scandinavian soapstone to carve pottery, many examples of 
which still survive. Similar artifacts from Native Americans have 
been found on Santa Catalina Island, west of Los Angeles. 

Commercial production in No rth America dates from 1878 
when Colonel Hen ry P almer be gan mining talc for paper and 
ceramics near Talcville in western New York State. At about the 
same time, there are reports of small volumes of soapstone being 
mined in the Sierra Nevada in California for carving. Much of this 
early production w as used for th ermal insu lating applications, 
including firebrick, stove insulation, burner tips, and wire insula- 
tors. Johnson’s baby powder was introduced in the 1880s based on 
imported Italian po wder. Commercial pro duction began in 1904 
near Johnson, Vermont; in Southern California in 1914; in Montana 
in 1935; and in Texas in 1952. U.S. production grew from 83,000 t 
in 1900 to 1.32 Mt in 1979 (Virta 2003); the major application was 
ceramic wall tile. A f ormulation based on tremolitic talc (~60%) 
and local clays w as de veloped in the 1930s, and this consumed 
most Califor nia, Texas, and Ne w York produ ction well in to the 
1980s. That application has lessened with changing ceramic tech- 
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nology, and U.S. talc production has since declined to 817,000 t in 
2003. Today, paper and paint are just as important as ceramics, and 
plastics are the most rapidly growing application. 

The first true talc beneficiation plant, built in Jo hnson, Ver- 
mont, in 1937, used multistage froth flotation to upgrade talc ore 
from 55% to >95% pur ity. Today, this tech nology is used in the 
United States, Canada, Finland, Korea, and Brazil to produce high- 
grade talc from lower-grade ores. 

In the early part of the 20t hce ntury, the United St ates 
imported talc from Italy and France for us e in cosmetics. During 
World War II, these imports were replaced by domestic talc, and the 
United States became a net exporter to Europe, South America, and 
Asia. Over the last 20 years, Canada, and more r ecently China, 
have become significant exporters of talc to the United States for 
paper and plastics appl ications, respectively. In recent years, the 
United States again has become a net importer of talc. 

In 2002, seven companies produced 8 17,000 t of talc from 
nine mines in Montana, Ne w York, T exas, and V ermont, and 
250,000 t were imported, mostly from China and Canada. Approxi- 
mately 180,000 t were exported, mostly to Canada, with Mexico, 
Belgium, and Japan taking much — smaller v olumes (Virta 2004). 
Domestically, c eramics, pa per, pa int, and pl astics are the major 
uses. 

Worldwide, approximately 5 Mt were produced in 2002, with 
China being the major producer wi th 1.7 Mt. The United States, 
Finland, India, France, Brazil, Au stria, Spain, Italy , and Australia 
are other countries producing more than 100,000 t each. World- 
wide, paper is by far the major consumer (~40%) of talc, followed 
by ceramics ( ~20%), p lastics, pain t, and cosmetics. In general, 
world production is declining because of rese rve depletion as well 
as replacement of talc by calcium carbonate in paper filling and by 
feldspar in ceramics. 

The mining, beneficiation, processing, and application of talc 
is a sophisticated b usiness involving geologists, mining engineers, 
mineral pro cessing engineers, chemical en gineers, surf ace c hem- 
ists, and specialists in paper, plastics, ceramics, and cosmetics. In 
many instances, the processes and applications are unique to talc 
and even to spe cific talc deposits. The market for talc is heavily 
dependent on the scientific research and the technical skills of the 
producer. W ithout such applicat ions de velopment, th e mark et 
declines. T his is di scussed inm ore de tail i nt he Com mercial 
Aspects and Future Trends sections later in this chapter. 
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Figure 2. Scanning electron micrograph of talc 


The Mineral Talc 


Talc is crystalline hydrated magnesium silicate of the general for- 
mula 3MgO*4Si02°H20 (see Figure 1). It is one of the layer sili- 
cates like kaolin and mica. 

The adjacent layers of silica are v ery weakly bo nded with 
only van der Waals forces, and this allows talc to be easily sheared 
along this plane. This gives it its natural slippery feel as well as its 
platy structure and softness (Figure 2). Talc is the softest mineral, 
with a hardness of 1 on a Mohs scale of | to 10. 

When talc is split along the silic a surface, the surface created 
is hydrophobic, or antagonistic to water. When it is fractured across 
the silica-brucite-silica layers, the surface created is ionic (electri- 
cally charged) and h ydrophilic. Materials that have both a hydro- 
phobic and hydrophilic component are surface active, and this gives 
talc its unique surface-active properties. Some types of talc are also 
known as soapston e, because these types are soft and ha ve many 
soaplike (surface-active) properties. 

Talc has a specific gravity of 2.78, a refractive index of 1.58, 
a specific heat of 0.208 cal/g/°C, and a thermal conductivity of 
5 cal/g/sec/°C. It is relatively inert and almost insoluble in conven- 
tional acids and bases b ut soluble in aqu a re gia and h ydrofluoric 
acid. Talc has a pH in water of 9.0 to 9.5 and very little buffering 
capacity because of its insolubility. Regulatory authorities consider 
it is a nuisance dust, but it has GRAS (generally recognized as safe) 
status as a cosmetics and food ingredient. 


GEOLOGY 

Deposits 

The value of a talc deposit is a function of its purity, its color, and 
its location relative to the market. The purity issue is not related to 
the absolute percentage of talc present but more a function of spe- 
cific mineral or metal impurities. Asbestiform minerals and metals 
such as arsenic and lead are particularly deleterious even at parts- 
per-million (ppm) levels, and quartz, serpentine, chro mium, and 
pyrite are harmful at levels greater than 1,000 ppm. On the other 
hand, carbonates and chlorite (m agnesium-aluminum silicate) can 
be beneficial even at levels up to 50%, e specially when the y are 
white and the composition is consistent. 


Origin of Talc 


Although talc forms by a_ variety of geo logical processes, the ori- 
gins of most talc deposits around the world are clearly defined by 
the host rock and the accessory min erals found with the talc. Talc 
deposits are di vided into four t ypes of origin: ultramaf ic, mafic, 
metasedimentary, and metamorphic. The processes associated with 
talc formation for each type are outlined in the list that follows. 


¢ Type 1, ultramafic origin 
— Host rock—ultramafic rocks (e.g., peridotite) 


— Step 1— serpentinization o f host; high temperature and 
pressure hydration with little loss of magnesium and silica 
to form serpentinite 


— Step 2—carbonization of serpentinite; influx of fluid con- 
taining 5% carbon dioxide to form talc and carbonate 


— Accessory m inerals—magnesite, c hlorite, ser pentinite, 
mica, and sulfides 


— Localities—Vermont, United States; Ontario and Quebec, 
Canada; Norway; Finland; Russia 


* Type 2, mafic origin 
— Host rock—mafic rocks (e.g., gabbro) 


— Step 1—serpentinization of host; hydration with little loss 
of silica and magnesium to form serpentinite 


— Step 2—car bonization of serpen tinite; influx of flu id 
containing more than 5% carbon dioxide to from talc and 
carbonate 


— Accessory minerals—magnesite, chlorite, serpentinite, and 
mafic host rocks 


— Locations—Virginia, United States; Egypt 
* Type 3, metasedimentary origin 
— Host rock—dolomite or magnesite 


— Process—hydrothermal alteration of host rock by influx of 
silica-containing fluid 

— Accessory minerals—dolomite, calcite, chlo rite, quartz, 
and feldspar 

— Locations—Montana and T exas, Uni ted St ates; ea stern 
Ontario, Canada; China; Brazil ; Australia; India; France; 
Spain 

¢ Type 4, metamorphic origin 

— Host rock—dolomitic or 

marbles 


silica-containing dolomitic 


— Step 1—metamorphism of host ro ck; subsurface tempera- 
ture and pressur e-driven conversions and recrystallization 
of the host rocks to form tremolite or actinolite within the 
host marble 
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— Step 2—steatization of the tremolite or actinolite; tempera- 
ture- and pressure-driven alteration of the tremolite to talc 
and carbonate 

— Accessory minerals—tremolite, carbonate, serpentine, act- 
inolite, and quartz 

— Locations—New York, California, and Georgia, United 
States; Italy (Val Chisone) 


The formation of talc types 1 and 2 is alm ost identical. The 
basic reaction is 


Serpentinite + 3 carbon dioxide = 
talc + 3 magnesium carbonate + 3 water 


Mafic and ultramafic roc ks are dark igneous rocks that are 
high in magnesium and iron and lower in silica. The products 
formed are high in iron (5% to 10%), and the magnesite is an iron 
isomorph. The mafic products are lower in talc co ntent (15% to 
35%) and generally useful only for carving or dimension stone. The 
ultramafic products ha ve 30% to 70% talc and lar ge crystal sizes 
(>100 pm) and are usually quite platy (high aspect ratio). The latter 
property results from the folding and fluid mo vement th at tak es 
place during the formation. The stoichiometry of the previous basic 
talc-forming reaction will give a talc content of 50% to 60%. A fur- 
ther enrichment of talc can take place if the talc—carbonate close to 
edge of the ore body reacts with si lica-rich fluid in the host rock. 
This process is called “‘steatization” by geologists and can result in 
a narrow zone of up to 90% talc near the edge of the ore body. The 
whole process is called “steatization of serp entinite,’ and the ores 
are often called soapstone or la rdstone. The higher talc content 
products are often used as is or upgraded to >95% talc purity by 
froth flotation. 

The talc in ultramafic-type ores has high le vels of iron and 
other heavy tran sition metals (nic kel, chromium). Most of these 
metals substitute for magnesium in the talc lattice and cannotb e 
removed. T hey are not a vailable and are not toxic, b ut they do 
account for the green/blue cast of the pure talc and contribute to the 
strong brown color when the talc is weathered or fired. 

Ultramafic is the most abundant deposit worldwide, b ut 
metasedimentary is by far the most widely exploited commercially 
and accounts for more than 70% of world production. 

Metasedimentary deposits vary widely in purity and composi- 
tion from <25% talc in some of the magnesite rocks in Brazil to 
>95% talc in some of the massive deposits in Montana and China. 
The basic reaction that forms most deposits is 


3 dolomite + 4 quartz + water — talc + 3 calcite + 3 carbon dioxide. 


This reaction would indicate that most talc of this type would be a 
minor ingredient in a calcite rock. In fact, few deposits have large 
amounts of calcite associated with them, as the hydrothermal fluids 
that introduced the silica are believed to have removed the calcite. 
A second type of metasedimentary deposit is found in France, 
Sardinia, and Austria whe re magnesium-rich fluids altered mica 
schists to form chlorite, and the silica released during this reaction 
altered overlying dolomite to talc. These deposits have 25% to 75% 
chlorite along with the talc and are often referred to as chloritic talc. 
Metamorphic deposits were at one time the most commerciall y 
important deposit type in North America. The basic reaction is 


Dolomite + silica + tremolite + carbon dioxide + calcite 
Tremolite = talc + calcium silicate 


These deposits are quite variable in talc purity from ~30% in 
New York State to >70% in Madoc in Ontario. Associated minerals 
also vary in their levels, with carbonate being the major impurity in 


the Madoc deposit in e astern Ontario and tremolite in New York. 
Tremolite, a calcium magnesium silicate, can occur in either blocky 
or prismatic forms. The deposits will typically contain tremolite of 
both forms. The pr ismatic structure results in apo wder that has 
good dry pressing properties for ceramics. Because the ores are typ- 
ically very low in iron content, they are white (good for paint) and 
they fire white (good for ceramics). Tremolite is also a much harder 
mineral than talc and will build a lower viscosity in suspensions. 
This property is valuable in paint. 


Distribution of Major Deposits 


In this section, the focus will be on commercial deposits that are 
presently being exploited, with lesser emphasis on either histori- 
cally important or other known deposits. 


North America 


In the United States, talc is mine d in Mont ana, New York, Texas, 
and Vermont. In Canada, talc is mined only in Ontario, with minor 
soapstone production for carving and stove liners in Quebec. Mon- 
tana has overtaken Texas as the leading producer because of (1) the 
growth in paper and paint applications, for which Montana products 
are best suited; and (2) adecline in the older w all tile production 
technology, which is the biggest market for Texas talc. 

Montana. Major massive talc deposits occur in the Gravelly 
and Ruby ranges of southwestern Montana. The talc is of metasedi- 
mentary origin in a carbonate hos t rock. Deposits range fr om thin 
(<1 m thick ) veins to massive (100 m thick) pods of ste atitic talc. 
The deposits were f irst mined under ground in the late 19 30s as a 
source of machinable steatite ore for defense purposes. Today three 
major open-pit mines produce approximately 400,000 tpy of mostly 
high-purity talc for paper, paint, ceramic, and plas tic applications. 
Waste-to-ore ratios are quite high at greater than 6:1 in all cases. 

The talc w as formed by the h ydrothermal replacement of 
magnesium-rich marble. Silica-rich fl uids p enetrated the marble, 
reacted with the dolomite, formed talc, and swept away most of the 
excess calcium carbonate. Cross-cutting fault zones and joints serve 
as ore-forming fluid cond uits and often contain minor blooms as 
subsidiary veins of talc. 

The talc in the Yellowstone mine in the Gravelly Range south- 
west of Ennis is very fine grained and white to light green in color 
with yellow staining in the weathered or oxidized zones. Dolomite 
and quartz are the major impurities, with minor amounts of chlorite, 
pyrite, iron oxides, and dendrites of manganese minerals. 

The talc can occur in high-purity thin (<1 m) v eins in dolo- 
mite or as thick (>200 m) pods of botryoidal form. The talc w as 
formed during the Proterozoic er a or approximately 1,7 00 million 
years ago. Economic reserves at the Yellowstone mine are in excess 
of 40 years at present rates of production. 

The other major mines are the Re gal and Treasure mines in 
the Ruby Range in Madison County near Dillon. This ore is not as 
fine-grained as the Yellowstone mine ore, is white to gray in 
color, and occurs in lenses of 1- to 5-m thickness in a dolomite 
host rock. Chlorite isa majo rimpurity along with dolomite, 
quartz, and magnesite. Pyrite, graphit e, mica, and titani um are 
minor components. 

New York. Metamorphic talc ores are mined from the Precam- 
brian Grenville Province in northwestern New York near the towns 
of Gouverneur and Balmat. In the early years of these mines, which 
have been e xploited since 1878, underground mining was mainly 
used, but operations are now consolidated into two open-pit mines. 
The ores are highly tre molitic; typically 60% trem olite, 30% talc , 
and 10% serpentine. The y are very white, low in iron, and occur 
in both thin veins (2 to 5 m) and thick seams (40 to 80 m) over a 
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13-km-long, 150-m-wide belt. The host rock is a marble with some 
gneiss. Zinc deposits also occur in the vicinity, and talc contamina- 
tion was a major problem in the beneficiation of the zinc ores. 

Product appli cations are focuse d on paint, with ceramic _ tile, 
once a major market, now declining in volume because of technology 
changes. That, along with health concerns about tremolite, accounts 
for the decline in production in this area over the last 20 years. 

Texas. The major talc production in Texas is from the Alla- 
more Formation near Van Horn in west T exas. The formation is 
approximately 32 km in length and 8 km wide with talc occurring 
very close to or at the surface, in thick (10 to 500 m) seams in a host 
marble and phyllite rock. The talc is of metasedimentary origin and 
quite unique in that most of it is very dark gray or black. The ore is 
typically 80% to 85% talc, 10% to 12% carbonates, 2% to 4% 
quartz, and 0.1% to 0.7% graphi te, which accounts fo r the black 
color. It is very low in iron c ontent (<0.3%) and thus fires white. 
Smaller zones of pink to white ta Ic occur and are mined for color- 
sensitive applications. 

The major market for west Texas talc has al ways been ceramic 
tile. Because low-cost natural gas is available for firing, the tile indus- 
try has become concentrated in th e southwestern Uni ted States and 
across the Mexican border in Monterrey. Although tremolitic talcs— 
well suited for pressing into tile—had been available from California 
and New York, the low cost and pr oximity of the T exas talc made 
these deposits more att ractive. It w as found t hat if some of the talc 
was calcined in lump form and then milled with the raw ore, a much 
more pressable mixture was produced. This became the standard for 
west Texas talc. 

In recent years, p roduction has steadily de clined as ceramic 
tile technology changed, and talc is used now more as an additive 
than as a major component of tile body raw materials. 

Vermont. Vermont has produced talc for more than 100 years. 
In the late 1800s, soapstone was mined in Vermont and New Hamp- 
shire and cut into blocks for stoves and heating utensils. Production 
of talc powders began in Johnson, Vermont, in 1904. At one time, 
seven mines were active in the state, but production is now limited 
to one, the Argonaut, near the town of Ludlow in central Vermont. 
The Vermont deposits are part of the Appalachian Orogenic belt, 
which extends north into Quebec and the Superior Province of east- 
ern Ontario. Similar deposits are found in Norway, Finland, and the 
province of Karelya in Russia. 

Talc was formed from the alteration of peridotite (ultramafic) 
rocks of Precambrian age, first into serpentine and then to talc and 
magnesium carbonate by reaction with carbon dioxide. Talc- 
carbonate miner alization generally is found as an alteration zone 
rimming a serpentinite core. The deposits vary in size from 1m 
wide by 200 m length to 150 m wide by 1.5 km length. The margins 
of the deposits usually ha ve a th in blackwall containing a biotite- 
chlorite schist in contact with the surrounding host peridotite. Sub- 
sequent shearing has complicated the structures and created zones 
of high-grade platy talc. Grades typically run 45% to 70% talc, with 
magnesite, chlorite, serpentine, quartz, and mica being the major 
impurities. Minor amounts of magnet ite, chromite, nickel sulfides, 
and manganese minerals are scattered in the deposits. 

Along with the Ludlow deposit, talc has been min ed near 
Johnson, North T roy, and Waterbury in north ern Vermont and in 
Windsor and Chester in southern Vermont. Vermont talc is crushed 
and milled as a whole ore for use in rubber, roofing, flooring, and 
other construction products. Some talc ore was also pu rified by 
froth floatation for use in cosmet ics and reinforcing plastics, but 
that is now uneconomic. Environmental activism, directed at both 
the mining and transport of talc, is strong in Vermont and has hurt 
the industry in the past 20 years. 


Other U.S. Production 

Over the years, California and Georgia have also been major talc 
producers, and Arkansas, Alabam a, Maryland, Nevada, North 

Carolina, Oregon, Virginia, and Washington have had limited pro- 
duction, but other than some intermittent campaigns on old mines 

and tailings piles, production in these states has ceased today. Only 
limited discussion of the se dep osits will be gi ven here , b ut the 
reader is referred to a report by Greene (1995) for a more complete 
description. 

In southeastern California, the Inyo or Talc City district was a 
major producer of high-purity steatite talc from underground mines 
from 1914 until 1978. This metasedimentary-type deposit produced 
a very white and very machinable grade of talc. Further east, the 
Southern Death V alley—Kingston District produced, from the late 
1920s to the late 1980s, a v ery white tremolitic talc, valued for its 
properties in ceramic tile and industrial coatings, especially marine 
paints. In the northern Sierra Nevada foothills, small, altered ultra- 
mafic deposits were mined until 1997 for roofing and construction 
products. Similar small deposits have been mined in Oregon and 
Washington states for soapstone blocks. 

In Geor gia, deposits of the metamorphic type were m ined 
underground in the Chatsworth Area until 1990. Roof ing and con- 
struction were the major uses, and a froth floatation plant was built 
in 1987 to make products for paper and plastics. The project failed 
because of the inability to produce a high-brig htness product and 
the failure to ef fectively remove tremolite from the talc. In Tal- 
ladega County , Alabama, a smal 1 metasedimentar y-type deposit 
was mined from 1954 until 1998, and a flotation plant upgraded the 
product for cosmetics markets. Near Murphy, North Carolina, small 
metamorphic-type deposits, which produced high-br ightness talc 
for cosmetics and paints, were mined until the ear ly 1980s. In 
Maryland and Arkansas, altered ultramafic deposits were mined for 
roofing and ceramics markets. 

The min eralogy and chemistry of the co mmercial North 
American deposits produced today are summarized in T ables 1 
and 2. Tables 3 and 4 present the mineralogy and chemistry of the 
major international talc ores. 


Canada 


Canada has deposits of talc in almost every province, but today pro- 
duction is 1 imited to Ontario, with minor soapstone production in 
Quebec. Canadian production in 2000 was approximately 80,000 t. 
Major altered ultramafic deposits occur in Quebec , Ontario, New- 
foundland, and British Co lumbia similar in nature to the Vermont 
deposits. Mining of soapstone, wh ich was sawed for use in lining 
paper digesters, was a major business in the Broughton Area, dating 
back to World War I. Powder production began in the 1960s with a 
dry mill in Broughton and a flotation plant near St. Hyacinthe near 
the V ermont bo rder. These opera tions ha ve since shut do wn 
because of en vironmental and health (asbestiform contamination) 
concerns, and no w only minor soap stone cutting for stove liners 
and sculpture carving continues. 

Mining of the metamorphic deposits ne ar Madoc in eastern 
Ontario, which dates fro m 1896, is now the only North American 
underground talc mine. The ore ranges from 30% to 80% talc, with 
dolomite, calcite, tremolite, and mica as the major impurities. It is 
white to gray in color and milled without beneficiation for applica- 
tions in plastics and paints. 

An altered, ultramaf ic depos it in Penh orwood Township in 
northeastern Ontario near Timmins was developed by open-pit min- 
ing in 1975, and a froth flo tation plant was built adjacent to the 
mine. The ore is about 45% talc, with magnesite, magnetite, chlo- 
rite, and serpentine the impurities. It is now the major talc producer 
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in Canada and mak es products for the paper, plastics, paint, and 
ceramic industries. 


Central and South America 


There is minor talc production in Mexico, Argentina, Peru, Colom- 
bia, and Uruguay. The major South American p roducer is Brazil, 
which mines about 300,000 tpy from deposits in Parana, Bahia, Sao 
Paulo, and Minas Gerais states. Parana is the major producing state 
with 200,000 tp y of talc from meta sedimentary deposits used pr i- 
marily in the ceramic tile industry. The ore is 60% to 90% talc, with 
carbonate, chlorite, and quartz as the major impurities. It is gray to 
black in color but fires white be cause of a low iron content. In 
Bahia Province, a higher-purity white talc is produced by floating 
talc from a magnesite ore that is mined for steel refractories. Also 
in Bahia, some highly platy, mica-type talc ores are selectively 
mined in small quantities for the cosmetics market. 


Europe 


The major talc producer in Europe is Finland, with almost 500,000 t, 
followed by France (350,000 t), Italy (140,000 t), Austria (135,000 t), 
and Spain (100,000 t). There are major modified ultramafic deposits 
in northern Europe across no rthwestern Russia, Finlan d, Swed en, 
and Norway. The Finnish paper industry resorted to using these ores 
as fillers during World War II, when Cornish kaolin could not be 
obtained. A large paper company, United Paper Mills, developed the 
Lahnaslampi deposit in central Fi nland in 1 969. A hu ge flo tation 
facility was built nearby at Sotkamo, and production began to supply 
filler for papermaking. Two more major deposits at Horsmanaho and 
Lipasvaara, each with nearby flotation plants, were opened in 1977 
and 1985, respecti vely. These ar e no w consolidat ed under Mondo 

Minerals and produce talc primarily for paper coating, f illing, and 
pitch control. 

The deposits are all 55% to 65% talc with magnesite as the 
main impurity. Nickel sulfides occur in the Lahnaslampi ore and are 
recovered separately in the float circuit and sold as a by-prod uct. 
The float plant upgrades the talc to ~95% purity with the balance 
being chlorite and magnesite. 

In France, Talc de Luzenac ha s mined a talc-chlorite deposit 
of metasedimentary origin at the Trimouns mine in the Pyrenees in 
southern France for 100 years. The ore v ein is 10 to 80 m thick, 
more than 1,500 km long, and dips at 20 to 60 degrees. The talc 
was formed when magnesium-rich fluids altered footw all silica 
and alumina-rich mica schists and gneisses. Chlorite, which mak es 
up 30% to 60% of the ore, was formed in the micaceous and felds- 
pathic footwall during magnesium enrichment, and the silica that was 
released during chloritization transformed the overlying dolomites 
into talc. Unmineralized dolomite forms the hanging w all of t he 
deposit. Although the average ore is about 60% chlorite and 35% 
talc, through selecti ve mining and ha nd sorting, grades with up to 
90% talc are produced. Carbonates (0% to 3%), quartz (0% to 3%), 
and iron (0% to 2%) are the other impurities. Because of the el eva- 
tion (2,500 m), mining is campaig ned from May through October. 
After the ore is graded in lump form, it is transported by an overhead 
cableway down the side of the mountain to the mill located in the 
village of Luzenac. Paper and plastics are the major markets. 

A very similar type of deposit comes from Austria’s main pro- 
ducing mine in Rabenwald in the province of Styria. The talc- 
chlorite ore is mined in an open pit on the top of a mountain, and, 
after sorting, lump and screen ed ores are transported do wn the 
mountain to the mill in Oberfeis tritz by an o verhead cableway. In 
the nearby village of Lassing, 10 un derground talc miners in 1998 
were killed when the mine w as inundated with mud after a hea vy 
rainfall. That mine is now closed. 
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Table 1. Typical mineralogy of North American talc ores 
Mineral Montana Texas Vermont New York 
Tale 95 80 60 30 
Carbonates 2 15 35 <2 
Tremolite trace 60 
Serpentine trace 10 
Chlorite 1 1 3 
Quartz 0.5 3 trace ] 
Table 2. Typical chemistry of North American talc ores, wt % 
Oxide Montana Texas Vermont New York 
SiO2 61.0 56.8 37.0 60.0 
MgO 31.0 31.3 34.0 27.0 
CaO 0.3 2.3 1.0 8.0 
Al2O3 <l <l 2.5 <l 
Fe2O3 15: 0.3 6.0 0.3 
Lol" 5.3 8.1 20.0 4.0 

* LOI = loss on ignition. 
Table 3. Typical mineralogy of international talc ores, wt % 
Mineral Finland France China Australia 
Tale 55 55 93 95 
Carbonates 40 2 3 2 
Chlorite 5 AO 3 1 
Quartz trace ] 0.5 0.5 
Table 4. Typical chemistry of international talc ores 
Oxide Finland France China Australia 
SiOz 37.5 45.1 61.0 61.1 
MgO 34.0 31.0 32.2 31.1 
Al2O3 3.5 11.0 2.0 1.0 
Fe2O3 6.5 2.1 0.7 1.0 
Ke) 22.0 9.0 5.9 5.5 





In Italy, IMI Fabi operates two large underground mines in the 
Sondria re gion of nor thern Italy. The ore,a metasedimentary type 
with high levels of dolomite and poor color, is used mainly in roofing 
and no ncolor-sensitive plastics applications. Luzenac Val Chi sone 
operates another under ground mine at Fontane, near P inerolo in 
northwestern Italy. The ore, of metamorphic origin, i s particularly 
platy and white and is prized in cosmetics and plastics. Luzenac also 
operates a small open-pit talc-chlorite deposit in Sardinia. 


Spain 

High-purity steatite talc is mined in Leon, and a low-grade ultrama- 
fic deposit is mined in Malaga. The Leon ore is from a high- grade 
metasedimentary deposit with good brightness and low iron content 
and is especially useful to the large Spanish ceramic tile industry. 
The Ma laga dep osit is used ma inly in roofing and a gricultural 
applications. 


Other European Production 


The other major producer in Eu rope is Norw ay. Mondo Minerals 
operates tw o talc-magnesite de posits (ul tramafic orig in)i n 
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Altemark and Framfjord. Because of reserve issues, production has 
fallen significantly in recent years. The ore is mi Iled at plants in 
Norway, England, and the Netherlands and sold primarily for 
industrial p aint ap plications. Othe r small ultramaf ic dep osits are 
mined in Sweden , the Sh etland Is lands, and Karelya in western 
Russia. A quite famous but small, high-purity steatite-grade talc 
deposit was mined at Gopfersgrun in Bavaria until 2002. The f irst 
machinable steatite used by industry was from this deposit, and the 
first synthetic steatite compo sition was produced by Thurneaur in 
1932 with talc powder from this ore. 


Africa 


Relatively little talc is produced in Africa, with Egyp t, Morocco, 
and South Africa having the onl y meaningful amounts o f produc- 
tion. Egypt has deposits of both ultramafic and metamorphic origin 
in the southeastern deserts in the Precambrian metamorphic rocks 
of the Nubian-Arabian shield. Production has tended to be intermit- 
tent because of logistical, economic, and ownership issues. Some 
high-quality, cosmetics-grade ta Ics are mi ned ne ar Agidi rin 
Morocco. South African p roduction is from mainly lo wer-grade 
mafic deposits that are milled for low-value uses in rubber dusting, 
fertilizers, and putties. 


Australia 


In Aust ralia, three relati vely hi gh-grade metasedi mentary dep osits 
are mined. In Western Australia, the large Three Springs mine is in a 
massive, finely crystalline, whit e, high-purity talc deposit that has 
been mined by open-pit methods since 1961. The ore body is approx- 
imately 500 m long by 350 m wide by 20 m thick and is cut bya 
series of diabase dikes. Most of the ore is exported in lump form to 
Japan and Europe for paper and ceramic applications. Luzenac pur- 
chased the Three Springs deposit from Western Mining in 2001. 

Also in W estern Australia, the Mt. Seabrook dep osit is a 
smaller, macrocrystalline, high-purity talc deposit that was opened 
in 1971. Although operation has been intermittent because of own- 
ership changes and its remote location, the ore is valued in cosmet- 
ics markets for its pla tiness. In southern Au stralia, the Mt. Fitton 
deposit is the main source of talc for the Australian domestic mar- 
ket. The talc occurs in narrow (1 to 5 m thick) veins in a dolomitic 
rock, and both high- and lo w-purity grades are produced and 
shipped to a mill in Adelaide. 


Asia 

Asia is both a major talc-producing and -consuming region. China 
is the world’s lar gest pr oducer and e xporter with 1.7 Mt, while 
Japan (450,000 t) and South Korea (200,000 t) are major importers. 
India (450,000 t) is the o ther major producer with most talc con- 


sumed domestically ( Roskill Information Services 1997; Harris 
2001; Virta 2004). 


China 


China has appr oximately 120 w orking talc mines located in three 
provinces: Liaoning and Shandong in the north and Guangxi in the 
south. Almost all the talc is of metasedimentary origin, and much 
of it, especially in Liaoning and Guangxi, is of high purity and has 
high brightness. Ownership is distributed among a range of provin- 
cial, district, and local village governmental bodies with limited 
private ownership. 

The Liaoning deposits formed as metasomatic replacements of 
magnesitic and dolomitic carbonates of the Late Proterozoic Liaohe- 
Dashiqiao Group. The carbo nates are dominantly magnesite with 
some tremolitic deposits within dolomite and c alc-silicate rocks. 
The rock orientation is east—-north east. High-purity veins are gener- 


ally podiform and sheared. Mined widths range from 2 to 15 m with 
strike lengths from 10 to 500 m. Deposits are mined both — under- 
ground and in open pit. The ore is sorted in lump form at the mine or 
in nearby villages, and about 50% is exported to Japan, Taiwan, and 
Korea. 

In Shang dong, the deposits bel ong to th e Late Proterozoic 
Jueten-Zhanggezhuang Group. The talc is formed by metasomatic 
replacement of magnesiu m carbonates. Most ore is mined under- 
ground in veins of 7 to 30 m in width, often extending for hundreds 
of meters. The ore is of lower grade (<85%) talc, with the balance 
being magnesium carbona te and dolomite. Most ore is milled and 
used locally in the paper and ceramic industries. 

In Guangxi, the talc deposits belong to the Middle Proterozoic 
Banxi-Heong Group and are the lar gest, highest-purity veins of talc 
in China. The princi pal mines ar e located along a N30°E fracture 
zone within a belt 2 km wide by 8 km long. The host rock is an off- 
white dolomitic marble that is contorted into high-amplitude isoclinal 
folds. 

The talc veins are concordant, lenticular bodies that average 
5 m in thickness and are 200 m long. The veins widen to 80 m and 
have sharp but irregular contacts with the host marble. The ore is 
typically light greent o gray an d locally v ery white. Chlorite, 
dolomite, magnesite, and quartz are the main contaminants. 

Almost all mining in Guangxi is in open pits. Most high- 
brightness ore is exported to Europe and the United States in lump 
form. Reserves of high-brightness talc and production ha ve been 
reported as diminishing in recent years. 


India 


The major Indian reserves and production are in the state of Rajas- 
than where the Golcha Group is the dominan t prod ucer. Most 
deposits are of the metasedimentary type, mined by open-pit meth- 
ods, and sorted and pro_ cessed lo cally for t he dom estic market. 
Approximately 5% of pr oduction is exported to Europe, Southeast 
Asia, and western Africa. 

Production of talc is limited el sewhere in Asia, with Korea, 
Japan, and Iran having significant deposits and some production. At 
one time, K oreaw asa major producer, b ut output has fallen 
because high-quality, low-cost ore is available from China. 


TECHNOLOGY 

Exploration 

Despite the availability of many modern geophysical techniques, the 
most effective talc exploration techniques are tradit ional field diag- 
nostic, sampling, and mapping meth ods. Although talc is physical ly 
weak, it is chemically very stable, and the presence of talc in outcrops 
and in the overlying soils is the best diagnostic tool. After the depos- 
its are sampled and mapped, if the quality is acceptable, the deposit is 
drilled, the quality confirmed, and the reserve estimated. 

The value of any talc deposit is a function of its color, purity, 
and location, along with the a vailability of appropriate mark ets. 
Nowhere is this mo re true than in Finl and, where relatively low- 
purity and lo w-color ultramafic deposits were d eveloped success- 
fully to serv eth elocal paper mar ket and replace e xpensive 
imported kaolin. 


Mining 

Most talc is mined today by conventional open-pit, drill-and-blast, 
shovel-and-truck techniques. The major difference from con ven- 
tional technology is that blasting is minimized to reduce breakage 
of soft talc ore, and all shovel work is accompanied by a high 


level of selectivity to minimize cross contamination of high- and 
low-grade material. Man y producers analyze blast-hole cuttings 
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to de lineate ore grades and sel ect blast pat terns accordingly . 
Shovel operators can select ore or waste by co lor or texture for 
different grades. Equipment such as 10-m ? sho vels and 1 50-t 
trucks are common i n North America and Europe, while 1-m? 
shovels, 20-t trucks, and e ven hand-carried bask ets are used i n 
Asia and Brazil. 

A typical western talc deposit is drilled on 30- to 50-m_ spac- 
ing, and the ore body is characterized by mineralogy, color, and 
chemistry. From this, the ore body is defined and a computer-aided 
mine plan is g enerated. Overburden is remo ved and stored else- 
where for eventual use i n mine reclamation. Mining is typically 
done on 5- to 10-m benches. B efore each blast, drill holes are ana- 
lyzed and, if necessary, the shot is reconfigured to remove potential 
waste or segregate a better quality of ore. After the blast, the shovel 
operator will selectively scoop the rock into haul trucks and desig- 
nate it as waste or as a low or high grade of ore. 

Waste-to-ore ratios are often quite high, especially for massive 
steatite deposits. Typical values range from 5:15 for massive ores 
and 1:3 for the lower-purity ultramafic grades. Underground mining 
is now less common and is declining rapidly in imp ortance. Pure 
talc is a v ery soft, noncomp etent rock, which is often highly frac- 
tured, of v arying thickness, and in steeply dipping bodies. Wher e 
veins are thin and the surrounding rock is competent, o verhand 
mining is acceptable with limited tim bering. Int hicker veins, 
underhand mining is necessary; where the veins dip steeply, shrink- 
age sto ping is used. Some low-grade deposits can be mined by 
room-and-pillar methods, for whic h equipment is much smaller, 
blasting and mucking much more selective, and waste-to-ore ratios 
much lo wer than in open-pit min ing. Continuous miners can be 
used on softer high-grade veins. 


Reclamation 


In contrast to past practice, reclamation is now an integral part of all 
talc mining in developed countries. Waste piles are graded, covered 
with topsoil, seeded, and monitored for a return to natural vegeta- 
tion. For both surf ace and under ground mining, b oth surface and 
subsurface w ater flow is measured, monitored, analyzed, and if 
necessary treated to meet local and national discharge standards. 
Some pits are backfilled or converted to a beneficial long-term use, 
such as recreation. 


Beneficiation 


Two major types of ore benef iciation are used for talc: so rting for 
massive talc ores and froth flotation for ultramafic and lower-grade 
ores. The sorting techn ology includes hand sorting of lump ore, 
mechanized optical sorting of pebble-sized ore, and slide sorting of 
lump ore to separate talc from dolomite and other impurities. Hand 
sorting usually takes place in sheds at process plants. Screened ore 
(5 to 25 cmin size) is run across belts, and, if low grade, talc is 
picked from the ore; if high grade, waste is picked from the talc. A 
slide-sorting process to replace this fun ction w as p atented by 

Cyprus Industrial Minerals (no w Luzenac America) in 198 8. Talc 
has a much lower coefficient of friction than dolomite or quartz, so 
when dropped on a r otating plate, talc will quickly slide of f while 
the other ore will be carried around and removed by a scraper. This 
type of sorting is particularly useful for high-grade talc that occurs 
in narrow (<1 m) veins in a carbonate host rock. 

Optical sorting processes usuall y require talc to be washed 
and screened into narrow pebble size (1-2 cm) range. A camera 
scans each particle as it falls through a testing zone, and then jets of 
air either remove ore (for low grade) or waste (for high grade). This 
type o f sorting is suitable f or hig her-value products such as 
required for cosmetics or plastics applications. 


An impo rtant f actor inthe sorting and color _ beneficiation 
technology is that blending of low- and high-color ore is not linear. 
If equal parts of an 80 and a 60 brightness ore are mixed, the color 
is not 70 b ut much closer to 60. Conversely, if a small fraction of 
high-brightness ore is sorted out of a low-brightness ore, the effect 
on the color of the remaining low-brightness ore is minimal. 

Ore beneficiation by froth flotat ion is usable for al most any 
ore, but it is part icularly useful for ore s where the talc is interca- 
lated with the waste, such as talc ores of ul tramafic origin. Ore is 
crushed and th en milled to liber ation size, typically about 50% 
passing 325 mesh. It is slurried in water at about 25% solids, and a 
frother, such as methyl isobutyl carbinol, is added. It is then passed 
through two to f ive stages of flotation where the talc content is 
upgraded to >95% purity. Carbonates, quartz, chlorite, and tremo- 
lite are selectively removed by this process. If a problematic le vel 
of dark magnetic minerals is present, high-energy magnetic separa- 
tion is used to remove them from the floated product. The concen- 
trate is thickened, filtered, and flash dried. Some producers mill in 
conjunction with the drying process. 


Analytical Techniques and Measurements 


A tiny fraction of talc is sold in lump form for carving, ma chining, 
or decorative applications. A significant volume of Chinese, Austra- 
lian, and U.S. production is exported in lump form to the consuming 
countries. The vast majority of the ore must be reduced to a po wder 
for end use. The size needed ranges all the way from —10 mesh (top 
size 2.5 mm or 2,500 um) to 1,250 mesh (top size 10 pm). The dis- 
tribution of the particles, sometimes called the granulometry, is also 
important. Some applications require a narrow particle-size distribu- 
tion and some a broad distribution. Finally, the shape of the particles 
is criticalinsome applications and is af fected by the grinding 
method. 

In describing milled products, a number of measurements are 
used, most notably median particle size and top size. Median parti- 
cle size is most often measured by sedimentation techn iques using 
an instrument called a sedigraph. The sedimentation technique 
assumes that all particles are spherical, which talc particles are not. 
A sedimenting talc platelet will behave like a much smaller sphere, 
skewing the reported distrib ution to ward the fine end. T he tech- 
nique is generally used only for subsieve-size particles (100% finer 
than 100 mesh [150 pm]). The technique will give a full particle- 
size distribution and is accurate down to ~0.3 pm. The other major 
subsieve technique is la ser particle size analysis with inst ruments 
made by anumber of companies including Coulter, Alcatel, and 
Horiba. Unlike the sedimentation techniq ue, the laser analyzer 
measures the long dimension of the talc platelet, and thus the distri- 
bution reported by the laser will be quite a bit larger than that by 
sedigraph. 

For top-size measurement, sieving and Hegman drawdowns 
are used. Sieves of 40 to 325 mesh are common. The Hegman bar, 
also ca lled t he fineness-of-grind g auge, is a techn ique borr owed 
from the paint industry. A small quantity of talc powder is dispersed 
under high shear in a vegetable oil. A small portion of the talc in oil 
dispersion is placed on the He gman bar, which has a_ very accu- 
rately machined groove with a depth of 100 um at the top end and 
zero at the bottom. When the talc in oil dispersion is drawn down 
through the groove, the coarsest particles will show up somewhere 
in between, and the material is given a Hegman rating based on the 
largest particles in the sample. For instance, particles of 70 pm give 
a 3 Hegman, and particles of 25 um would give a 6 Hegman. 

Other critical properties that are measured inc lude surf ace 
area, bulk density , and color. Surface areais measured by the 
Brunauer, Emmet, and Teller (BET) method. It consists of adsorbing 
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a monolayer of nitrogen on the surface of the sample and weighing 
it. Values vary from 1 m?/g for the coarsest, macrocrystalline prod- 
ucts to 20 m?/g for the f inest microcrystalline products. Bulk den- 
sity is reported as either lo ose bulk density (LBD) or packed bulk 
density in grams per cubic centimeter. LBD is measured in a very 
simple piece of equi pment called a Scot t volumeter, in which the 
powder is cascaded over a series of glass plates into a | in.> cube. 
After the cube fills, it is smoothed off and weighed. LBD values go 
from 1 to 1.2 gm/cc for coarse roof ing products to <0.15 g/cc for 
the finest paint and plastic grades. LBD strong] y correlates with 
median particle size and in many plants is used as a primary control 
parameter because it is quicker to run than a median particle size. 

The science of color measurement as it impacts talc is quite 
complex and constantly evolving. Most producers measure powder 
color, which is achieved by pres sing the po wder into a pe Ilet at 
standard conditions (3 bar pressure) and then measuring the color 
and brightness on the surface. There are a wide variety of measure- 
ment sy stems. The most com monly used is the Gene ral El ectric 
brightness (GEB) method. GEB is measured on a simple scale of 0 
to 100 on a brightness tester. Products vary from about 60, for low 
talc content, coarse products, to 96, for the finest, whitest talc prod- 
ucts. Almost al ways, as talc products are milled f iner, dry bright- 
ness improves. 


The Hunter L-a-b scale me asures co lor on thre e scales: L 
ranges from 0 to 100 on a white/black scale; a from red to green on 
a similar scale; and b from blue to yello w. A typical talc product 
with a GEB of 80 might have an L value of 86, an a value of 0.5, 
and a b value of 3. The b value, sometimes called tint, is the most 
critical as it is often reflective of iron staining. A lower b value is 
almost always better. 

The powder brightness does not always reflect how the prod- 
uct performs in an end use. In plastics, for instance, the brightness 
of talc is typically lo wered significantly as t he talc surface is wet 
out by resin, which changes the optical image. To measure this, the 
powder is we t out in mineral oil and the color measured on the 
paste. In paint, the color is affected by hiding or opacity character- 
istics. In this application, platy talc, despite having lower powder 
color, is usually superior. This is measured by preparing a thin film 
over a black and white surface. 

The other major analyses involve mineralogy and chemistry of 
the ore and products. In its simplest form, talc mineralogy is esti- 
mated from LOI data. The pure mineral talc loses its (4.75%) water 
of crystallization at 96 0°C. Thus the closer the 1,000°C LOI is to 
this, the purer the talc. If the major impurity such as dolomite or 
magnesite is known, the purity can be accurately estimated. 

Mineralogy is measured mor e accurately by x-ray diffraction 
(XRD) techniques. An x-ray beam is sent through a pressed sample 
of the powder, and the beam is scattered at a specific angle by each 
mineral present. The location and intensity of that scattered beam is 
characteristic of the mineral and its level in the sample. Talc, chlo- 
rite, carbonates, asbestiform minerals, and quartz are readily identi- 
fied and quantified down to concentrations of approximately 0.1% 
(1,000 ppm) by this technique. 

A method to quantif y the crystalline nature of talc was pro- 
posed by Holland and Murtagh (2000). They measured the intensity 
of the 004 and 020 XRD peaks and comb ined them in an equation 
(J represents beam intensity): 


MI = Jo4/(o04 + 2 L020) (1) 


Their morphology index (MI) varied from 0.98 for the more 
macrocrystalline and platy Vermont talc to 0.45 for the microcrys- 
talline Montana ores. 

Chemistry is determined by either x-ray fluorescence (XRF) 
techniques or by more detailed wet chemistry techniques, such as 
inductively coupled pl asma (ICP) and atomic adsorption ( AA). 
XRF, done on a pressed powder sample, is accurate for silica, mag- 
nesium, calcium, iron, and aluminum do wn to perh aps 0.2%. The 
wet chemistry techniques are much more accurate but require that 
the samples be digested inav_ ery strong acid, lik e aqua re gia or 
hydrofluoric acid, befo re they arerun through the ICP or AA 
instruments. This makes the technique much more expensive and 
time consuming. 


Tale Milling 


Talc is an extremely soft mineral and generally very easy to mill or 
to reduce in particle size, although the aspect ratio or platy nature of 
the talc can complicate matters. Preserving that aspect ratio is diffi- 
cult in some milling processes, and a fine talc platelet is very diffi- 
cult to handle and “manage” in an air stream, where almost all talc 
milling occurs. Very little wet milling is used. 

If the ore is wet, the process will typically start with drying 
(Figure 3). Direct- fired rotary dryers are the most common. The 
coarsest talc products can be pr oduced by crushers run in clo sed 
circuit with vibrating screens. Roofing pro ducts are produced in 
this fashion by running crusher discharge over a 35-mesh screen. 
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The most common milling machine in the talc industry is the 
ring roller mill, with the Raymond roller mill being the most popu- 
lar type (Figure 4). In this mill, ore up to 50 mm in size is swept 
into a grinding zone between a set of rotating rolls that mill the talc 
between them and a horizontal rin g. The fine product is swept out 
of the milling zone up to an air separation zone. Here a set of hori- 
zontal blades, called a whizzer, creates an airflow in a horizontal 
direction to the sweep air and forces the coarse particles out to the 
side and back do wn the circumf erence of the c ylinder into th e 
grinding zone. The fine product continues with the sweep air and is 
removed by centrifugal action in ac yclone. The air is recirculated 
with a large fan back into the grinding zon e. A slipstream of air is 
pulled off after the f an into a dus t collector. This keeps the whole 
system at a slight negative pressure and removes fines that are too 
fine for the cyclone to remove. 

Roller mills are effective devices for milling softer (up to 3.5 
Mohs hardness) materials down to 325 mesh top size (44 pm). They 
appear to preserve the aspect ratio and, if heat is applied, have the 
capability to do limited dryin g of wet feed. The primary contr ol 
mechanism on the mill is the whizzer speed, with a higher speed 
giving a finer top size and a finer median particle size. 

Newer mills use the more-sophisticated cage classifiers in place 
of the whizzer, which is not an efficient separation device. Cage clas- 
sifiers require a higher pressure drop and usually a bigger fan but will 
enhance both throughput and top-size control. Products as fine as 
5 Hegman can be made with enhanced classifier systems. Some pro- 
ducers use ball mi Ils in closed circu it with air classifiers, especially 
for harder tremolitic talc or ore with high carbonate content. 

To mill from a 325 mesh to a 6 Hegman, the most efficient 
machines are hammer mills with built-in cl assifiers, such as t he 
Raymond vertical mill or the Hosokawa Micron air classifying mill, 
or ACM. The ACM is a com pact hammer mill with an integral 
highly ef ficient cage classif ier. The hammers are mountedon a 
plate in a cylindrical housing, and the rotation forces the particles to 
impact a serrated liner. They are then airswept into the cage classi- 
fier zone where the coarse are knocked back and the fines are sent 
on to collection in a baghou se. The ACM can accept feed up to 
approximately 6 mm. The primary control mechanism in the ACM 
is classifier speed, with a higher speed giving a finer top size and a 
smaller median particle size. 

For ul trafine grinding, often called micronizing, fluid ener gy 
mills are used. In this process, high-pressure (>10 bar) air or steam is 
expanded though nozzles into a grinding chamber. In some of these, 
the grinding chamber is ad oughnut-shaped system, and the h igh- 
speed air flowing around the chamber in a centrifugal motion causes 
the powder to grind against itself. In the Aljet type, the fine product is 
taken off on a slipstream on the inside of the doughnut. In the Alpine 
type, the grinding is done by st reams of opposing nozzles t hat inject 
pressurized air and powder into the base of a cylinder (Figure 5). The 
fines are taken by the milling air int o the classification zone on t he 
top of the cylinder where multiple cage classifiers reject coarse parti- 
cles back into the mill. Product from all these systems are collected in 
baghouse filters, with care being tak en to ensure that any cooling 
does not approach the dew point of the steam effluent. 

Fluid energy mills are effective for millin g from approx i- 
mately 4 do wn to 7 He gman top- size products. At the same top 
size, they will give a much finer median particle size than the ACM, 
and the centrifugal-type mills are believed to be better delaminating 
devices than the ACM. 

The primary control mechanism in fluid mills is the integral or 
external classifier speed, with a higher speed giving a finer product. 
For mills without a classifier, the product can be made finer with a 
higher fluid-to-talc ratio or a higher fluid pressure. 
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Adapted from Combustion Engineering sales brochure. 
Figure 4. Raymond roller mill construction features 
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Figure 5. Alpine fluid energy mill 
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Size Classification 


The separation of pro ducts by particle size is just as critical a part 
of process technology as milling a nd, in most cases, is inte grated 
into the milling circuit. 

Screens ar e e xcellent absol ute size sepa ration de vices, but 
their capacity and efficiency decline rapidly with finer meshes, and 
they are subject to rapid blinding and high maintenance with f ine 
powders, platy materials, and agglomerates. In general, con ven- 
tional screens are effective for sep aration of talc powders down to 
about 60 mesh. Below this, the powders agglomerate and blind the 
screens. For scalping-type applications (<0.5% oversize), airswept 
screens can be used for powders down to 100 um. 

Air classifiers are devices in which a stream of air that contains 
fine particles (usually <100 mesh) is subjected to a velocity perpen- 
dicular to the direction of flow. This will cause the coarse particle to 
be deflected, allo wing the fine particles to pass through. Two types 
of devices are used to create the perpendicular flow—blades (some- 
times called whizzers) and cages that have a fanlike design. The lat- 
ter are much more efficient, especially at fine particle sizes, but have 
higher pressure drop, lo wer capacity, and more potential problems. 
Typically the flo w is upward, and the cage or whizzer i s mounted 
vertically. When the separation points get f iner (<20 ym), however, 
it is often advantageous to mount the unit horizontally. 

Classifiers do not mak eaclea ncut, and a platy particle 
behaves like a much smaller sphere. In addition, there are problems 
with bypassing, dispersion, and airflow control. In the most sophis- 
ticated units, all the accepted (fine) particles are forced through the 
vanes of the cage and exit through a hollow shaft on which the cage 
rotates. 

The primary control parameter is the speed of the whizzer or 
cage, but other variables like airflow, air-to-solids ratio, and particle 
surface energy have significant effects. For any classifier, the higher 
the air-to-solids ratio, the better the classifier will work. But the 
operating cost is higher and the capacity is p roportionally lower. 
Higher surface energy will have a detrimental effect in encouraging 
agglomeration, and this ener gy is an ine vitable by-product of the 
milling process. 


Densification and Compaction 


The fluffy nature and low bulk density of fine talc products makes 
packaging and shipping difficult and expensive. To overcome this, 
producers use _de-aeration a nd agglomeratio ntechn ology to 
increase the bulk density of fine products. 

The standard de-aeration technology uses a Carman densif ier 
to pull air out of powders. The powder is transferred through a hor- 
izontal screw, which is surrounded by a f ilter cloth. A v acuum is 
pulled on the outside of the cloth, increasing the bulk density of a 
fine product by more than 100%, from 0.15 to 0.3 g/cc. The process 
has little effect on the talc itself as the powder refluffs with minimal 
agitation. It does allow the product to be packaged in smaller sacks 
or to get 100% more talc in a regular sack. 

In compaction the fine talc is wetted with about 20% water in 
a continuous mixer, and this paste is forced through a circular die to 
form pellets. These pellets are then dried to ~2% moisture for paper 
applications and <0.5% moisture for plastic and rubber. Bulk den- 
sity is increased from 0.15 to 1 g/cc for fine products. 


Other Processing Technology 


A limited am ount of talc is surf ace treated to impro ve its pe rfor- 
mance in specific applications such as plastics, rubber, and cosmet- 
ics. Amino-silane, polyethylene glycol, and stearates are some of the 
materials used. In general, the level of coating on talc products is rel- 


atively low, in many cases less than 1%. This is in contrast to car- 
bonates, where stearate coatings reach 3 wt % for ultrafine products. 

A major development, especially in northern Eu rope, is the 
delivery of f ine talc to paper mills in slurry form for use in paper 
coating. Fine talc, which has high surface energy and hydrophobicity 
and a platy structure, is difficult to wet in w ater and extremely diffi- 
cult to make into a st able, high-solids slurry. Nevertheless, close to 
350,000 tpy are now produced in this form in Europe. The talc is dry 
milled and then made down into slurry using high-energy mixers and 
a proprietary package of dispersants and stabilizers. The slurries have 
solids content of 61% to 65% and a viscosity of ~200 centipoise. A 
limited amount of tal c is also sh ipped for pitch-control applicati ons 
in slurry form, but the solids content is much lower and no chemicals 
are used. 


Packaging and Shipping 


Talc products are sh ipped in super sacks (400 to 1,20 0 kg) and in 
paper bags (usually 25 kg), stacked on wooden pallets. Transporta- 
tion to the customer is a significant portion of the total cost of talc 
products, averaging 25% to 30% of the cost and, in some cases, 
more than 50%. 

Most talc pr oducts are now shipped by truck. The combina- 
tion of faster, more-reliable delivery and lower costs for most cus- 
tomers continues to favor this mode. Rail is used for larger-volume 
bulk customers when the haul distance is mor e than 500 km. Most 
trucks will deliver coast to coast in 4 or 5 days while rail deli very 
will typically take 2 to 3 weeks. 

Bulk trucks are very popular with customers, because the truck 
driver unloads the material with acompressor on the truck, in con- 
trast to bulk railcars where the customer has to supply the compressor 
and unload the material. Most product is shipped directly to custom- 
ers. Smaller customers typically purchase through chemical distribu- 
tors, who buy the product from the talc mills and store it locally. 


PRODUCT APPLICATIONS 


The section that follows is not intended to be sc ientifically com - 
plete or to cover all the applications and potential applications in 
different industries, but is more heavily weighted to major applica- 
tions, major de velopments, and technological chang es that af fect 
talc consumption. This section also attempts to evaluate talc’s posi- 
tion in the market compared to competitive minerals and chemicals. 

Almost all of the talc markets are mature and thus are charac- 
terized by limited growth (at or below gross domestic product 
[GDP] rates), customer consolid ation, competiti ve substitution 
from other minerals, and downward pressure on prices. This is cer- 
tainly true of the pulp and pape rr, paint, ru bber, joint compound, 
putty, flooring, roofing, cosmetics, and agricultural markets. The 
exceptions are plastics and ceramics. Although plastics is a mature 
business, it is enjoying a growth spurt as talc-reinforced polypropy- 
lene replaces more e xpensive engineering polymers in au tomotive 
applications. New applications in ceramic pollution-control devices 
are also showing significant growth. 

In most markets, talc competes with other minerals, such as 
calcium carb onate, kaolin, and silica. In so me markets, however, 
most notably pitch c ontrol, talc competes with al ternative pitch- 
control technologies, including dispersant and detackifying chemi- 
cals, periodic solvent washes, or improved processing procedures. 

Another critical piece of the application picture is the usability 
of the talc product. In paper , for instance, although customers p re- 
fer slurry, producers find it more convenient to supply a dry prod- 
uct. In plastics, customers prefer a dense, dustless, easy-to- 
disperse pellet. Pl astic compounders are now supply ing co ncen- 
trates of 70% to 80% talc in plastic resin. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Talc 


981 





Paper 
Pitch Control 


Beginning as an accidental development of Sierra Talc Company 
in the northwestern United States in the late 1950s, the pitch- 
control market has grown steadily to become the largest market for 
talc in North America today, consuming close to 160,000 t in 2000 
(Table 5). The pitch -control market has consistently been domi- 
nated by Mon tana-based p roducts, and altho ugh th e talc has 
become coa rser 0 ver the yea rs, the mark et continues to acc ept 
microcrystalline products from Montana as the industry standard. 

Wood is made up of three comp onents—fiber, cellulose, and 
resins—that are liberated from each other in the pulping process. In 
thermomechanical pulping, the wood is broken apart by a combina- 
tion of heat and energy, and all the components are left in the final 
pulp. In chemical pulping, a comb ination of mechanical, physical, 
and chemical separation processes are used to produce essentially 
pure fiber. It is in chemical pulping that talc works best, helping to 
produce a cleaner and more valuable fiber. Talc has also had good 
success in recycle mills, where previously used pap er is repulped, 
and contaminants, such as ink and adhesives, are removed by phys- 
ical means. In both cases, talc is used more or less as a scavenger 
for the residual oil droplets or resin particles that are left in the 
pulp. It pre vents them from adsorbi ngonma chine surfaces, 
screens, and fe Its, and t he talc/contaminant mixture is retained in 
the pulp as an inert filler. 

The m echanism by whic h ta Ic w orks is not _ totally cle ar, 
except that it e ffectively sorbs on to the pitch, de tackifies it, and 
limits its ability to de posit. Some of the mechanisms that appear 
viable are migration of the talc into the oil phase, the peptizing of 
pitch particles by the surf actant-like talc, the adsorbing of pitc h 
onto the larger planar surfaces of talc, and the steric stabilization of 
the pitch dispersion by the talc. One or more of these mechanisms 
is likely to be effective in different situations. 

Where talc is ineffective, asin thermomechanical pulp, t he 
mechanism is clear. The anionic trash (lignin p roducts) left in th e 
pulp preferentially adsorb on the surface of talc and render it inef- 
fective. Ev en 1,000 ppm of anio _ nic sur factant wi Il completely 
negate the ability of talc to work in this environment. 

In earlier years, talc was added to the process in repulpable 
50-Ib bags. Talc producers, such as Cyprus, de veloped talc disper- 
sion units (TDUs) that can take talc from a super sack or bin and 
produce a dilute (~5%) suspension of talc in water. Typical addition 
rates are 5 to 10 kg of talc per ton of pulp. The standard product for 
the application is a microcrystalline Montana talc product milled to 
a 3.5-ym median particle size and a surface area of 13 m?/g. 

The main competition for talc is from specialty chemical com- 
panies. T raditionally, t hese c ompanies so ld dispe rsants for this 
application, but disper sants sent the pitch tothe waste treatment 
plant where it added to chemical oxygen demand (COD), whereas 
talc kept the pitch in the pulp. The specialty chemical companies 
have now revised their products and sell materials with trade names 
such as Surround and Detac, a competitive recognition of the pep- 
tizing and detackification properties of the talc product. 


Paper Coating 


The concept of talc as a paper-coating pigment was developed by 
the Finnish United Paper Mills and its subsidiary FinnMinerals in 
the early 1980s. Partially driven by a need to control the cost s of 
imported English coating kaolin, the company found that talc sig- 
nificantly impro ves print quali ty and cuts down on core burst 
problems when used as acompone nt of rotogravure grades of 
lightweight coated paper. Today, more than 300,000 t of talc are 


Table 5. Talc usage by major market area, kipy 





Market Area North America Europe Asia 

Paper 195 605 1350 
Plastics 160 280 170 
Paint 150 155 105 
Ceramics 130 150 90 
Putties 120 90 50 
Cosmetics 35 25 25 





used for this purpose in Europe. North American coating talc use 
is minuscule because of the relative economics of talc and kaolin. 
In Europe, most kaolin is imported from the United States or Bra- 
zil and is more expensive than talc. In North America, high-qual- 
ity delaminated kaolin is available from Georgia at half the price 
of talc. 

The coating product used in Europe has a 2.5-um median par- 
ticle size and 85 GEB and is sold in a highly stable 63% to 64% sol- 
ids slurry. Most is produced in Finland from a macrocrystalline ore 
made by froth flotation and dry micronizing. 


Paper Filling 


Talc has been used in paper filling for more than 80 years, especially 
where it was inexpensive and where kaolin was not available locally, 
such as in southern Europe, China, Japan, and Finland. At one time, 
more than 1 Mtpy was probably consumed worldwide for this appli- 
cation. With the increase in alkaline pulping throu ghout the world, 
usage has declined, but the market still exists for ce rtain grades in 
Europe, China, and Japan. The typical product is 99.9% —325 mesh, 
and 80 to 85 GEB. Because of it s surface and la rger particle size, 
talc has better retention in paper than kaolin, improves drainage and 
print properties, and generally makes a stronger and smoother sheet. 

Little talc has been consumed in North America for this appli- 
cation since Georgia kaolin became plentiful and inexpensive in the 
1930s. In the rest of the world, the application is declining because 
of the availability of less-e xpensive ground and precipitated cal- 
cium carbonate fillers. 


Paints 


Talc and other minera | pigments such as calcium carbonate h ave 
been used in coatings for more than 100 years. Initial use was based 
on local availability, ac id in solubility, and white ness. Over time, 
talc has been recognized for its good anticorro sion and moisture 
barrier properties, weathering and antisettling properties in oil, hid- 
ing and color extension, and fl atting p roperties. Today approxi- 
mately 150,000 tp y are used in paint in both North America and 
Europe. 

Basically, two grades are sold. The coarser 3 He gman grades 
are used for general purpose extension in architectural (household) 
coatings and as a functional additive in alkyd primers and industrial 
coatings. Finer 5.5 to 6.5 Hegman grades are sold for fl atting in 
alkyd coatings, bar rier applications, and corr osion pre vention in 
maintenance coatings; for pigment extension in color concentrates; 
and for viscosity build in gel coats. The coarser products represent 
60% of the overall volume. Other than top size, the most important 
properties of a talc in coatings are color or brightness and its contri- 
bution to ward the paint viscosity . The viscosity build property is 
loosely related to oil ad sorption (ASTM D281), and a high or low 
value can be beneficial depending on the system employed. 

Although most of th e produ cts sold are made fro m high- 
purity, platy ores, the tremolitic New York State talc and the natural 
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talc-carbonate ores are favored for certain applications because they 
have lower viscosity and better scrub resistance than pure talc. The 
3 Hegman grades are made on roller mills or bal 1 mills in cl osed 
circuit with air classifiers. The 6 Hegman grades are made on fluid 
energy mills and air classifying mills. 

In water-based coatings, talc is a go od spacer for prime pig- 
ments such as titanium dioxide; it reinforces the film, contributes to 
low shear rheology (antisettling), and helps to roughen the surface, 
which reduces gloss and promotes interlayer adhesion. In oil-based 
coatings, talc wets out e asily, reinforces the film, reduces perme- 
ability, and h as inherent corrosion-resistant proper ties. The gray 
epoxy paint on U.S. na val vessels is pigmented with mostly Mon- 
tana talc and a little lampblack. 

Talc competes with calcium carbonate, kaolin, and mica in the 
paint market. Although it is more expensive and gen erally not as 
bright as calcium carbonate or kaolin, it has better weathering and 
anticorrosion properties and a lower “b” value or yellowness than 
kaolin. Because of its higher cost, however, it is rarely used (only 
when its functional properties justify the extra expense) as an inert 
“filler”? As the prod uction of oil-based coatings co ntinues to 
decrease, the paint market is relatively static for talc because the 
limited overall market growth just about compensates for the loss of 
talc share. 


Plastics 


Plastics is the fastest-growing market for t alc in North America, 
with growth rates of more than 6% per year with close to 140,000 t 
consumed in 2000. The main application is reinforcing and nucleat- 
ing polypropylene, especially for automotive uses. Lesser amounts 
are used as film antiblock additives and in engineering and thermo- 
set polymers. 

The polypropylene (PP) application is driven by a basic tech- 
nology shift in automoti ve production. Talc-reinforced polypropy- 
lene replaces a number of more expensive and e xotic engineering 
polymers, especially acrylonitrile b utadiene st yrene (ABS) and 
polyurethane in the interior panels and exterior bumpers of cars. 
The engineering polymers sell for $2 to $4/kg; polypropylene sells 
for $0.7 to $0.9/kg. But PP itself does not match the strength, heat 
resistance, dimensional stability, or molding properties of the more- 
expensive polymers. PP is a semi crystalline polymer, and talc sur- 
face has the ability to improve the crystallization rates to the point 
that dimensional stability is im proved, mold shrinkage is reduced, 
and stiffness is improved. Fine talc is used at 2% to 10% concentra- 
tion in large parts like bumpers for this purpose. Talc is also capable 
of reinforcing PP, increasing stiffness 150% at 30% to 40% loading. 
This property is u sed in interi or panels and d ashboards. Molded 
color is extremely critical in this application because the parts are 
color matched. Under the hood, black parts such as ducts and cov- 
ers are also made from talc-reinforced PP. Here, heat resistance and 
long-term heat stability are critical. In the PP resin, 325 -mesh talc 
products are used at 30% to 40% concentration. 

The shift to PP has been driven by Japanese manufacturers, 
who have reduced the number of parts and the total co st of their 
cars by using this and other technologies over the last 10 years. As 
more Japanese auto companies have begun manufacturing in North 
America, the y have been followed by Japanese compounders for 
talc-reinforced polymers. These compounders tend to use the finest 
and whitest talc products, and their technology is now being trans- 
ferred to U.S.-based companies. 

Talc-reinforced products are also used i n appliances such as 
washing machines and refrigerators, in plastic trays for fast-food res- 
taurants, and in fire-retardant applications where talc will increase 
low shear viscosity and prevent the hot plastic from dripping. 


In polyethylene film, talc at about 0.5% will act as an anti- 
block. It detackifies the resin so that adjacent layers of film will not 
stick toge ther, but it wil l1notne gatively af fect f ilm cla rity or 
strength. Talc is also used to nucleate and reinforce nylon and poly- 
ester for electrical and packaging applications. 

A major handicap to talc use in polymers is the difficulty of 
mixing it into resin. Most of this is done by specialty compound- 
ers, who use high-energy extruders or rubber mixers. These com- 
pounders now generally sell their products as 40% to 80% talc in 
resin c oncentrates to the manufacturers who actuall y mold the 
parts. These master batches are mix ed with virgin plastic pellets 
and extruded or molded at the pr oper talc loading, usually less 
than 30%. 

Even though talc has a majo r position in plastics and its use 
will continue to grow as domestic auto producers switch to PP, it is 
losing mark et share to calcium carbonate, especi ally stearate- 
coated fine 1- to 3-um_ products, elsewhere in the plastics market. 
Carbonates provide impact resistance but little stiffness. They work 
well in applications where the finished product is low in price and 
disposable, such as plastic grocery bags. Carbonates have al ways 
dominated the thermoset portion of the market but now are growing 
dramatically in f ilm, polyvinyl chloride (PVC), and general con- 
struction products. W ith the e xception of nylon, kaolin finds little 
use because of its surf ace properties. It doe s not mix well with 
polymers and will degrade the polymer during compounding. 

Talc is also widely used in a related industry: rubber. Micron- 
ized talc is used as a reinforcing agent in mechanical rubber goods 
such as hoses and belts and as an insulating agent in wire and cable 
coatings. It will also function as a process aid in e xtruded rubber 
profiles such as the seals on automobile doors and windows. 

Coarser 325-mesh talc is used as a dusting agent on molded 
products such as tires and elastomeric thread. These markets, how- 
ever, are declining. 


Ceramics 


Ceramics remains a major use for talc in the Americas, especially 
in the floor and wall tile industries of the United States, Mexico, 
and Brazil. At one time, tile consumed 50% of U.S. talc production, 
at more than 600,000 tpy. The tremolitic and white firing talcs from 
Death Valley in California and from New York, and later the white- 
firing ore from west Texas, were particularly preferred. The typical 
body was 60% talc and 40% ball clay , pressed and slow fired to 
form a porous bisq ue, which was then glazed and ref ired to m ake 
the final tile. Until the 1970s, when new glazes were developed, this 
was the only way to make a tile on which the glaze did not crack. 

This techn ology is no longer ec onomically viable. Most tile 
products today are either single-body porcelain tiles or pressed, 
glazed, and fired only once. Feldspar, silica, and ball clay are the 
major body components, with talc re duced to the role of a fluxing 
additive to reduce porosity and increase strength. As such, it is used 
at levels of 3% to 7% in the body . This is still substantial, as the 
ceramic tile industry is very large and growing at more than 5% per 
year. 

In tile applications, talc purity is not critical, but low iron con- 
tent (<0.5%) is. Most of the product used in the United States and 
Mexico still comes from west Texas, with minor amounts from 
New York. Many producers purchase lump ore and co-mill the talc 
with feldspar and other ingred ients. Where powder is used, coarse 
products with 99% passing 100 mesh are typical. 

A major growth market for talc is the honeycomb cordierite 
substrates used in automotive catalytic converters and diesel partic- 
ulate filters. As cl ean air regulations be come more stringent and 
extend to in clude light- and hea vy-duty trucks, this market is 
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expected to gro w dramatically. Cordierite is ama gnesium alumi- 
num silicate, which is formed at 1,350°C by firing a mixture of talc 
(35%), kaolin (40%), and alumina (15%) . Cor dierite ha sa n 
extremely low coefficient of thermal expansion, which allows it to 
go through thousands of heating and cooling cycles and maintain its 
mechanical strength. This market is dominated by tw o suppliers: 
Corning of the United States and NGK of Japan. High-q uality talc 
from North America is used worldwide in this application. 

The tra ditional electrical porce lain markets in synt hetic st e- 
atite and cordierite are declining rapidly. Synthetic steatite can be 
made by pressing or e xtruding a mixture of 80% talc, 10% plastic 
kaolin, and 10% feldspar and firing to 1,250°C. Although synthetic 
steatite was used in high-temperature and high-frequency insulators 
in the automotive industry and in appliances, today better plastic 
products are replacing the synthetic steatite in lower-voltage appli- 
cations. Other markets in whitewares and kiln furniture are declin- 
ing because of technological changes. 

Talc does not compete with any other mineral in ceramics. 


Construction Products 


This area, which includes roofing shingles, vin yl flooring , joint 
compounds, caulking co mpounds, and automoti ve body patching, 
is a huge market for minerals, most of which are low in price. More 
than 100,000 tpy of talc are sold into this market, most of it lo w 
brightness and low purity. The major mineral used in this market is 
limestone, with close to 10 Mt utilized each year. 

In the manufacture of asphalt roofing shingles, coarse platy 
talc is applied to the back of the shingle to prevent sticking during the 
manufacturing process, storage, and shipp ing. A plat y talc with 
100% passing a 30-mesh sieve and <40% passing a 200-mesh sieve 
is preferred. Talc competes with sand and coal slag in this applica- 
tion. In the manu facture of rubberized asphalt sheet roofing, 200- 
mesh roller-milled talc can be used as af iller to reduce the loss of 
lighter hydrocarbons in the asph alt andimprove weathering. Talc 
also competes with limestone in this market. 

In vinyl flooring, talc is used in the fel t backing to prevent 
cracking when the felt is bent during installation. In sheetrock joint 
compounds, 200-mesh talc is added to build body, prevent crack- 
ing, and promote sanding properties. Such compounds are typically 
85% carbonate, 10% talc, and 5% resin and other additives. 

In caulking compounds, talc an d synth etic silica are used 
together to obtain the right comb ination of flow (low high-shear 
viscosity) and sag resi stance (h igh lo w-shear viscosity). Bo th 
coarse and fine products are used at 5% to 25% levels in the for- 
mula. In automoti ve body patch, talc makes up about 45% of th e 
formula, with polyester resin as the balance. Talc builds viscosity 
and creaminess and allo ws for good sanding after the polyester 
cures. The mixed talc-carbonate Vermont ores milled to 200 mesh 
are preferred. 


Cosmetics and Pharmaceuticals 


Baby and body powders are one of the more traditional and best- 
known uses fort alc, but it isa market in continuing decline. In 
developing cou ntries, talc is used extensively in bar soaps and 
detergent powders, but elsewhere body powders are being replaced 
by stick and spray deodorants, and many powders are now starch or 
starch-talc blends. About 35,000 tp y are used in this area, and, 
although the average selling price is one of the highest in all indus- 
try segments, both pricing and volume continue to decline. 

The major products are pure 200-mesh roller-milled talc made 
to tight chemical, microbiological, and loose bulk-density specifi- 
cations. The mark et has no w gone primarily to high (>0.5 g/cc) 
loose bulk-density products that flow and fill better and are sold pri- 


marily as superstore brands. Only a few brand name marketers such 
as Johnson & Johnson participate now, and their share continues to 
decline. Elsewhere, 200-mesh talc is also used as a minor ingredi- 
ent in “speed-stick” type underarm deodorants, whereas finer talc is 
used in pressed powders, creams and lotions, and chewing gum. 
The market for talc in cosmetics and personal care is still very 
much under a cloud because of potential action from the National 
Toxicology Program (NTP) on the health aspects of talc. 


Other Applications 
Agricultural Products 


Talc has traditionally been used as a carrier for all kinds of pesti- 
cides, herbicides, fungicides, and crop dusts, although these uses 

have declined except for seed potato dusts. It is also used as a part- 
ing agent fo r granular fertilizers and ammonium nitrate, but this 
application has been replaced la rgely by oil-based soaps. Talc is 
used as a flow improver for hygroscopic feeds like soy meal, as a 
process aid in certain types of olive oil production, and as a lubri- 

cant in many seeder machines, where it competes with graphite. 


Friction Products 


Coarse talc is used in the manufacture of brake pads, primarily to 
adjust the coefficient of friction in conjunction with graphite. Talc 
is also used as a lubricant in some dry lube and grease formulations. 


Wastewater Treatment 


Talc can act as a flocculant for the mixed bacteria in biological oxi- 
dation systems th at are widely used to remove so luble or ganics 
from both municipal and industrial wastewater or as an absorber of 
oil and grease in primary treatment. The application has been pat- 
ented by Luzenac and commercialized in Europe. 


HEALTH AND SAFETY 


In the last 30 years, health and safety concerns have become a 
major issue in the talc industry. The initial problems, dating to the 
1970s, were related to asb estiform fibers, but in the last decade, 
they have extended to c rystalline silica and e ven the talc mineral 
itself. 

Talc powder is considered a nuisance dust and has a threshold 
limit value (TLV) for an 8-hr exposure of 2 mg/m. All manufactur- 
ers now require workers handling talc powders to wear dust masks 
if the exposure is close to this level. 

The geology of talc makes it apparent that certain types of talc 
deposits will be associated with asbestiform fibers (metamorphic 
and ultramafic types). The major commercial type, metasedimen- 
tary, is associ ated wi th sil ica. W hen a sbestos c arcinogenicity 
became an issue in the 1970s, much of the talc-p roducing industry 
was affected. Fibrous tremolite was recognized as being a carcino- 
gen and tremolite was a component of talc produced in California, 
Georgia, New York, and North Carolina. All these deposits, with 
the exception of Ne w York, were shut down. Tremolite occurs in 
two for ms—blocky and fibrous—and R.T. Vanderbilt, the major 
New York producer, challenged the regulations that treated all trem- 
olite as a carcinogen. In 1994, th e federal government agreed and 
subsequently regulates only the fibrous form. 

Although the le gal labeling re quirement is 1,000 ppm of 
asbestiform mineral, the analytical techniques for analyzing asbes- 
tos have no w impro ved, allowing forits detection by electron 
microscopy at 1 0 ppm. Luzenac shut do wna mine in Quebec in 
April 2001 when asbestos fibers were detected at well belo w the 
legal limit. 

In 1985, respirable cry stalline silica w as named a probable 
human carcinogen by the International Agenc y for Research on 
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Table 6. World talc production and trade statistics, ktpy 





Country Production Exports Imports 
China 1,700 950 ~2 
United States 817 180 250 
Finland 475 125 <10 
India 465 25 <10 
France 330 150 30 
Brazil 300 6 10 
Australia 180 145 10 
Italy 140 45 65 
Austria 135 110 40 
Spain 114 63 64 
Canada 80 45 50 
Japan 45 5 550 
South Korea 45 2 280 
Mexico 12 2 68 
Germany 10 3 210 
The Netherlands 0 78 160 
Belgium 0 74 92 





Source: USGS, Industrial Minerals, Roskill and Finnish, Spanish and Brazilian 
government statistics. 


Cancer, triggering labeling require ments required by U.S. govern- 
ment regulations. Respirable is basically defined as the 0.5- to 
10-um particle size ran ge. These regulations require all products 
containing more than 1,000 ppm (0.1%) of a known carcinogen to 
be labeled. Although almost all talc products exceed this 1,000 ppm 
of total crystalline silica, most of the silica is not in the respirable 
range. 

Many producers also maintain that there is a lo ng history of 
safe talc use, and that because these mixtures of talc and silica have 
been found safe in extensive use tests, there is no need to label. The 
Occupational Safety and Health Administration of the U.S. govern- 
ment has now accepted this logic. 

More recently , an umber of epidemiological stud ies have 
shown a weak association betwee n perineal talc use ando varian 
cancer. There is a strong difference of opinion within the scientific 
and medical communities as to the validity of the se studies, both 
because the association is weak and because no fundamental scien- 
tific basis exists for the association. In 1998, the NTP placed talc on 
a review list for possible listing as a cause of ovarian cancer. After 
peer review and public comment, the NTP panel of experts voted 
7 to 3 in late 2000 not to list talc in this category. Nevertheless, the 
debate continues, and much funda mental and ap plied science, as 
well as political pressure, is no w being applied by both sides. In 
2004, NTP announced that it will reexamine the issu e and that 
review is under way. 


COMMERCIAL ASPECTS 


Worldwide, talc is approximately an $800 million per year business 
at the finished product level. Some 5.0 Mt of product are sold at an 
average of $160/t. Virta (2004) estimates the value of U.S. produc- 
tion (0.857 Mt) at $23.3 million at th e ore level, at an average of 
$27.18/t. On a worldwide basis, this appears to be lo w, and where 
ore is traded, statistics suggest a value of ~$65/t f.0.b. mine. 

Table 6 summar izes world production. The major producer , 
China, has a very diverse ownership, mostly state and local govern- 
ments. Most exported ore is handled by traders such as Dailen Hai- 
cheng Talc Trading, Gongrong International, Minmet, an d South 


China Trading Company. Well-known producers are Liaoning Ahai 
Talc with an output of 180,000 tpy, Haicheng Beihai Minerals 
(100,000 tpy), and Pingdu talc mine (100,000 tpy). 

Worldwide, the major pri vate producer is the Luzenac gr oup 
of Rio Tinto plc, which produces approximately 450,000 tpy in the 
United States and Can ada; 600,000 tpy in France, Austria, Spain, 
Italy, and Belgium; and 150,000 tpy in Australia. Other major pro- 
ducers and their production totals are 

¢ Mondo Minerals: 550,000 tpy in Finland, the Netherlands, and 
Norway 


Golcha Group: 250,000 tpy in India 
Costalco: 200,000 tpy in Brazil 


Barretts Minerals of the United States (subsidiary of Minerals 
Technology): 150,000 tpy in Indiana, New York, and Ohio 


Governeur Talc (subsidiary of R.T. Vanderbilt): ~120,000 tpy 
in New York 


IMI Fabi: ~120,000 tpy in Italy and the United States 
Wold Resources; ~120,000 tpy in west Texas. 


Over the past 20 years, there has been a major consolidation 
of production both in the United States an d worldwide. In 1982, 
the United States had 14 producers with 26 ac tive mines, and at 
least 5 were un derground. Today, there are only seven producers 
and 9 mines, all open pit. Pr oduction in formerly major producing 
states such as California and Georgia has almost ceased because of 
environmental and economic f actors. There is less produ ction of 
lower grades such as the highe r tremolite and carbonate products 
and much higher production of the higher-purity Montana, Chinese, 
and floated grades. 

International trade in talc is very large, with some producers 
such as China, Au stralia, and Au stria exporting most of their talc 
and some consumers such as Ja pan, South K orea, and German y 
importing to meet their needs. In the Far East, China and Australia 
are the major exporters, and Japan, South Korea, and Taiwan are the 
major importers. Most imports are ore, which is then milled domes- 
tically for paper and plastics markets. 

In Europe, the major e xporters are France, Finland, Austria, 
Italy, the Netherlands, and Belgium. The major importers are Ger- 
many, the Netherlands, the United Kingdom, and Belgium. In con- 
trast to Asia, most trade is in finished goods, e xcept for Belgium 
and the Netherlands, which import mostly ore. 

In the Am ericas,t here is sign ificant c ross-border t rade 
between the United States and Canada in finished talc products, and 
a significant export of ore and finished products from th e United 
States to Mexico, primarily from west Texas to Monterrey, Mexico, 
for ceramics. The United States is a major importer of ore, espe- 
cially from China, which is milled in the United States for plastics 
and cosmetics markets. 

This t rade is no wm anifested in an increasing reliance in 
Europe and the United States on talc ore imports from Asia and 
Australia—both now net importers of talc. Along with this trend is 
the growth of mineral processors, which mill and market purchased 
and mostly imported ore. This growth has been facilitated by two 
factors. First, significant quantities of high-quality ore are available 
at reasonable prices, mainly from China and to a lesser degree from 
Australia and India. Second, the sale of talc requires a high degree 
of product app lication expertise and marketing acumen, skills that 
are not always present in mining companies. 

The pricing environment for talc has been extremely poor over 
the last 10 years. There has been an excess of both ore production 
and milling capacity, and pricing of equ ivalent products has either 
not kept pace with inflation or declined in real terms. Although the 
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average price for talc pr oduct ha s incr eased, this is somewhat 
deceiving, as lower-cost materials such as silica sand and calcium 
carbonate have displaced talc in lo wer-value applications and le ft 
talc witha smaller number of higher-value-added mark ets. The 
poor state of the major consuming markets, es pecially paper and 
construction prod ucts, has not he Iped. Industries such as _ paper, 
ceramics, roofing, and paint have suffered from excess capacity, 
poor p ricing, consolidations, and shutdowns in the same time 
frame. 

Overall production of talc worldwide appears to be falling sig- 
nificantly. Production was estimated to be 7 Mt in 1990, 6 Mt in 
1995, and 5 Mt in 2000. This ap pears to be driven by less demand 
for lower-grade tremolitic and carbonate ores in construction mar- 
kets along with a con version of European and Asian paper-filling 
markets from talc to calcium carbonate. 

The industry has also strugg! ed with en vironmental and 
health issues, and the legal problems experienced by asbestos pro- 
ducers and users cast a heavy shadow over investment and business 
prospects. 


FUTURE TRENDS 


These trends—increases in demand for h igher-purity pro ducts in 
plastics and paper coating, decline in demand for construction and 
paper filling, and c onsolidation and continued environmental con- 
cerns—are likely to continue. Future talc applications will be con- 
centrated in the high end of the value chain, where the price is more 
elastic. Volumes are unlikely to grow and may continue to decline. 
Revenue gro wth, ho wever, may be more positi ve because of th e 
growth in higher-value applications. 

The prospects on the pricing front appear better. Chinese pro- 
duction is declining, es pecially inthe higher-purity bright ores. 
Ocean freight rates from China to Europe and North America have 
increased significantly in recent years. The quality of the available 
lower-priced carbonate and _tremolitic or es in Europe and th e 
United States is not sufficient for the paper coating and p lastics 
market. 

Unless a major ne w low-cost source of high- quality ore is 
developed, then, pricing should remain firm and at least keep pace 
with inflation. Of course, technology changes can always have an 
impact on demand. Th e construction mark et for talc has largely 
been lost to lower-priced carbon ates, kaolin, and _ silica sand. If 
more economic alternatives to talc are found in paper coating and 
plastics, demand wi Il continue to decline. The challenge re mains 
for talc producers to develop new applications for their product, but 
this effort has declined significantly in the past decade with consol- 
idation and lower profitability. 

The environmental climate for talc mining is also challenging. 
Permitting, even for dry milling and smaller mining operations typ- 
ical of talc, is very difficult. With some operations located in en vi- 
ronmentally sensitive locations, existing facilities are subject toa 
high degree of scrutiny. The health concerns with talc and its asso- 
ciated minerals are likely to become more acute. Although existing 
producers are committed to ensuring that sound science is applied 
to the issue, health issues are an emotional subject and difficult to 
deal with in a public forum. 

Generally, then, the future for talc is at best cloudy, with sig- 
nificant challenges to be addressed for ther emaining prod ucers. 
The key competitors will not be from within the community of talc 
producers and mark eters b ut fro m the minerals or technologies 
competing for a position in the portfolio of available applications. 
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Dit ae. a a rr a a 
Titanium 
Philip Murphy and Louise Frick 


INTRODUCTION 


Titanium occurs in the earth’s crust in two predominant commercial 
minerals, ilmenite and rutile. IImenite, occasionally known as titano- 
ferrite, was named in 1827 after a locality in the men Mountains, 
Southern Urals, Russia. [Ime nite is a common accessory mineral in 
many igneous and metamorphic rocks and forms a solid solution 
with hematite above 600°C. Belo w 600 °C, ilmenite commonly 
occurs with hematite. The name for rutile originates from the Latin 
rutilis, in reference to the red color that is obse rved when the min- 
eral is vie wed in t ransmitted light. Rutile isa common accessory 
mineral in many igneous rocks and some metamorphic rocks. 

The principal application for titantum minerals is as a feed- 
stock for th e manuf acture of titanium dioxide (T iO2) pigment, 
which accounts for more than 90% of global titanium mineral con- 
sumption. As the m ost wi dely used whit e pigment, TiO> is 
employed mainly for its opacifying properties in a wide v ariety of 
consumer goods such as paint, pa per, and plastics. The titaniu m 
feedstock industry as a whole, all the way down to the exploitation 
of titanium mineral deposits, is therefore predominantly driven by 
trends inthe TiO pigment industry and the spec ific technical 
requirements of TiO pigment manufacturing processes. 


PRODUCTION AND TRADE; RESOURCES AND RESERVES 
Titanium Mineral Supply 

Titanium feedstocks for the production of TiO» pigment, titanium 
metal, we Iding electrode flux, and other, minor uses include the 
minerals ilmenite, rutile, and leucoxene, and the beneficiated prod- 
ucts synthe tic rut ile and tit anium sla g. F eedstocks are cl assified 
according to their suitability for either chloride or sulfate process- 
ing in the TiO2 pigment industry, and are categorized as follows. 

Chloride-grade feedstocks: 


Chloride-grade ilmenite, typically 60% TiO2 


Leucoxene, typically 75% to 91% TiOz 

Rutile, typically 95% TiO2 

Chloride-grade slag, typically 86% TiO» 
Upgraded slag (UGS), typically 95% TiO2 
Synthetic rutile (SR), typically 90% to 93% TiO2 
Sulfate-grade feedstocks: 

Sulfate-grade ilmenite, typically 44% to 57% TiO2 
Sulfate-grade slag, typically 75% to 80% TiO2 


987 


Others 
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Figure 1. TiOz feedstock production by country (2003) 


Table 1. World titanium mineral production in 2003 by country and 
product, in thousand TiO2 units’ 








Ilmenite % of 
for Synthetic World 
Country Pigment Leucoxene Rutile Rutile Slag Supply 
Australia 504 73 160 615 0 27 
Canada 0 0 0 0 677 13 
India 163 0 14 66 0 5 
Malaysia 51 0 0 24 0 ] 
Norway 247 0 0 0 143 8 
South Africa yf 0 102 0 790 18 
United States 295 31 25 94 0 9 
Other 846 ] 64 (0) 30 19 
Total 2,133 105 364 798 1,640 100 





* TiO2 units are calculated as ton of feedstock multiplied by the proportion of 
TiO2 contained. 


Total titanium feedstock produc tion in 20 04 is estimated at 
5.14 million c ontained TiO? units, the standard measure for com- 
parison of feedstocks, wh ich is ca Iculated as a to n of feedstock 
multiplied by the proportion of TiO2 contained. This compares with 
5.04 million contained units in 2003. 

Australia remai ns the w orld’s | argest producer , pro viding 
approximately 27 % of total supply in 2003 (Figure 1, T able 1). 
Australia is the leading producer of SR, an da major supplier of 
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Figure 2. Global titanium feedstock supply by product (1980-2003), 
in thousands TiO? units 


sulfate- and chloride-grade ilmenites. South Africa was the second 
largest feedsto ck producer in 2003, supplying mainly ch loride- 
grade sla g. The ot her sig nificant titanium feedstock pr oducing 
countries are Canada, the United States, and Norway. 

Ownership in the titanium feed stock industry is highly con- 
centrated, with the top three producers responsible for 47% of glo- 
bal feedstock production in 2003 andthe top nine producers 
accounting for 75% of world output. Iluka R esources Limited 
(including its 51%-owned Consolidated Rutile Limited subsidiary) 
headed the producer rankings in 20 03 with total p roduction of 
992,000 TiO2 units, a market share of 20%. QIT-Fer et Titane Inc. 
(QIT) was the second largest producer with a market share of 14%, 
closely followed by Richards Bay Miner als with 13%, which was 
unusually low because of temporary production cutbacks. 

Titanium slag has dominated feedstock production since 
1990, when it first surpassed ilmenite as the major feedstock cate- 
gory (Figure 2). In 2003, slag (including chloride slag, sulfate slag, 
and upgraded slag) accounted for 33% of titanium feedstock pro- 
duction. Ilmenite (both chloride and sulfate grades) accounted for 
42% of the total because of the ra pid expansion in China. Sulf ate 
ilmenite is the lar gest single feedstock category, accounting for 
30% of total production. 


GEOLOGY 
Mineralogy 


The chemical formula of ilmenite is Fe TiO3, often e xpressed as 
FeO*TiO2. The co mposition is 36.8% iron, 31 .6% titanium, and 
31.6% oxygen, or 52.6% TiO2. This analysis, however, is an ideal, 
and rarely seen in nature. In practice there will be some impurities 
present, including iron as Fe203. Often iron is substituted by ele- 
ments such as Mn and Mg wi th the result that naturally occurring 
ilmenite has a variable composition with a ge neric formula of (Fe, 
Mg, Mn) TiO3. Much of this variation in composition relates to the 
chemistry ofi ron, inp articular the soli d solut ion t hat e xists 
between bivalent FeO and tri valent Fe 203, which is a function of 
geological history. 

Ilmenite exists wit hin the TiO2-Fe203-FeO phase system. 
Although the terminology of end-member minerals of the T iO2- 
Fe203-FeO phase system consisting of rutile, hematite, and wustite 
is generally well known, it can be difficult to find common defini- 
tions f ori ntermediate m inerals withint he system, including 
ilmenite. Further, the definition of their alteration products is some- 
times unclear. 


The extent of solid solution of Fe2O3 in ilmenite is a function 
of the original geological origin. In many instances, Fe2O3 can be 
precipitated as hematite, which is typically the case in many east- 
African ilmenite depo sits. In addition, even individual “ilmenite” 
grains can often contain a range of mineral types. 

A clear distinction must also be dra wn between what can 
loosely be termed “ ilmenite-containing pr oducts” and th e various 
individual mi nerals presen t, which may include the mineral 
ilmenite. Depending on the specific methods used to separate this 
product, the spectrum of minerals present may include nontitanium 
minerals having similar physical properties to ilmenite and a v ari- 
ety of titanium and iron-bearing minerals, including the weathered 
products of those minerals. 

For the purpose of this chapter, ilmenite is defined as a product 
consisting of a combination of minerals, predominantly containing 
titanium and iron in various states of weathering, and having a TiO2 
content in the range of 35% to 65%. 

It is therefo re important to clearly understand the definitions 
of titantum-bearing minerals, which also involves an understanding 
of their relationship with iron minerals. 


Definitions of Major Titanium-Bearing Minerals 


The 1996 classif ication scheme of Buddington for describing the 
minerals of the T i02-Fe203-FeO system has been adopted. The 
mineral nomenclature follows, and Table 2 summarizes the geolog- 
ical source of the minerals. 


Rutile is an optically homogeneous, essentially pure, common 
form of TiO>. It forms tetragonal crystals. 

¢ Anatase is a polymorph of rutile forming a blue or black tetra- 
gonal phase at low temperatures. 


Brookite is ara rem etastable form of ruti le and anatase, 
formed by the alteration of other titanium minerals, with an 
orthorhombic crystal structure. 


Ilmenite is ahom ogeneous, he xagonal pha se consisting of 
FeOrTiOz, with less than 6% Fe 03 in solid solution. 
Ferrian-ilmenite is a homogeneous, he xagonal phase consist- 
ing of FeO*TiO2, with 6% to 13% Fe 203 in solid solution. 
Magnetite is an optically homogeneous, spinel phase with a 
formula close to Fe304, containing less than 5% TiO. 


Titanomagnetite is a single-phase, homogeneous, cubic min- 
eral, with Fe3Oq as the dominant phase, but containing more 
than 5% TiO». 

Hematite isahe xagonal-trigonal phase with 
approaching Fe2O3, containing less than 5% TiOp. 


a formula 


Titanohematite is hematite with greater than 5% TiOd, usually 
as FeOrTiO> in solid solution, with a little excess TiO2. 


Pseudorutile is a hexagonal mineral, originally referred to as 
arizonite, formed by the alteration of ilmenite, with a compo- 
sition approximating Fe2Ti309 or Fe203°3TiO>. 


Altered ilmenite is a general term used to describe the alter- 
ation pro ducts of ilmenite, having a chemical composition 
between ilmenite and pseudorutile. Altered ilmenite need not 
be optically homoge neous an d is essentially amorphou - s, 
although su bmicroscopic inter growths of ilmen ite and pseu- 
dorutile may be present. 


Leucoxene is a general term fo r the higher T iO? alt eration 
products of all titantum-bearing minerals. Leucoxenes are dis- 
tinguished optically from rutile by their characteristic internal 
reflections, although they may consist almost entirely of cryp- 
tocrystalline rutile or anatase in the final stages of alteration. 
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Table 2. Naturally occurring common titanium minerals and their geological occurrence 

Mineral Formula TiO2, % Geological Occurrence 

IImenite FeTiO3 45-53 Common accessory mineral in most igneous and metamorphic rocks. Common detrital mineral. 

Rutile TiO2 95-100 Common accessory mineral in medium- to high-grade metamorphic and igneous rocks. Common detrital 
mineral and alteration product of ilmenite and other titanium minerals. 

Anatase TiO2 95-100 Low-temperature polymorph of rutile. Usually secondary, formed by the alteration of other titanium 
minerals. 

Brookite TiO2 95-100 Metastable polymorph of rutile and anatase. Found in cavities, fissures, and veins. Weathering product 
of other titanium minerals. Relatively rare. 

Pseudorutile FeaTi3O9 60-65 Alteration product of ilmenite in sediments. Common phase in altered ilmenite concentrates. 

Altered Ilmenite FelTiO3—-Fe2TiOg 53-70 Term for the alteration products of ilmenite consisting of mixtures of ilmenite, pseudorutile, and leucoxene. 
Common in heavy mineral sands. 

Leucoxene High TiO2 70-100 Term for high TiO2 alteration products of ilmenite and occasionally sphene, usually consisting of 
microcrystalline rutile, or anatase, with minor pseudorutile, ilmenite, hematite, or goethite. 

Titanite (sphene) CaliSiOs AO Widely distributed accessory mineral in intrusive igneous, low-grade metamorphic rocks and as a detrital 
mineral. 

Perovskite CaliO3 58 Accessory mineral in metamorphic and igneous rocks. 

Pseudobrookite Fe2TiOs 33 Accessory mineral in igneous rocks. Forms as an oxidation product of ilmenite and titanomagnetite. 

Ulvéspinel FeTiO4 36 Accessory mineral in basic igneous rocks, usually found as exsolution lamellae in magnetite. 

Titanomagnetite (Fe,Ti)3O4 0-34 Term for optically homogeneous Fe-Ti spinel containing magnetite and ulvéspinel in solid solution. 
Common accessory in basic igneous rocks. 

Titanohematite (Fe,Ti)203 0-30 Term for optically homogeneous hematite—ilmenite. Common accessory in acid intrusive and anorthosite 


suites. 





Composite Grains 


In practice, composite grains can often be present in less weathered 
or more complex resources. Typical composite grains include 


¢ Ilmenite plus altered ilmenite or pseudorutile, in any 
proportions 


¢ Leucoxene plus ilmenite plus altered ilmenite or pseudorutile, 
in any proportions 


¢ Ilmenite pl us e xsolved he matite or he matite p lus e xsolved 
ilmenite, plus the alteration products of ilmenite, i.e., altered 
ilmenite (plus pseudorutile) and leucoxene 


¢ Magnetite plus e xsolved ilm enite and th eir alteration prod- 
ucts; i.e., the magnetite may be partly altered to hematite and 
ilmenite to the alteration products listed 


Properties of Titanium-Bearing Minerals 
Ilmenite 


Ilmenite has a he xagonal crystal st ructure with thick tabular crys- 
tals and prominent basal planes , plus small r hombohedral trunca- 
tions. The characteristics of this opaque crystal are close to those of 
hematite and similar to those of corundum, Al 203. The il menite 
crystal st ructure has al ternate oc tahedrally coordinated iron and 
titanium layers. A significant feature is the strength of the titanium- 
oxygen bond, represented as TiO. This bond is extremely difficult 
to break, so natural changes to ilmenite basically occur by the reor- 
dering or reaction of the iron layers, which affects magnetic suscep- 
tibility. Ilmenite typically has a hardness of 5.5 to 6.0 on the Mohs 
scale. Pure ilmenite has a melting point of 1,392°C. 

Ilmenite from sedimentary sources occurs as homogeneous, 
subrounded to well-rounded, sli ghtly elong ated grains. These 
grains typically vary in size fro m 75 um to 250 um. In reflected 
light, and under oil, ilme nite is pinkish-br own and stron gly aniso- 
tropic. The anisotropism colors are characteristically blue to green. 
The reflectance of ilmenite is close to that of magnetite and rutile, 
less than that of hematite, and greater than that of chromite. 


Pseudorutile 


Altered ilmenites are bluish-gray, compared to the pinkish-brown 
of ilmenite. The other opti cal properties of altered ilmeni te are 
initially similar to t hose of ilmenite, but as alteration increases, 
anisotropism decreases. Ev entually, ilmenite become s isotropic 
pseudorutite. 

Pseudorutile resembles rutile in color and reflectance (Table 2), 
although, unlike rutile, itis isotropic. The optical distinction of 
pseudorutile from altered ilmenite is com plicated by th e fact that 
altered ilmenite may also be isotropic. Pseudor utile is so f ine 
grained that the properties of the hexagonal crystals cannot be dis- 
cerned, ma king m icroscopic i dentification dif ficult. It can be 
clearly identified, however, by x-ray diffraction. 

The upper TiO? content of pseudorutile is about 65%, and this 
value is often used as the cutoff between altered ilmenite and leu- 
coxene compositions. Comparing th e compositions of altered and 
unaltered il menites, itis clear that the titanium c ontents o f the 
former are higher and that there is a corresponding decrease in iron 
with increasing TiO? levels. 


Leucoxene 


Leucoxene is_ easily recognized be cause it displays v ery bright, 
strong brown, yellow, fawn, and white internal reflections in both 
plane polarized and cross-polarized light. In reflected light, leuco- 
xene is similarincolor and reflectivity to rutile. The color and 
brightness of the internal reflections appear to be related to the 
TiO, content of the leucoxene, with brown indicating lower TiO2 
levels than yellow or white. As TiO2 content increases, so too do 
the intensity and brightness of the internal reflections. Under cross- 
polarized light, leucoxene reveals a characteristic sugary texture. 

Leucoxene grains are usually subrounded, often nonho moge- 
neous, and always pitted and porous to varying degrees. 


Rutile 


Rutile as found in most mineral sands deposits is characterized by 
its translucence and “foxy” red color. The prismatic cry stal form 
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Table 3. Simple classification of titanium mineral deposits 


Deposit Type Typical Examples 





Primary rock deposits 
Massif anorthosite Lac Allard, Quebec 
Tellnes, Norway 


Layered mafic type Rooiwater, South Africa 


Stoffberg, South Africa 


Sedimentary deposits 
Coastal environment 


Quaternary age 


Strand line Capel, Western Australia 
Eneabba, Western Australia 
Trail Ridge, Florida 
Chavara, India 
Aeolian North Stradbroke Island, Queensland 


Richards Bay, South Africa 

Corridor Sands, Mozambique 
Pre-Quaternary age Murray Basin, Australia 
Camden, Tennessee 
Bothaville, South Africa 


Alluvial environment Gbangbama, Sierra Leone 





that is evident in rutile in situ within igneous rocks is rare ly pre- 
served in rutile fr om miner al sands. Alth ough mor e common ly 
translucent, rutile may be translucent to opaque. In the translucent 
phase, it exhibits parallel extinction and has a high refractive index 
with very high birefringence. The mineral may also be pleochroic. 
In reflected light, rutile is grayish white and anisotropic. The min- 
eral is characterized by strong in ternal reflections and moderate 
reflectivity. 


Other Minerals 


Other minerals naturally occur with ilmenite, so, de pending on 
methods of separation, th ey canbep resentin acommercial 
ilmenite product. Minerals that commonly occur with ilmenite ar e 
as follows: 


Magnetite and titanomagnetite: Magnetit e and titanomagne- 

tite are evident in ilmenite resources in Africa. When included 
in the magnetic fraction with ilmenite, the low TiO2 contents 
of magnetite and titanomagnetite dilute the quality of the final 
ilmenite product. 


Hematite and titanohematite: Hematite generally occurs as dis- 
crete, homogeneous, occasionally porous, light-gray to white 
grains. Titanohematite is grayer than hematite, has alo wer 
reflectance, is slightly less anisotropic, and does not d isplay 
internal re flections. These minerals ha vetobere moved 
because they dilute the quality of the ilmenite product. 


Chromite: Chromite is probably the most important particu- 
late impurity occurring with ilmenite and has proved difficult 
torem ove. Chr omite ha s_ the c omposition Fe Cr2Ouz, or 
FeO+*Cr 203, and is a member of the complex spinel group of 
minerals to which magnetite also belongs. 


Magnesia spine |: The mi neral spi nel, MgAl 704, can occur 
quite commonly an dcanlead_ toe xcessive MgO le vels in 
some ilmenite products. 


Other mi nerals: Other mi nerals tha t may contaminate an 
ilmenite product include garnet, tourmaline, staurolite, and the 
aluminum silicates—sillimanite, andalusite, and kyanite. 


Geology of Titanium Deposits 


Titanium sources can be con veniently group ed into tw o simple 
classifications: (1) prim ary rock deposits and (2 __) sedimentary 
deposits (Table 3). 

Sedimentary deposits are currently the world’s major source of 
titanium, accounting for approximate ly 75% of the TiO, contained 
in total ilmenite production in 2003. The focus on titanium produc- 
tion from sedimentary deposits is primarily due to their easy accessi- 
bility and lo w mining costs. Because the se deposi ts are mostly 
located on or close to existing coastlines, however, their exploitation 
can be environmentally sensitive and there are increasingly signifi- 
cant land-use conflicts. In the longer term, therefore, primary rock 
deposits may come to play a greater role in the sourcing of titanium. 


Primary Rock Deposits 


Ilmenite deposits occur in igneous rocks, particularly those related 
to massif-type anorthosites. Very large quantities of ilmenite also 
occur within layered mafic intrusions, which are also igneous in 
origin but are less commercially important because of e xtensive 
intergrowth of ilmenite with magnetite. 

The two most imp ortant com mercial deposits of the massif 
anorthosite type are the Lac Allard deposit in Quebec and the Tell- 
nes deposit in southern Norway. In both these de posits, il menite 
occurs in close association with hematite and magn etite, resulting 
in ilmenite concentrates containing relatively low levels of TiOp. 
Other deposits of the an orthosite type that have been mined in the 
past include those in the Sandford Lake District of New York State, 
the Roseland District of Virginia, and the Otanmaki deposit in Fin- 
land. Other anorthosite ilmenite deposits include the San Gab riel 
Range in California, the Duluth Complex in Minnesota, and the 
Laramie Range in Wyoming. Deposits of this nature are relatively 
common and, in the absence of _ the more eco nomic sedimentary 
deposits, co uld p otentially co ntribute a signif icant proportion of 
required ilmenite supplies in the future. 

A characteristic of anorthosite-type deposits is that the host 
rocks are typically alkaline, which generally results in ilmenite con- 
centrates ha ving ele vated levels of the alkaline oxides, CaO and 
MgO. Consequently , th ese deposits are generally not sources of 
chloride-grade ilmenite, although chemical processing to remove 
the alkali content ( such as QIT’ s UGS process) can produce suit- 
able quality chloride feedstock. 

Perhaps the most noticeable occu rrences of ilmenite in layered 
mafic-type deposi ts are those i nthe Bushv eld Comple x, South 
Africa. Examples include deposits that have been mined for their 
magnetite and v anadium content, the Rooiw ater deposit, and the 
Stoffberg dep osit. Section s of the Rooiwater dep osit ha ve been 
weathered to gr ains of fr ee ilmenite, andit has been reported that 
ilmenite can be recovered by milling of the primary ore. In the other 
deposits, ho wever, the close association of ilmenite and magnetite 
makes the recovery of free ilmenite difficult, so these deposits have 
not produced economic operations. 

In China, high alkali content ilmenite is produced from a very 
large titaniferous magnetite deposit at Panzhihua in Sichuan Prov- 
ince. This deposit, which is also mined for iron ore, is China’s prin- 
cipal source of il menite. A t itaniferous magnetite deposit is also 
being investigated at Pipestone Lake, Manitoba, Canada. 


Sedimentary Deposits 


The weather ing and erosion of titanium minerals from ign eous 
and metamorphic rocks, followed by fluvial transportation and 
subsequent deposition and re working, result in the formation of 

sedimentary deposits on coastal shorelines and in river beds and 
deltas. This weathering and transportation process results not only 
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in the formation of high-grade concentrations of titantum minerals 
as found oncurrent and old shorelines but also inthe chemical 
alteration of ilmenite grains caused by both oxidation and leaching 
by mildly acidic groundwaters. 

When an area of t itanium-bearing rocks is ero ded, st reams 
readily remove quartz and other light minerals and tend to sort the 
heavier mi nerals ac cording t 0 sp ecific gra vity, grain size, and 
shape. Deposition of fine, heavy minerals is most significant where 
streams enter the sea. F ollowing deposition, these deposits ar e 
reworked by the combination of wind and w ave action, with 
cyclonic stor me vents being the most significant me chanism of 
reworking to form high-grade strand line deposits on the shoreline. 
Today, such deposits can be obser ved on beaches as black layers, 
although often the quantity of minera | is relati vely small and n ot 
sufficient to justify economic exploitation. When these strand lines 
accumulate over a long perio d of time during conditions of reced- 
ing sea le vel, however, a series of strand lines can form that can 
constitute a major deposit of heavy minerals. Many such deposits 
have been found on ancient shorelines, which are now some tens of 
kilometers from the sea and may be covered with unmineralized 
sand. 


Sedimentary Coastal Deposits 


Most commer cial sedimentary depos its of this type are foun d on 
shorelines of Quaternary age (0 to 2 million years). They include 
beach, or strand line, deposits and coastal aeolian dunes. The dunal 
deposits have been formed by wind transpor tation of sand fro m 
beach deposits, often resulting in the formation of very large depos- 
its of lower-grade concentrations. 
Typical Quaternary age sedimentary deposits, including bo th 
strand line and dunal concentrations, include the following: 
¢ Deposits on the east coast of Australia, such as those on North 
Stradbroke Island 
¢ The west coast of Australia, including deposits at Capel and 
Eneabba 
¢ The east coast of southern Africa, including deposits around 
Richards Bay and _ those disco vered more recently on the 
coastal plain of Mozambique 


Very recently formed deposits on the east and west coasts of 
India 


¢ Deposits on the east and west coasts of Sri Lanka 


Deposits in Florida and Georgia in the United States 


Pre-Quaternary deposits may be well above existing sea levels 
and often many hundreds of kilometers from the present coastline. 
In most instances , these depos its are highly altered, resu Iting in 
complex mineralogy, and typically include ilmenites with relatively 
high TiO, contents. 

Examples of such deposits include the following: 


¢ The Lakehurst deposit in New Jersey, which was mined in the 
past 


¢ Deposits in the Murray Basin region of southeastern Austra- 
lia, that are currently the subj ect of wi despread e xploration 
interest, with the announcement _ of tw o signif icant project 
developments in 2004—the Douglas and Pooncarie projects 
¢ The McNairy sand deposits, Tennessee, which include th e 
fine-grained Camden deposit that has been reinvestigated over 
recent years 
¢ Upper Cretaceous deposits in the western United States 
In some instances, natu ral weather ing processes over long 
periods of t ime have resul ted in the c ementation of the mi neral 
grains into consolidated san dstone, which may require crushing 


and grinding to recover the heavy minerals. The Bothaville deposit 
in South Africa is one such example of a high-grade, significantly 
altered deposit of ilmenite that was once a series of coastal strand 
lines but toda y is obse rved as surface layers of i ron-cemented 
sandstone. 


Sedimentary Alluvial Deposits 


Although most sedimen tary min eral sands deposits ha ve been 
formed in co astal en vironments, some ha ve forme d as alluvial 
deposits in river beds and deltas. Such deposits are often less well 
sorted than those in coastal environments, because the y have not 
been subject to the high-ener gy e nvironment associ ated wit h 
coastal storms. As ar esult, alluvial deposits may exhibit a greater 
range of particle sizes and may contain a broader range of minerals 
than is commonly found in coastal deposits. 
Examples of such deposits include 


¢ The ruti le (and mi nor ilmenite) de posits a t Gba ngbama in 
Sierra Leone 


¢ Alluvial tin deposits in Mala ysia, from whic h ilm enite has 
been recovered as a by-product 


Identified Resources 


The ma jor difficulty that ari ses in qua ntifying ti tanium mine ral 
resources is the range o f stan dards that indi vidual countries and 
companies apply to the categorization of resources. The most sig- 
nificant a spect is the pot ential economic viability of reported 
ilmenite resources. In many classifications of mineral resour ces, 
such as that published by the Joint Ore Reserves Committee of the 
Australasian Institute of Mining and Metallurgy (the JORC Code), 
classification as a re source necessarily implies some potential for 
economic e xtraction. This standard, ho wever, is not universally 
applied. 

The U.S. Geological Sur vey ( USGS) publishes titanium 
resources in its annual Mineral Commodity Summaries , using a 
consistently applied definition of resources and reserves. Table 4 
shows the most recent USGS data on world ilmenite resources. 

Analysis of global ti tanium resources by geographical region 
yields a significant difference in the geographical distrib ution of 
ilmenite re sources associ ated with e xisting operations, compared 
with potential sources. Signif icantly, the un developed mining 
potential of Africa, including South Africa, Mozambique, Mada- 
gascar, and Sierra Leone, dominate global titanium resource poten- 
tial. Of these, Mozambique accounts for more than half of Africa’s 
total re sources, all of which have been identified in the past two 
decades. 

It is significant that in the estimation of TZ Minerals Interna- 
tional (TZMI), appro ximately 50% _ of identified global titanium 
resources contain ilmenite of a quality that will necessitate benefi- 
ciation for use in TiO2 pigment production. Most of these resources 
are of a quality that would probably be uneconomic for SR produc- 
tion under curr ent techno logies and cost stru ctures unless iron 
wastes could be converted to sa lable products. Consequently, the 
production of titanium slag will c ontinue to play a significant role 
in the future supply of titaniferous feedstocks in the absence of 
improved SR technologies. 


Brief Country Overview 


Australia. Although Australia is the world’s largest supplier of 
traded ilmenite, it accounts for only 14% of tot al identified ilmenite 
resources. The major portion of these resources is associ ated with 
existing operations in the Bunb ury/Capel region, south of Perth, 
and in the Cooljarloo/Eneabba re gion, north of Perth in Western 
Australia. All depo sits currently controlled by Iluka Resources in 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


992 Industrial Minerals and Rocks 





Table 4. USGS summary of ilmenite and rutile resources (2003), in 
Mt of contained TiO2" 





Country Reservest Reserve Base? 
Australia 141 183 
Canada 11 13 
India 21 26 
Norway 18 18 
South Africa 38 128 
Ukraine 6 10 
United States 4 37 
Other countries 32 58 
World total (rounded) “270 “470 





Source: USGS 2004. 
* Reported by USGS in ton of ilmenite and rutile, converted by TZMI to con- 
tained TiO2 using estimated TiO2 contents as follows: 


Australia: ilmenite 60% TiOg, rutile 96% TiO2 
Canada: ilmenite 35% TiO2 

India: ilmenite 50% TiOz, rutile 95% TiO2g 
Norway: ilmenite 45% TiOg 

South Africa: ilmenite 48% TiOo, rutile 94% TiO 
Ukraine: ilmenite 60% TiOz, rutile 95% TiO 
United States: ilmenite 60% TiOz, rutile 95% TiO2 
Other countries: ilmenite 50% TiO, rutile 95% TiO2 


t Reserves are “that part of the reserve base which could be economically 


extracted or produced at the time of determination” (USGS 2004 , p. 194). 


t The reserve base is the in-place demonstrated (measured plus indicated) 
resource from which reserves are estimated. It may encompass those parts 


of the resources that have a reasonable potential for becoming economical- 
ly available within planning horizons beyond those that assume proven tech- 


nology and current economics. The reserve base includes those resources 
that are currently economic (reserves), marginally economic (marginal 
reserves), and some of those that are currently subeconomic (subeconomic 
resources). 


Western Australia are included as resources associated with exist- 
ing operations. 

Potential deposits include lo w-grade resources on the central 
coast of Queensland, of which the Bayfield deposit is the largest; the 
Goondicum weathered-rock ilmen ite deposit, also in Queensland; 
and more recent discoveries of heavy mineral in the Murray Ba sin 
region of southeastern Australia. Altho ugh this r egion is currently 
attracting significant exploration activity, the identified resources of 
ilmenite to date are relati vely small, amounting to about 15 Mt of 
ilmenite. Gi ven the relatively early stage ofe xploration work, 
though, significant additional resources could be located. The very 
large fine-grained ilmenite deposits investigated by the former CRA 
Limited, known as the WIM deposits, have not been included in the 
identified ilmenite resources because of the significant uncertainties 
associated with their potential economic viability. 

Brazil. Identified il menite re sources in Brazil are rel atively 
small, basically the one existing ilmenite-p roducing operation at 
Mataraca on the north coast and a deposit known as Bujuru on the 
south coast of Brazil. Brazil also hosts very large resources of ana- 
tase that are not i ncluded in th e tabulation of 1 dentified il menite 
resources. 

Canada. Canada’s major ilmenite resource is the Lac Allard 
deposit currently being mined by QIT. Additional deposits of titani- 
ferous magnetite in northern Manitoba may ultimately prove to be 
potential sources of ilmenite suitable for titanium slag production. 

China. The major source of ilmenite in China is the Panzhi- 
hua titaniferous magnetite deposit in Sichuan Province, which has 


been the major source of ilmenite for TiO2 pigment production in 
China for many years. Coastal-type sedimentary deposits occur on 
Hainan I sland and on the southern coast in Guangdong and 
Guangxi provinces, but these are relatively small. There are a num- 
ber of other reported deposits of ilmenite in both in land alluvial 
locations and other primary rock deposits; data on these potential 
resources, however, are very limited. 

India. There are significant resources of 60% T iO> ilmenite 
on the western coast of India in Kerala State, although the popula- 
tion density inthe region hinders exploitation of these deposits. 
Large deposits of 50% to 53% TiOz ilmenite have been identified in 
the western portion of Tamil Nadu State in the south of the country. 

The eastern coast of India, enc ompassing the coastlines of 
Andhra Pradesh and Orissa states, contains very large deposits of 
47% to 50% T iO ilmenite. Currently, one of these deposits in 
Orissa State is being mined, and a number of others are being con- 
sidered for possible de velopment. Most o f the ilmenite from t his 
region, ho wever, requires beneficiation befor e being suitable as 
feedstock for production of TiO2 pigment. 

Kenya. The exploration for mineral sands deposits along the 
coast of Kenya has been relatively recent, resulting in a number of 
deposits being located, one of which, at Kwale, is currently the sub- 
ject of a final feasibility study. 

Madagascar. Large deposits of 60% T iOz ilm enite in the 
southeast of the country have been in vestigated by Rio T into for 
many years, with a decision e xpected to be made on the de velop- 
ment of the project in 2005. There are additional ilmenite resources 
on both the eastern and sou thwestern coasts of Ma dagascar. Ticor 
Limited is investigating the deposits located near Morombe on the 
western coast of the island. 

Mozambique. Exploration of Mozambique’s long coastline 
for heavy mineral sands has occurred in the last 15 years, and three 
large deposits have been located. The most significant is the Corri- 
dor Sands deposit in the south of the country, which is by far the 
largest undeveloped source of il menite. Although only three areas 
have been explored in an y detail, ther e are known occurrences of 
heavy minerals along much o f the co astline, one of which is the 
Moma deposit, which is being developed by Kenmare Resources. 

Norway. Norway’s ilmen ite resources are contained in pri- 
mary rock deposits, the most significant being the Tellnes ore body 
in the south, whichis currently being mined to produce _ sulfate- 
grade ilmenite. 

South Africa. South Africa’s resources are widespread. The 
most important occur on the east coast, both north and south of 
Richards Bay in KwaZulu-Natal. Deposits have also been identified 
on the southeastern coast. There are reported heavy mineral occur- 
rences along lar ge sections of the western coast, and Namakw a 
Sands is now mining one such deposit. It is likely that additional 
occurrences along the we stern coast c ould increase the identified 
resources. 

South Africa also contains large deposits of titaniferous mag- 
netite in the Bushveld Complex, some of which are included in the 
estimate of ilmenite resourc es. Am oderately large de posit of 
cemented, highly altered ilmenite at Bothaville has also been the 
subject of preliminary technical investigations. 

Sri Lanka. Sri Lanka’s ilmenite resources include high-grade 
beach deposits on the no rtheastern coast that are c urrently being 
mined, although the operation is severely affected by the civil war in 
Sri Lanka, and newly discovered large deposits of 48% to 50% TiOz 
ilmenite on the northwestern coast, which are beinge _xplored by 
Iluka Resources Limited and Consolidated Rutile Limited. 

Ukraine. Large de posits of il menite in Ukra ine have bee n 
mined for many years, primarily to provide titanium feedstocks for 
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pigment pr oduction in Ukraine a nd titanium metal production in 
both Ukraine and R ussia. Since the mid-1990s, some ilmenite has 
been exported from Ukraine for SR production in the United States 
and, more recently ,forsulf ate pigment productionin Eastern 
Europe and chloride pigment production in the United States. The 
resources are in two general area s known as Irshansk, containing 
ilmenite predominantly of 55 % to 59% TiO» content suit able for 
sulfate pigment production, and Vilnohirsk with ilmenite contain- 
ing 64% TiO, but with high Cr2O3 content. 

United States. Identified ilm enite re sources i n t he Uni ted 
States are predominantl y coast al-type sedime ntary deposi ts in 
Florida, Geor gia, and Virginia. Although rock ilmenite dep osits 
have been mined in the past, none of these are currently included 
in identified ilmenite resources. 


TECHNOLOGY 

Mining and Concentration of Heavy Mineral Sands 

Apart from two rock ilmenite operations, all titanium production is 
sourced from heavy mineral sands mining operations using dredg- 
ing or dry mining techniques. The choice of method depends pri- 
marily on the phys ical nat ure of th e deposit and the scale of 
operation. Dredging is the preferred and more economical choice 
for large-scale operations. Dry mining methods are used for smaller 
scale opera tions in situa tions where t here is ina dequate w ater, 
where the deposit contains hard, rocky material, or where there is a 
high clay content. 


Dredging 


Large-scale dredging operations ty pically use high-volume suction 
cutter or bucketwheel dredges operating at between 500 tph (7 Mtpy) 
and more than 3,500 tph (26 Mtpy), allowing for 85% availability. 
The excavated slurried sand is pumped directly to a wet concentra- 
tion plant. Both the dred ge and concentrator float in a pond of water 
and move forward as t he mining operation progresses. The capital 
cost of a high-v olume dredge and wet concentration plant is gener- 
ally higher than the capital cost of the plant and equipment associated 
with ad ry mi ning op eration; th e un it op erating co st, ho wever, is 
much lower. A principal cost component in pumping high volumes of 
high-density slurry is elect ricity, particularly if tail ings ha ve to be 
stacked at high le vels. Hence, po wer costs are a major factor in the 
economics of the dredging operations. 

Dry Mining 

Dry mining operations typically involve using conventional earth- 
moving equipment (i.e., scr apers, excavators, and trucks or front- 
end loaders) to excavate the ore and transport it to a stationary wet 
concentration plant. Some minera1 sands companies prefer to con- 
duct their mining operations on a cont ract basis, thus a voiding the 
capital costs as sociated with purchasin g min ing equipment. Irre- 
spective, the capital cost of these dry mining operations is typically 
lower than that for dredging, b ut the operating cost is considerably 
higher, unless heavy mineral grades are extremely high. 

The economics of mining operations are further affected by the 
cost of transport of the ore from the mine to the concentration plant. 
If the concentration plant is fixed in one place, the distance between 
the mine and the plant can become substantial and the transport cost 
component significant. That is why it is typical for the concentration 
plant to be mo ved re gularly (i.e., e very 6 to 24 month s) to reduce 
transport costs. 


Mining of Rock Resources 


There are only two operating rock ilmenite mines at th e present 
time, in Canada and Norway, although possible f urther mines are 


being investigated in Australia and Finland. There was a third oper- 
ation at Otanmaki in Finland, which pro_ vided feedstock for 
Kemira’s il menite-based TiO2 pigment plant until the operation 
closed in 1984. 


Lac Allard, Quebec, Canada 


QIT’s ilmenite deposit located 43 km inland from Ha vre St-Pierre 
on the St. Lawrence Seaway, 960 km from Montreal, was discovered 
in 1946. The ore body consists primarily of coarse-grained ilmenite 
with dissem inated fine le nses of he matite. Associa ted with the 
ilmenite is the basic feldspar anorthosite. The ore being mined typi- 
cally contains 32% to 36% TiO2. Mining in this operation is carried 
out usin g conventional open-pit metho ds inaho_ rseshoe-shaped 
mine. Production exceeds 3 Mtpy. 

Primary blasting is performed weekly during the months 
when the mine can be accessed, and the ore is trucked to a crushing 
station, where it is initially processed by a jaw crusher and then by 
a secondary cone crusher. The —75-cm ilmenite product is loaded in 
hopper cars for transport to Havre St-Pierre for shipment from 
April to December. 

In all respects, this would be c onsidered a rel atively simple 
mining operation. 


Tellnes, Norway 


The other rock mining operation, owned by Titania (a subsidiary of 
NL Industries), is at Tellnes about 150 km northeast of Stavanger, 
Norway. The deposit was discovered in 1954 and, since 1960, has 
operated as a replacement operation for the Sandbekk deposit 2 km 
to the south, which was originally opened in 1916 to provide feed- 
stock for the world’s first sulfate process TiO2 pigment plant. 

In contrast to the Lac Allard operation, the Tellnes mining 
operation is somewhat more complex because of the nature of the 
anorthosite ore resource. The titanium ore exists as intrusives in the 
anorthosite massif, butinthis instance it is associated with far 
greater quantities of magnetite and sulf ide minerals. Annual p ro- 
duction from the open-pit mine is about 2 Mt of ore and 1.6 Mt of 
waste rock. After blasting, the ore is transported toa prim ary 
crusher, where its size is reduced to 200 to 250 mm. 

To remove some of the unwanted constituents, it is first neces- 
sary to grind the ore. Gra vity and magnetic separation stages are 
then used to remove magnetite, and finally flotation removes the 
sulfide minerals. 


Processing of Mineral Sands 
Wet Concentration 


Mineral sand deposits contain from less than 1% to more than 10% 
heavy mineral in some Australian operations, to more than 20% in 
some Indian operations. Wet concentration plants separate the heavy 
minerals from the silic a sand to mak e a heavy mineral concentra te 
(HMC) containing 90% to 97% total hea vy mineral. This proc ess 
involves, f irst, separating the sand from rocks and pebbles by 
screening, follo wed by se parating the fine cl ay particle s (slimes) 
from the sand, typically using hydrocyclones. Where the clay con- 
tent of the ore is lo w, this slime separation stage i s not nec essary. 
Many current deposits, however, have a relatively high clay content, 
and slime separation is becoming an increasingly important aspect 
of mineral sands operations. The slimes, and most of the water, are 
then either pumped directly into slime-settling ponds or p assed to a 
mechanical thic kener where the solids content of the slim es is 
increased and a large portion of the water is recovered. The thick- 
ened slimes and sand tailings are then pumped back into the mined- 
out area. 
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Table 5. Physical characteristics of minerals used for mineral 
separation 





Magnetic 

Mineral Specific Gravity Susceptibility Conductivity 
IImenite 4.6-4.8 High High 
Pseudorutile 4.2 High High 
Rutile 4.2 None High 
Leucoxene 3.5-4.2 Weak High 
Sphene 3.5 Weak Weak 
Magnetite 5.2 Very high Very high 
Hematite 5.3 Moderate Moderate 
Chromite 4.5-4.8 High Moderate 
Zircon 4.7 None None 
Monazite 4.6-5.4 Moderate None 
Garnet 3.5-4.3 Moderate Weak 
Kyanite 3.6 None None 
Staurolite 3.7 Weak None 
Quartz 2:7 None Weak 





After the remo val of 0 versize and slimes, the he avy mineral 
particles are separated from the lighter silica sand using either spiral 
separators or cone concentrators. The sa ndslurry is repeatedly 
passed over sequential stages of the separating equipment, so that 
more than 90% of the hea vy minerals are recovered from the sand. 
The resultant HMC is then transported to the dry separation plant. 
For some operati ons, a separate il menite-rich conce ntrate is a lso 
extracted using wet high-intensity magnetic separators (WHIMSs). 


Ilmenite Separation 


Separating ilmenite as a final mineral product from heavy mineral 
sands deposits is achieved by using the different magnetic and con- 
ductive properties of the v arious minerals present. Fu rther separa- 
tions are based on either grain size or specific gravity. Table 5 lists 
the k ey ph ysical characteristics of those minerals that can be 
present with ilmenite. 

Ilmenite is typically e xtracted first because of its preponder- 
ance in the mineral suite. Where there are minerals present that make 
recovery difficult, these are extracted first. In all cases, pseudorutile 
and ilmenite constitute the majority of the final ilmenite product. 


Ilmenite Recovery 


Potential losses of hea vy mineral occur at each stage of ilmenite 
production: mining, wet concentration, and dry processing. 

Some of the heavy mineral present in the resource may not be 
recovered because of difficult mining conditions or mine planning 
decisions about the minimum economic grade to be mined. Mineral 
recovery usually refers to the percentage of heavy minerals recov- 
ered from the ore mined. Losses in the mining operation are gener- 
ally not included in th is calculation, although th ey are tak en into 
account whene xpressing reco very from the orig inal min eral 
reserves. 

Heavy mineral is lost in the gravity separation processes in the 
wet concentrator and at numerous points in the dry sep aration pro- 
cess. Typical average heavy mineral recoveries in the wet concen- 
tration process are approximately 85% to 95%, with the minerals of 
highest specific gravity exhibiting highest recovery. Normal recov- 
ery rates for ilmenite are 90% to 95%. 

Dry mill recovery of ilmenite is also typically in th e range 
92% to 95%, making the overall mining and processing recovery in 
the range 82% to 90%. 


Beneficiation 
Overview of Upgrading Processes 


Because of the limited resources of naturally occurring, high TiO? 
minerals suitable for processing to TiO2 pigment, the titanium feed- 
stock industry has made a concerted effort since the early 1960s to 
develop upgraded products from ilmenite that can be used as substi- 
tutes for , or with, ilmenite or rutile. All upgrad ing essentially 
involves rem oving iron and, in some instances, minor im purities. 
Two types of intermediate products have been developed: SR and 
high-titania slag, generally termed slag. 

The oldest form of upgraded pr oduct is Sorel slag (originally 
72% TiO2 and now 75% to 80% TiO2) produced since 1951 by QIT 
in Quebec from the Lac Allard rock ilmenite depo sits. The same 
technology has been applied to the upgrading of 47% TiO ilmenite 
mined by Richards Bay Minerals in Sou th Africa to produce an 
85% TiO slag. Similar technology is used at the Tinfos smelter in 
Norway, but with different processing before smelting. 

Recently developed, direct current (dc) or plasma arc smelting 
technology is used by Namakwa Sands for its slag operation on the 
west coast of South Africa and by Ticor South Africa at Empan- 
geni, near Richards Bay. 

In 1995 , after man y years of research, QIT announced the 
development of a chemical leaching process for upgrading its stan- 
dard sulfate grade Sorel slag by removing MgO and CaO and some 
iron, resulting in an increase in TiO? content to approximately 95%. 
The product from this process is referred to as UGS, with an inter- 
mediate 83% TiO» product, heat-treated slag (HTS), also being pro- 
duced that has achieved technical acceptance as an a lternative to 
rutile. 

Anumber of processes ha ve been de veloped to up grade 
ilmenite to 90% to 95% TiO» products, generically kno wn as SR. 
These processes vary in the extent to which the ilmenite grains are 
reduced, in the precise nature of the reduction reaction, and in the 
conditions used in the subsequent leaching process to remove iron. 
All the existing commercial processes are based on the reduction of 
ilmenite in a rota ry kiln, followed by leaching to re move the iron 
from the reduced ilmenite grains. 

The Becher process f or SR pr oduction has been used e xclu- 
sively in Western Australia, where f ive kilns have about 700,000 t 
of SR capacity. The other SR plants, located in India and Malaysia, 
use partial reduction and HCl le aching techniques based on the 
Benilite process. 

As the direct use of ilmeni te for the produ ction of TiO> pig- 
ment has declined, slag has beco me the most im portant titanium 
feedstock for the TiOz pigment industry. The production of slag is 
favored in situations where large quantities of moderately low TiO2 
ilmenite, relatively free of impurities, are available along with plen- 
tiful supplies of inexpensive electric power. This situation exists in 
Quebec, Norway, and South Africa. One of the economic advan- 
tages in slag production, compared to SR production, is that iron is 
recovered as a coproduct and provides a significant contribution to 
the revenue of slag producers. In SR production, iron is discarded 
as a w aste product and therefo re isa cost rather thanare venue 
source. Iluka Resources, however, the world’s largest SR producer, 
is continuing research to make a marketable product by smelting 
the iron waste. 

One of the disadvantages in the slag production process is that 
it provides no opportunity for removing most minor impurities that 
may be present in the original ilmenite and which become concen- 
trated in the slag product. Consequently, the 1 ong-term production 
of slag is dependent on supplies of ilmenite with low impurity lev- 
els, unless furt her chemical processing (such as QIT’s new UGS 
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process) is used to remove such unwanted impurities. Another dis- 
advantage of slag is the retention in the product of about 10% FeO, 
which generally limits the TiO2 content to an upper level of around 
86% and, more imp ortant, requires the use of e xtra reagents and 
waste treatment facilities at TiO2 pigment plants. 

The Becher process for SR production suffers a similar disad- 
vantage in relation to impurity remo val, although it can remo ve 
approximately half the manganese content in the ilmenite if sulfur is 
added in the process. Acid leach SR proc esses are more fle xible in 
their a bility to remo ve unw anted minor impurities prese nt in the 
ilmenite, and, in the longer term, as naturally available high-purity 
ilmenite supplies decline, such processes may gain added favor in 
the feedstock production industry, subject to satisfactory economics. 


Slag Production 


Smelting of ilmenite to produce titanium slag is co nducted at five 
major Western world operations: 


1. QIT at Sorel, Quebec, Canada: capacity 1.2 Mtpy 
2. Richards Bay Minerals, Richards Bay, South Africa: capacity 


1.0 Mtpy 

3. Ticor South Afr ica, Empange ni, South Africa: capacity 
250,000 tpy 

4. Tinfos T itan andIr onKS,T_ yssedal, Norw ay (T infos): 
capacity 200,000 tpy 


5. Namakwa Sands Limited, Saldanha B 
capacity to 205,000 tpy 


ay, Sou th Africa: 


In addition, titanium slag is produced at Panzhihua in China, 
Berezniki in Russia, and Ust-Kamenogorsk in Kazakhstan. 

The m ost important f actor for the loca tion of anil menite 
smelter is the availability of cheap electric power, because the elec- 
tric arc furnaces used to smelt the ilmenite are high power consum- 
ers. The ilmenite treated by the smelters above typically contains 
36% to 5 0% TiO2. These lower TiO? ilmenites are the preferred 
feedstock for smelting, because the high iron content provides suit- 
able thermodynamic conditions for smelting and high- grade pig 
iron is produced as a valuable coproduct. 

The quality of the slag produced is directly related to the level 
of impurities in the ilmenite, many of which pass directly to the slag 
rather than the pig iron. Amo ng these are the alkali oxides, calcium 
and magnesium, which are the most important impurities generally 
associated with the lower TiO? ilmenites. The radionuclides thorium 
and ura nium, which w ouldreport tothe slagif present in the 
ilmenite, are generally in very low concentrations in the lower TiO2 
ilmenites used as feedstock and therefore present no problems. 

Two grades of slag are produced that are readily identified by 
their alkali (MgO and CaO) content and the difference in TiO2 lev- 
els, which is a consequence of the impurity content. Both Sou th 
African slag p roducts have relati vely low MgO le vels, with th e 
maximum being 1.1%, and _ relatively high TiO2 levels at 85% to 
86%. These slags are suitable for prod uction of TiO» pigment by 
the chloride process because the upper limit of combined MgO and 
CaO content for that pro cessis 1.6%, with a preferred limit of 
1.0%. Chlorinatable slag isa preferred pr oduct because of its 
greater market potential and higher value. 

Sorel slag and the slag prod uced by Tinfos from Tellnes 
ilmenite have high MgO contents , 5.0% and 7.9%, resulting fro m 
ilmenite MgO impurity levels of 2.9% and 4.6%, respectively. The 
TiO2 contents ar e lower, in the range of 75% to 80%, and these 
slags are suitable only for the sulfate process. 

Sulfate-grade sl ag has a wide particle si ze rang e to lerance 
because it has to be ground before being digested with sulfuric acid. 


In contrast, chloride-grade slag has a tighter particle size specifica- 
tion range because of the “blow-over” of fine particles in the chlori- 
nation process. As aconsequenc — e, ch loride-grade sl ags wi th 
particles less than 100 pm are used in some sulf ate process plants, 
even though the presence of more rutile phase in the slag product 
means that recovery of TiO» units is slightly lower. 

Controlling the particle size of chloride slag is therefore critical. 
Technology is progressively evolving so that now only 10% to 20% 
of this slag product has to be used in the sulfate process. 

In July 1997, T infos began smelting ilmenite from BHP’ s 
Beenup project in Western Australia, which w as low in CaO and 
MgO and therefor e allo wed produc tion of mainly ch_lorinatable 
slag. W ith the closure of the | Beenup project in 1999, T infos 
returned to making sulfate slag from Tellnes ilmenite. 

The Cr 703 le vel in il menite fe edstock has to be c ontrolled 
because it affects the quality of coproduct iron. Ilmenite roasting is 
used at Richards Bay Minerals for this purpose and is planned to be 
installed in the smelter stage of the operation proposed by Iscor 
Heavy Minerals Limited, for development of its deposits near Rich- 
ards Bay. 


Key Operations in Slag Making 


A temperature in th e range of 1,650°C to 1,700°C _ is required to 
ensure that the thermodynamics of the process work correctly. 

It is also important that excessive amounts of a rutile phase are 
not formed, particularly for slag used in the sulfate process. For the 
sulfate pr ocess, it is al so im portant t hat M 30s phase fo rms cor- 
rectly, because this phase is soluble in sulfuric acid. (M3Os is a gen- 
eral term describing a range of metal oxides.) 

It has tobe recognized that one of the limiting factors in 
ilmenite smelting is the inability to reduce the FeO be yond a given 
level. In essence, two main reactions are occurring in parallel: 

1. FeOQ+C=Fe+CO 
2. TiO2 + C = Ti203 + CO 

As the FeO levels decline, the TiQz le vel incr eases, whic h 
requires higher operating temper atures because of the fluxing role 
that FeO provides. This clearly places a limit on the effective level 
of FeO that can be produced ina typical slag, which is gener ally 
considered to be in the range of 8% to 10%. 

This requirement for high temperature also places a restriction 
on the refractories in the furnace, which have to be water-cooled to 
ensure that a layer of slag is built up on the inside of the steel lining 
to prevent melting of the furnace wall, which has occurred by acci- 
dent on several occasions. 

The impurity oxides of | chromium, silicon, vanadium, and 
manganese are also partly reduced to the metal and oxygen. The 
following partition ratios between slag and iron, expressed as per- 
centages reporting to the slag, apply: 


¢ V205, 20% 
* MnO, 80% 
© Cr203, 20% 
* Si02, 40% 
All other impurities report entirely to the slag. 


Upgraded Slag 


For many years, QIT actively sought ways to improve the quality of 
its Sorel slag product by reducing iron and MgO levels to produce a 
new high-grade feedstock product suitable for the chloride process. 
In February 1995, QIT announced plans to build a new plant 
at Sorel to manufacture a 95% TiO product to be known as UGS. 
The plant be gan operating in late 1997, and the pro duct has 
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achieved technical acceptance to th e extent that the plant is now 
being expanded to 325,000-tpy capacity. 
The UGS process has three stages: 


1. Sizing of the slag, whichh elps to partly reduce the M305 
phase in the feed 


2. Heat treatment to facilitate the leaching of FeO, MgO, and CaO 
3. Hydrochloric acid leach 
The final process steps are similar to those for acid leach SR. 


Synthetic Rutile 


SR is manufactured commercially using two main technologies: the 
Becher process and the Benilite process. The end product of bo th 
processes is a high T 102 (90% to 93%) feedstock designed for the 
chloride process, with slightly lower equivalent titanium content 
and a slightly finer particle-size distribution than rutile. Both tech- 
nologies remo ve iron through ilmenite reduction and the subse- 
quent leaching of iron, but there are minor differences. 


Becher SR Process 


Development. The Becher process was developed in Western 
Australia in the late 1960s to process ilmenite with TiO> levels that 
lay outside the relatively narrow specifications dictated by sulf ate 
pigment plants. Western Australian feedstock producers had quanti- 
ties of ilmen ite typically about 55% T iO> that could not be sold 
directly to the pigment industry and therefore sought new markets 
for the material. Up grading the TiO? content of il menite to abo ut 
90% produced a suitable feedstock for chloride pr ocess pigment 
manufacture. 

With access to alo w-impurity ilmenite source and a suitable 
reducing agent—subbituminous coal—a process w as de veloped 
whereby the iron oxide content of the ilmenite is converted to metal- 
lic iron in arotar y reduction kiln at 1,0 50°C to 1,150°C and then 
removed by accelerated corrosion rather than acid leaching. To treat 
55% TiO? ilmenite, a preoxidation step was required to convert FeO 
to Fe2O3, to reduce kiln retention time. The preoxidation stage was 
eliminated in the late 1970s whe n60% TiO> E neabba ilm enite 
started to be used, resulting in a significant cost saving. The process 
is currently used only to treat ilmenites with 58% to 63% TiO2 con- 
tent derived from a number of producers in Western Australia. 

An improvement made in 1975 removed approximately 50% 
of the manganese from the ilmenite, whilst simultaneously further 
reducing the iron content from 3.5% to 2.5% and improving the 
TiO» content from 90% to 93%. This improvement was achieved by 
adding sulfur or su Ifates to the kiln and then adding af inal acid- 
leaching step. The process with sulfur doping and acid leachin g is 
known in some quarters as the improved Becher process, whereas 
the initial process, without the improvements, produces a standard- 
grade 90% TiO» SR. 

Process Details. The improved Becher process, which operates 
most effectively with a 60% to 63% TiO> ilmenite feedstock contain- 
ing a majority of pseudorutile, has three main processing steps: 


1. The first step in the process is to reduce the iron content of the 
ilmenite to its metallic state. Iron, coal, and sulfur are fed into 
a rotary kiln with an exit temperature of 1,050°C to 1,150°C. 
The iron content of the il menite is reduced to me tallic iron, 
and there is a partial reduction of the TiO2 to Tiz03. The sulfur 
reacts with the iron and manganese content to form a complex 
sulfide phase that is subsequently removed with sulfuric acid. 
Oversize pa rticles are re moved together with w aste c har, 
before the reduced ilmenite passes on to the aeration stage. 

2. Reduced ilmenite is mixed with aerated water and ammonium 
chloride ca talyst in batches. The metallic iron withi n the 


ilmenite particles is dissolved in the solution and diffuses in 
the form of comple x ions to the grain surf ace. Here it is 
oxidized in the presence of oxygen-rich water to iron oxides 
and hydroxides, which are insoluble and so precipitate out of 
solution and are removed as waste. 


3. The re sultant iron -depleted il menite is le ached ina wea k 
sulfuric acid solution to remove the manganese sulfides and 
any residual metallic iron. The SR is then washed, dewatered, 
and dried ready for dispatch. 


The SR product of the Becher process typically contains 90% 
to 93% TiO, depending on the initial ilmenite quality. The product 
can be quite friable because of the dissolution of iron from the 
ilmenite lattice. 

The typical reduction products contained in reduced ilmenite 
from the Becher kil n are rutile, reduced rutile, iron, and ferrous 
pseudobrookite. The ferrous pseudobrookite, also known as M305 
phase, is ami nor phase t hat cont ains a smal | proporti on of the 
original iron in the ilmenite. It is st abilized at kiln temperatures 
above 1,050 °C by impurity elemen ts c ontained in the il menite 
such as manganese, magnesium, aluminum, uranium, and thorium. 
These impurities are held in this M3Os phase, which is insoluble in 
dilute aci d. Apa rt fromm anganese, whic h can be partia lly 
removed by  sulfidization, a ll im purity elem ents are therefore 
retained in the SR. 

At lower reduction temperature the impurity elements enter a 
metatitanate or rhombohedral phase M203. This phase is soluble in 
hydrochloric acid and e xplains the greater success of the Benilite 
process in removing impurities. 

The Becher process requires the higher reduction temperature 
to cause formation of m etallic iron, which can be leached by the 
corrosion process at far lower cost. The synthetic rutile enhance- 
ment process (SREP) variation is an inno vation, described later, 
that seeks to retain the advantage of metallic iron form ation while 
allowing removal of some impurity elements, albeit at some cost. 

The time re quired inthe rotary kiln to ac hieve c omplete 
reduction of iron controls th e rate of ou tput, and thereby the effi- 
ciency, of the whole process. The retention time is a function of the 
weathered state of the ilmenite, although the FeO content is often 
used as arough guide. Inthe weathering process, iron is leached 
out of ilmenite, leaving cracks and cavities in the grains that make 
them more permeable. In the reduction process, the carbon monox- 
ide is then able to react with iron m ore quickly because of the 
changed physical properties of the grain. 

Though unweathered/higher FeO ilmenites require longer kiln 
retention, itis also important t 0 assess t he h omogeneity o f the 
ilmenite feed. As all ilmenite feedstocks will contain particles with 
a range of ch emical compositi ons and iron contents, 60% T iO2 
ilmenite may contain particles with as little as 2.0% FeO, and some 
with as much as 7.0% FeO. This distribution of FeO values in the 
individual pa rticles tha t c onstitute the il menite fe edstock de ter- 
mines the kiln retention time, with the process only as ef ficient as 
the least weathered component (i.e., the highest FeO levels). 

RGC Mineral Sands Limited developed an SREP in the mid- 
1990s to reduce the U+Th le vels of the SR pro duced from its 
Eneabba ilmenites to salable levels. The process is technically suc- 
cessful but expensive to operate. 

The process depends on the phenomenon that at high enough 
temperatures (abo ve 1,200°C) an impu rity-rich phase appears on 
the surface of the mineral grains. Adding a flux lowers the reaction 
temperature, and the impurity-rich phase can be rendered soluble in 
a series of leaching steps. 

At the Narngulu plant, the SREP process operated by Iluka is 
fully integrated with the e xisting Becher process. A borate-based 
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flux is added to the kiln and forms a glassy phase that provides a 
soluble sink for the manganese, magnesium, thorium, and uranium. 

The Becher process is generally the most cost-effective method 
of SR production because iron is remo ved by corrosion ra ther than 
acid leachin g. It is most effective with ilmenites containing about 
62% TiO» and low FeO levels. There are limitations to the process, 
however: impurities other than iron and m anganese cannot be 
removed un less a pro cess such as SREP is used, wh ich requires 
additional costly a cid-leaching step s, and it is unsuitable for use 
with highly weathered ilmenites containing leucox ene. There are 
also costs associated with disposal of iron oxide and neutralized acid 
effluent. 

Future Developments. With de clining a vailability of 60% 
TiO> ilmenites, increased attention is now being focused on apply- 
ing the Becher process to lower TiO2 ilmenites. Possible modifica- 
tions are 

* Reinstating th e pr eoxidation st age, which has the ef fect of 
artificially weathering ilmenite 

¢ Accelerating the kiln reduction process by preheating the coal 
to 700°C to 800°C 

¢ Using aco mbination of pr eoxidation of ilmenite and pre- 
drying coal 

Using lower TiO» ilmenites w ould require higher input v ol- 
umes of both ilmenite (because of the lo wer quality) and coal (to 
maximize kiln reduction). It is estimated that the combined effect 
would be to reduce kiln capacity by about 5% to 10% if a 55% TiO2 
ilmenite were used in place of a 60% ilmenite and preoxidation was 
reinstated. 

Work carried out by Lurgi Metallurgie (now Outokumpu) on 
iron ores has potential application to ilmenite upgrading. The prin- 
cipal difference in the iron reduction processes is that a circulating 
fluidized bed (CFB) rep laces the rotary kiln used for reduction in 
the Becher process. The advantages of the CFB largely apply to the 
coal requirement. Because it operates at lower temperatures, coal 
consumption is reduced and there is a greater flexibility in the coal 
type that can be used. The process is also believed to widen th e 
range of acceptable il menite feedstocks. Overall, capital and oper- 
ating costs are also said to be lower, but no com mercial plant has 
yet been installed. 

Some work has also been carried out on a possible hydrochlo- 
ric acid leach stage of the reduced ilmenite in order to remove some 
of the impurities, such as Cr 203, MnO, MgO, and CaO, which are 
not normally reactive in the Becher kiln. 


MARKETS 


Uses for Titanium 

TiO2 Pigment 

More than 93% of the world’s titanium is used as T iO2 pigment. 
Titanium metal consum ption accounts for only 2.5% of total tita- 
nium usage; other end uses include metallurgical flux, welding-rod 
coatings, titanium carbide, titanat es, and other tita nium chemicals. 
Trends in the TiO2 pigment industry, then, drive the exploitation of 
titanium mineral deposits. 

In this respect, titanium is di fferent from most of the other 
metallic elements. Ores containing aluminum, iron, copper, zinc, or 
nickel are mined primarily to satisfy demand for t he metal, either 
unalloyed or in combination with additives to create alloys with 
enhanced properties. Thus, trends in demand f or aluminum metal 
drive the search for and exploitation of bauxite deposits. By con- 
trast, ore sc ontaining ti tanium a re mined p rimarily t o sat isfy 
demand for a chemical product—TiO> pigment. 


Nonrecyclability of TiOz 


The issue of recycling is one of fundamental importance in the iron 
and steel industry and in most nonferrous metal industries. In recent 
years, governments around the world have been keen to encourage 
the recycling of metals, partly on the grounds of minimizing the 
amount of consumer waste that has to be disposed of and partly on 
the grounds of conserving v aluable nonrenewable resources. For a 
number of countries, increased re cycling of metal can also help 
reduce the total import bill and therefore benefits the balance of 
payments. 

For the mining and smelting sectors, trends toward increased 
recycling have an important effect insofar as recycled metal com- 
petes against metal derived from virgin ore. As recycling becomes 
more widespr ead, the demand f or virgin ore is damped d own. 
Moreover, if re finers ar e man dated to use rec ycled metal fe ed- 
stock, or if the y find it cheap er to do so, it places a ceiling on 
prices for the virgin metal ore. This can already be seen with lead, 
where recycled metal now accounts for about 50% of the world’s 
total consumption. 

Recycling also has a nef fect on ce rtain che micals sucha s 
chlorine and sulfuric acid, both of which are used and can be recy- 
cled during the manufacture of TiO2. In terms of the world’s total 
consumption of chlorine and sulfuric acid, however, recycled mate- 
rial plays a fairly minor role. For most chemical products, recycling 
plays no role at all. 

Such is the case with titanium dioxide, which is mainly used 
as a pigment in paint, p aper, plastics, inks, and rubb er. The T iO2 
becomes so intimately incorporated into the end prod uct that in 
most cases it is beyond the bounds of current technology to recover 
the TiO, values from consumer waste. Indeed, TiO cannot even be 
economically recovered from scrap paint, paper, or pigmented plas- 
tics that have not yet left the factory. 

The issue of re cycling will continue to have little impact on 
trends in consump tion and pricing in t he t itanium minerals a nd 
TiO2 pigment industries. 


Forms of TiO2 


Titanium dioxide occurs naturally in three crystalline forms: prima- 
rily anatase and rutile, with brookite a rare occu rrence. Commer- 
cially manuf actured TiO2 isa vailable as ei ther anatase-type or 
tutile-type, categorized according to the crystalline form. Anatase 
pigment is currently made by sulfate process producers only; rutile 
pigment is made by both chloride and sulfate process producers. 

Rutile-type is the thermodyna mically more stable form. 
Anatase-type TiO» under goes irreversible transformation to ru tile- 
type TiO2 above 700°C. The rate of transformation is affected by the 
presence of various other substances, which either catalyze or inhibit 
the reaction. Rutile has a more com pact crystal struc ture, and this 
explains why it has a higher specific gravity and is harder and more 
abrasive than anatase. For some applications, particularly in the tex- 
tile, rubber, and ceramics industries where abrasiveness is an issue, 
anatase is the preferred form of TiOo. In all other applications, either 
the ana tase or rutile form canbe use d. Rut ile grades are often 
favored because of their bette r hiding po wer and photochemic al 
inertness. In the European inks and paper sectors, anatase tends to be 
more popular. 


Other Uses 
The other main consuming industries for titantum raw materials are 
¢ Titanium metal (chloride slag, rutile, and SR) 


¢ Fluxes for coating welding electrodes (rutile and ilmenite) 
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¢ Metallurgical fluxes in the iron and steel industry (ilmenite) 
¢ Sandblasting and drilling muds (ilmenite) 


These industries consume less than 10% of the total TiO2 con- 
tained in the various grades of titanium raw materials. They can 
have a moderately important influence, however, on the demand for 
specific grades of raw material. 


Titanium Metal 


Titanium is alo w-density, high- strength me tal that is e xtremely 
resistant to corrosion. The meta l’s high strength-to-weight ratio 
makes it ideal for aerospace applications, which are its major mar- 
kets. Use of titanium metal is gradually being extended into other 
transport areas as weight reduction and fuel economy become more 
important. 

Because of titanium’s corrosion-resistant properties, the metal 
is being used 1 n specialized, corrosive en vironments in che mical 
process plants such as desalination plants. 

The first stage in the production of titanium metal is the pro- 
duction of titanium sponge, a tradeable commodity. Only nine com- 
panies worldwide pro duce titani um sponge. Japan, Russia, and 
Kazakhstan are the largest producers, with smaller production from 
Ukraine, the United States, and China. 

Commercial production of tit anium metal dates back to the 
early 1950s. The most widely used manufacturing process is the 
Kroll process, which involves the reduction of titanium tetrachlo- 
ride with molten magnesium to form titanium sponge. 

Titanium sponge produ ced by metallic reduction processes 
contains significant quantities of impurities th at are subseq uently 
removed by leaching, vacuum arc remelting, and cold-hearth tech- 
niques. Several stages of remelting may be required to produce pro- 
gressively purer titanium metal. The ultimate pro duct from this 
purification process is known as titanium ingot. 

Titanium ingot is fabricated into mill products (i.e., bar, sheet, 
plate, tubes, etc.) that are used for metal casting, the production of 
fabricated products, or as feed stock in the production of titaniu m 
alloys. The fabricating and machining stage of titanium metal gen- 
erates significant quantities of scrap metal. Approximately 80% of 
new metal output is scrap that is recycled and co ntributes signifi- 
cantly to the total economics of the titanium metal business. 

Titanium tetrachloride (TiCl4), known as “tickle” in the indus- 
try, is produced through the chlorination of titanium raw materials 
and is an intermediate product in the chloride route process for pig- 
ment production. Titanium sponge producers either purchase tita- 
nium tetrachloride from pigment producers, a practice in the United 
States, or purchase titanium raw materials for chlorination. 

The quality of titanium raw materials req uired for t itanium 
sponge production is similar to that required for chloride route pro- 
cess pigment pr oduction. One distinc tion is that raw materials for 
titanium metal production generally require low levels of tin. Tita- 
nium spon ge pr oducers use chlo ride slag, rutile, and SR asra w 
materials. 


Welding Electrode Flux 


Titanium minerals are used as a component of flux es for coating 
welding electrodes. The wide variety of flux compositions depend 
on the nature of the welding process, the materials to be wel ded, 
and the desired characteristics of the weld. 

Titanium dioxide is most co mmonly added to welding elec- 
trode flux in the form of rutile. Leucoxene is also widely used, 
although some electro de producers prefer not to use it because of 
possible variations in its composition. Ilmenite has also been used 
as a low-cost substitute for rutile. 


The most important requirement in flux raw materials is con- 
sistency of both particle size distribution and chemical comp osi- 
tion. Phosphorus and sulfur are particularly deleterious impurities. 
Heavy minerals can also affect the quality of the weld. In general, 
silica, alumina, and alkaline earth oxid es are not critical because 
they are a necessary component of the flux. It is important, ho w- 
ever, that the content of these oxides be consistent. 

Consumption of titanium mi nerals for welding electrode 
fluxes is estimated to have been about 100,000 tpy of TiO2 units in 
the late 1980s, declining in the early 1990s because of the w orld- 
wide economic recession. The cons umption of elec trodes is influ- 
enced particularly by the construction industry ando  verall 
manufacturing acti vity. Demand forra wmaterialshas since 
increased to an estimated 110,000 TiO units. It is repo rted, how- 
ever, that n ew continuous welding processes requir e lo wer TiO2 
content in the flux, which may limit the future growth in demand in 
this industry. 


Metallurgical Flux 


Lower quality titanium raw materials are used asa metallurgical 
flux in smelting operations, particularly in iron and steel produc- 
tion. Low TiO» ilmenite from Lac Allard in Canada and il menites 
from Southeast Asia and the east coast of Australia are used for this 
purpose in Europe, Japan, South Korea, and Brazil. 


Drilling Muds 


Because of its high dens ity, ilmenite has at times been used as a 
component of drilling m uds, particularly in North Sea oil drilling 
operations. 


Product Pricing 


Of the 110 elements in the periodic table, titanium rank s se ven- 
teenth in terms of global consumption by tonnage. TiO> is now the 
third top inorganic chemical behind ammonia and phosphoric acid 
in terms of consumption. 

To establish a basis for forecasting future prices for titanium 
feedstocks, it is necessary to briefly examine the long-term histori- 
cal trends in prices. 


Rutile 


Figure 3 shows prices for Australian e xports of bulk rutile during 
the period from 1970 to 2003, in real 2003 terms and in nominal 

values. The prices come from th e ABS e xport data in Australian 

dollar values (AUS$) and have been converted to U.S. dollar values 
(US$) using the annual average AUS$—US$ exchange rate. 

During this period, US$ prices for rutile have moved within a 
real price band of US$400 to US$800/t f.0.b., but show an overall 
declining trend of approximately 0.8%/yr in real terms. The cycli- 
cal nature of the rutile price broadly reflects the cycles in the TiO2 
pigment industry, with trough s in 1978, 1983, 1993, and 2000. 
Prices declined sharply from 1990 to 1993, in tandem with the glo- 
bal economic slo wdown, reaching levels close to th eir historical 
low real values before beginning a slight uptrend. This was acceler- 
ated by market tightness triggered by the cessation of production at 
Sierra Rutile Limited (SRL) inear ly 1995. Prices have subse- 
quently softened to more sustainable levels, in view of the fact that 
following the SRL closure, rutile is now regarded as a niche prod- 
uct relative to the dominant feedstock types. 

Although it is not possible to obt ain accurate prices for all 
ilmenite products (some of which are sold under long-term con- 
tracts ne gotiated some years ago), TZ MI analyzed the pr ices of 
ilmenite exported from Australia for both sulfate and chloride use. 
Because Australian ilme nite accounts for the b ulk of global trade, 
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this is a reasonable parameter to use in the analysis of price trends. 
The base data came from the Australian Bureau of Statistics. 

Figures 4 and 5 show the trends in both nominal and real 2003 
US$ terms for Australian chl oride and sulf ate ilm enite prices, 
respectively, from 1975 until 2003. 

The US$ real price for 60% TiO2 chloride-grade ilmenite shows 
a slightly decl ining trend line o ver the per iod to 19 86, after which 
there w as a2-yeart ransition period during whic h ilmenite w as 
rerated to a much higher nominal le vel. Since 1988 there has been a 
trend-line gro wth in real US$ prices of 1.3% . The fluctuations in 
recent years basically reflect a changing mix of ilmenite contracts. 

Similarly, the long-term trend line for Australian 54%- to 57%- 
TiO? ilmenite for the sulfate process declined by 1.2%/yr during the 
period from 1970 to 1986, followed by a 2-year tran sition zone 
after which the trend-line rate has been —0.8%/yr. 

It is noticeable that prices for sulfate ilmenite have historically 
been higher than pr ices for ch loride ilmenite, alth ough the T iO2 
content of sulfate ilmenites is lo wer than that of chloride ilmenite 
products. There are a number of reasons for this apparent anomaly: 


¢ The market for c hloride il menite is re latively narro w, with 
only one pigment producer (EI DuPont de Nemours and Co.) 
able to use ilmenite directly for chloride pigment production. 


¢ The only other ap plication for chloride ilmenite is as fee d- 
stock for SR production, but most ilmenite for this purpose is 
produced internally by the SR producer. The major exception 
is K err-McGee, wh ich has fo r many years purchased 51% 
TiO? il menite from Consol idate Rutile Limited (C RL) and 
other sources. 


* Consequently, DuPont has been able to use its c onsiderable 
purchasing power to negotiate very favorable prices for chlo- 
ride ilmenite. 


¢ Average prices for chloride ilmenite have been influenced sig- 
nificantly by lo wer priced long-term su pply contracts with 
DuPont. In pa rticular, this appl ied to sale s made in A US$ 
terms of Ene abba ilmenite, which has relatively high U+Th 
content and for which DuPont is effectively the only buyer. 


Recent contract pr ices negotiated for high-quality 60%-T 102 
ilmenite, however, are at levels above current prices for 56%-TiO2 
sulfate ilmenite. 

The rerating in the price of ilmenite, which clearly had been 
undervalued in comparison with other feedstocks before this date, 
arose for several reasons, including: 


¢ The RGC tak eover of Allied Eneabba, with aco nsequent 
increase in concentration of chloride-grade ilmenite supply 


¢ The decision to build several SR p lants in Australia, which 
moved some ilmenite from the traded category to the captive 
category 
¢ Increased scarcity of quality ilmenite 
In addition, later new operations such as Tiwest’s Cooljarloo 
mine and Cable Sands’ Jang ardup mine resulted in the emer gence 
of a wider spread of ilmenite supply. Another contributing factor 
was the policy decision of WSL from 1990 to purchase 60%-TiO2 
ilmenite for its Becher SR plant operations and so help prolong the 
life of its own resources. 
As a result of these developments, the market began to play a 
greater ro le, par ticularly in the supply of chlorid e ilmenite, and 
prices rose accordingly. 


Synthetic Rutile 


The SR prices shown in Figure 6 are based on the reported value of 
Australian exports in AUS$ and converted to US$ as th is source of 
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Figure 3. Rutile prices in real and nominal terms (1980-2003), 
USS/t 
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Figure 4. Australian chloride ilmenite prices, nominal versus real 
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Figure 5. Australian sulfate ilmenite prices, nominal versus real 


(1980-2003), USS/t 
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Figure 6. SR prices nominal versus real (1980-2003), US$/t 
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Figure 7. Chloride slag prices nominal versus real (1980-2003), 
USS/t 


price data represents the highest proportion of total SR pu rchases. 
The chart clearly sho ws that since the late 1980 s, real US$ prices 
have fallen. This reflects the impact of currency exchange variations. 
SR is the only high-TiO» feedstock that has been sold extensively in 
AUS$, mainly because Australia has do minated supply. The result 
of this practice, which continues today, is that although both real and 
nominal prices in A US$ terms ha ve risen since the mid-1980 s, in 
US$ terms, SR pric es dec lined as the A US$ de valued ag ainst the 
US$. The situation developed whereby in US$ terms, SR was con- 
siderably cheaper than w ould be e xpected for its T iO2 content. Its 
price was low relative to the other TiO2 feedstocks that are sold in 
USS. In the last few years, however, as the AUS$ strengthened con- 
siderably against the US$, that trend reversed. As a result, the US$ 
price of SR is now closer to its relative economic value. 


Chloride Slag 


Figure 7 shows historical chloride slag price data from U.S. import 
statistics. In real terms, chloride slag prices have shown very little 
fluctuation in price du ring the pe riod from 1 980 to 2 003, consis- 
tently increasing atana verage 2%/yr over this p eriod, although 
they were basically flat forthe period from 1997 to 2003. The 
upward price trend was the result of most slag sales being con- 

tracted on alon g-term basis with esc alating price pr ovisions, as 


well as the fact that RBM was the only producer of chloride slag 
until 1995 and so faced no direct price competition. The reduction 
in slag prices in 2003 is clearly evident. 


Upgraded Slag 


Because UGS was first produced commercially only in late 1997, 
comparable long-term trend lines cannot be calculated. In f act, 
most UGS prices in real terms did not change in the period to 2002 
because of QIT’s tight contract provisions. 

It is highly relevant to note that several initial contracts for 
95% T iO2 UGS were orig inally pr iced in early 19 96 terms at 
US$480/t. The application of an escalation rate based on the U.S. 
Consumer Price Inde x (C PI) meant that the priceofUGS has 
increased in nominal terms but remained constant in real terms. 

Because of market resistance to these escalated prices, which 
has inhibited some sales, QIT recently prepared to reduce prices to 
remain competitive relative to other high TiO2 feedstocks. 


Recent Price History 


To put any price projections into perspective, it is important that the 
recent price history for key products be noted. Tables 6 and 7 show 
these in nominal and real US$ 2002 terms, respectively. 

For 2003, the general pricing direction was downward, with 
the prices of several feedstocks coming under pressure because of 
persistent o versupply an d more competitive mark et conditions, 
influenced by the entry of new suppliers. Other feedstocks simply 
continued e xisting do wnward tre nds. Exchange rate moves again 
played an important role in influencing price moves, particularly 
the strengthening AUS$ and its influence on SR pricing in the U.S. 
market. Confusing the o verall trend was the coe xistence of older , 
long-term contracts and recently negotiated new c ontracts, which 
led to tiered pr icing le vels for some products, par ticularly slag. 
Average prices for sulfate ilmenite fell slightly, under pressure from 
increasing supply, whereasa veragec hloride il menite prices 
improved, although the higher pric es reflected more widespread 
trade in better-quality products rather than the overall market direc- 
tion. Chloride slag prices decl inedin 2003, with some pr ice 
increases (which resulted from pric e-escalating clauses in e xisting 
contracts) being of fset by lo wer prices for more recent contracts. 
Average bulk rutile pr ices fell in 20 03, further extending the gen- 
eral decline in rutile prices since the brief surge in 1995 after SRL 
closed. Rutile supply progressi vely tightened during 2003 , ho w- 
ever, because of lo wer output fro m several major producers, and 
this has led to strengthenin g rutile prices in recent months. Higher 
prices are particularly evident for bagged material used in welding 
electrode markets. 

The pricing e vents of 2002 and 2003 are hig hly rele vant in 
TZMI’s vie w be cause t hey h erald a sig nificant ne w er a duri ng 
which TiO pigment producers will clear ly exercise considerably 
greater influence on pricing than has been the case in the past, par- 
ticularly with the Rio Tinto group. 


ECONOMIC FACTORS 


By-products and Coproducts 
Zircon 


Zircon is by f ar the most signif icant coproduct (and in so me 
instances a by-pr oduct) of titanium mineral pro duction and is an 

important c ontribution to the re venue of these produ cers. Zircon 
concentrations can ran ge from as low as 0.1% in low-grade dunal 
occurrences to as high as 3.0 % in high-grade strandline d eposits. 
More than 70% of titanium feedstock production also generates zir- 
con revenue, which typically accounts for between 15% and 35% of 
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Table 6. Annual nominal free on board (f.0.b.) prices of selected titanium products (1998-2003), USS 











Titanium Product 1998 1999 2000 2001 2002 2003 
Sulfate ilmenite 74 87 85 87 81 80 
Chloride ilmenite 65 75 69 66 75 78 
Rutile 490 458 463 462 442 409 
Synthetic rutile 329 330 336 293 313 375 
Sulfate slag 307 307 320 325 335 337 
Chloride slag 387 400 410 415 420 397 
Table 7. Annual real f.o.b. prices of selected titanium products (1998-2003), US$ 

Titanium Product 1998 1999 2000 2001 2002 2003 
Sulfate ilmenite 83 96 90 90 83 80 
Chloride ilmenite 73 83 73 68 76 78 
Rutile 552 506 494 479 452 409 
Synthetic rutile 371 365 359 304 320 375 
Sulfate slag 346 339 342 337 342 337 
Chloride slag 436 442 438 43] 429 397 





total mineral production revenue and in some operations is as high 
as 50%. Zircon is therefore fundamental to the economic success of 
many titanium mineral producing operations. This coproduct is cov- 
ered in a separate chapter within this volume. 


Garnet 


Garnet can be an important coproduct for mineral sands operations. 
Several mineral sands operations on the east coast of India are in fact 
mining gamet, and the titanium-bearing minerals are considered to 
be a by-product. Recent expansion and upgrading work at some of 
these operations has impro ved the separation of ilmenite from the 
waste stream, leading to its sale as aco mmercial product. Garnet 
from mineral sands mining is used in water-jet cutting, filtration, and 
abrasives applications. 


Sillimanite 

Sillimanite is a by-pro duct of mineral sands mining in re gions 
where the mineral sands were derived from the erosion of metamor- 
phic basement rocks—the west coast of India, in particular. Silli- 
manite and its polymorph s—andalusite andk yanite—are us ed 
principally in the refractories market. When calcined, si llimanite 
and its polymorphs convert to a mixture of the v ery high tempera- 
ture refractory mineral mullite and free silica. Mullite is particu- 
larly v aluable int herefrac toryin dustry because it forms 
interlocking crystals that ar e stable up to 1 ,800°C, mak ing it an 

excellent material for lining furnaces. 


Monazite 


Monazite is arar e-earth phosphate mine ral that accumulates in 
mineral sands deposits owing to its high sp ecific gravity. Its high 
content of the element thorium gives this mineral substantial natu- 
ral radiation, which has limited its use since the 1990s. In the past, 
monazite was a sought-after mineral because of that high content of 
thorium (approximately 3% to 9% ThOz). Thorium’s main use was 
in gas light man tles, where the p resence of tho rium compounds 
produced a high incandescen ce ate xtremely high temperatures 

without melting, wh ich made thorium g as lamps much br ighter 
than ordinary gas lamps. The expansion of modern electric light has 
caused a dec line in this application, which has been restricted in 


developed economies tousein camping equipment. Ev en this 
application has fallen away in recent years, however, from the per- 
ceived danger from radiation. Most gas mantles produced today are 
made with yttrium. 

Monazite is no w most com monly used as a source ofr are 
earths. The rare earths have found a niche market in high-technology 
applications such as p ermanent magnets, nuclear magnetic reso- 
nance, and catalysts for the automotive industry, among others. 


Pig Iron 


High-purity pig iron (HPPI) is an increasingly important coproduct 
to the titanium minerals industry, particularly as the production of 
titanium slag incr eases in line with industry demand for higher 
TiO2 feedstocks. HPPI is typically sold at a much lower price than 
titanium slag; ho wever, re venue from iron can represent 20% to 
25% of the revenue from titanium feedstocks. HPPI is used within 
the steel industry as a high-quality source of iron, wher e it com- 
mands higher prices than conventional iron products. The market 
for HPPI in recent times has been strong, with high prices owing to 
an increase in demand for steel from China. 


OUTLOOK AND FUTURE TRENDS 
Supply/Demand Fundamentals 


The TiO, pigment industry has generally been cyclical in nature, 
and the status of the market for titanium feedstocks at any point in 
time depends on these cycles. The trends in demand for feedstocks, 
however, do not mirror exactly the trends in pigment consumption, 
despite the pigment production industry consuming 93% of annual 
off-take in 2003. This arises beca use of the long distrib ution chain 
between pigment producers and the final consumption of pigment. 
The accumulation of stocks in this chain causes the market impact 
on demand for feedstock to lag be hind the market trends for pig- 
ment consumption. 

Forecast titanium f eedstock demand is built up as_ follows. 
Short-term pi gment co nsumption growth is estimated fr om an 
analysis of forecast economic growth on a regional basis. The his- 
torical correlation between gross domestic product (GDP) growth 
and pigment consumption is used to give a broad estimate of future 
pigment consumption growth. Available industry forecasts of TiO2 
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Table 8. Global titanium feedstock supply/demand balance (2001-2005), thousand TiQ2 units’ 


Year-on-Year, 


Year-on-Year, 
























































Consumption/Production 20017 2002 2003 2004* % 20058 % 
Estimated titanium feedstock consumption 
TiO2 pigment 4,408 4,625 4,790 5,053 5 5,139 2 
Ti metal 145 152 143 167 17 204 23 
Other uses 150 154 157 165 168 
Total demand 4,702 4,931 5,089 5,384 5,51] 
Estimated chloride-grade feedstock production 
Chloride ilmenite and leucoxene 637 651 709 718 749 4 
Rutile A414 423 364 358 -2 385 
Upgraded slag 190 185 223 247 11 266 8 
Chloride grade slag 781 738 692 770 11 924 20 
Synthetic rutile 860 842 798 740 -7 732 -1 
Subtotal 2,882 2,839 2,788 2,834 2 3,056 8 
Chloride-grade supply/demand balance 217 -37 -130 -115 -11 10 
Estimated sulfate feedstock production 
Sulfate ilmenite 1,267 1,362 1,529 1,510 - 1,585 5 
Chloride fines** 117 118 128 129 149 15 
Sulfate-grade slag 673 579 597 631 6 614 -3 
Subtotal 2,058 2,058 2,253 2,270 2,348 3 
Sulfate-grade supply/demand balance 24 2 76 24 -16 
Feedstock supply/demand balance 
Total demand 4,702 4,931 5,089 5,384 5,511 
Total supply 4,940 4,897 5,041 5,104 5,404 
Supply/demand balance 236 -34 -A9 -281 -108 





* TiO2 units are calculated as tons of feedstock multiplied by the proportion of TiO2 contained. 


t Data based on full-year production figures. 
+ Data based on estimated production figures. 
§ Forecasts. 


** Chloride fines are that portion of chloride slag production for which the particle size is too small to be successfully used in the chloride process. It is usually used 


as a supplementary feedstock for sulfate process plants. 


pigment consumption in the ma jor market segments of coatings, 
plastics, and paper supplement this analysis. 

For 2003, pigment consu mption w as estimated usin g com- 
plete data for virtually all the major consuming countries. Individ- 
ual pigment plant capacities come from reported capacity at the end 
of 2003, with adjustments for a nnounced changes in capacity and 
additional forecast changes estimated by TZMI. 

The annual estimates of global pigment production from 2004 
onward were allocated plant by plant, based on assessed production 
levels for 2003, expected changes in production, and adjusted for 
forecast changes in capacity. 

Feedstock demand is estimated for each product, based on the 
assessment of consumption of individual products by each indi vid- 
ual pigment p lant in 2003. To calculate future feedstock consump- 
tion, adjustments were made to the product mix in those cases where 
the 2003 d ata were considered to be abnormal or kn own changes 
were foreshadowed. This adjusted feedstock consumption mix then 
was prorated by the individual pigment plant’ s forecast p roduction 
to determine forecast consumption for each feedstock product on an 
individual plant basis. These individual plant forecasts are totaled 
for each major consumer or groups of minor consumers. 


¢ Future titanium sp onge production was forecast on a global 
basis using industry forecasts (from both producers and indus- 
try associations such as the Japan Titanium Society) for future 


titanium metal demand. This global pr oduction was allocated 
to individual titanium sponge producers based _ on historical 
performance and expected changes in production capabilities. 
Forecast demand for feedstocks for titanium sponge produc- 

tion was estimated in a similar manner to the demand for feed- 
stocks for pigment production, plant by plant. 

The growth in demand for feedstocks for welding electrodes 
and other applications was estimated using general economic 
trends and industry data. These trends we re applied in calcu- 
lating forecast feedstock consumption by product. 

Table 8 gives the estimated supply/demand balances for 2001 
through 2005. Although e very effort is made to pro vide the most 
accurate information possible, the margin of error on this analysis 
is estimated at about 50,000 TiO» units, and the supply forecasts do 
not include any adjustments to inventory levels. 

Higher production is forecast for 2005 for feedstock products 
with the exception of SR and sulfate slag. For SR, all plants are 
already operating at capacity. For sulfate slag, there is si gnificant 
oversupply at present. T he oversupply is reflected in the decision 
of one major producer of titanium slag to schedu le a pr olonged 
shutdown of its smelter in 2005, resulting in overall lower levels of 
supply. 

TZMI forecasts indicate that supply and demand for titanium 
feedstocks will be closely balanced in 2005. After 1 year of strong 
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pigment consumption growth in 2004 and further growth of about 
3.0% to 3.5% in 2005, a need for higher levels of slag production is 
expected, with some suppliers that have been operating at reduced 
capacity in the past few years progressively returning to full capac- 
ity by 2006. Although overall demand is expected to co ntinue to 
grow at average rates of just under 3.0%/yr, the additional slag pro- 
duction and new supplies of rutile and ilmenite from ne w projects 
in 2006 should return both chloride- and sulfate-grade feedstocks to 
an oversupplied position from 2006. 


The Longer-Term Market Outlook 


Figure 8 shows TZMI’s assessment of the likely supply/demand 
scenario through to 2008. The analysis indicates the possibility for 
the titanium feedstock market to be oversupplied through to 2010, 
based on additional supply from bot h approved new projects and 
selected likely feedstock projects. These projections are based on 
the assumption that demand for titanium feedstocks continues to 
grow at ap proximately 2.9%/yr during this period, while supp ly 
from e xisting operations remains st atic and, in som e insta nces, 
declines because of resource depletion or lo wer grades. Th e 
approvals in 2004 for ne w projects such as Kenmare Resources’ 
Moma pro ject, Ilu ka Resource s’ Douglas project, and B emax 
Resources’ Pooncarie pr oject, ho wever, will add considerably to 
future supply, and greatly reduce the size of the potential supply 
gap. 

A considerable number of ne w projects are being e valuated. 
Clearly, there is not room in the market for all of them to proceed to 
development in the time frame indicated, and only a select few will 
ever reach production stage. In Figure 8, TZMI therefore estimated 
total supply from “likely” new projects (without naming individual 
projects), and this is depicted as the shaded area in Figure 8, repre- 
senting approximately 350,000 TiO. units of ne w supply at its 
peak. Of considerable strate gic importance is wh ich project or 
projects are de veloped first, because this will influence the avail- 
ability of individual feedstock p roducts and affect the subsequent 
development of other new projects by further altering the dynamics 
of the potential supply gap. 


Strategic Issues 


The titanium feedstock industry is highly concentrated and there- 

fore dominated by relatively few companies at both ends of the sup- 
ply chain. Just two companies ar e responsible for almo st 50% of 
global titanium feedstock supply, and just three companies possess 
more than 50 % of installed T iO2 pig ment production capacity . 
Clearly the relationships that develop between these large suppliers 
and consumers of TiO feedstocks can have a significant effect on 
the titanium feedstock industry as a whole. In particular, the actions 
that the industry leaders take to maintain or exchange their respec- 
tive positions have implications for the entire industry. 

It is in the interests of the major feedstock consumers that new 
titanium feedstock projects receive approval, because the increased 
supply will flow on to more competitive pricing of titanium feed- 
stocks. In turn, feedstock producers must rely in part o n of f-take 
agreements to gain approval for developing new projects through to 
commercialization. The titanium feedstock industry is therefore in 
the difficult position of effectively handing control of future pricing 
of their products to their consumers, which could have implications 
for future profitability of the titanium feedstock industry. 
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Figure 8. Global titanium feedstock supply/demand balance 
(2001-2005) 


The influence of China is another important strate gic issue for 
the industr y. China recently emer ged asa_ significant force in the 
titanium industry. In 2003, for the f irst time, China surp assed the 
United State s as the world’s lar gest tita nium pigment importer, 
importing more than 250,000 t of TiO2 pigment compared with just 
100,000 t in 1999. Since 1999, consumption and production of TiO2 
pigment in China have both more than doubled. China does not yet 
have access to the chloride process of TiO2 pigment production, the 
technology for which is tightly controlled bye _xisting producers. 
Nevertheless, it is simply a matter of time before the te chnology is 
introduced there. This is particularly relevant given the current push 
for tighter environmental standards for industry in C hina. Many of 
the existing sulfate plants do not o perate within e xisting environ- 
mental standards. Tighter regulations might embargo further expan- 
sion of sulfate route pigment production capacity . Western sulfate 
pigment producers have developed efficient waste management and 
coproduct streams to comply with tight en vironmental re gulations 
while remaining cost-effective. If China seeks to further increase its 
pigment prod uction capacity wit hout chloride route tech nology, 
there may be an increased focus on the use of high-TiO2 feedstocks. 
This has the potential to drama tically alter the dynamics of the 
global titanium feedstock industry. 
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Tripoli (Microcrystalline Silica) 


William A. Bratney 


Tripoli is an industrial mineral commodity important to many mar- 
ket sectors, including the paint industry, in which it performs as a 
chemically inert, very fine-grained extender. In the plastics, rubber, 
adhesives, and sealants industr ies, it serv es as a functional filler 
imparting strength, op acity,a nd other beneficial proper ties. 
Because of its uniform size, mine ral hardness, and orientation of 
the crystal faces, the abrasives industry uses tripoli as a buffing and 
polishing compound. 

Microcrystalline silica is a better name than tripoli for this 
soft, porous, siliceous material, because it de scribes the physical 
and chemical characteristics of the material. In this chapter, microc- 
rystalline silica is used in preference to tripoli for most of the dis- 
cussion. T he term tripoli is stil 1t he appropriate te rm for 
microcrystalline silica that is used principally as an abrasive. 

Microcrystalline silica consi sts almost entirely ofe xtremely 
small quartz crystals, many of which are less than 1 pm long. Three 
companies produce microcrystal line silica in the Unit ed States, all 
from open-pit mines. The ore is ben eficiated by crushing, grinding 
(often to a micronized particle size), and sizing. All the active opera- 
tions are located in the central part of the United States. Important 
prospects exist in other countries, and it is reportedly produced for 
export in China (C.T. Steuart, personal comm unication). Ph ysical 
and chemical dif ferences among the active deposits exert a strong 
bearing on the markets served, especially natural grain size, color and 
brightness, impurities, ease of disaggregation, and product porosity. 


DEFINITIONS 

Tripoli 

Tripoli is the historical term for microcrystalline silica used princi- 
pally in abrasives applications. It is an extremely fine-grained, gen- 
erally f riable, and por ous rock that consists almost entir ely of 
submicroscopic quartz crystals, most of which are less than 2 um 
long. Some deposits of this microcrystalline quartz may form as a 
result of the h ydrothermal alteration of a che rt-bearing limestone, 
while others may originate thr ough deep weathering of an origi- 
nally siliceous limestone with solution and removal of calcite and 
the introduction of and recrystallization of quartz. The term tripoli 
has been u sed and, in some instances, continues to be used inter- 
changeably with micr ocrystalline quar tz. Both the rock andthe 
commercial material derived from it are best described as micro- 
crystalline silica. Historically, in the United States the term tripoli 
was first used to describe th e fine-grained, easily disaggre gated 


material from Seneca, Missouri, because of its similarity to a rock 
from the Tripoli region of North Africa (Hovey 1894). Missouri and 
Oklahoma material is also some times c alled tri polite (Quirk and 
Bates 1978). Other deposits of microcrystalline silica, such as those 
in southernmost Illinois, later came to be known as tripoli. The 
North African tripoli rock, however, is actually diatomaceous earth, 
or diatomite, a material that is similar in macroscopic appearance to 
the rock from Seneca, Missouri, but is of entirely different origin, 
having formed by the accumulation of the siliceous re mains of 
microscopic mar ine or freshw ater golden alg ae, or diatoms. The 
essential difference between diatomaceous earth and microcrystal- 
line silica is that diatomite is composed of 0 paline (and therefore 
amorphous) silica rather than crystalline silica. Microscopically, the 
shape of the diatoms and their open internal structure are distinctive 
and important criteria in the use of diatomite as filtration media, a 
market area for which microcrystalline silica is unsuitable. 


Microcrystalline Silica 


The distinction between the use of the terms microcrystalline silica 
and tripoli is dictated largely by convention and mark ets. Material 
produced from the southern Illinois deposits is used widely in filler 
and extender applications, and it is generally referred to as micro- 
crystalline silica. That material used as an abra sive buffing or pol- 
ishing material, both from the Illinois district and from other states, 
is commonly called tripoli. 


Novaculite 


Although originally used to describe a rock suitable for the manufac- 
ture of whetstones, novaculite is no w defined more generall y as a 
homogeneous, mostly white or light-colored rock, translucent on the 
thin edges, with aw axy or dul | luster , and composed of almost 
entirely microcrystalline quartz (Steuart, Holbrook, and Stone 1983). 
The more compact rock mined in central Arkansas from the Arkan- 
sas Novaculite is referred to as novaculite, whereas the more porous 
and friable rock is referred to as tripoli or tripolitic novaculite. 


Amorphous Silica 


Amorphous silica, as an indu strial term, was once used to describe 
the material prod uced from the depos its in southern Illinois. It has 
been replaced by the term microcrystalline silica. The term amor- 
phous silica came into use at a time when 0 ptical methods f or the 
identification of very fine-grained quartz were not widely available, 
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Figure 1. SEM photograph of material from American Tripoli, Inc. It 
is known as Seneca Standard tripoli. 


Table 1. Tripoli production and value data 


1998 1999 2000 2001 2002 





Production , f 79,600 84,900 72,000 60,500 66,600 
$ Value (x 1,000) 16,900 20,200 15,900 15,000 16,600 
$ Value/t 212 238 221 248 249 





and the IIlin ois product, composed of quartz grains too small to be 
seen with the unaided eye, was thought to consist of amorphous sil- 
ica. The materia | mined in the midcontinent re gion of the United 
States is c learly crystalline quartz, as sho wn by x-ray dif fraction 
(XRD) analysis and scanning electron microscopy (SEM; Figure 1). 


Opal 

Opal exists in three forms: opal-A, opal-C, and opal-CT. It precipi- 
tates from sea water or fresh water as an amorphous gel (opal-A) 
with its composition being between 3% and 10% or more of water. 
Over time, through diagenesis it can transform into opal-CT (an 
opal showing the beginning of formation of domains of short-range 
ordering similar tothe arrangement of at oms ine xtremely fine 
grained cristo balite and tridymite) or into opal-C, then to cha Ice- 
dony (fibrous microcrystalline quartz), and then to macrocrystalline 
a-quartz. Mog anite, a microcry stalline mo noclinic polymorph of 
quartz, first described by Flérke, Jones, and Schmincke in 1976 and 
named in 1984, is widespread in microcrystalline quartz varieties 
and is being identified more frequently in this transitional sequence 
from amorphous silica to quartz. The process is marked by progres- 
sive reductions in the porosity of the deposited silica and its water 
content, and a consequent increase in its density. The instability of 
the attached w ater molecules gives opal its tendenc y to crack or 
decrepitate at high temperatures. Opaline silica makes up the bulk 
of the silica in economically important diatomaceous earth deposits 
and also forms in hot spr ings en vironments, in ass ociation wit h 
crystalline silica, as geyserite or siliceous sinter. 


Related Terms 


Other common varieties of microcrystalline silica are chert, chalce- 
dony, jasper, and flint. The crystalline structure of chalcedony is 
unique in that the quartz can be fibrous or porous, but still the mate- 


rial is considered to be crystalline, and quartz can be recognized by 
XRD analysis. 

Chert, chalcedony, jasper, and flint are interchangeable terms 
for hard, very fine-grained microcrystalline silica. This material is 
extremely dense, breaks with a conchoidal fracture, and has been 
used throughout history for edged weapons such as kni ves, spear 
points, war clubs, and arrowheads. C lose inspection reveals t his 
form of silica to be composed of tightly interlocking quartz crystals 
of less than abou t 30 um in diam eter. It may also contain amor- 
phous silica. 

Ganister is a term for a high-silica, friable r ock that is mar- 
keted in irregularly sized pieces, and that is an inch or less in size; it 
is used in the manufacture of silica brick (Lamar 1953). The color 
of this material is usually white or cream, but it may be stained to 
red, orange, or yellow by iron oxides without adversely affecting its 
industrial application. 

The commodity kno wn as rottenstone is sometimes included 
within the general mineral commodity category of tripoli. Rotten- 
stone is mined in Northumberland County in eastern Pennsy lvania, 
and it is formed by the weather ing of siliceous shale of Devonian 
age (Faill 1979). This material is used as a filler and extender in cer- 
tain applications, but it is unlike tripoli both in origin and physical 
properties. 

Spiculite is arock consisting of siliceous sponge spicules 
that formed by the removal by solution of the carbonate matrix of 
a spicule-bearing limestone. Spiculite has been mined in Texas 
and, because it resembles tripoli in several aspects, it is included 
in the discussion of deposits. 


PRODUCTION AND TRADE, RESOURCES AND RESERVES 
Sales and Exports 


Information compiled by the U.S. Geological Survey (USGS) Min- 
erals Yearbook staff (Dolley 2002) shows that sales of tripoli and 
silica-rich rottenstone from Pennsylvania amounted to 66,600 t in 
2002. This represents an in crease of approximately 10% o ver the 
60,500 t processed in 2001. Table 1 gives tripoli production and 
value data between 1998 and 2002 (Dolley 2002). 

A USGS annual survey of producers (Dolley 2002) indicated 
that the output of crude tripoli produced domestically in 1995 was 
79,700 t with an estimated value of $3 million. In the United States, 
four firms are known to produce or process tripoli. Malvern Miner- 
als Company, in Garland County , Arkan sas, produces crude and 
finished material. Malv ern also produces a black material from 
novaculite. American Tripoli Company produces crude material in 
Ottawa Coun ty, Oklahoma, andf inished materialin Ne  wton 
County, Missou ri. Unimin Specialt y Minerals Inc. in Alexander 
County, Illinois, produces crude and finished material. K eystone 
Filler and Manuf acturing Company in Northumberland County , 
Pennsylvania, p rocesses r ottenstone. This compan y has been in 
operation for 60 years. It purchases the mined rottenstone and pro- 
cesses it by grindin g into a product that is 99% —325 mesh for the 
brake-liner industry. 

In prior years, the production and consumption of microcrys- 
talline silica (including tripoli) products ranged from an average of 
35,864 t for the years 1951-1 955 (Chandler and T ucker 1961) to 
105,220 t in 1979, the year of maximum sales (Anon. 1981). In 
1979, the sale of microcrystalline silica for use in the filler and 
extender m arkets e xceeded the sa le of t ripoli forthe abra sives 
industries. 

Tripoli has unique appl ications as an abr asive because of its 
hardness and because its grain structure lacks distinct edges and 
corners. It is a mi ld abrasive, making it suitable for use in toot h- 
paste and tooth-polishing compounds, industrial soaps, and metal/ 
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jewelry polishing compounds. The automobile industry uses it in 
buffing and polishing compounds for lacquer finishing. The end- 
use pattern for tripoli has changed significantly in the past 25 years. 
In 1970, nearly 70% of the processed microcrystalline silica w as 
used as an abrasive in various tripoli products. K elley, Dolley, and 
Olson (2004) charted tripoli production and sales st atistics for use 
in the abrasives industry through 2002. In 1989, almost 2.5 times as 
much of this commodity was used in f iller and extender applica- 
tions than in abrasi ves (Austin 1992). In 1995, more th an 75% of 
microcrystalline silica output was used as _ a filler and e xtender in 
paint, plastic, rubbe r, caulking compounds, and enamel. The best 
grades of microcrystalline silica are used as fillers and extenders in 
paints. These applications may account for as much as 85% of the 
microcrystalline silica used as a filler and e xtender. The a verage 
reported v alue of all microcrystalline silica sold orused in the 
United States w as $131/t in 1995, slightly less than its value the 
previous year. The average reported value of abrasive tripoli sold or 
used in the United States in 1995 was $151/t (Balazik 1995). 
Foreign competition has not been a significant factor in these 
markets because signif icant production is lar gely confined to th e 
United States (Harben 1983). The United States is an e xporter of 
Tripoli; export from the Missouri-Oklahoma District was reported 
as early as 1894 (Fellows 1967). Foreign markets for microcrystal- 
line silica continue to be imp ortant. For instance, Arkansas tripoli, 
in addition to supplying domestic customers, is exported to Canada, 
Taiwan, most of Europ e, Israel, Turkey, Australia, New Zealand, 
the Republic of South Africa, Saudi Arabia, and South America. 


TRIPOLI DISTRICTS 


All the co mmercial deposits of mi crocrystalline silica in Nor th 
America occur in three districts in the central and southern United 
States. They include the deposits in southernmost Illinois, the tri- 
politic novaculite mines of central Arkansas, and th e Missour i-— 
Oklahoma tripoli district. Textural differences exist between these 
deposits, but there are many similarities in geologic setting. Depos- 
its of tripoli also have been described in Alabama, Georgia, Missis- 
sippi, and Tennessee. These occurrences are currently undeveloped 
and were mined originally as local sources of abrasives and polish- 
ing comp ounds. Siliceous sponge spicule accumulations wer e 
mined in the past in Texas for use in special drilling muds. 


Southern Illinois District 


Illinois has been the site of major microcrystalline silica production 
since the early 1900s. The first reported ship ments were befor e 
1906, and Bain (1907) reported three mills in operation at that time. 
At least nine companies have produced microcrystalline silica from 
the many small deposits in Union and Alexander counties in south- 
ernmost Illinois (Berg and Masters 1994). Unimin Corporation pur- 
chased Tammsco in 1987, and then acquired Illinois Minerals from 
Georgia Kaolin 2 years later. Unimin Specialty Minerals Inc. oper- 
ates the McCrite-Birk open-pit mi ne in Alexander County, which 
supplies tripoli to the processing plant in Elco. The Tamms plant is 
now used as a grinding facility for other Unimin Corporation min- 
eral produ cts. Other occasional production in the district comes 
from Lone Star Indu stries’ mine, where off-color microcrystalline 
silica and chert are produced for use in its portland cement plant at 
Cape Girardeau, Miss ouri. Unimin Specialty Minerals Inc. re gu- 
larly supplies iron-stained microcrystalline silica and chert from its 
overburden stripping and from off-color interbeds within the mine 
to several cement producers in the midcontinent region. 

The southern IIlinois tripoli district lies a few kilometers west 
of the small town of Elco. The silica-rich rocks encompass approxi- 
mately 150 km* in Alexander and Union counties. This area con- 


tains well over 100 inactive underground mines and prospect pits. 
There are also several inactive mines in the Wolf Lake Area, about 
17 km northwest of Elco. 

Microcrystalline silica deposits are located within a Devonian 
stratigraphic sequence exposed along a north-south trending belt on 
the southwestern margin of the Illinois Basin. Mississippian-aged 
sedimentary rocks are exposed east and northeast of the district, 
and Ordovician and Silurian units crop out to th e southwest along 
the Mississ ippi Ri ver. The Lo wer De vonian Clear Cr eek Cher t 
hosts the active mines. Outside of the tripoli mining area, the Clear 
Creek Chert is a dolomitic limestone containing chert interbeds; but 
within the district, carbonates are not found within this formation 
and silica has been introduced. The Clear Creek Chert is a 60- to 
90-m-thick mixtu re of ch ert beds, de composed, fria ble, v ariably 
colored to white mic rocrystalline sili ca beds, a nd fossiliferous 
thinly bedded chert layers. The Backbone Limestone, the unit lying 
immediately beneath the Clear Creek Chert in other parts of the 
southern Illinois region, is not found in the tripoli district, presum- 
ably because it has been remo ved by solution. The Grassy Knob 
Chert directly underlies the Clea r Creek Chert, and it consists of 
massive chert beds near the mines, becoming less cherty with depth 
near the contact with the Lower Devonian Bailey Limestone. The 
Clear Creek Chert is overlain unconformably by the Dutch Creek 
Sandstone Member of the Grand Tower Limestone. This unit is a 
tan to off-white, silica cemented, medium- to coarse-grained, mas- 
sively bedded sandstone, 0 to 3.0 m thick in this area. 

In the Elco District, the uppermost 20 to 30 m of the Clear 
Creek Chert consists of massive chert beds that cap narrow, flat- 
topped ridges between deep hollows (Levine 1973). Beneath these 
chert beds, thinly bedded (less than 30 cm thick), prominent, hard 
chert beds are interbedded with softer chert and friable microcrys- 
talline silica. Comm ercial beds of microcrystalline silica range 
from 2.4 to 12.2 m thick (Berg and Masters 1994). The best mate- 
rial is strikingly white, but cream to buff lenses are also mined. 
Sunglasses are strongly adv ised when visiting the op en-pit mines. 
Poor-quality material occurring within the mining hor izon is care- 
fully stripped du ring de velopment and is stockpiled for use as 
cement kiln feedstock throu ghout the region. The McCrite-Birk 
mine occupies more than 10 ha, a nd it is by f ar the largest tripoli 
mine developed to date . Bedding in the mine is typically close to 
horizontal, but it is impossible to follow the individual layers more 
than a few tens of meters. This is due to the abundant near-vertical 
joints and also to the many high-angle faults with offsets of only a 
few centimeters to more than 5 m. These structures are often filled 
with gray kaolinite clay and are typically bounded by strongly iron- 
stained material. Shrinkage resulting from v olume reduction— 
caused by the removal of the original carbonates—is believed to be 
responsible for the numerous structures in the deposits. 

The origin of the southern Illinois tripoli deposits is complex. 
The presence of b rachiopods, tril obites, and o ther marine fossils 
preserved in many of the hard chert layers and associated with the 
bright white microcrysta Iline silica zone s, coupled with the exist- 
ence of carbonates in adjacent parts of the Illinois Basin, requires a 
mechanism to not only remove essentially all of the original car- 
bonate material but also introduce abundant silica to the formation 
while aggressively bleaching the rock to its current whiteness. Berg 
and Masters (1994) and other geologists believe that deep in-place 
dissolution of the carbonates may have been caused by cir culating 
convective hydrothermal systems driven by heat from mafic plutons 
emplaced wi thin the Pre cambrian basement. A distinct ma gnetic 
anomaly exists west of Tamms and Elco, and another one has been 
mapped belo w the W olf Lake de posits (Heigold 1976). The hot 
waters bleached the rock, and they carried dissolved silica, which 
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was precipitated as eu hedral, microscopic quartz crystals, in th e 
voids created by the solution of the carbonate beds. 


Missouri-Oklahoma Border District 


Seneca, Missouri, has been an important center of tripoli produc- 
tion for more than 100 years (Dobbs 1960). Discovered in 1869, tri- 
poli w as first mined in 18 71, and thef irst grinding mill w as 
constructed in 1885. The Americ an Tripoli Company was formed 
in 1888, and it continues to produce a wide range of microcrystal- 
line silica products today as American Tripoli Inc. Deposits exist in 
Newton County, Missouri, and in Ottawa County, Oklahoma. Now 
mining is limited to exposures southeast of Peoria, Oklahoma, 
although inacti ve mines e xist al ong the border between the two 
states and northeast of Seneca, Missouri. 

Tripoli in the Missouri— Oklahoma bor der district occurs in 
bedded units of the Warsaw Formation and, to a lesser extent, in the 
underlying B urlington-Keokuk Limestone. Both formations ar e 
Mississippian in age. T ripoli is confined to th ese two formations, 
but the deposits do not seem to be limited to specific stratigraphic 
intervals within the m. Chert y limestones host al 1 of the deposits, 
which are thin, and range between 1.3 and 6.6 m in thickness. The 
mines are all open-pit operations, a nd overburden is typically less 
than 3.3 m of red clay, chert, and impure tripoli (Fellows 1967). A 
flint-like caprock overlies some deposits. The lateral extent of indi- 
vidual deposits tends to be small, generally a fe w tens of meters 
across. In contrast, a depo sit south of Peoria, Oklahoma, encom- 
passes approximately 3.6 ha. De posits occur on broad, flat-topped 
hills in the re gion. The color of the tripoli ranges from cream to 
rose, depending on the iron content. The rose tripoli contains more 
alumina, iron oxid e, and titania than do the cream d eposits. The 
concentration of chert nodules w ithin the d eposits is important, 
because if the y are too ab undant the deposit cannot be processed 
into an acceptable product. Sec ondary silica ha s been deposited 
along some of the steeply dipping fractures in the deposits. 

Several explanations have been offered over the past 90 years 
to account for the origin of the Missouri-Oklahoma tripoli deposits. 
All of them include the removal by solution of some of the carbon- 
ate material from the sedimentary rock to form the tripoli. Quirk 
and Bates (1978) suggested that beds formed by the deposition of 
colloidal silica and alk aline sal ts were subsequ ently attack ed by 
weathering processes, which re moved the salts and concentr ated 
the silica. This explanation follows the earlier formation hypothesis 
of Siebenthal and Mesler (1908), who suggested that the original 
rock was a siliceous limestone from which all of the carbonate had 
been dissolved, resulting in a local concentration of tripoli. Using 
acid, they dissolved a siliceous limestone to produce a poor grade 
of tripoli. The volume reduction from this process was extreme. It 
has not been possible to trace late rally a bed of tripoli into fresh , 
unaltered rock, and su rprisingly no fossils or relict bedding struc- 
tures can be identified in the tripoli deposits. Siebenthal and Mesler 
(1908) mentioned the occurrence of che rty slic kensides with in 
some of the tripoli deposits, wh ich suggests that secondary silica 
was introduced into fractures produced by volume reduction along 
which there was renewed movement. 

A third explanation, presented by Perry (19 17), calls fo r the 
extensive weathering of a thick homogeneous chert bed. About 3 km 
north of a tripoli deposit, a persistent chert bed is exposed in approx- 
imately the same stratigraphic position. The outer margins of the tri- 
poli dep osits are alw ays obser ved to grade in to chert. Scanning 
electron micrographs of che rt from these deposits show a tripoli tic 
rim on hard chert cores, indicating that at least some of the tripoli 
formed by the alteration of chert (Keller 1978). 


Arkansas Tripolitic Novaculite District 


Tripoli mined from the Arkansas No vaculite is a homogenou s, 
white to tan, mostly poorly to well cemented, friable rock, com- 
posed almost entirely of microcrystalline quartz (Berg and Steuart 
1994). Novaculite was first mined near Hot Spr ings, Arkansas, in 
the eastern Ouachita Mountains f rom a very hard, white, siliceous 
rock for use as sharpening stones (Holbrook and Stone 1978). Gris- 
wold (1892) described th e fine-grained wh etstone kno wn as the 
Arkansas St one as a “t rue novaculite satisfying all the nec essary 
conditions regarding homogeneity, grittiness, finely granular struc- 
ture and siliceous composition; it is translucent on the edges and 
has a mark ed conchoi dal fracture.” K eller, V iele, and Johnson 
(1977) proposed that the word novaculite be used to describe only a 
thermally metamorphosed chert that shows polygonal triple-poin t 
structure. 

Tripolitic novaculite is restricted to the Upper Division of the 
Arkansas Novaculite, and Hass (1951) identified it as early Missis- 
sippian in age, based on his study of a conodont fauna at Caddo Gap, 
Arkansas. The Upper Di vision of the formation is thick est in the 
vicinity of Hot Springs and thins rapidly to the north and more grad- 
ually to the south and west. Recognizable beds vary in thickness 
from several centimeters to 1.3m. Notallof the Upper Division 
rock is tripoli bea ring. Much of it is c alcareous, appearing variably 
weathered to li ght brown or b uff rotten rock with a gritty te xture. 
Weathered novaculite varies from a firm, slightly porous rock, which 
looks much like a siltstone, to soft Tripoli, depending on the amount 
of carbonate pre sent in the original rock. The carbonates found in 
fresh rock amount to as much as 30% and consist of calcite, manga- 
niferous calcite, rhod ochrosite, or ank erite. These tripoli deposits 
attain thicknesses of more than 33 m. Particle sizes range from 0.5 to 
10 um, and indi vidual grains are equidimensional. Color ranges 
from white through lighter shades of tan and brown, depending on 
the quantity of iron and manganese oxides and clays present. 

Charles Steuart (personal communication) points to structural 
preparation as the most important reason for the de velopment of 
commercial deposits of tripoli wi thin the Upper Di vision of the 
Arkansas Novaculite. Every good locality is related to the intersec- 
tion of two or more high-angle faults and, interestingly, all of the 
good tripolitic no vaculite is mi ned from o verturned beds. Origi- 
nally the tripoli in the Arkansas Novaculite was deposited by direct 
precipitation of silica by chemical or biogenic means. In all lik eli- 
hood, deposition occurr ed in ade ep-water ocean ic en vironment 
well beyond the limit of detrital debris. Radiolarian ooze and direct 
silica precipitation from seawater enriched in silica built up nearly 
pure accumulations in some areas as well as impure zones contami- 
nated with carbo nates. Regional metamorphism in the Ouachita 
Basin transformed the original sediment into chert, and subsequent 
extensive weathering alo ng faults and in zones of significant car- 
bonate minerals produced the commercial tripoli deposits. 


Other Deposits 


Large, noncommercial microcrystalline silica deposits are found in 
the northwestern part of Alabama. They have been formed by deep- 
seated dissolution of Mississippian c hert-rich si liceous carbonate 
rocks of the Fort Payne Chert. Silica from dissolved chert was repre- 
cipitated in the v oids by circulating groundwater to fo rm euhedral 
quartz crystals between 1 and 4pm long. This material resembles 

the southern Illinois tripoli in texture and chemical purity. The color 
of the northwestern Alabam a microcrystalline silica ranges from 

white to v ery pale orange. The deposits are_ typically 0.3 to 1.2 m 
thick, but some occurrences upto 24m thick ha ve been noted 

(Rheams and Richter 1992). In northeastern Alabama, smaller silica 
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beds are found in the Fort Payne Chert and in the Cambrian-Ordovi- 
cian Chepultepec and Copper Ridge dolomites. Microcrystalline sil- 
ica and tripolitic material from this area range in color from white to 
very pale orange and pinkish gray and in grade from f ine grained 
powdery tripoli to coarse material with abundant chert. The friable 
microcrystalline silica is found in beds from about | m thick to one 
exposure 30 m thick. Production fro mnor theastern Alabama 
occurred between the ear ly 1900s and the 1920 ss, but there is no 
activity today. 

Impure microcrystalline silica deposits (termed tripoli in the 
literature) similar to those in Alabama occur in Tennessee and in 
the northeastern corner of Mississippi. These deposits have been 
mined in several areas. The Wayne County, Tennessee, occurrences 
have been thoroughly described (Spain 1938; Born 1936) and prob- 
ably ha ve the greatest potential for economic de velopment. The 
Fort Payne Chert hosts the tripoli deposits, which reach 20 m thick. 
The color of the tripoli is typically white with some brown streaks 
attributed to seco ndary iron oxides. The texture of the Tennessee 
tripoli ranges between compact and more friable material. The ori- 
gin of these deposits is believed to be the result of preferential dis- 
solution of the carbonate portion of siliceous limestones along 
structural lin eaments, ac companied by the mobilization of — dis- 
solved chert and its reprecipitation (Rheams and Richter 1992). The 
role of the lineaments, recognize d in high -altitude aerial photo- 
graphs, is th at they we re important i nc hanneling th e fl ow of 
groundwater that dissolves the carbonates and controls the redepo- 
sition of the silica. 

Other noncommercial microcrystalline silica deposits occur in 
Georgia, where minor production is documented north of Atlanta 
(Crickmay 1937). Texas also has a friable silica deposit, b ut it is 
composed of sponge spicules. Dietrich and Lonsdale (1958) 
described the sp iculite dep osits of ce ntral T exas. Ca Icite was 
leached at depth from the Pennsylvanian-aged Marble Falls Forma- 
tion, leaving a rock composed of siliceous sponge spicules. Except 
for some residual clay, the spiculite deposits are essentially pure sil- 
ica. Harris (1989) describes a small Tripoli occurrence located near 
Hartville in Platte County, Wyoming. 

In Europe, tripoli is mined near the small town of Castro Urdi- 
ales in the Cantabria Province of S pain. Castro Urdiales is on t he 
Bay of Biscay and near the towns of Santander and Bilbao. Tierras 
Industriales Herranz y Diez S.A. produces approximately 5,000 t of 
microcrystalline silica each year for use i n filter media and abra- 
sives. The deposit originated from the leaching of Mesozoic chert- 
rich limestones (R. Garcia, personal communication). 

There is a tripoli deposit in the Kastorenskiy District in the 
Kursk region of the Russian Federation. It is reportedly located on 
the border with the Voronezh region, 10 km from the center of the 
Kastornoe District. A joint-sto ck company, Blagodatenskiy Build- 
ing Materials Factory, has been formed to exploit the tripoli depos- 
its for use in the manufacture of lightweight silica brick in a factory 
built in the 1940s. The unique chalk and tripoli deposit at K otovo- 
Gudovskoe is situated on 101 ha, including the 36 ha of the existing 
chalk and tripoli pit. Another Russian tripoli deposit is near th e 
town of Alatyr , south of Cheboksary in th e Chuvash Republic, a 
sovereign republic in the Russia n Federation about 650 km east of 
Moscow. The tripoli here is mined for use in the manufacture of 
heat insulation materials. 


EXPLORATION AND DEVELOPMENT 


In t he early years of _ the so uthern I Illinois tripoli dist rict, ne w 
deposits were identified simply by finding outcrop exposures of 
white ma terial in st eep er osional cu ts int he ma ny dr ainages. 
Exploratory adits, usually less than a few tens of meters long, were 


driven into the steep slopes, and mines were developed when it 

was apparent that a deposit of sufficient size to justify de velop- 
ment had been discovered. The district has many exploration open- 
ings and many small, abandoned room-and-pillar mines. Because 
of the small size of the deposits in this area, successful mine devel- 
opment was most likely limited to 10% of the exploratory adits. In 
recent years, drilling, diamond core, reverse circulation, and stan- 
dard air rotary techniques have been used to locate and de velop 
new deposits. Initially, exploration is conducted along the narrow 
ridge crests with a series of widely spaced holes until a significant 
thickness of white microcrystalline silica is discovered. Additional 
holes are completed ona ti ghtening, ir regularly de veloped gr id 
along the ridge and on one or more drill trails constructed on the 
flanks of the ridge. Holes are spaced approximately 30 m apart 
before stripping the overburden to pro vide enou gh confidence of 
the continuity and quality of the deposit. When there are quality 
concerns or when mine development is approaching the edge of a 
drill-defined deposit, the drilling grid may be tigh tened to ensure 
that there is no unnecessary stripping. 

Today, all mining in the Illinois microcrystalline silica district 
is conducted ino pen-pit op erations. Samples collected during 
exploration and mine development drilling are evaluated in Unimin 
Specialty Mi nerals’ E Ico p lant la boratory. T he sa mples are 
obtained from open-air rotary holes that are blown clean after each 
0.6 m of drill advance. The samples are bagged and placed in a line 
at some short distance from the hole. The geologist determines the 
sample inc rements for laboratory te sting, prepa res the samples, 
completes the drill logs, and re tains small samples of e ach inc re- 
ment in permanent plastic chip trays. Particular attention is given to 
noting the hardness and chert content as well as the presence of clay 
in each sample. The color of the material in the drill sam ples is 
logged as well , particularly for iron- or manganese-stained mate- 
rial. Each drill-hole site is surveyed using modern global position- 
ing system (GPS) equi pment. At the laboratory, the samples are 
dried, crushed, split, and pulv erized. Data are col lected and 
reported for the Hunter 1, a, b color parameters, and also the GE 
brightness value is determined. This information is ad ded to the 
deposit database, the geologic model is re vised, and the mine plan 
is updated. Geologic cross sections guide the annual stripping pro- 
gram, and the operations staff in the mine make daily development 
decisions using the quality data portrayed on the cross sections. 

Deposit development, mining, and transport of so uthern IIli- 
nois microcrystalline silica is a simple affair. Overburden is drilled 
and blasted an d placed on stockpiles con _ structed around the 
deposit, or it is backf illed into nearby e xhausted open -pit mines. 
When the white microcrystalline silica ore zone has bee n uncov- 
ered, a bulldozer rips the soft material and pushes it into stockpiles. 
The bulldozer operator is the prim ary grade-control person for the 
entire operation. He or she determines, through experience and dis- 
cussions with the mine superintendent, which material should be 
considered as ore and which must be treated as waste because of 
color or chert content concerns. The ore-grade tripoli is loaded into 
over-the-road trucks andis transported by impro ved gravel and 
paved roads to the plant at Elco, a distance of 8 to 14.5 km, depend- 
ing on the route selected. 


MARKETS 


Important industrial markets for tripoli products exist in the histori- 
cal abrasives sector, and newer applications have been recognized 
and exploited for a wide range of microcrystalline silica products in 
the paint, rubber, plastics, and resins industries. Minor microcrys- 
talline silica u ses include caulking compounds, refractory bricks, 
and cements. 
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Figure 2. SEM photograph showing the textural features of Malvern 
Minerals’ L-337 Novacite product. This material is not as finely 
ground as the tripoli in Figure 1 or Figure 3, and it does not tend to 
form grain aggregates of small clumps in the same way as other 
materials. 


Tripoli continues to have unique and valuable uses as an abra- 
sive agent. Polishing and b uffing o f metals an d other surf aces 
requiring a cleanly scoured surface have relied on tr ipoli in th e 
United States for more than 150 years. Tripoli’s Mohs hardness 
value of 7 ensures that abrasion of most surfaces can be accom- 
plished using af inely ground quartz compound. The e xtremely 
fine-grained and well-sor ted natu re of the f inished products and, 
indeed, of some of the naturally occurring outcrop materials makes 
tripoli a preferred abrasive. It is used in toothpaste and dental office 
polishing compounds, industr ial cleansers, and metal and jewelry 
polishing compounds. It also has a secure place in the automotive 
industry, which uses it in ana_ ssortment of buffing and polishing 
compounds in lacquer finishes. 

Particle shape is very important in the abrasives industry. Pul- 
verized or extremely finely ground (micronized) tripoli and micro- 
crystalline silica produ cts, unlike ground silica produced from 
whole-grained silica sand, do not contain quartz grains with v ery 
sharp edges. The product milled from tripoli or microcrystalline sil- 
ica consists of minute cluster s of v ery small quar tz crystals in 
which projecting crystals present a milder abrasive action than that 
possible u sing groun d whole-grai ned silica. Pulverizing and 
micronizing followed by air classify ing are the major steps in pro- 
ducing the various particle-size grades needed by the different mar- 
kets. The coarser grades f or the buffing and polishing compound 
markets are made by air-flotation size classification following pul- 
verizing. The f inely ground grades used mainly in the functional 
fillers and coatings markets are micronized in attrition mills that 
can produce material with a 2 um diameter. 

American Tripoli of Seneca, Missouri, markets a c omplete 
line of metal f inishing compounds that grade from its aggressi ve 
cutting agent, Once Ground, through its Double Ground, Air Float, 
Premium R-45, and C-45 products to its finest buffing compounds, 
R-30 and C-30. These products are used to cut and polish prog res- 
sively softer metals and metal finishes. The R-30 and C- 30 grades 
are used to polish aluminum, chromium, and brass. These grades 
also serve asab uffing agent for mirrored picture frames, sm all 
ormaments, display metals, coins, and other highly reflective metal 
surfaces. 


Although most of American Tripoli’s production is sold into 
the abrasives industry, some of their products, notably the R-15 and 
C-15 grades, are consumed in the plastics and polymer segments in 
molded epoxy compounds, where they impart higher impact resis- 
tance and higher flexural strength. 

Malvern Minerals of Hot Springs, Arkansas, mark ets its 
Novacite tr ipoli products into the abrasives markets, citing their 
superior purity andalo_ wer abrasive coef ficient as compared to 
other naturally occurring silica s (Figure 2). Harbison-W alker 
Refractories Company Inc. produces crude and finished material in 
Hot Springs County for use in the manufacture of refractory bricks 
and shapes (Dolley 2002). Unimin Specialty Minerals sells virtu- 
ally none of its products into the abrasives industry. 

Paint formulatio ns fore xterior and interiorenamels and 
latexes bene fit from the use o f microcrystalline silica in se veral 
ways. As a functional filler and extender, microcrystalline si lica 
aids in th e dura bility, flo wability, le veling, and tint re tention of 
paints. Particularly in enamels, it makes the painting process easier 
and improves the sheen of the finished surface. Because of micro- 
crystalline silica’s chemical inertness in most environments, its use 
extends the life of the end product and prevents chalking, which can 
shorten the life of calcium car _ bonate-filled paints. Nonreacti ve 
microcrystalline silica improves resistance to sa It spray, and its 
durability is reflected in its improved weatherability compared to 
other paints. The producers of microcrystalline silica for paint fill- 
ers and e xtenders also point to its low oil absorption properties. 
This characteristic allows it to be loaded into the paint with addi - 
tional pigment without seriously affecting the viscosity. Lo w oil 
absorption also makes it easier to di sperse microcrystalline silica 
than some other pigments used in paints. The hardness of microc- 
rystalline silica compared to other fillers such as talc, kaolin, or cal- 
cium carbonate isaclear improvement o ver softer and more 
reactive mineral fillers. The hardness of microcrystalline silica is 
not al ways a benef it, h owever. Its pre sence can ca use i ncreased 
wear on the sprayers used in _—_ applying highw ay paints, marine 
paints, floor paints, and other a pplications where a hard, durable, 
painted surface is desirable. 

Unimin Special ty Minerals Inc. , of Elco, Illinois, markets a 
line of Imsil grades as functional fillers and extenders to the paint, 
plastics, rubber, adhesives, and sealant industries. Imsil fillers range 
from the relatively coarse A-75 grade, which has a median particle 
size of 12 pm, a TAPPI brightness value of 82.0, and a surface area 
of 1.3 m?/g, to the A-8 product (Figure 3), which has a median parti- 
cle size of 2.1 um, a TAPPI brightness value of 86.4, and a surf ace 
area of 2. 0 m*/g. Malvern Minerals Company also sells it s three 
Novacite products, 325, 1250, and L-207A, into the functional fillers 
markets, citing an average particle size for their best grade of 35 um 
and a high Hegman fineness value of 67, which ensures smooth and 
complete dispersion in oil- and water-based paint systems. 

Microcrystalline si lica is a n important added ingredient in 
plastics, rubber, sealants, and adhesives manufacturing processes. 
Microcrystalline silica is much less expensive than the organic res- 
ins that are used in plastics. In electrical cable coverings and other 
specific app lications wh ere insulating prop erties are cri tical, the 
dielectric properties of quartz make microcrystalline silica a desir- 
able filler. Microcrystalline silica acts as a whit e base for plastics, 
rubber, and many sealants and adhesives. It is opaque, allowing the 
material to accept pigments more effectively and to provide a good 
level of color saturation. Also important is the strength benefit that 
comes from using micr ocrystalline silica in a pla stic formulation, 
because it in creases the r igidity of the f inished plastic. I n rubber 
applications, microcry stalline silica is added as anonr einforcing 
filler. Usin g microcrysta lline silica in th e manufacture of rubber 
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printing rollers improves their wear resistance. Microcrystalline sil- 
ica is widely used in grouts, sealants, and high-performance epoxy 
cements. Up to 60 % of some epoxy compounds can be composed 
of this material. 


REGULATORY AND ENVIRONMENTAL CONSIDERATIONS 


The question of the effect of crystalline silica on human health 
has been one of the most important issues in the industrial miner- 
als industry in recent years. Silicosis is the disease usually associ- 
ated with e xposure to crystalline silica dust; iti sa debilitating, 
incurable, and sometimes f atal lung disease. It is also a pre vent- 
able disease (NIOS H 2002). The U.S. agenciest hat regulate 
workplace exposure to respirable crystalline silica are the Occu- 
pational Safety and Health Administration (OSHA) and the Mine 
Safety and Health Administration (MSHA). The OSHA permissi- 
ble exposure limit (PEL) and MSHA exposure limit for respirable 
quartz and tripoli, based on an 8- hr time-weighted average, is the 
fraction 10 mg/m? divided by the sum of the percentage of quartz 
or tripoli in the sample plus 2. If the respirable dust has a high 
percentage of quartz or tripoli, this is close to an occupational 
exposure limit of 0.1 mg/m?. 

Since 1974, the U.S. National Institute of Occupational Safety 
and Health (NIOSH) has recommended a more stringent exposure 
limit of 0.05 mg/m? as a time-weighted average for up t o a 10-hr 
workday over a 40-hr workweek. NIOSH had stated that its recom- 
mended e xposure limit (REL) will remain at 0.05 mg/m? until 
improved sampling and analytical methods are developed to better 
measure exposure to respirable silica (NIOSH 2002). NIOSH also 
recommends that companies find acceptable substitute materials for 
crystalline silica where feasible, use appropriate respiratory protec- 
tion when source controls can not reduce the exposure below the 
recommended e xposure limit, and mak e medical e xaminations 
available to exposed workers. The American Conference of Gov- 
ernmental Industrial Hygienists (ACHIH) has adopted a threshold 
limit value of 0.05 mg/m? for respirable quartz. 

The microcrystalline silica industry and its customer base ar e 
well aware of the health risks posed to their workers. Some produc- 
tion facilities of microcrystalline silica are among industry leaders 
in the effort to reduce and eliminate this hazard in their workplaces. 

Indeed, the si licosis he alth e ffects of si lica e xposure ha ve 
long been recognized as problems for workers in the mining indus- 
try. Georgius Agricola (1499-1555), in his pioneering mining vol- 
umes De Re Me tallica, pu blished th e year af ter hisd eath, 
described diseases experienced by miners and the means to prevent 
them. Paracelsus (1493-1541), in his book on occupational medi- 
cine, published 15 years after his death, included a section on the 
lung diseases that afflict miners (Goldsmith 1994). The advent of 
the industrial revolution brought power tools to the workplace to 
improve worker productivity. These tools increased dust exposures 
in occupations such as knife grinding, mining and tunneling, met- 
allurgy, flint grinding, pottery making, and sandblasting. Workers 
in many of these jobs developed severe respiratory ailments, and 
Edgar Collins, working in the early years of the twentieth century, 
demonstrated that si licosis was the 1 ung disease of ma ny dusty 
trades, and that it was caused by the inhalation of “free” or crystal- 
line silica (Collins 1919). Much of modern society’s knowledge of 
the problem of silicosis stems from Co Ilins’ w ork (Go Idsmith 
1994), 

Research in recent decades ha _ s focused on other diseases 
that may be caus ed by crystalline silica e xposure. The Interna- 
tional Agency for Research on Cancer (IARC) concluded in 1997 
that “[t]here is sufficient evidence in humans for the carcinogenic- 
ity of inhaled crystalline silica in the form of quartz or cristobalite 








Figure 3. SEM photograph showing the textural aspects of Unimin 
Specialty Minerals’ A-8 Imsil product. This is the most finely ground 
product from the plant in Elco, Illinois. 


from occupational sources, ” but noted t hat “carcinogeni city in 
humans was not detected in all industrial circumstances studied” 
and that “[c]arcinogenicity may be dependent on inherent charac- 
teristics of the crystalline silica or on external factors affecting its 
biological activity or distribution of its polymorphs” (IARC 1997, 
pp. 210-211). IARC classif ied “crystalline silica inhaled in the 
form of quartz or cristobalite from occupational sources” as “car- 
cinogenic to humans” (Group 1) (IARC 1997, p. 211). 

The 1997 conclusion by IARC followed a conclusion 10 years 
earlier t hat there is “/imited evidence for the carcinogenicity of 
crystalline silica in humans” (IARC 1987b), which resulted in the 
classification in 1987 0 f crystalline silica in IARC’ s Group 2A, 
which it terms “probably carcinogenic to humans” (IARC 1987a). 

Also in 19 97, the American Thoracic Society (ATS) fo und 
that “the a vailable data supp ort the conclusion that silicosis pro- 
duces increased risk for bronc hogenic carcinoma” (A TS 1997). 
However, the ATS noted that there was less information available 
concerning lung cancerr isks among silicotics who had never 
smoked and for silica-exposed workers who did not have silicosis 
(ATS 1997). 

The U.S. National Toxicology Program (NTP) considers crys- 
talline silica (respirable size) to be a substance “known to bea 
human carcinogen” (NTP 2000). 

NIOSH has also noted case repo rts p ublished about auto- 
immune diseases or autoimm une-related diseases foun d in crystal- 
line silica-exposed workers or in silicotics, as well as epidemiologic 
studies reporting statistically significant excesses in cases or deaths 
from autoimmune diseases or immunologic disorders (such as scle- 
roderma, systemic lupus erythemato sus, rheumatoid arthritis, and 
sarcoidosis), chronic renal disease, and subclinical renal changes in 
persons e xposed to cryst alline silica. Other adv erse health ef fects 
have been reported as well (NIOSH 2002). 

OSHA is eng aged in arulema king proceeding to adopt a 
substance-specific rule covering crystalline silica exposure. OSHA 
submitted a conceptual v ersion of the rule to the Small Business 
Administration in 2003 pursuant to the Small Business Regulatory 
Enforcement Fairness Act (OSHA 2003). MSHA has stated that it 
is considering several options to reduce miners’ exposure to crystal- 
line silica (MSHA 2003). 
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In 20 00, the U.S. En vironmental Prot ection Ag ency (E PA) 
added silica (crystalline) to the list of substances that it proposed to 
study for add ition to EP A’s Inte grated Risk Information System 
(IRIS) (EPA 2000). In 2004, EPA announced that it had removed 
silica (crystalline) from the list of substa nces to be added to IRIS 
because of limited EPA resources and lower overall priority (EPA 
2004). 


OUTLOOK AND FUTURE TRENDS 


In the coming decade, all significant microcrystalline silica and tri- 
poli production in the United States is expected to continue. Minor 
production in Spain and Russia has been noted, but nothing is known 
regarding an y future acti vities. Exports from the United Stat es to 
other industri alized countries will persist and perhaps increase 
slightly, especially with respect to the finest ground, hig hest v alue 
products that fill important market niches in the high-durability, high- 
strength, extended-life paint markets; the high-strength plastics mar- 
kets; and other special applications functional fillers markets for rub- 
ber, sealants, and adhesi ves. Mining techniques w ill probably not 
change significantly in the near future because they are what might 
be considered commonly employed techniques for a variety of com- 
modities. The introduction of open-pit mi ning in 1983 and the clos- 
ing of the underground mine in th e Illinois District represented a 
significant change in one district. It seems likely that the most signif- 
icant changes in this industry over the next 10 years will be found in 
new developments in the proces sing of these commodities and per- 
haps the development of new specialized markets. Improved sophisti- 
cated processing techniques now used may allow production of even 
brighter an d finer-sized p roducts. Processes such as wet grinding, 
chemical leaching, and hi gh-intensity magnetic separation could be 
used if the high end of the market justified these additional costs. 
The future trend of tripoli and microcrystalline sili ca use is 
downward, in| arge part because of the stringent warnings against 
exposure in the workplace to crystalline silica dust in excess of the 
NIOSH-recommended e xposure | imit of 0.05 mg/m?. NI OSH is 
likely to reduce the REL as soon as reliable sampling and analytical 
methods are de veloped to better measure exposure levels below the 
REL. Other, less ob jectionable, finely gr ound abr asives and fu nc- 
tional f illers wi ll probably contin ue to substitut e for tripoli and 
microcrystalline silica where poss ible. Competing minerals such as 
kaolin, talc, calcium carbonate, nepheline syenite, and mica are ever- 
present competitive challenges in the filler and extender markets. 


BIBLIOGRAPHY 


Anon. 1981. Abrasive materials. Pages 51-61 in Minerals Yearbook 
1980. Washington, DC: U.S. Bureau of Mines (USBM). 

. 1987. Federal Register 52(163):31852—31886. 

. 1999. The Chuv ash Republic. Russian Commerce News. 
Information-Communication Syst em Internet-C huvashia. Den- 
ver, CO: Russian-American Chamber of Commerce. 

Antonides, L.E. 1999. Di atomite. Pages 60-61 in Mineral Com- 
modity Summaries 1999 . Reston, V A: U.S. Geolo gical Survey 
(USGS). 

ATS (American Thoracic Society) . 1997. Ad verse effects of crys- 
talline silica exposure. American Journal of Respiratory Critical 
Care Medicine 155:761-768. 

Austin, G.T. 1992. Ab rasive materials. P ages 77-96 in Minerals 
Yearbook 1992. Washington, DC: USBM. 

. 1994. Tripoli and special silica stone. In Minerals Year- 
book 1994. Washington, DC: USBM. 

Bain, H.F. 1907. Analysis of certain silica deposits. Pages 185-186 
in Year Book for 1906. Bulletin 4. Champaign: Illinois State 
Geological Survey. 











Balazik, R.F. 1995. Tripoli and Special Silica Stone. Available from 
http://www.minerals.usgs.gov/minerals/pubs/commodity/silica/ 
041495 pdf. Accessed November 2005. 

Berg, R.B., and J.M. Masters. 1994. Geology of microcr ystalline 
silica (tripoli) deposits, so uthernmost II linois. C ircular 555. 
Champaign: Illinois State Geological Survey. 

Berg, R.B., and C.T. Steuart. 1994. Tripoli. Pages 1091-1102 in 
Industrial Minerals and Rocks. 6th edition. Edited by D.D. Carr. 
Littleton, CO: SME. 

Born, K.E. 1936. Summary of the mineral resources of Tennessee. 
Resources of T ennessee (2nd Series). Nashville: T ennessee 
Department of Education, Division of Geology. 

Chandler, H.P., and G.E. Tucker. 1961. Abrasive materials. Pages 
145-163 in Minerals Yearbook 1960. Washington, DC: USBM. 

Collins, E.L. 1919. Industrial pneumoconioses with special refer- 
ence to dust phthisis. Milr oy Lectures. London: His Majesty’ s 
Medical Inspectorate. 

Crickmay, G.W. 1937. Tripoli deposits of Georgia. Information Cir- 
cular No. 9. Di vision of Geology , Georgia Department of For- 
estry and Geological Development. 

Damon, H.G. 1946. The origin an d distribution of spiculite near 
Lampasas, Lampasas County , Texas. Pages 271-282 in Texas 
Mineral Resour ces. Publication 4 301. Austin: Uni versity of 
Texas. 

Dietrich, J.W., and J.T. Lonsdale. 1958. Mineral Resources of the 
Colorado River Industrial Development Asso ciation Ar ea. 
Report of In vestigations No. 37. Austin, TX: Bur eau of Ec o- 
nomic Geology. 

Dobbs, E.H. 1960. Missouri-Oklahoma type tripoli. SME Preprint 
No. 60-H41. Littleton, CO: SME. 

Dolley, T.P. 2002. Silica. In Minerals Yearbook 2002. Reston, VA: 
USGS. 

EPA (U.S. Environmental Protection Agency). 2000. Federal Reg- 
ister 65:1863-1865. 

. 2004. Federal Register 69:5971-5976. 

Faill, R.T. 1979. Geology and mineral resources of the Montours- 
ville South and Muncy quadrangles and part of the Hughesville 
quadrangle, Lycoming, Northumberland, and Montour counties, 
Pennsylvania. Atlas 144ab. Harrisburg: Pennsylvania Bureau of 
Topographic and Geologic Survey. 

Fellows, L.D. 1967. Tripoli. Pages 220-223 in Mineral and Water 
Resources of Missouri. Volume 43, 2 nd Series. Jef ferson City: 
Missouri Division of Geological Survey and Water Resources. 

Florke, O.W., J.B. Jones, and H.U. Schmincke. 1976. A new micro- 
crystalline silica from Gran Canaria. Zeitschrift Fur Kristallog- 
raphie 143:156-165. 

Goldsmith, D.F. 1994. Health effects of silica dust exposure. Pages 
545-606 in Silica Physical Behavior, Geochemistry and Materi- 
als Applications. Volume 29. Edited by P.J. Heaney, C.T. Pre- 
witt, andG.V .Gibbs.Re views in Mineralogy Series. 
Washington, DC: Mineralogical Society of America. 

Griswold, L.S. 1892. Whetstones and the novaculites of Arkansas. 
In Annual Report of the Geolo gical Surve y of Arkansas for 
1890. Volume 3. 

Harben, P. 1983. Tripoli and novaculite—the little known relations. 
Industrial Minerals 184:28-32. 

Harris, R.E. 1989. Tripoli (Tripolite) in Wyoming. Open-File Report 
89-4. Laramie: The Geological Survey of Wyoming. 

Hass, W.H. 1951. Age of Arkan sas novaculite. American Associa- 
tion of Petroleum Geologists Bulletin 35:2526-2541. 

Heigold, P.C. 1976. An Aeromagnetic Survey of Southwestern IIli- 
nois. Circular 495. Champaign: Illinois State Geological Survey. 





© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Tripoli (Microcrystalline Silica) 


1013 





Hessel, P.A., et al. 2000. Silica, silicosis, and lung can cer: a 
response to a recent working group report. Journal of Occupa- 
tional and Environmental Medicine 42(7):704—720. 

Holbrook, D.F., and C.G. Stone. 1978. Arkansas novaculite—a silica 
resource. Pages 51-58 in Proceedings of the 13th Annual Forum 
on the Geology of Industrial M inerals. Edited by K.S. Jo hnson 
and J.A. Russell. Norman: Oklahoma Geological Survey. 

Hovey, E.O. 1894. American tripoli. Scientific American Supple- 
ment 969:15487. 

IARC (International Agency for Research on Cancer). 1987a. IARC 
Monographs on _ the Evalua tion of Car cinogenic Risks to 
Humans, Overall Evaluations of Carcinogenicity: An Updating 
of IARC Mono graphs V olumes 1-42. Supplement 7. Lyon, 
France: IARC. 

. 1987b. IARC Monographs on the Evaluation of C arcino- 

genic Risks to Humans, Silica and Some Silicates. Volume 42. 

Lyon, France: IARC. 

. 1997. IARC Mono graphs on the Evaluation of Carcino- 
genic Risks to Huma ns, Silica, Some Silicates, Coa! Dust and 
Para-Aramid Firbils. Volume 68. Lyon, France: IARC. 

Keller, W.D. 1978. Textures of tripoli illustrated by scanning elec- 
tron micrographs. Economic Geology 73:442-446. 

Keller, W.D., G.W. V iele, and C.H. Johnson. 1977. Texture of 
Arkansas no vaculite indicate s the rmally induced me tamor- 
phism. Journal of Sedimentary Petrology 47:834-843. 

Kelley, T.D., T.P. Dolley, and D.W. Olson. 2004. Total natural abra- 
sives statistics. Available from http://minerals.usgs.gov/minerals/ 
pubs/of01-006/abrasives.pdf. Accessed March 2005. 

Lamar, J.E. 1953. Siliceous Materials of Extreme Southern Illinois. 
Report of Investigations 166. Champaign: Illinois State Geolog- 
ical Survey. 

Levine, C.R. 1973. Geology of the Clear Creek Tripoli Deposits, 
Alexander County, Illinois. MS_ thesis. Carbondale: Southern 
Illinois University. 

MSHA (Mine Safety and Hea Ith Administration). 2003. Federal 
Register 68:73212. 

NIOSH (Nat ional I nstitute for Oc cupational Safe ty and Health). 
2002. Health E ffects of Occupational Exposure to Respir able 
Crystalline Si lica. NIOSH Hazard Review. Department of 
Health and Human Services (NIOSH) Pub lication No . 2002- 
129. A vailable from http://www_ .cdc.gov/niosh/02-129A.html. 
Accessed March 2005. 








NTP (National Toxicology Program). 2000. Report on carcinogens. 
In Carcinogen P rofiles 2000. 9 th edition. Research Triangle 
Park, NC: U.S . Department of Hea Ith and Huma n Services, 
NTP. 

OSHA (Occupational Safety a nd Health Administration). 2003. 
Federal Register 68:72532-72533. 

Perry, E.S. 1917. Tripoli Deposits of Oklah oma. Bulletin No. 28. 
Norman: Oklahoma Geological Survey. 

Pickering, S.M., et al. 1986. Southern Illinois white tripoli as filler, 
extender, and abrasive. Mining Engineering 38(12):1125—1127. 

Quirk, W.F., and A.K. Bates. 1 978. Tripoli deposits of Southwest 
Missouri and Northeast Oklahoma. Pages 47-50 in Proceedings 
of the 13th Annual Forum on the Geolo gy of Industrial Miner- 
als. Edited by K.S. Johnson and J.A. Russell. Circular 79. Nor- 
man: Oklahoma Geological Survey. 

Rheams, K.F,, and K.E. Richter. 1988. Tripoli Deposits in Northern 
Alabama—a Pr eliminary In vestigation. Cir cular 135. Mont- 
gomery: Geological Survey of Alabama. 

. 1992. Occurrence, genesis, and industrial potential of tri- 
poli deposits in North Alabama and South-Central Tennessee. 
Pages 27-59 in Industrial Minerals of the Southeastern United 
States. Edited by K.F . Rheams a nd G.H. McClellan . Circular 
161. Montgomery: Geological Survey of Alabama. 

Shapiro, J.C. 1990. Chemical Manufacturers Association Chemstar 
Crystalline Silica Panel—update. SME Preprint, Regulation of 
Crystalline Silica Meeting. Littleton, CO: SME. 

Siebenthal, C.E., and R.D. Mesler. 1908. Tripoli deposits near Sen- 
eca, Mo. Pages 429-437 in Contributions to Economic Geology, 
1907. Bulletin 340. Reston, VA: USGS. 

Spain, E.L., Jr . 1938. Tripoli deposits of the Western Tennessee 
Valley. Transactions AIME 129:501-515. 

Steuart, C.T., D.F. Holbrook, and C.G. Stone. 1983. Arkansas nova- 
culite: Indians, whetstones, plastics and beyond. Pages 156-167 
in Proceedings of the 19th Forum on the Geology of Industrial 
Minerals. Edited by S.E. Y _undt. Miscellaneous Paper 114. 
Ontario Geological Survey. 





© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


DE A 





aT A ee 


Vermiculite 


James R. Hindman 


INTRODUCTION 

Vermiculite is the mineralogical name generally applied to the 
group of minerals commonly formed by the alteration of biotite and 
iron-bearing ph logopite. Vermiculite retains the micaceous form 
and sheet silicate atomic structure of the parent mica, but differs in 
that a change in the net charge of the silicate sheets results in the 
tightly held potassium atoms in the mica structure being replaced in 
whole, or in part, by other _ cations and their assoc iated hydrate 
shells. In mi croscopic particles, vermiculite is differentiated from 
other clay miner als by ahighs ilicon:aluminum (Si:Al) ratio of 

approximately 3:1, and a higher layer charge that results in a gener- 
ally higher cation-exchange capacity. Commercial vermiculite, the 
vermiculite that is mined, beneficiated, and discussed in this chap- 
ter, is an important industrial mineral. Vermiculite possesses a num- 
ber of important properties that include high aspect ratio particles in 
a range of sizes from less than 50 um to more than 1 cm, ahigh ion- 
exchange capacity, directional intumescence, and an active crystal 
surface with catalytic properties. 

Within the internal structure of v ermiculite lie water mole- 
cules that, when rapidly heated to high temperature, transform into 
steam, ca using t he v ermiculite pa rticles to increa se in v olume. 
This process of thermal exfoliation produces a lightweight product 
that finds use in various construction products and in agricultural, 
horticultural, and other industrial applications. In exfoliated form, 
it has the low density and biological inertness of expanded perlite, 
while maintaining a chemically active surface. Most of the vermic- 
ulite m ined w orldwide is ult imately consumed in the therma lly 
exfoliated form. 

In addition, the cation-exchange potential of vermiculite and 
its la yer-silicate structure are properties that can be used as th e 
basis for numerous products, incl uding intumescent coatings and 
gaskets and inorganic films, and for t he treatment of nuc lear and 
other toxic waste. Whe nc hemically and physically modified, it 
possesses some properties common to or ganoclays and synthetic 
compounds. In h igh-purity concentrates and manufactured prod- 
ucts, these properties can be altered and optim ized in applications 
to produce superior performance. 


GEOLOGY 
Mineralogy 
Thomas H. W ebb first described vermiculite in 1824. He believed 
vermiculite to be a variety of talc and described its diagnostic prop- 
erty of thermal exfoliation thusly (Webb 1824, p. 55): “If subjected to 


the flame of a bl owpipe, or that of acommo n lamp, it expands and 
shoots out into a variety of fanciful forms, resembling most generally 
small worms having the vermicular motion e xact.’ It is dif ficult to 
give a short and precise definition of vermiculite, but in the following 
discussion, vermiculite will refer to that industrial mineral commod- 
ity that has been formed by the alteration of biotite and iron-bearing 
phlogopite by groundwater, and macroscopic particles of which are 
deformed by e xfoliation when heated rapidly to temperatures well 

above 374°C. 

The vermiculite W ebb studied w as froma _ localit y near 
Worcester, Massachusetts, but Brush (1866) later poin ted out that 
vermiculite had been known for some time in Japan as a children’s 
novelty. Because the techniques for mineral analysis used then were 
somewhat primit ive compared to those routinely available today , 
and because the structure and crystal chemistry of the mic as and 
related minerals were not widely understood, the early literature 
generated at least 20 “new” minerals that we re nothing more than 
variations in the color and chemistry displayed by vermiculite. Trade 
names such as Dugarlite, Mandolite, Stro ng-Lite, and Zonolite are 
sometimes used to denote commercial vermiculite, thermally exfoli- 
ated vermiculite, and their related products. 

Vermiculite particles resemble mica and vary in color from 
colorless through tan and green to black, depending on the chemi- 
cal composition. Most ph ysical and optical pr operties are close to 
those of biotite, with perfect basal cleavage, hardness between 1.5 
and 2.5 on the Mohs scale, and specific gravity between 2.2 and 
2.8. Fine-sized particles will feel talcose, especially when wet. For 
commercial v ermiculite, however, the di agnostic t est is t hermal 
exfoliation. 

Vermiculite can display a wide range of compo _ sitions, 
depending on the composition of the original mica and the change 
of chemistry during weather ing and ion e xchange. Table 1 gives 
chemical dat a for some com mercial v ermiculites and an average 
analysis based on a composite of 65 published analyses. Numerous 
analyses for vermiculite exist in the literature, and the analyses of 
vermiculites from commercial deposits fall within the range of val- 
ues reflected in average analysis in the table. Many analyses sepa- 
rate the adsorbed water (H2O_) from crystalline water and water as 
hydroxyl (H20*). The basis of separation of adsorbed water is gen- 
erally considered to be 100°C, although molecules of water associ- 
ated with cations within the vermiculite interlayer begin to be lost 
at 75°C and so metimes lower. Therefore, measured water content 
and loss on ignition are combined in the table as H,O!!#!], 
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Table 1. Selected chemical analyses of vermiculite’ 








Analysis A-65 V-1 V-2 V-3 V-4 V-5 V-6 V-7 V-8 v-9 
LigO 0.03 Nrt NR NR NR 0.03 NR NR NR NR 
Na2O 0.74 2.00 0.10 1.61 1.95 0.80 0.03 NR 0.34 0.40 
K20 2.11 0.50 0.50 5.97 1.36 2.46 2.56 4.24 3.85 2.40 
MgO 20.34 19.20 23.60 24.22 17.16 23.37 21.39 20.04 19.71 25.2 
CaO 0.79 0.21 3.80 0.93 2.18 1.46 0.20 0.75 2.28 0.86 
BaO 0.17 NR 0.20 NR NR NR 0.03 0.12 0.27 NR 
MnO 0.23 0.18 NR 0.05 0.18 0.30 NR 0.07 0.14 0.05 
FeO 1.58 NR NR 1.54 0.48 1.17 3.56 NR NR NR 
A1203 13.86 14.50 10.20 12.68 14.23 12.08 10.01 17.36 12.67 12.4 
Cr2O3 0.33 NR NR NR NR NR 0.20 0.50 0.21 0.02 
Fe2O3 7.59 10.50 5.80 4.60 8.07 5.45 1.90 8.45 11.78 4.69 
SiOz 36.94 36.50 45.10 41.20 37.67 39.37 43.05 38.66 35.99 37.7 
TiO2 1.12 0.75 0.70 1.38 0.20 1.25 1.00 NR 1.60 0.92 
H2Oltetal] 15.41 15.30 10.20 5.82 15.71 11.20 15.70 8.71 9.24 14.30 
Total 101.24 99.64 100.20 100.00 99.19 98.94 99.63 98.90 98.08 98.94 





* Values are as presented in the referenced source. 


t NR = not reported. It is assumed that the lack of a reported FeO value results from total iron determinations being calculated and reported as Fe2O3. Analytical 


data thought to be associated with contamination by other minerals (e.g., P2O5 and COz) are omitted. 


NOTES: 


A-65: Average of 65 analyses statistically selected from 116 published analyses of vermiculites from various international localities. 


V-1: Munglinup, Western Australia; IMDEX Minerals, Jandakot, Australia. 
V-2: Massape Mine, Piaui, Brazil; Eucatex Mineral Ltda., Sao Paulo, Brazil. 
V-3: Qieganbulake, China (Ying and Hu 1988, p. 5). 

V-4: Hafafit, Egypt (El Shazly et al. 1975, p. 95). 


V-5: Phalabowra, Republic of South Africa; American Vermiculite Corp., Marietta, Georgia. 


V-6: Kovdor, Russia (Justo et al. 1989, p. 512). 


V-7: Enoree, South Carolina (Vermiculite Reference Manual, Zonolite Division, W.R. Grace & Company, Chicago, Illinois, p. E7). 


V-8: Louisa, Virginia; Virginia Vermiculite Ltd., Louisa, Virginia. 
V-9: Cavendish, Ontario; Regis Resources, Inc., Toronto, Ontario. 


The average chemical component values calculated from 65 
vermiculite analyses suggest a typical formula of 


(Natix1, K*rx2, Mg**1x3, Ca**1x4enH20)(Mgs, Fe**o.2, Fe**o.g) 
[Sis.5 Alo 5 O20] (OH)4 


where the components in the first set of parentheses rep resent the 
ion-exchangeable layer, the components in the second set of paren- 
theses compose the cations of the octahedral layer, and the compo- 
nents within the brackets constitute the tetrahedral layer. The actual 
amounts of Na*, K*, Mg**, and/or Ca** in the interlayer (re pre- 
sented here as IX1 through IX4 for the mole con tents of Nat, K*, 
Mg**, and/or Ca**, respectively) vary significantly in nature and 
can be easily manipulated in th e laboratory by ion e xchange. The 
total number of exchangeable cations in the interlayer is limited by 
the overall charge of the silicate sheets. The chemical composition 
of com mercial vermiculite v aries significantly from one mine to 
another, and significant v ariations in the chemistry of the ion- 
exchangeable layer can occur within a particular deposit. Generally 
speaking, calcium vermiculite and magnesium v ermiculite are the 
predominate compon ents of co mmercial v ermiculite; pota ssium 
vermiculite also is a common component. 

Many authors have investigated the crystal structur e of ver- 
miculite. The basic structure of the mineral is identical to talc and 
the micas: a 2:1 silicate sheet comprising two flat layers of silica 
and al umina t etrahedra (the te trahedral | ayers) tha ta re joined 
together in a layer composed of apical oxygen atoms, and magne- 
sium, iron, and hydroxyl molecules (the octahedral layer). Between 
the 2:1 sheets lies the ion-exchangeable layer. This layer differs in 


thickness depen ding on the interlayer cation present and the 
arrangement of water molecules associated with it. 

Interlayer w ater is anesse ntial c omponent of v ermiculite. 
When a particle of vermiculite is rapidly heated, the interlayer water 
transforms into steam. The pressure of the steam forces the silicate 
layers apart from one another, deforming the particle from the nor- 
mally flat plate into an elongated, concertina-like particle , which 
forms the basis of most commercial applications of this mineral. The 
increase in volume caused by the thermal exfoliation is normally in 
the range of 10 to 20 times, with typical exfoliated densities of 90 to 
110 kg/m?. 

The basal d-spacing of vermiculite obtained by x-ray diffrac- 
tion (XRD) v aries accordi ng t o t he composi tion of t_ he ion- 
exchangeable la yer. Ma thieson and W alker (1954) det ailed the 
arrangement of hydrated magnesium ions in 14 angstrom (A) ver- 
miculite. Other common basal d-spacings occur at 12 A (i.e., bar- 
ium, sodium, and strontium vermiculites) and 10 A (i.e., potassium 
and ammonium vermiculites). Brindley and Brown (1980) and de 
la Calle and Suq uet (1988) offer more detailed discussions of the 
crystal structures of vermiculite. These three common basal reflec- 
tions represent cations with 6- and 8-fold coordinated water mole- 
cules (~14 A), cat ions with wate r molecules in 3-fold pla nar 
coordination (~12 A), and those structures where the exchangeable 
cations and water molecules lie in the hexagonal or ditrigonal cav- 
ities in the planar silicate sheet surface (10 A). Stated another way, 
the 14-A vermiculite structure has two layers of water molecules 
between the sil icate sheets, the 12 -A vermiculite structure has a 
single layer of water molecules between the silicate sheets, and the 
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10-A vermiculite has a single layer of water molecules embedded 
in the surface of the silicate sheets. 

The h ydrated int erlayer cations are ea sily sub ject to ion 
exchange. Typical ion-exchange values for vermiculite concentrates 
are 50 to 150 meq per 100 g. If properly exfoliated, thermally exfo- 
liated vermiculite will also have a high ion-exchange capacity that 
is diminished only 5% to 10% from the untreated material. The rate 
of ione xchange is relatively slow with potassium vermiculite, 
owing to the lack of interlayer separation. 

Two common misconceptions are found in much of the litera- 
ture dealing with the crystal structure of vermiculite as revealed by 
powder XRD. Gruner (1934) used the term hydrobiotite to indicate 
regularly alternating layers of bi otite and v ermiculite. This mixed 
structure would produce a 12-A basal reflection, which is common 
in commercial vermiculites. The 12-A reflection, however, is rela- 
tively broad and do es not shift after ione xchange as one would 
expect. For example, consider a vermiculite containing the normal 
sharp 14-A ref lection and the bro ad 12-A reflection. Af ter ion 
exchange with a sodium ion solution, the 14-A will disappear but 
no 11-A reflection is created as would be expected as a result of the 
alteration of 10 A biotite and 12 A Na-vermiculite. The broad 12-A 
reflection may be caused by a combination of calcium, magnesium, 
or sodium ions ina_ single layer, and associated water molecules 
define the thickness of that layer. 

The other common assumption in XRD studies is the assign- 
ment of the 10-A reflection to the presence of biotite. Potassium 
vermiculite is acommon component in commercial vermiculites 
and is indi stinguishable fro m biotite using routine XRD __ tech- 
niques. Not all researchers are aware that potassium v ermiculite 
does contain interlayer water .W ater moleculesf ill structural 
vacancies caused by the leaching of excess potassium during ver- 
miculitization of biotite. Many commerc ially desirable v ermicu- 
lites will contain the 10-A reflection in their XRD spectra, and this 
reflection may represent the h_ ydrated potassium v ermiculite as 
opposed to biotite. This misinterpretation of the XRD data may be 
a source of confusion in studies on the formation and ion-exchange 
characteristics of vermiculite. 

Origin 

A number of studies indicate that vermiculite can be formed from a 
number of silicate minerals. Because the vermiculite that is mined 
and processed for industrial applications must produce salable con- 
centrates of relatively large particles, however, the parent mineral is 
invariably an iron-bearing p hlogopite or biotite. The well-known 
exception to this is the unique deposit at Llano, Texas, where iron- 
free phlog opite occurs in magne site, and th ev ermiculite thus 
formed upon weathering is a pu re magnesium vermiculite variety 
widely used in crystallographic and geochemical studies. 

The alteration of biotite into vermiculite takes place at near- 
surface conditions so that all known deposits are supergene in ori- 
gin. Studies by Roy and Romo (1957) indicate that vermiculite will 
not form as a primary mineral and that it is not stable under hydro- 
thermal conditions. The alteratio n ofb iotite into vermiculite 
appears to tak e place in tw o steps that can be illustrated using a 
hypothetical biotite and ferric iron in solution. First, the ferrous iron 
is oxidized within the octahedral layer: 


Ka(Mga,Fe**2)[Si6Al2020](OH)4 + Fe *** + Ko(MgyFe*? Fe**) 
[Sig6Al2O29] (OH)4 + Fet* 


This process, unless accompanied by the loss of interlayer potassium, 
results in an imbalance of charge and an increased separation between 
the 2:1 silic ate layers. The repeat distance of the crystal struc ture 
increases from the typical 10-A value to approximately 11 A. 


The second step in vermiculite formation begins when the sil- 
icate layers of the mica are separated sufficiently to allow for ion 
exchange. The excess potassium content of the interlayer is taken 
into the groundwater according to 


Ky (Mgg Fe?* Fe3*) [SigAl 2029] (OH)4 3 K(Mgy,Fe** Fe*) 
[Sig Al2O20] (OH)4 +Kkt 


And finally the content of the remaining e xchangeable-ion 
interlayer is altered to reflect the ionic content of the groundwater 
within the deposit, as in the case of magnesium vermiculite: 


K (Mgy Fe** Fe**) [Sig Al2020] (OH)4 + 0.5 Mgtt+ 3 H20 > 
(Mgo.s *3 H2O)(Mga Fe?* Fe**) [Sig Al2O20] (OH)4 + K* 


The transformati on of biotite into —_ vermiculite requires an 
increase in particle volume of 10% to 40%. Although not immedi- 
ately obvious, this volume-increase requirement places r estrictions 
on the size and placement of a vermiculite deposit. To form vermic- 
ulite, the al teration products of biotite must literally lift all of the 
overlying rock body. Unless the lithostatic pressure can be exceeded 
by the forces caused by the oxidation of iron within biotite and the 
subsequent ion exchange, no vermiculite formation can take place. 
This pressure has not been measured directly, although some related 
data are available (i.e., Norri sh and Rausell-Co lom 1963; V iani, 
Roth, and Low 1985). Empirical geological evidence suggests that 
the pressure will coincide with the 25- to 30-m maximum ore depth 
found in many deposits. 


Distribution of Major Deposits 


Vermiculite is currently bei ng mined in at least nine countri es. Fig- 
ures | and 2 show those current sources, and known potential sources 
of commercial vermiculite in the United States and worldwide. 

The first production of commercial v ermiculite be gan in the 
United States in 1915 with the unsuccessful marketing of tung ash, 
the name given to vermiculite mined near Hecla, Colorado. Actu- 
ally, vermiculite was inadvertently mined in the 1800s as a major 
accessory mineral in the corundum deposit in the Jenks mine in 
North Carolina (Cooke 1874). 

The vermiculite mine started b y the Zonolite Company at 
Libby, Montana, in 1921 was the first successful venture in the ver- 
miculite industry. Until recently, the Libby deposit w as the oldest 
producing vermiculite mine and had been developed and en larged 
for almost 70 years. This property was closed in 1990, and that clo- 
sure has had a major impact on the vermiculite industry, especially 
in the United States. 

Vermiculite has been mined in other locations in the United 
States. Excellent summaries of statewide vermiculite deposits and 
mining have been prepared for Colorado (Bush 1951), North Caro- 
lina (Murdo ck and Hu nter 1946), Texas (C laybaugh and Bar nes 
1959), and Wyoming (Hagner 1944). Other discussions of vermicu- 
lite deposits in the United States include Bush and Sweeney (1968) 
on the Appalachian re gion and Bush (1976) for the entire country. 
With regard to individual deposits, doctoral dissertations have dealt 
with Libby (B oettcher 19 66a) and with Enoree, South Caro lina 
(Libby 1975). 

Current production in the United States is restricted to mines 
in South Carolina and V irginia. Several mining operations are 
located in northwestern South Carolina. The tw o major produc- 
ers—W.R. Grace & Company at Enoree and Carolina Vermiculite 
at Woodruff—account for most of the pro duction in that state. A 
smaller ope ration, Palmetto Vermiculite, is in the same area and 
serves a smaller regional market. 

The other major domestic vermiculite mine is near Louisa, Vir- 
ginia, and is operated by Virginia Vermiculite. Virginia Vermiculite 
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Figure 2. Major worldwide vermiculite mines and deposits 


purchased Carolina Vermiculite in 1990, and the co mbined produc- 
tion capacity of the two operations is on par with the p roduction 
capacity of the Grace plant at Enoree. F igure 1 shows the locations 
of known, major vermiculite deposits and current mining operations. 
Table 2 presents U.S. v ermiculite production and trade data since 
1980. 

Vermiculite is also mined in Kansas, although the product is 
not considered commercial vermiculite because of its microscopic 


particle size. Micro-Lite LLC operates a mine in Woodson County 
from which an al tered lamproite with an appr eciable p hlogopite 
and vermiculite content pro vides a material useful in anim al feed 
supplements. 

The closure of the Libby oper ation left the western United 
States with no major domestic source of v ermiculite. Se veral 
known deposits have been considered for development or reopen- 
ing as mining operations. One small deposit at Elk Gulch near 
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Table 2. U.S. vermiculite production and trade data 








Year Production’ Exportst Imports* Consumption$ ieee Value (Exfoliated) 
1980 306,000 27,000 24,000 303,000 76.86 213.79 
1981 290,000 28,000 24,000 286,000 90.26 235.75 
1982 287,000 20,000 19,000 286,000 99.42 260.33 
983 256,000 17,000 22,000 261,000 106.32 256.88 
984 286,000 20,000 29,000 295,000 110.23 235.92 
985 285,000 17,830 32,000 299,170 113.74 204.66 
1986 288,000 20,858 32,000 299,142 119.62 231,79 
1987 275,000 21,599 29,000 286,878 120.42 238.84 
1988 276,000 30,647 32,000 278,923 122.92 243.93 
989 249,000 41,961 45,893 255,875 122.26 250.20 
990 209,000 44,068 43,531 208,463 137.48 276.56 
991 80,000 45,840 52,163 206,323 165.41 283.00 
992 90,000 8,000 40,000 222,000 natt 328.00 
1993 90,000 7,000 30,000 213,000 na 338.00 
994 77,000 7,000 30,000 200,000 na 335.00 
995 71,000 6,000 30,000 195,000 na 306.00 
996 70,000 8,000 48,000 210,000 na 334.00 
997 wit 8,000 67,000 na na 318.00 
1998 50,000 11,000 68,000 207,000 na 313.00 
1999 50,000 13,000 71,000 208,000 143 315.00 
2000 50,000 5,000 59,000 204,000 143 322.00 
2001 115,000 7,000 65,000 173,000 143 340.00 
2002 110,000 10,000 56,000 156,000 143 390.00 
2003 07,000 10,000 48,000 145,000 143 na 








* Unless otherwise noted, all data from Mineral Facts and Problems and Mineral Commodity Summaries, USBM 1980-1995, USGS 1996-2003. Production data 
prior to 1985 restated as metric tons from USBM published data. Data for 2001-2003 are estimates (A. Bush, personal communication). 

t Exported data 1980-1984, USBM; 1985-1989, Roskill and quoted sources; 1990-1991, U.S. Customs and other sources. Value for 1991 estimated from 
January-October totals. Values for 1992 onward are USBM and USGS data and represent exports to Canada only. 

t Import data 1980-1988, USBM; 1989-1991, U.S. Customs and Port Import Export Reporting Service (PIERS). Value for 1991 estimated from January—October 


totals. Values from 1992 onward from USGS data. 
§ Consumption calculated as Production + Imports — Exports. 


** Values expressed as U.S. dollars per metric ton. All values from USBM and USGS published data except as noted. 1990-1991, average U.S. Customs values 


including vermiculite exported to Canada. Data for vermiculite include domestic and imported sources. 


tt na = Data not available. 
tt W = Proprietary data, withheld by producers. 


Dillon, Mont ana, has_ sporadically produced small tonnages of 
concentrate under dif ferent oper ators between 19 90 and 2000. 
Deposits near Hamilton and Pon y, Montana, near Encampment, 
Wyoming, and at Mica Peak in Clark County, Nevada, are period- 
ically evaluated for their potential as new sources of vermiculite. 

Within the last few years, two potential new sources of ver- 
miculite in Ontario, Canada, have been under development. Re gis 
Resources of T oronto recently be gan to ship v ermiculite c oncen- 
trates from a small mining op eration near Buckhorn, in Ca vendish 
Township. The ore is found in alte red schist and gneiss associated 
with other Precambria n metamorphic rock types. The vermiculite 
ore is found in separate small zones over a relatively large area. The 
vermiculite from this de posit tends to have a low iron content, and 
the exfoliated product has a good bag yield and _ is often almost 
white. 

Another vermiculite deposit in Ontario is 1 ocated in Butler 
Township near North Bay. Some initial mining has been performed, 
and a small wet processing plant has been constructed at the site. 

With the closure of the Libby mine and mill, the Republic of 
South Africa has become the leader in worldwide vermiculite pro- 


duction, with production of 224,258 tin 2002 and = 207,345 t in 
2003. The Palabora Mining Compan y operates the mining opera- 
tion at Ph alaborwa, and copper is the primary product. The Phal- 
aborwa deposit is also known as Loolekop and has been described 
in a number of papers such as Gevers (1949). 

Other current vermiculite-producing countries include Austra- 
lia, Brazil, China, Egypt, India, Japan, Kenya, Russia, and Zimba- 
bwe. Recent data (Potter 2004) suggest that the top three producing 
countries are South Afr ica (46%), the United States (21 %), and 
China (10%). Moeller (2004) suggests that worldwide vermiculite 
production in 2003 was approximately 425,400 t. Figure 2 shows the 
worldwide location of kno wn, major v ermiculite deposits and cur- 
rent mining operations. Table 3 summarizes worldwide vermiculite 
production and trade data since 1980. 


TECHNOLOGY 

Exploration 

The exploration for vermiculite deposits is straightforward because 
they are the products of surface and near -surface weathering. 
Because one criterion of commercial vermiculite is large grain size, 
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exploration is directed to ward geologic structures that might con- 
tain lar ge amou nts of large bi otite crystals. Th e m ost c ommon 
structures are ultramafic intrusives such as coarse-grained pyroxen- 
ites and metamorphic bodies c ontaining biotite schists and 
gneisses. 

Good vermiculite ore is fria ble and easily broken with a 
standard prospector’s hammer. A small propane torch is useful for 
field identification purposes. The basic criterion for vermiculite 
ore is th at the individual particles can be seen with the unaided 
eye and that the y will exfoliate when subjected to high heat. An 
average content of from 20% to 35% vermiculite in the ore will 
produce mill feed that is easily processed with current technolo- 
gies. Higher-grade feeds may allow for a smaller mill design and 
operating costs, whereas lower-grade ores can be processed if the 
quality of the concentrates obtained is acceptable. The grade, par- 
ticle-size distribution, and general quality of vermiculite within 
an ore body may v ary widely, and the larger mining operations 
blend ore to pro vide a consi stent feed to the benef iciation plant. 
The amount of vermiculite in particle sizes less than 0.25 mm or 
that will pass t hrough a 65 -mesh Tyler screen are not generall y 
included in the valuation of an ore deposit because there is no sig- 
nificant mark et for this material and itis intentionally reject ed 
during beneficiation. 

Bush (1976) classifies vermiculite into three classes. The Type 
1 deposits are formed within large ultramafic intrusive masses such 
as pyroxenite plutons, are cut by syenite or alkalic granite, and are 
cut by car bonatitic rocks and pe gmatites. The deposits at Lib by, 
Montana, and Phalab orwa, Republic of South Africa, are Type 1. 
The rock masses in Type | deposits are often zoned. Type 2 depos- 
its are form ed ina ssociation with smaller ult ramafic i ntrusive 
masses such as dunite and peridotite and unzoned p yroxenite. The 
deposits in North Carolina are of this type. The Type 3 deposits are 
formed from metamorphic rocks such as biotite schists and amphib- 
ole schists. The deposits at Enoree, South Carolina, and Elk Gulch, 
Montana, are T ype 3, as_ are most of the deposits in Colorado, 
Nevada, Texas, and Wyoming. 

Other classification schemes f or vermiculite have been pro- 
posed. The classif ication of Boro vikov (1962) comprises four 
groups: group 1—deposits in ultrab asic and alkaline rock com- 
plexes; gro up 2—deposits in alte red car bonate rock comple xes; 
group 3—vermiculite occurrences in reaction zones of pe gmatites, 
talc, corundum, asbestos, an d other deposits, and also in metaso- 
matic veins in serpentines; and group 4—deposits and occurrences 
of vermiculite in micaceous gneisses and other metamorphic rocks. 
The major deposits at K ovdor and Buldym in Russia are group 1 
deposits. 

L’vova ( 1974) gi ves a detailed discussion of v ermiculite 
deposits w orldwide. Varley (1952) describes most of the known 
vermiculite de posits and discusses the t echnical and economic 
aspects of c ommercial vermiculite, giving information that is still 
applicable half a century later. 


Mining and Beneficiation 


The mining and milling of vermiculite depend on a number of con- 
siderations not associated with other mineral commodities. Unlike 
most other ores, the value of a vermiculite ore depends on the distri- 
bution and efficient recovery of relatively large particles. A vermic- 
ulite ore will normally contain vermiculite, partially altered mica, 
unaltered mica, and associated gangue minerals. 

In the v ery early years of the industry , the ore bod ies were 
selectively mined ( high graded) and the sized ore w as the f inal 
product of beneficiation. As these areas of relatively pure vermicu- 
lite were depleted, and the demand for coarse-sized products 


increased, m ills were designed to beneficiate the ore. Although 
high-grade areas within a particular depo sit may still be encoun- 
tered, m odern mil ling techniques require fe eds mor e c onsistent 
with the overall character of the ore body. 

Vermiculite is normal ly mi ned using open-pit methods. 
There have been reported instances of underground mining, such 
as at the Quaintance deposit in Jackson County, Colorado (Gold- 
stein 1946), but these operations were on a small scale that would 
not be economically feasible in today’s industry. 

Modern vermiculite mines are invariably developed by exca- 
vating the deposit with con ventional equipment, including graders, 
shovels, loaders, and trucks. Drilling and blasting may be necessary 
in areas where dikes, sills, and other h ard bodies of rock occur 
within the ore body. When the mill is at the min e site, lar ge off- 
highway trucks transfer the ore to the mill. Some operations such as 
at Enoree, South Carolina, and Louisa, Virginia, use smaller capac- 
ity trucks operating on high ways and improved roads to bring ore 
from de posits that are some distance from the millsite. In either 
case, the ore is taken to an area near the mill where the larger pieces 
of waste rock are remo ved and the ore is blended and stockpiled. 
Blending can be accomplished by a number of methods, ranging 
from spreading the ore with a bulldozer to using a water monitor to 
wash the ore from the stockpile into the mill. 

Beneficiation techniques used with vermiculite take advantage 
of one or more properties of the mineral. These properties include 
shape, density, chemistry, and resistance to comminution. Some of 
these properties may be applicable to both wet and dry processes, 
but most mills do not beneficiate with both wet and dry processes. 

Figure 3 is a generalized flow diagram for a dry benef iciation 
mill. Typically, ore processe dina dry mill requires some drying 
before sizing. Air classification is the normal benef iciation process 
in a dry mill and separation is effected by winnowing and other tech- 
niques such as air tabling. Electrostatic and high-intensity magnetic 
techniques may be e ffective in some instances, as are morphology 
separations using roll and slot screening. 

Separating the feed into narrow size ranges that correspond to 
the finished concentrates assists the selectivity of air classification. 
Comminution primarily reduces th e size of g angue minerals for 
removal during rec ycling through the air separators. In many ores, 
major gangue minerals are friable or possess distinct clea vage. In 
these cases, the v ermiculite particles may pass th rough impact or 
roll crushers relatively unaffected, and the bulk of the gangue parti- 
cles are reduced to sizes that are easily removed by air separators or 
by screening during the recycle process. 

Wet beneficiation of vermiculite generally falls into two catego- 
ries: froth flotation for fine particle sizes below 1 mm and beneficia- 
tion techniques based on morphology for lar ger particles. Because 
many vermiculite ores contain major amounts of dense gangue min- 
erals, processing st eps using hea vy-media separati on, ji gs, sp irals, 
and shaking tables can be effectively used. Simple hydrocla ssifica- 
tion may also be effective in treating fine-sized ores, and flotation cir- 
cuits can be improved and possibly replaced by hydroc _ yclones, 
hydraulic classifiers, and teeter chambers in some instances. 

Figure 4 shows a hypothetical wet processing circuit. Process- 
ing of fine-sized material is straightforward, and most common flo- 
tation cells and tables are effective. Processing larger particle sizes is 
more difficult, and most processes take advantage of the tendency of 
the vermiculite plates to adhere to or travel along a smooth surface. 
Moving water films on plates and other flat surfaces can sometimes 
be used withe xcellent selectivity. Vaplon, Erickson , and Y oung 
(1978) claim wet-roll sc reening to be effective in processing lar ge 
particles of vermiculite. This is the separation device shown in Fig- 
ure 4 as an example of beneficiation by shape. 
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Figure 3. Processing circuit for the dry beneficiation of vermiculite 
ore 
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Vermiculite concentrates are marketed with specified particle- 
size distr ibutions. The benef iciation circu itry in dry -processing 
plants may produce the finished product sizes without further treat- 
ment. In wet-processing plants, drying the combined mill concen- 
trates produces the mill product. In this case, the dried concentrate is 
processed into the sized products in an additional screening facility. 


Processing 


Most vermiculite is consumed in thermally exfoliated form. Usu- 
ally, une xfoliated vermiculite concentrate, weighing 640 to 1,120 
kg/m?, is shipped in 100-t hopper railcars from the mills to exfoliat- 
ing plants throughout the United States and Canada. In recent years, 
there has been a gro wing trend to distribute vermiculite in smaller 
ton truck shipments of 10 to 20 t from centrally located distribution 
centers. This is especially true for vermiculite imported from China 
and South Africa. 

In the United States, most e xfoliation takes place in vertical 
furnaces in which the sized vermiculite concentrate falls through a 
hot zone produced by gas or oil burners. Exfoliation begins during 
the brief residence time in this zone, at 900°C or hotter, and contin- 
ues during accumulation in a hopper at the base of the furnace. The 
temperature and residence time in the hot zone determine den sity 
and appearance of the exfoliated vermiculite and the oxidative or 
reductive nature of the burner flame. 

Another type of furnace used toe xfoliate v ermiculiteis a 
rotary drum furnace. This type of furnace is commonly used out- 
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Figure 4. Processing circuit for the wet beneficiation of vermiculite 
ore 


side North America. The sizing and design of a rotary furnace used 
to exfoliate vermiculite are not necessarily appropriate for the ther- 
mal expansion of perlite, and one should not assume that an y fur- 
nace will process vermiculite and perlite equally well. 

Other furnace types ha ve been used toe xfoliate vermiculite, 
and the Torbed design seems to be effective with some concentrates 
that require higher temperatures _ or longer residence times. The 
Torbed furnace treats the vermiculite as a rotating fluid bed. Reports 
of good re sults in processing vermiculite in Torbed furnaces ha ve 
been made. 

After the v ermiculite has be en e xfoliated, an air sepa rator 
removes the nonexfoliating gangue material. Pu rified product is 
then packaged in 0.1-m? (4-ft3) paper bags for shipment. In lar ger 
plants, the e xfoliated vermiculite may be ground into powder or 
mixed with other materials to produce hor ticultural blends and 
industrial compositions. Some exfoliation plants may also e xpand 
perlite. Table 4 lists vermiculite exfoliation plants kno wn to be in 
operation during 2003. 


Specifications and Testing 


Vermiculite concentrates are i nvariably screened into various size 
ranges before shipment from the mill and further processing. In the 
United States, screening r esults in finished products with a mean 
particle diameter either one-half or double that of coarser and finer 
grades, respectively. Nominal top and bottom screen sizes used for 
various grades are 6.30 to 3.35 mm (3 and 6 mesh Tyler) for grade 
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Table 4. North American exfoliation plants in operation in 2003 


State or 
Company City Province 
United States 
Grace Construction Products Phoenix Arizona 
Thermo-O-Rock West, Inc. Chandler Arizona 
Sun Gro Horticulture Canada Ltd. Pine Bluff Arkansas 
Micronized Ultra Tech Vermiculite Richmond California 
Grace Construction Products Pompano Beach Florida 
Verlite Co. Tampa Florida 
Thermal Ceramics Inc. Girard Illinois 
Whitmore Co., Inc. Lawrence Massachusetts 
Isolatek International Stanhope New Jersey 
Schundler Company Metuchen New Jersey 
Southwest Vermiculite Co., Inc. Albuquerque New Mexico 


P.V.P. Industries 


J.P. Austin Associates, Inc. 


North Bloomfield 


Beaver Falls 


Ohio 


Pennsylvania 


Thermo-O-Rock East, Inc. Eagle Pennsylvania 
Vermiculite Industrial Corp. Pittsburgh Pennsylvania 
Grace Construction Products Woodruff South Carolina 
Palmetto Vermiculite Co., Inc. Woodruff South Carolina 


The Scotts Company 


North Charleston 


South Carolina 


Mandoval Vermiculite Products Houston Texas 
Vermiculite Products, Inc. Houston Texas 
Canada 
Grace Construction Products Edmonton Alberta 
Grace Construction Products Vancouver British Columbia 
Grace Construction Products Winnipeg Manitoba 
A/D Fire Protection Systems Scarborough Ontario 
Grace Construction Products Ajax Ontario 
Pargro Caledonia Ontario 
Normiska Corporation Lachine Quebec 
Perlite Canada Montreal Quebec 
Premier Horticulture Riviere du Loop Quebec 


number 1; 3.35 to 1.7 mm (6 and 10 mesh Tyler) for grade number 
2; 1.7 to 0.85 mm (10 and 20 mesh T yler) for grade number 3, etc. 
Imported concentrates are similarly sized, except on a metric scale. 
Approximate top and bottom sizes for these concentrates are 8.0 to 
4.0 mm (2.5 mesh to 5 mesh Tyler) for grade large; 4.0 to 2.0 mm 
(5 to 9 mesh Tyler) for grade medium; 2.0 to 1.0 mm (9 to 16 mesh 
Tyler) for gra de fine, etc. The actual particle-size distributions in 
vermiculite c oncentrates from a_ particular processing plant may 
vary because of changes in the character of the ore being processed 
or to match mark et demand. Th ere is norma lly no issue in volved 
with substitution of a metr ic-sized product for a similarly sized 
American product. For a vermiculite concentrate of equal grade and 
quality, metric sizing will produce a slightly larger average particle 
size, thus a slightly better bag yield. 

Ores and concentrates are normally analyzed for both grade and 
particle-size distributions. The dried sample is screened into various 
size fractions using sie ves and a m echanical shaking device. In t he 
United States, this is typically a Ro-Tap and a stack of U.S. or Tyler 
screens. Each screen fraction is weighed and then exfoliated in a fur- 
nace at 800° to 950°C. After cooling, the samples are again weighed 
and water flotation separates thee xfoliated vermiculite from the 
gangue material. The r emaining gang ue is d ried and weighed. The 
vermiculite concentrate is then cal culated by simple difference or, if 
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the vermiculite has been well ch aracterized, using a formula t hat 
accounts for excess moisture or overdrying of the sample. 

Because of the cost of mining and beneficiation, and the cost 
of transportation of the finished concentrate, mining and producing 
high-grade ores and pr oducts is preferred. Although lower grades 
can be tolerated in so me cases, ore feed grades are normally in the 
range of 20% to 35% vermiculite. Very high grade ores are some- 
times encountered that contain more than 80% vermiculite. 

An average grade of 90% is common for f inished c oncen- 
trates, and some concentrates occasionally approach 99% vermicu- 
lite. Th e co ncentrates a Iso ha ve spec ifications for the re lative 
performance of the material during thermal exfoliation. This can be 
measured from samples of concentrate by laboratory exfoliation in 
specially designed furnaces that simulate the performance of com- 
mercial exfoliating plants. 

Quality control of the exfoliated vermiculite is routinely main- 
tained by either weighing the packaged product as 0.1-m? or 4- ft? 
bags (bag weight) or by counting the number of bags pro duced 
from known amounts of concentrate (bag yield). 


USES 


Vermiculite finds use in a number of diverse applications, of which 
a represe ntative few are di scussed here. Vermiculite is used in 
products and applications in three primary forms: untreated con- 
centrate, thermally exfoliated, and the ground products of chemi- 
cal orthermale  xfoliation. Conventional uses fort hermally 
exfoliated v ermiculite incl ude horticultural product s such as 
growth media, con struction pro ducts such as lightweig ht ager e- 
gates, high-temperature insulation, and as a primary component in 
cementitious coatings. 

Cementitious mixtures of thermally exfoliated vermiculite and 
binding agents, such as gypsum plaster, have been important prod- 
ucts. Monokote, a product marketed by W.R. Grace & Company, is 
applied to structural steel members in commercial buildings (Bragg 
and Rothfelder 1973) and has cons umed major amounts of domes- 
tic vermiculite production. 

Vermiculite is used in building boards of various types. Fine- 
sized, untreated vermiculite concentrates are included in the prepa- 
ration of fire-resistant plaster board (Gre en and Sundber g 1971). 
Thermally e xfoliated v ermiculite c an be mix ed wi th a ppropriate 
binders and pressed into bo ards and other shapes (Tomandl 2002). 
Pressed vermiculite board could be used as a replacement for gyp- 
sum plaster board in many applications, but its prim ary use is for 
high-performance fire stops and protective enclosures 

Because of its high ab sorbency and chemical inertness, ther- 
mally exfoliated vermiculite has been used in industrial applica- 
tions for many years. One prod uct consists of long f abric tubes or 
socks filled with exfoliated vermiculite. These tubes are marketed 
as pigs by the Ne w Pig Corpo ration an d are distrib uted in the 
United States and exported worldwide. This product is used prima- 
rily to contain oil and similar liquids. 

Ground thermally exfoliated vermiculite is produced by two 
domestic v ermiculite companies andis also imported from the 
Republic of South Africa. The major use of this material is in fric- 
tion materials such as a replacement for asbestos in brak e linings. 
Ground vermiculite is also slurried with clay minerals for refractory 
mold release and other coatings. Ground exfoliated vermiculite is 
used in various refractory board products. 

Dispersions of gr ound chemically exfoliated vermiculite are 
produced and marketed for various coating and film-forming appli- 
cations. George F. Walker developed the first technology of vermic- 
ulite disper sions at the C ommonwealth Scientific and Industrial 
Research Or ganization (C SIRO) in Australia in the 1960 _ s. The 
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preparation and use of vermiculite dispersions have been the topic 
of a series of patents by a number of individuals, beginning with 
Walker (1967 ). Imperial Chemical Indu stries PLC (ICI) has don e 
further research on pr eparing and using v ermiculite dispersions, 
and product applications have been developed for in creasing the 
thermal stability of glass cloth, fl exible films, and plastic fillers. 
Armstrong World Industries and Hercules Incorporated have also 
done similar research. 

W.R. Grace & Company is currently the major supplier of ver- 
miculite dispersions in the United States, having acquired many of 
the patented applicati ons and technolo gies of ICI. Grace markets 
vermiculite dispersions as Mi crolite, and Fi respray International 
Ltd. manufactures and mark ets vermiculite dispersions as Aqua- 
Lite in England. 

The temperature at which vermiculite begins to undergo ther- 
mal exfoliation varies by composition of the ion-exchangeable layer. 
Langer and Marlor (198 1) took adv antage of this phenomen on to 
prepare intumescent gasketing material using low-temperature exfo- 
liating NH4 vermiculite. This gasketing material is used extensively 
in wra paround mats to cushion catalytic con verter assembli es in 
automotive applications. Minnesota Mining and Manufacturing and 
the Unifrax Corporation Intumescent currently manufacture seals. 

Untreated vermiculite concentrates are also used in some intu- 
mescent gasket applications and to reduce slag buildup on boiler 
tubes, primarily in coal-f ired electric utilities (Engstrom and Bain 
1983). Dearborn Chemical Company markets vermiculite used in 
this application as Firemate. 

Although the immediate market effects of ne w domestic and 
imported sources of vermiculite are not clear, the entry of new com- 
panies into th e indu stry sh ould prod uce new opportunities for 
growth. Vermiculite dispersions constitute only one ne w area. One 
should expect that vermiculite, in all of its forms, will continue to 
find application in detoxification of water and soil, nuclear waste 
containment and remo val, and industrial spill containmen t and 
cleanup. 


ECONOMIC FACTORS 


Many of the end uses of vermiculite are associated with construction 
and various industrial uses. Until the early 1990s, the consumption 
of vermiculite tracked the national economy to some extent, and the 
amount of vermiculite produced and consumed in the United States 
generally increased over a period of close to 70 years. The closure of 
the Libby operation in 1990 marked the end of this era of continued 
growth. 

It is difficult to do a detailed analysis of the vermiculite mar- 
ket using production and trade data because most vermiculite com- 
panies treat all b usiness data as proprietary. The U.S. Geological 
Survey (USGS) , ho wever, has been collecting and summarizing 
production and trade since 1996; before 1996 the U.S. Bureau of 
Mines (USBM) c ollected the data. It is genera lly ackno wledged 
that the data from USGS and USBM are the most accurate data 
available for the U.S. vermiculite industry. However excellent the 
data may be for determining trends and qualitative evaluations, one 
should use caution when attempting quantitative economic analyses 
for several reasons. First, the USGS and USBM data have been 
obtained primarily from a voluntary annual survey. Response to the 
survey is not legally required, nor is accuracy enforceable. Second, 
the value-added aspect of vermiculite products may go well beyond 
the liste d valuations of thermally exfoliated vermiculite, such as 
would be the case with vermiculite dispersions. 

Other sources of data and g eneral industry reviews are avail- 
able, including the annual reviews published by USGS (http://min- 
erals.usgs.gov/minerals/pubs/commodity/vermiculite) and Mining 
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Engineering, the most recent of which ha _ ve alr eady been men- 
tioned. The periodic reviews of the worldwide vermiculite industry 
published by RoskillI nformation Serv ices (http://www _.ros- 
kill.co.uk) are highly recommended. The Vermiculite Association 
(http://www.vermiculite.org) is an international industry or ganiza- 
tion now headquartered in London. Founded in 1948, the member- 
ship is drawn from vermiculite mining companies, exfoliation plant 
operators, and other industry professionals involved in the manu- 
facture of vermiculite-based products. 

The market price of vermiculite concentrates varies with parti- 
cle size, with the larger-sized products commanding higher prices 
relative to the more abundant finer sizes. The Li bby closure has 
eliminated the only major source of coarse-sized concentrates in the 
United States, and since the end of 1991 essentially all +2-mm ver- 
miculite consum ed in Nort h America h as be en imported from 
South Africa and China, with minor amounts coming from Australia, 
Brazil, and Zimbabwe. 

Typical market prices for domestic vermiculite concentrates 
currently range f rom $60 to $170/ t, depending on size and grade. 
Prices for im ported vermiculite concentrates range from $12 7 to 
$240/t, free on board (f.0.b.) Gulf Coast Port (Moeller 2004). 

Vermiculite became an important indus trial mineral because 
of uses de veloped for its thermally e xfoliated products. Although 
there are significant current and developing markets for nonexfoli- 
ated and ion-e xchanged vermiculite concentrates, at least 90% of 
commercial vermiculite is marketed after thermal exfoliation. It is 
not surprising, therefore, that the basic unit of | vermiculite trade 
after leaving the mine and m ill is bags, the major description of 
quality is bag yield, and the profitability of a processing p lant is 
keyed to the cost per bag. The cost per bag of exfoliated vermiculite 
is a combination of the price of vermiculite concentrate at the mine, 
plus the total cost of transportation to the exfoliation plant, plus the 
cost of exfoliation, packaging, and distribution. The value is calcu- 
lated based on the number of 0.1-m? or 4-ft? bags of exfoliated ver- 
miculite obtained from t he total amount of concentrate processed, 
including the gangue minerals (also known as grit or rock). It is not 
uncommon for the cost of transportation to ap proach 50% of the 
cost per bag. 

The bag yield (i. e., quality) of vermiculite concentrates 
depends on several variables, including the grade of the concentrate 
and the size distrib ution of the vermiculite particles. Althoug h the 
actual bag yield depends on the type of furnace used and the operat- 
ing conditions, the amount of thermal exfoliation of a v ermiculite 
concentrate can be measured by various laboratory techniques. The 
average value for all e xfoliated vermiculite produced in the United 
States is approximately $390/t, according to recent USGS estimates. 


HEALTH ISSUES 


There are no health issues reported to exist as aresult of normal 
handling and gener al exposure to vermiculite. Hessel an d Sluis- 
Cremer (1989), Addison ( 1995), and C hatfield (2001) discuss the 
relative safety of vermiculite. Although not attributed to vermicu- 
lite, on e wide ly reported situation is li nked to the asbe stiform 
amphibole minerals found in the Rainy Creek vermiculite ore body 
near Libby , Montana. The health issues as_ sociated with some 
former workers at the former Zono lite mine and mill are comple x 
and beyond the scope of this chapter. 


INDUSTRY TRENDS 


Perhaps a good indication of current trends in the vermiculite indus- 
try is the development of new products and applications for vermicu- 
lite. In 2004, there were 23 pending U.S. patent applications dealing 
directly with v ermiculite. Of those 23 patent applications, roughly 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Vermiculite 


half deal with products or uses for—1 mm product sizes in cluding 
vermiculite dispersions. The use of vermiculite in sprayable cementi- 
tious fireproofing products in the United States decreased int he 
1990s because of W.R. Grace’s introduction of MK-6 (containing 
shredded polystyrene) to replace MK-5 (containing exfoliated ver- 
miculite). In recent years, other products with the same general com- 
position and performance as the wi dely used MK-5 became readily 
available from other sources. For many years, Palabora America Ltd. 
(a subsidiary of the Palabora Mining Company, formerly known as 
American Vermiculite Company) has been the sole source of South 
African concentrates in the Unite d States, and Mandoval (a former 
subsidiary of Palabora) has distributed the material in Europe. Man- 
doval produced fireproofing and related products at a plant in Texas 
until 1998. Currently, cementitious fireproofing products contai ning 
vermiculite are manufactured by Isolatek Internat ional as CAFCO 
Fire Protection products and by Southwest V ermiculite Co., Inc., as 
Type 5GP. 

New products for w aste treatment and dispo sal may create 
significant new markets for vermiculite. Major tests at an electric 
power plant in Ohio began in 1992 to e valuate the effectiveness of 
thermally e xfoliated v ermiculite coated with m agnesium com - 
pounds to tr eat flue gases. Initial test w ork indicated significant 
reductions of sulfur and nitrogen gas emissions (Nelson 1988), and 
success of this technology on a large scale could foreshadow a sig- 
nificant increase in demand for the mineral. More recently, Lovell, 
Turchi, and Br okerick (200 4) us ed ion-e xchanged vermiculite to 
remove mercury from flue gas. 

Vermiculite in both untreated and thermally exfoliated forms 
has catalytic properties. It is expected that continued research will 
find uses for v ermiculite of both forms, and v ermiculite modified 
for use in or ganic and inorganic chemical treatment, nuclear stor- 
age, water purification, and toxic waste treatment. 
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INTRODUCTION 


Wollastonite is named afte rW .H. W ollaston (1766 —1828), an 
English chemist and mineralogist. It is a calcium metasilicate with 
the chemical form ula CaS i103. Wollastonite is the only naturally 
occurring, nonmetallic, white mineral that is acicular (needlelike) 
in crystal habit. This crystal habit and the mineral’s chemistry are 
the main reasons for w ollastonite’s rise in commercial use, which 
began in the 1970s and has continued to the present. As a nontoxic 
partial substitute f or short -fiber asbestos, w ollastonite became 
sought after in many polymer systems where mech anical strength 
and he at st ability are needed. The end uses_ range from fric tion 
brake materials to f ire-resistant asbe stos board to ceramic tile to 
industrial coatings. Exterior automotive parts and under-the-hood 
applications have benefited from the use of high-aspect-ratio grades 
of wollastonite. 

Until recently, the United States was the leading producer of 
wollastonite. In the last few years, however, China and India ha ve 
emerged as major producers. In 2005, China and India were ranked 
the number one and two lar gest pr oducers in the w orld, respec- 
tively. In Euro pe, another produc er and major supplier , Partek, 
exited the business, and in 2005 sold only small amounts to a select 
customer base. 


GEOLOGY 

Mineralogy, and Physical and Chemical Properties 
Wollastonite, a member of the pyroxenoid mineral group, has th e 
theoretical composition of 48.3% CaO and 51.7% SiO. Iron, man- 
ganese, magnesium, or strontium may substitute for some of the 
calcium. Ass ociated minerals include andradite, gr ossular, diop- 
side, calcite, quartz, tremolite, epidote, apatite, sphene, and plagio- 
clase feldspar. Wollastonite is primarily chemically inert; however, 
it can be decomp osed in hydrochloric acid as well as other strong 
inorganic acids. Organic acids, such as acetic acid, have little or no 
effect. In com mercial applications, wollastonite has demonstrated 
effective re sistance to t he ac tions of or ganic solvents, i ncluding 
oxygenated versions. 

Some wollastonite will fluoresce under shortwave or long-wave 
ultraviolet light, or both, with colors ranging from pink—orange to 
yellow-orange and, more rarely , bluish gree n. Wollastonite may 
show phosphorescence. 

Because of its unique cleavage properties, wollastonite breaks 
down during crushing and grinding in to lathlike or needle-shaped 


particles of v arying acicularity. This particle morphology imparts 
high strength, making it of considerable importance in many mar- 
kets. The acicularity of particles is defined by their length-to-width 
ratio. Wollastonite is marketed as either low-aspect-ratio (generally 
5:1 or less) and high-aspect-ratio (generally 12:1 and high er). 
Diameters, on the other hand, can range from a low of 2.5 um toa 
high of more than 40 um. Generally, the low-aspect-ratio grades are 
used as functional fillers where chemistry carries an equal value to 
morphology. Examples of end uses are found in architectural and 
industrial coatings, ceramic bodies and glazes, and foundry applica- 
tions. The high-as pect-ratio grades contri bute functionality , with 
the morphology playing a more important ro le than the chemistry. 
Examples include engineering resin compounds (such as nylon and 
polypropylene), phen olic molding compounds (such as friction 
brake materials), and rubber matrices (such as g askets). In these 
applications, wollastonite has served to fill the niche originally held 
by asbestos. 

The dry brightness and whiten ess of wol lastonite are al so 
important in determining its suitability for certain filler and ceramic 
applications. When pure, the mineral is brilliantly white, but impu- 
rities may color it cream or gray. Brightness is determined by mea- 
suring the reflectance of f inely ground po wder against a standard 
that is assigned a brightness of 100. Magnesium oxide and barium 
sulfate are the two standards used. GE brightness, a term used in 
North America, refers to brightness measured with a General Elec- 
tric reflectometer. Commercial wollastonite products usually have a 
GE brightness ranging from 85 to 95. The Hunter method is also 
used to measure the brightness of wollastonite. 

Loss on ignition (LO J), another important property in deter- 
mining applications for wollastonite, is the amount of volatile mat- 
ter driven off when the mineral is heated to 1 ,000°C. Commercial 
wollastonite products have an LOI ranging from 0.5% to 2.0%. 

Wollastonite’s naturally high pH of 9.9 (10% water slurry) is 
of major importance to its use in the coatings industry. The alkaline 
pH has been thor oughly documented as a chief contributor to wol- 
lastonite’s corrosio n-inhibiting pe rformance in hea vy-duty indus- 
trial coatings. Table 1 listssome of the selected pr operties of 
wollastonite. 


Origin and Mode of Occurrence 


Wollastonite is formed by both metamorphic and magmatic p ro- 
cesses that usu ally involve carbonate and intrusive igneous rocks. 
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Table 1. Selected wollastonite properties 
Crystal system Triclinic 


Crystal habit Bladed masses; acicular 


Cleavage 2 perfect at 84° and 1 good 

Color White, sometimes cream, gray, or 
very pale green 

Streak White 

Luster Vitreous to pearly 

Mohs hardness 4.5-5.0 

Specific gravity 2.87-3.09 

Melting point 1,540°C 

Transition point to pseudo-wollastonite 1,200°C 

Thermal coefficient of expansion 6.5 x 10° 

(mm/mm/°C) 

LOI 1,000°C 

pH 10-11 





Two types of deposits are kno wn—skarn deposits ( thermal meta- 
morphic and metasomatic) and carbonatites (magmatic). 

Wollastonite-rich sk arn de posits are for med by the the rmal 
metamorphism of siliceous limestone during regional deformation 
or asa result of lo cal intrusive igneous activity. The mineral can 
also form throu gh the me tasomatism of lim estone by siliceous 
hydrothermal so lutions alon g cont acts with ig neous intrusions or 
along fractures and faults. 

Wollastonite is formed by the following reaction: 


SiOz + CaCO3z = CaSiO3 + CO2 


At low temperatures, quartz and calcite will forma st able 
assemblage, as in certain types of marble. If the temperature rises to 
approximately 400° to 450°C, however, the reaction be gins and 
proceeds to the right until the supply o fa Icite or qua rtz is 
exhausted, at a pressure of about 1 x 10> Pa. The carbon d ioxide 
produced causes pressure to increase unless this gas escapes, and as 
the pressure rises, the temperature required for the reaction to pro- 
ceed increases, possibly to as high as 950°C. 

The mineral composition of each wollastonite deposit is depen- 
dent on geologic conditions, so the assemblage of associated gangue 
minerals differs from one deposit to another and even within a single 
deposit. Nevertheless, three basic assemblages are generally associ- 
ated wit h wollastonite: w ollastonite-garnet (grossular—andradite)— 
diopside (e.g ., Le wis, New Y ork); wollastonite—calcite—graphite 
(e.g., Har risville, Ne w York); and w ollastonite—diopside—quartz 
(e.g., Lac St. Jean, Quebec). Each assemblage refl ects the original 
composition of the host rock and the nature of subsequent metamor- 
phic and intrusive igneous events. 

A number of workers have studied the occurrence and origin 
of w ollastonite de posits inthe Adirondack Mountains, Esse x 
County, New York. These deposits are held by NYCO Minerals, 
Inc., a subsidiary of F ording Canadian Coal Trust. The ore bodies 
are typified by a simp le equilibrium assem blage of w ollastonite— 
grossular—diopside (de Rudder 1962). Accessory minerals are apa- 
tite and sphene. W ollastonite is intercalated with bands and lenses 
of grossular—andr adite and diopside—hedenbergite. The formation 
of wollastonite depended on the initial composition of the Precam- 
brian Grenville carbonate rocks and was independent of silica meta- 
somatism. Th ermal me tamorphism produced w __ ollastonite in 
siliceous limestones, diopside in siliceous dolomites, and garnet in 
argillaceous limestones. Minor alumina metasomatism from adja- 
cent ar gillaceous sed imentary ro cks caused the de velopment of 
thick grossularitic skarns bordering the ore bodies. 


The wollastonite in Esse x County is associated with maf ic 
metasedimentary rocks (amphibolites and pyroxene gneisses) hav- 
ing mineral assemblages characteristic of both hornblende—granu- 
lite and p yroxene—granulite subf acies of re gional metamor phism. 
de Rudder (1962) concludes th at the gn eissic structure of these 
metasedimentary rocks, their granoblastic texture, the lack of rec- 
ognizable metamorphic halos, and the high- grade mineral assem- 
blages indi cate tha t rel atively high temperatures and pressu __res 
prevailed for long periods of tim e. The maf ic metasedimentary 
rocks enclose a wollastonite—grossular—diopside assemblage that is 
considered typical of either the hornblende—hornfels or the pyrox- 
ene—hornfels facies of contact metamorphism. As a result, de Rud- 
der pro poses that th e conditions of metamorphism can best be 
termed thermal-load metamorphism, and defines this term in the 
context of t hermal me tamorphism c aused b y the proxim ity of 
magma at great depths and very high uniform pressure. 

The environment of metamorphism at NYCO’s deposits must 
be inferred from f ield relations, mineral assemblages, thermody- 
namics, and experimental data. Ba sed on these criteria, de Rudder 
(1962) believes that the range of temperature and pressure most con- 
sistent with known data is 750° to 950°C and 6 to 12 x 10° Pa. This 
would correspond to a burial depth of approximately 30 + 10 km. 

O’Hara (1976) disputes de Rudder’s statement that the origin of 
NYCO’s wollastonite was a contact metamorphic event triggered by 
the intrusion of anorthosite into gr anulite facies rocks at a depth of 
30 km and a temperature of 750° to 950°C. Instead, O’Hara suggests 
that uplift occurred after regional met amorphism and before the 
anorthosite intrusion. Thus, the anorthosite intruded the metasedi- 
ments in a lo w-pressure en vironment (e.g., about 2x 10° Pa and 
650°C). The heat from the intrusion caused thermal metamorphism 
of metasedimentary rocks and the crystallization of wollastonite. 

Other authors (Grammatik opoulos, Clark, and Vasily 2003) 
attribute the formation of hig h-grade w ollastonite skarn dep osits 
(e.g., NYCO) to infiltration metasomatism. In this model, wollasto- 
nite development resulted from the interaction between infiltrating 
fluids, calcitic marble (possibly interclated with dolomitic marble), 
and clastic, quartz-rich domains . The fluids were controlled by 
fractures and porosity of the original beds. 

Wollastonite is also found inca rbonatites, where it crystal- 
lized from carbonatite magma. Carbonatite de posits generally are 
found as near-surface intrusions associated with nepheline syenite 
or nephelinite in complexes of elliptical or circular outline. Wollas- 
tonite deposits in carbonatites are of lower grade than skarn depos- 
its but are potentially economically valuable. It is improbable that a 
carbonatite would be mined for wollastonite alone, but the mineral 
might be obtained as a by-product. 


WORLD WOLLASTONITE DEPOSITS AND ACTIVITIES 
United States 


Two comp anies in th e stateof New York produced wollastonite 
commercially in 2005. The NYCO operation is in northeastem New 
York (Essex County), near Lake Champlain, within the boundaries 
of Adirondack Park. R.T. Vanderbilt Company has an operation in 
northwestern Ne w York (Lewis County), near the St. Lawrence 
River. 

NYCO is the largest of the tw o domestic producers with 2004 
sales of 82 kt (includes the operation in Mexico described in the rele- 
vant section in this chapter), with a v alue of $34. 8 million. From 
1943 to 19 82, NYC Omi ned w ollastonite fr om the F ox Knoll 
deposit, initially by open-pit and later by underground methods. The 
deposit is approximately 4km southwest of NYCO’s pr ocessing 
plants at Willsboro. After the Fox Knoll deposit was shut down, the 
Lewis deposit, which is about 23 km southwest of the plants, became 
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Table 2. Selected Canadian wollastonite deposits 


Name Location 


Resource 





Deloro 
Mount Grove 


Marmora, Ontario 


Olden Township, Ontario 


2 Mt at 40% wollastonite 


2.7 Mt containing 32% wollastonite, 63% calcite, and 5% diopside 








Seeley’s Bay Kingston, Ontario 9 Mt, grading 41% wollastonite 

3 Mt, grading 30% wollastonite 
Lac St. Jean Quebec 5 Mt, proven at 37% wollastonite 
Montreal-Gatineau area Quebec Unknown; numerous deposits 
Wormy Lake Sechelt Peninsula, British Columbia 50 Mt 
Table 3. Major current and past wollastonite producers in Mexico 

Output, 

Name Location Finished Product, t Markets Current Status 
General de Minerales Guadalupe, Zacatecas 20,000 (1993) Domestic ceramics primarily Plant shut down in 1995; current status unknown 


SA (Lamosa Group) State 


Santa Catarina, 
Zacatecas State 


Minerales y Maquiles 9,000 


del Norte, SA 


Minera NYCO SA Northwest of Hermosillo, 240,000 t nameplate 
de CV Sonora (Pilares deposit) capacity 
Compania Minera Near Pichucalco, 1,000 


de Cerralvo Chiapas State 


Primarily ceramics and 
metallurgical 


Global; powder products 
(e.g., ceramics) 


Produces low-aspectratio grades with 85% of 
production for domestic consumption 


Started operations in 1997, but significantly 
curtailed planned production; estimated annual 


Domestic paint industry 


production of <30,000 t 


Wollastonite was by-product of copper operation; 
current status unknown 





the feedstock source. Wollastonite comprises up to 60% of the Lewis 
ore, with 30% garnet and 10% diopside accounting for t he balance. 
The deposit a verages 49% wollastonite. Additi onal reserv es are 
available at NYCO’s Oak Hill deposit, averaging 45% w ollastonite. 
A third deposit, Deerhead, grades 25% w ollastonite. According to 
NYCO, the three deposits total 6 Mt of reserves. 

All of NYCO’ s de posits were formed by contact m etamor- 
phism and metasomatism of Precambrian siliceous carbonates by an 
anorthosite intrusion. NYCO’s processing plants at W illsboro pro- 
duce a full product line ranging fr om a milled (lo w-aspect-ratio or 
powder) grade of -45 um (—325 mesh) to sur face-modified, —10 pm 
(—1250 mesh), high -aspect-ratio (15:1 to 20:1) products. Magnetic 
separation removes accessory garnet and diopside from the wollas- 
tonite. Jet mills are used for producing high-aspect-ratio products. 

The R.T. Vanderbilt deposit is near Harrisville, and started 
production in 1977. In 2005, both underground and open-pit opera- 
tions we re ac tive. The deposit was forme d by c ontact me tamor- 
phism and metasomatism of Precambrian siliceous carbonates by a 
syenite intrusion. It differs from NYCO’s deposits in that garnet is 
absent. The ore contains up to 90 % wollastonite, with associated 
blue calcite, graphite, preh nite, magnetite, and diopside (Gerdes 
and Valley 1994). The ore body is differentiated, with large pods of 
wollastonite being separate from gangue zones. This allo ws selec- 
tive mining of the ore zones. Wollastonite ore is crushed at the mine 
site and then truck ed approximately 19 km to a plant near Balmat. 
Both lo w-aspect-ratio and high-aspect-ratio grades ar e produced. 
Some of the prod ucts are surf ace treated. Estimated produ ction is 
40 ktpy. 

Other deposits, mostly in the western United States, have been 
explored with past attempts at starting operations. In the late 1990s, 
the American Wollastonite Mining Company (currently known as 
Previa Resources Ltd.) was evaluating and seeking investment capi- 
tal for a deposit near Tonopah, Nevada. Stated reserves were more 
than 1 Mtat6 0% w ollastonite, with anaspect ratio of 16:1. 
Although a 10-kt pilot plant was under construction at one time, 
this venture had ceased as of 2005. 


Canada 


In Quebec, Orleans Resources reported in the 1990s that it had the 
potential to be a major producer . Because of certain tech nical and 
marketing problems, however, the operation ceased p roduction by 
2000, and the plant has been comp letely dismantled. As of 2005, 
only one d eposit was actively being evaluated, the Seele y’s Bay 
property owned by the Canadian Wollastonite Company. The com- 
pany was seeking a joint-venture partner. 

The deposits that have had the most exploration and develop- 
ment are concentrated in Que bec, Ontario, and Br itish Col umbia. 
The geology is primar ily anorthos ite associ ated with marble and 
calc-silicate rocks (see Table 2). 

In most, if not all, of thes e deposits, flotation and magnetic 
separation would be req uired to process the mineral to achieve 
yields approaching 90% w ollastonite. Most of the deposits are 
reported to have at least an 8:1 aspect ratio, and some aspect ratios 
are >20:1. Ram Petroleums Ltd. originally evaluated the Moun t 
Grove deposit in 1990. With a stated aspect ratio range of 17:1 
to 24:1, planned production called for 30 ktpy of wollastonite and 
54 ktpy of calcium carbonate. The economic viability is unknown, 
and the project is believed to have been terminated. 


Mexico 


The established and known producers of w ollastonite are co ncen- 
trated in the states of Zacate cas and Sonora. Produ ction in 2 003 
was estimated at 52 kt (Virta 2004). Other states where wollastonite 
has been produced include Chiapas, Durango, Morelos, and 
Tabasco. Table 3 sho ws details of the major current and past p ro- 
ducers in Mexico. 

Minera NYCO mines w ollastonite from the Pil ares de posit. 
The de posit is situated in a north-dipping sequence of P aleozoic 
calcitic marbles and quartzites in close proximity to granitic rocks 
of C retaceous a ge. The S an Hec tor deposit is ne art he Pilares 
deposit. Reserves grading more than 50% wollastonite and contain- 
ing >100 Mt are rep resented by the two deposits combined. As of 
2005, the San Hector deposit w as d ormant. The Minera NYCO 
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Table 4. Wollastonite producers in China, 2001 





Name Location (Province) Capacity, tpy Resource Number of Mines 
Lishu Wollastonite Mining Industry Co. Mostly in Jilin and Liaoning 80,000 ~ 20 Mt 10 
Nanchuan Minerals Group Guangdong and Jilin 30,000 and 10,000, respectively Unknown 2 
Sanyi Mining Development Co. Jilin 60,000 Unknown 4 
Jilin Wollastonite Development Co., Ltd. Jilin 24,000 (mill capacity) 

50,000 (mine capacity) 1.5 Mt ] 
Xinyu South Wollastonite Industry Co., Ltd. Jiangxi 50,000 (lump) 

20,000 (milled) Unknown Unknown 
Anhui Pioneer Mining Co., Ltd. Anhui 20,000 (lump) 

6,000 (milled) Unknown 2 
Daye Wollastonite Mine Hubei 30,000 (lump) Unknown Unknown 
Dayu Mineral Materials Co., Ltd. Liaoning 20,000 Unknown Unknown 
Changxing Wollastonite Mine Co., Ltd. Zhejiang 25,000 (lump and high-aspect-ratio) Unknown Unknown 





facility utilizes both flotation and magneti c separation to remo ve 
calcite, quartz, and diopside from the wollastonite. 


China 


Approximately 50 deposits ha ve been discovered in 19 pro vinces. 
Of these, 30 deposits have been extensively explored (Lu 1998). 
The deposits are concentrated in the provinces of Jilin, Y unnan, 
Jiangxi, Qinghai, and Liaoning. Resources are estimated at 130 Mt. 
China holds the largest number of deposits and mines and is consid- 
ered to be the world’s largest wollastonite producer (V irta 2004). 
Output from viable operations is believed to be abou t 300 ktp y, 
with domestic consumption approximately 100 ktpy (Moore 2003; 
Hawley 2004). Chinese wollastonite dominates in po wder grades 
for ceramic and metallurgical ap plications and recent ly, high- 
quality, high-aspect-ratio grades have emerged. 

Table 4 lists the major producers in China in 2001 ( Kendall 
2001; Virta 2004). 

In 2004, it was reported that China produced from 60 small 
operations (Hawley 2004). The industry, however, has consolidated, 
resulting in nine companies con trolling ore processing and produc- 
tion in 2005. T he Jilin W ollastonite Development Co., Ltd. signed 
an agreement in 2004 with S&B I ndustrial Minerals S.A., pen ding 
Chinese government approval. In this agreement, S&B would have 
51% control and would manage the operation (Virta 2004). 


India 


In 1969 the Belkappahar wollastonite deposit w as discovered near 
the village of Khila in the Jodhpur Division of Rajasthan State. The 
deposit consists of three zones of w ollastonite interbedded with 
pyroxenites and gamet-bearing gneisses that ha ve re placed lime- 
stone. The or e contains about 96% w ollastonite, associated with 
minor calcite, garnet, diopside, and quartz. Proven reserves are esti- 
mated to be appr oximately 50 Mt, and probable reserves are about 
200 Mt. Wolkem India Ltd. operates two open-pit mines, one at 
Belka Pahar, the other at Kheratarla. The plants are at Si_rohi and 
Udaipur, and produc e milled, high-a spect-ratio, and surf ace-modi- 
fied grades. W olkem serv es various markets, including ce ramics, 
metallurgical, coatings, and plastics. Production for 2003 is reported 
to range from 160 kt (Mahajan 2003) to 176 kt (V irta 2004). India 
ranks as the world’s second leading producer of wollastonite. 


Finland 


Partek Industrial Minerals produces wollastonite as a flotation by- 
product with ca Icium carbonate. The operation is in southern Fin- 
land near Lappeenranta. At one time, the c ompany was rated the 


world’s fourth lar gest producer of w ollastonite. In 20 04, however, 
production was only 27.5 kt. The wollastonite occurs in the central 
portion of an elliptical body of Archean limestone. Within the wol- 
lastonite deposit are stringers of calcite, dolomite, quartz, diopside, 
and leptite. Reserves are estimated at 3 to 4 Mt at an average grade 
of 20% w ollostanite, although the grader eaches 60% in certain 
areas. The compan y also control s another w ollastonite deposit at 
Savitapale that is estimated to contain 20 Mt grading 25% to 35% 
wollastonite. 


Other Countries 


Other small producers of wollastonite include Estudios y Pro yectos 
Mineros Ltda. in Chile; Kalema den in T urkey; Morocco Minerals 
Co. in Morocco; Ati Ri ver Mining Ltd. in K enya; and Namaqua 
Wollastonite Pty Ltd. in South Africa. 

In addition to the countries listed, lesser amounts of produc- 
tion are reported for Pakistan and North Korea (B olger 1998). 
Undeveloped wollastonite deposits have been documented in Ser- 
bia, the Czech Repu blic, Poland, the Co mmonwealth of Ind epen- 
dent States, Lithuania, S weden, S pain, France, It aly, Gre ece, 
Switzerland, Namibia, Cuba, Ne w Zealand, Aus tralia, and Japan 
(Bauer, Copeland, and Santini 1994). 


TECHNOLOGY 
Exploration and Evaluation of Deposits 
Exploration for commercial wollastonite deposits begins with defin- 
ing the target parameters, which include the desired location, miner- 
alogy, and mi nimum tonnage. A hypo thetical example might be 
Ontario, Canada, with 5 Mt averaging +50% w ollastonite with no 
calcite. The next step is to de velop an exploration plan, which may 
include r esearching kn own deposits, mining districts, and other 
areas with a geological environment suitable for wollastonite forma- 
tion. Favorable geological features may include igneous intrusions, 
such as anorthosites and syenites within a Precambrian metamorphic 
terrane containing calc-silicate rocks, such as_ those found in Ne w 
York, Canada, and Finland. Jurassic and Cretaceous granites within 
a Paleozoic metamorphic terrane containing calc-silicate rocks, such 
as in the western United States and Mexico, are another example. 
Once e xploration tar gets ha ve been establishe d, ani_nitial 
reconnaissance geologic examination of the selected areas is con- 
ducted. Geologists use various exploration techniques, including 
field checking for host lithologies based on existing geologic maps; 
geologic map ping of host lithologies using aerial photos; stream- 
sediment sampling (e.g., for asso ciated garnet and diopside); grab 
or channel samplin g or b oth; and mineralogical, ph ysical, and 
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chemical testing of field samples. Geophysical techniques have sel- 
dom been used during regional reconnaissance, because wollasto- 
nite-rich rocks e xhibit no pronounced gravimetric, electrical, or 
magnetic properties. 

In some areas , such as NYCO’s Fox Knoll, Lewis, Oak Hill, 
and Deerhead deposits, wollastonite-rich rock does not usually crop 
out, partially because of its relatively low resistance to weathering 
in humid climates. This can impede the early stages of exploration. 
In such areas there may be geom orphological features that can b e 
used int racing wollastonite hor izons. W ollastonite tha t is v ery 
coarse grained or co ntaminated with quartz (or both) can remain 
exposed after long periods of chemical weathering. Typically, the 
mineral is more resistant to weathering in arid climates, such as in 
certain parts of Mexico and the western United States. 

After prospects have been identified, a more detailed geologic 
examination is conducted. Th is includes geologic map ping, core 
drilling, and trenching. Wollastonite samples generated durin g this 
phase of exploration are subjected to x-ray diffraction for mineral- 
ogical analysis an d x-ray fluorescence for chemical ana lysis. In 
addition, LOI, brightn ess, and as pect ratio are determined. Petro- 
graphic examination of thin sections from selected samples can be 
useful as well. 

If the exploration phase yields favorable results, it is then nec- 
essary to extract a bulk sample of representative material from the 
deposit for additional te sting to determine what mark etable prod- 
ucts can be pr oduced. The b ulk sample is subjected to the same 
tests as the drill core samples. Based on analytical results, the bulk 
sample may be beneficiated by dry or wet laboratory-scale methods 
to upgrade the material to stand ard commercial specifications by 
removing gangue minerals. Laboratory-scale test work may include 
combinations of the following steps depending on whether a dry or 
wet process is r equired: hand sorting, crushing, screening, pebble 
or ball mill grinding, flotation, high-intensity magnetic separation, 
thickening, f iltration, drying, and pebble and jet mill grinding. 
Products resu Iting from benef iciation tests are subjected to th e 
same analyses as the core sample s. In addition, products are tested 
for surface area, bulk density, oil absorption, and particle size distri- 
bution. Scanning electron micr oscope (SEM) photographs of each 
product are also taken. 

Mining 

Wollastonite deposits are mi ned by open- pit and under ground 
methods. Drilling and blasting are necessary to fragment the w ol- 
lastonite. At the wollastonite deposits in New York’s Essex County 
(held by NYCO), fore xample, both mining methods have been 
employed. Open-pit mining at the Fox Knoll deposit began in 1951. 
Increasing overburden c ombined with the dip of the w ollastonite 
horizon resulted in higher stripping ratios, requiring mining opera- 
tions to mo ve under ground in 1959. The deposit w as mined by 
underground methods until it was closed in 19 82. Production 
shifted to the Lewis deposit, which is mined by open-pit methods 
with bench heights of 10 m. Wollastonite is crushed at the mine site 
and transported to the plants at Willsboro, New York, for further 
processing. 


Processing 


Because the mineralogy of wollastonite largely determines whether 
it can produce high-purity concentrate, that mineralogy is the key 
issue ine valuating a deposi t. Ideally, an ore -processing syst em 
should be capable of reco vering a concentrate of at least 97%— if 
not 99% —wollastonite. Important mineralogical factors include the 
type of gangue minerals present, the grain size, and the extent to 
which grains of constituent minerals are intergrown. 


Deposits of wollastonite commonly contain garnet and diop- 
side, which are nonwhite and must be removed. Both of these min- 
erals are weakly magnetic, and therefore can be removed from the 
wollastonite using high-intensity magnetic separators. Wollastonite 
is often associated with large amounts of calcium carbonate, which 
must be removed by flotation. 

The general flowsheets in Figures 1 and 2 display the dry and 
wet methods emplo yed to proce ss w ollastonite. In Ne w York, 
NYCO uses the dry method; in Mexico, the company uses the wet 
method. 

Other minor components are present in such small amounts, 
typically 0.5% and less, that they do not contribute to any wollasto- 
nite performance issues anddo notneedto be remo ved. MgO, 
MnO, TiO2, and Al,O3 are examples of these components. 

If a deposit isto supply all of the wollastonite markets, it 
must be able to yield high -aspect-ratio as well as mil led (1 ow- 
aspect-ratio or po wder) product grades. Equally important is the 
particle size at which high- aspect-ratio grades can be produced. 
For example, it is possible to produce a 14:1 aspect-ratio grade 
with a diameter of 2.3 pm and another grade with the same aspect 
ratio that has a diameter of 9.0 ym. In this example, both will differ 
in average length of particles. To ensure optimum performance of 
high-aspect-ratio grades, controlling the top size and the amount of 
fines is also part of the processing technology. 

Processing impro vements integral to ne w p roduct de velop- 
ment focus on the following target markets: 

¢ High-aspect-ratio, fine-particle-size grades used as rei nforce- 
ments to com pete against milled glass fiber, synthetic fibers, 
and whiskers 


Fine-particle-size, high-aspect-ratio grades to compete against 
other mineral reinforcements, such as talcs and clays, in ther- 
moplastic compounds 


Incorporation of new coupling agents to expand the useful- 
ness of w ollastonite into emer ging markets, such as w ood 
composites 


Specifications and Typical Reported Properties 


Wollastonite specifications and typical reported properties follow: 
¢ Milled grades: Particle size, including top and median diame- 
ter, are measured either by opt ical measuring de vices or by 
sedimentation methods . Wet and dry screen retentions are 
commonly r eported. Oth er specif ications can include color 
(whiteness), brightness, oil absorption, LOI, loose and tapped 
bulk density, and particle size distribution. 


High-aspect-ratio grades: In addition to measurable particle 
size properties, loose and tapped bulk density are determined. 
Other properties can be screen analysis, surface area, and oil 
absorption. In one ap plication (fire-resistant cement boards), 
sedimentation value is frequently requested as a specification. 


Chemically modified wollastonite: In add ition to t he specifi- 
cations and properties listed in the first two bullets, the type of 
chemical and amou nt of residual active ingredient can be 
specified. Percentage of moisture is often noted as well. 


Wollastonite By-products and Coproducts 


An often critical aspect in the development of an industrial mineral 
deposit is the potential for selling by-products or coproducts. This 
is somewhat true of wollastonite, but is probably not as important 
as for other minerals. 

In at least one operation, the Partek operation in Lappeenranta, 
Finland, wollastonite itself is the coproduct. The wollastonite occurs 
ina ca lciumc arbonate deposit, which is the principal material 
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Figure 1. Wollastonite processing (dry) 
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Figure 2. Wollastonite processing (wet) 


coproduced. In this case, w ollastonite would have to be mined and 
wasted if it were not reco vered as a coproduct. Partek has success- 
fully marketed and sold this high-quality form of wollastonite. 

In another example, NYCO has successfully removed the gar- 
net and diopside by-pr oducts at its operation in Willsboro, New 
York. These b y-products are cr eated by using high-intensity mag- 
netic separation to remove the garnet and diopside from the wollas- 
tonite. The garnet is a substitute for silica sand in abrasive blasting 
and multilayer water-filtration systems. 

In other operations around the world, the g eneration of by- 
products is less important. In some locations, however, wollastonite 
is found associated with calcium carbonate, which is removed using 
flotation. Onc e re covered, it isa source of li me for a gricultural 
uses. 


Synthetics 


Synthetic calcium metasilicates have been produced commercially 
for many years in various parts of the world, including the United 
States, Denmark, Germany, Italy, and Brazil. Most of the synthetics 
are hydrous, and in contrast to naturally occurring calcium metasil- 
icate, they have high absorptivity and lack the characteristic acicu- 
lar shape. 

The synthe tic ca Icium me tasilicates m ade in De nmark a re 
produced from silica sand and chalk under the trademarked name of 
Synopal. Basically the process is slurrying the chalk and silica sand 
with small amounts of dolomite, which acts as a flux. The slurry is 
heated to about 1,560°C in a kiln , forming a viscous paste that is 
then water cooled. When solidified, the material is crushed and 
screened, then reheated in a sec ond kiln at 1,2 50°C, which facili- 
tates crystallization. The finished product is subangular, white, and 
opaque, and consists of about 50% wollastonite and 50% gehlenite 
(CazA1,Si07) and akermanite (MgCa2Si207). The Synopal wollas- 
tonite has been used in road surfacing, mosaic tiles, flooring, and 
roof tiles. 

In Italy, a synthetic product has been produced in a method 
similar to the Danish process. Additional uses that have been men- 
tioned include road material, abrasives, and ceramics. In Brazil, a 
synthetic calcium meta silicate had been produced for the welding 
rod flux, ceramics, and r efractories mar kets. Recent reports, 
though, suggest that the company that produced this material is no 
longer providing the synthetic form. 

In the United States, both hydrous an —_ dan hydrous calcium 
metasilicates ha ve been manuf actured by PPG Industries (Sil ene 
grade), and by Manville Products Corporation (Micro-cel). Many 
grades are reported to have been made of both types, and the typical 
manufacturing process is autoclaving lime, silica sand, and dolomite 
slurries at high pressures and temperatures. 

In 2003,a U.S. patent was granted that disclosed synthetic 
calcium metasilicates and methods fo r producing them ( Withiam, 
Conley, and Y annul 2003). The calcium metasilicates were 
described as having low aspect ratios (1:1 to 2.5:1) and oil absorp- 
tions from 20 mL/1 00 g to about 220 mL/100 g. In this patent, the 
end uses for the synthetic wollastonite are described as being a vet- 
erinary pharmaceutical prepar ation,af ormed food product, a 
formed agricultural product, and a formed home care product. 

Other uses for synthetic w ollastonite have been those where 
the natural form has been used. The deciding factor is proximity of 
natural wollastonite, especially if the quality is high. Because of the 
necessity for purity of chemistry, the ceramics industry and the 
refractories industry have had to rely on the synthetic version in the 
past, although this seems to have declined in recent years. Synthetic 
calcium metasilicate is believed to be used in some flat glass manu- 
facturing. A companion product, synthetic diopside, is made asa 
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source of magnesium. Other uses for the synthetic form have been as 
a flow aid in powdered materials, in foam manufacture, and in min- 
eral wool. 


ECONOMIC FACTORS 
Demand and Consumption 


According to Virta (2003), the major domestic supplier of wollasto- 
nite, NYCO, ind icated that sales from its combined operations in 
Mexico and the United States were 75 kt in 2003. This is 11% less 
than reported in 200 2. Reasons cited were global 0 versupply and 
offshore competition from sup pliers in China and India. En d-use 
sectors reporting declines in wollastonite con sumption from th e 
same study were cera mics (using calcium carbonate as a lo w-cost 
and local substitute) and metallurgical uses (lower steel production 
and using either lower-cost minerals or lower-cost imported wollas- 
tonite). Sales did increase to 82 kt in 2004. 

Hawley (2004) reported the distribution of U.S. consu mption 
of wollastonite for 2003 to be plastics (37%); ceramics (28%); paint 
(10%); metallurgical (10%); friction products (9%); and miscella- 
neous (6%). T his la tter c ategory includes fire-resistant ce ment 
board (a type of wallboard), adhesives, sealants, and caulks. New 
markets are developing in cement and concrete compositions, and 
in selected rubber-based polymer sealants. 

Demand for woll astonite is steady, with single-d igit growth 
expected through 2010. Some sectors could e xperience mor e 
aggressive growth into double-digit figures, but the average of all 
industries is lik ely to be in th e single digits. Co mpetitive mineral 
products have influenced some of the consumption of wollastonite, 
especially in the engineered plastics market. The introduction of 
very fine talcs and nanoclays and other nanoparticle—size minerals 
into the plastics market has impacted the use of wollastonite. This 
has been noticed especially in the production of nylons and thermo- 
plastic olefins (TPOs). Surf ace-modified versions of wollastonite, 
however, will continue to be strong market participants. In recent 
years, ne w of ferings of organosilanes h ave e xpanded the use of 
wollastonite i n the rmoplastics. The au tomotive ind ustry gre atly 
influences the consumption of v alue-added grades of wollastonite. 
If automotive manufacturing is growing because of increased sales 
of new models, for example, development of new plastic parts with 
mineral reinforcement will require wollastonite. Additionally, other 
industries tied to automotive manufacturing and sales, such as fric- 
tion brake products and rub ber-based gaskets, will continue their 
demand for wollastonite as well. 


Supply 

In the last several years, the North American market has se en the 
expansion of one tradit ional supplier, R.T. Vanderbilt, into ne w 
grades of both low- and high-aspect-ratio grades, including surface- 
treated versions. As pr eviously mentioned, Vanderbilt mines and 

processes wollastonite at its location in Le wis County, New York. 
This same market has seen the major supplier, NYCO, bring a plant 
(240 ktpy) onstream in Sonora, Mexico during 1998, only to curtail 
production a fe w years later. This leaves NYCO again hea _ vily 
dependent on its original operation in Esse x County, New York 
(capacity of 110 ktpy). 

Imports of w ollastonite into North American ma __rkets ha ve 
been active for many years. India and China h ave introduced high- 
quality grades to various markets. Currently the Indian material is 
available in low- and high-aspect-ratio forms, as well as in surf ace- 
treated grades. Apparent markets are for thermoplastics and thermo- 
set compositions. Chinese wollastonite has been successfully intro- 
duced into metal lurgical and cera mics applications. In addition, 
specialized toll processors of Chin ese ore ha ve been suc cessful in 


supplying high-asp ect-ratio, surface-treated grades for plastics 
applications. At least one sour ce (Hawley 2004) has repor ted that 
there are more than 60 w ollastonite operations in China, but most 
likely less than 10 are acti ve in exporting outside of C hina or the 
Asian Pacific basin. 

Other w ollastonite deposits in North America that may be 
active in the future can be found in British Columbia and Ontario. 


Pricing 
The U.S. Geological Survey (USGS) minerals yearbooks for 2 002 
to 2004 (Virta 2002, 2003, 2004) give prices for wollastonite that 


range from $50/t for lump to $1,700/t for ultrafine, surface-treated 
wollastonite. Prices for domestically produced wollastonite are 


¢ 200 mesh, ex works, $226/t 
325 mesh, ex works, $273/t 
400 mesh, ex works, $303/t 
Acicular, high-aspect-ratio, ex works, $380/t 


Prices for wollastonite from China (all free on board [f.0.b.]) are 
200 mesh, in bulk, $80 to $100/t 

325 mesh, in bulk, $90 to $110/t 

250 mm lump, $50 to $60/t 

150 mesh, bulk or big bags, $65 to $80/t 

200 mesh, bulk or big bags, $70 to $85/t 

325 mesh, bulk or big bags, $75 to $90/t 


Historically, th e selling prices of w ollastonite ha ve been 
largely determined by the grade v ersions and the amount of acicu- 
larity (as in aspect ratio). Furthermore, because economic wollasto- 
nite deposits are not widespread, freight costs for transporting it to 
users tend to be higher than for more widely found minerals (such 
as calcium carbonate and silica sand). 

The addition of surf ace-modifying chemicals (coupling 
agents) can add a sig nificant amount to the price of wollastonite. 
Some grades have been reported to have prices close to $2.00/kg as 
the result of adding chemicals. 

Prices reported here are only guidelines used to determine the 
value of w ollastonite as am ineral. Actual prices can depen don 
contractual terms between suppliers and consumers. 


MARKETS 


Historically, w ollastonite has be en used to replace short-f —_iber 
asbestos, a use that be ganits growth as a commercial m ineral. 
Beginning in the 197 Os, this gr owth continued into 2005. W orld- 
wide consumption of wollastonite has significantly increased since 
its early days. In 1959, world production was approximately 34 kt. 
By 2004, world production was approximately 575 kt (Virta 2004). 
The ma jor use s for wollastonite are fire-resistant pro ducts, 
ceramics, metallurgy, paints and coatings, plastics, friction brak e 
materials, and natural and synthetic rubber (including elastomers). 


Fire-Resistant Products 


This group o f products in cludes interior and e xterior construction 
boards, roofing tiles, shingles, and slates, shaped and formed insu- 
lation, extruded sheets and slabs, corrugated sheets, and siding. The 
prevalent types are calcium-silicate—based, fiber-cement—based, or 
asbestos-fiber-cement—based. The typical production metho ds are 
slurry, slurry—net, extrusion, or spray processes. 

The benefits of wollastonite to these products include 


¢ Improved thermal stability, including fire resistance 


¢ Reinforcement, including microreinforcement 
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Table 5. Key properties and benefits of wollastonite use in ceramics 


Property Benefit 





Performs like a natural frit 


Mineral chemistry of 
combined CaO and SiOz 


No outgassing 


Amount of silica can be reduced, which 
means better opacity control in matte or 
opacified glazes 


High melting temperature Lower vitrification temperatures 


¢ More efficient melting control 


Improved sintering, strength, and thermal 
expansion control 


Acicular particle shape 


Stronger body 


Acts as flux at high temperatures to 
accelerate even melting at lower 
temperatures 


Firing temperatures 


At lower temperatures, acts as a refractory in 
matte glazes 


Glaze melting improved because lesser 
amounts of flint added to glaze batch 


Source of calcium 


Low LOI 


Improved color strength 


Reduced number of pin-hole defects 





Improved fle xural tough ness and du tland- 


cement-based binders 


ctility of por 


¢ Improved water drainage 


Improved di mensional sta bility and red uced sh rinkage and 
warping 
¢ Reduced cracking and chipping 


Improved green strength 


Globally, this end use has been and still likely remains the sin- 
gle largest market for high-aspect-ratio wollastonite. 


Ceramics 


Wollastonite has hada _ long hist ory in ceramic u se, especially 
whitewares. It has been used predominantly in ceramic tiles, sani- 
tary ware, tableware, and artware. Within ceramic tiles, wall tile has 
been the major use area. In this application, wollastonite promotes 
dimensional uniformity, low shrinkage and warping, strength, low 
moisture expansion, and fast firing. This last property became cru- 
cial when t he t ile ma nufacturing tre nd mo ved toward rapi d-fire 
bodies. As aresult, wollastonite is foun d in both body and glaze 
formulations. Table 5 lists the key properties and benefits of wollas- 
tonite use in ceramics. 

In sanitary ware, wollastonite has demonstrated that its acicu- 
lar shape can improve the green strength of the body, enhance dry- 
ing by allowing water vapor to escape more rapidly, and contribute 
to reduction of fluorine emissions. In a paten t granted in 2000, 
Robinson and Craig claimed that the impact resistance at the drying 
stage was increased by more than 40% and also noted the improved 
drying and reduced vitrification temperature. 


Metallurgy 


Wollastonite’s chemical composition enables it to perform as a low- 
temperature flux when used as pa_rt of con tinuous casting mo Id 
powders for steel casting. Another important use for wollastonite is 
in slag conditioners. 

In continuous casting, a ladle containing molten steel is poured 
into a tundi sh. When the le vel of molten steel reaches a spe cified 
level, the cast is started by introducing thesteel into the mold. A flux 


composite powder is pushed onto the molten steel, and because the 
powder is designed to melt at very high tempe ratures, it will melt 
within minutes of contact . This casting flux functions by pro viding 
thermal insulation, preventing reo xidation, ab sorbing nonmetallic 
inclusions, providing lubrication, and offering uniform heat transfer. 
Wollastonite is generally 10% to 35% of the flux formula, depend- 
ing on individual producer formulation. The high melting point of 
wollastonite (1,540°C) supplies uniform heat transfer and the SiO2 
within wollastonite contributes a silica source. 

In continuous casting operations, a mixture of oxides resides 
on top of the molten steel. This mixture, known as s/ag, helps to 
condition and purify the steel. This combination of slag condition- 
ers helps to ab sorb im purities such as sulfur. Wollastonite, as a 
source of CaO, pro vides a more ef fective way of introducing CaO 
than does lime. Although it is more expensive than lime, wollasto- 
nite has a lower melting point and thus liquefies faster than lime. 

Tire cord steel is an other end use that has be en described as 
benefiting from w ollastonite use. Ad vantages of w ollastonite are 
believed to inc lude modification of Si-Mn deox idation inclusions 
to form anorthite inclusions, controlling the oxygen content of the 
steel, and providing a source of Ca. 

The typical grades of wollastonite used in metallur gical appli- 
cations are the low-aspect-ratio or powder forms, at either —200 mesh 
or —325 mesh sizes. 


Paints and Coatings 


Wollastonite has an extensive history in paints and coatings. Start- 
ing with the introduction of w ater-borne polymers to replace lin- 
seed oil-based house paints, and c ontinuing into the present with 
new polymers, the benef its of wollastonite ha ve pr oved to be 
numerous. 

In architectural or trade sales paints, the low-aspect-ratio pow- 
der (or milled) grades are generally used. Improved properties are 
typically re ported as film reinforcement and hardness, tint re ten- 
tion, lo w-temperature touchup, scrubability, mil dew resistance, 
gloss reduction, and weat herability. In arc hitectural coa tings, the 
milled grades are not surface-modified, and the typical sizes range 
from —325 mesh to —1250 mesh. 

In textured coatings, such as block fillers and stucco coatings, 
and in aluminized and asphaltic roof coatings, the high-aspect-ratio 
grades are used. The attraction here is wollastonite’s acicular shape, 
which contrib utes reinforcement, s ag re sistance, and m icrocrack 
propagation control. 

In liquid indu strial coating s, especially tho se designed for 
anticorrosion performance, w_ ollastonite of fers th e following 
improvements: 

¢ Reduced water permeability 

¢ Impact and chip resistance 

¢ Alkaline environment that discourages corrosion 
¢ Intercoat adhesion 

Blister resistance 

¢ Flash and early rust resistance 

In these coati ngs, surf ace-modified w ollastonites are used. 
Organosilanes are the moreco mmon chemistries emplo yed, and 
amino and epoxy v ersions dominate. In recent years, the gro wth of 
wollastonite in this coatings segment has increased primarily because 
toxic metallic inhibitive pigments can now be controlled. The syner- 
gistic effect of w ollastonite with nontoxic corrosion-inhibiting pig- 
ments to improve corrosion resistance is well documented. 

Industrial po wder coati ngs ar e cate gorized into tw o major 
groups, functional and decorative. The decorative category consists 
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Table 6. Processing properties and effects of wollastonite in plastics 


Table 7. Typical load levels of wollastonite in polymers 








Property Untreated Chemically Modified Polymer % by Weight 
Viscosity Increase No effect to moderate Nylon 22-40 
: Bread Phenolics 25-45 
Melting flow Decrease — effect to moderate pelyibathana eel area 18-25 
lecrease 
Processing temperature Increase needed Little or no effect Epoxy Io 30 
Injection pressure No effect or slight No effect or slight TOs. 25-40 
increase decrease Polypropylene (PP) 20-40 
Flow in mold Moderate reduction No effect or slight Polyester 5-35 
improvement Polycarbonate 15-20 
Mold shrinkage Decrease Decrease 
Mold cycle time Decrease Decrease 





Adapted from Bauer 1990. 


mainly of those coatings applied to automobiles, furniture, and appli- 
ances. The functional grouping consists of those applied to pipe, such 
as that used in gas and oil exploration, and certain mechanical hous- 
ings. Wollastonite is used in both areas, but the largest use is proba- 
bly inf unctional powders. In th is application, the mineral of fers 
several benefits—control of “orange peel,” gloss reduction and con- 
trol, film integrity, and durability and weatherability. 

Coatings formulators worldwide are increasingly using low vol- 
atile or ganic compound (V OC), waterborne, and hi gh soli d—liquid 
coatings. Wollastonite continues to be selected as one of the filler raw 
materials as coating formulations evolve. 


Plastics 


Essentially all the grade types of w ollastonite that have been pro- 
duced have been utilized in plastics. The def ining characteristics 
are aspect ratio, particle size, and surface modification. 

Wollastonite is principally a reinforcing functional filler. Sev- 
eral properties of the mineral make it attractive for use in polymer 
systems: lo w w ater absorp tion, goo d thermal conductivity, lo w 
resin demand, consistent chemistry, and needlelike particle shape. 

Table 6 gives processing properties and effects of wollastonite 
in plastics. 

The benefits of w ollastonite can generall y be cate gorized by 
the type of polymer system in which it is incorporated. To discuss 
benefits, it is important to first note load levels, because the load 
level of the mineral can vary and depend on polymer type. Table 7 
shows the typical load levels of wollastonite in polymers. 

Table 8 summarizes the expected benefits of using w ollasto- 
nite in polymers. 


Friction Brake Materials 


One of the earliest commercial uses for wollastonite was in friction 
brake materials. The miner al was found to be a suitable r eplace- 
ment for shor t-fiber asbesto s, which had become - strictly re gu- 
lated—at least in the United § States—as a probable carcinogen. 
Even th ough wollastonite could not totally replace asbestos, it 
played a ma jor role for re inforcement. Wollastonite can repl ace 
chopped glass in phenolic-based polymer systems. In some formu- 
lations the glass replacement percentages can be as much as 15% to 
20%, kilogram for kilogram. 

One growth area for wollastonite has been in the nonasbestos 
organic (NAO) friction materials sector. Principal end uses include 
drum brake applications for pass enger cars and light trucks, and 
brake blocks for heavy-duty truck use. 

As in the plastic pol ymer systems, the key characteristics of 
wollastonite in friction applications are part icle shape, chemistry , 
mineralogy, high melting temperature, and high temperature stability. 





Table 8. Expected benefits from wollastonite use in polymers 
Polymer Benefits 
Nylon * Costeffective reinforcement versus certain 
glass fibers 
© Dimensional stability 
© Uniform shrinkage 
¢ Improved surface appearance 
¢ Improved melting flow 
Phenolics © Reinforcement 


Heat stability 


Improved mold cycle time 


Improved dimensional stability 


Improved physical and electrical 
properties at high temperatures 


Resistance to microcrack propagation 


Cost-effective reinforcement for milled 
glass fiber 


Polyurethane/polyurea 


Improved surface appearance 


Low moisture absorption 


Lower brinkage 


Epoxy ¢ Excellent heat stability 
¢ Mechanical strength 
° Cost-effective substitute for chopped 
glass fiber 
PP and TPOs * Overall mechanical strength 


mproved balance of impact and stiffness 


mproved shrinkage control 


mproved melting flow rate and viscosity 


mproved mar and scratch resistance 


mproved mechanical strength 
Heat stability 
Nonopacificity 


Polyester (including 
polyethylene terephthalate 
[PET]} 


Polycarbonate mproved flow-line strength 


mproved modulus of elasticity 


Good lermal esistance 





mproved processing behavior 





Benefits typically seen with wollastonite are 


Cost efficiency 


Reduced cracking 


Reduced rotor wear 


Improved lining life 


Enhanced processing efficiency 


Improved high-temperature fade and recovery 


Enhanced green strength 
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Table 9. Primary benefits of using wollastonite in rubber-related elastomers 





Property Benefit Polymer 
Acicular shape © Reinforcement Nitrile rubber 
® Stiffness 
Chemistry (including organosilane surface modification)” Prevention of sponging during press cure Fluoroelastomers 
Chemistry (with and without surface modification) ¢ Increased modulus Ethylenepropylenediene rubber (EPDM) 
© Increased tensile strength 
Increase durometer and tear strength 
e 


Improved compression set 





* Silane treatment choice is dictated by cure agent used in system. 


In some a pplications, surf ace-modified forms of w ollastonite 
have been tested and found to improve dispersibility and resin bond- 
ing, yielding a stronger matrix. The most commonly used _surface- 
modifying agent has been amino silane. 

Other uses within this market segment include piston linings, 
transmission and clutch plates, and disc brakes. 


Natural and Synthetic Rubber (Including Elastomers) 


Although wollastonite is not commonly used in rubber-related elas- 
tomers, it is important when it is incorporated into these elastomers. 
For the most part, wollastonite has be en used as a re inforcement 
replacement for fibers with questionable health issues. For instance, 
in polytetraf luoroethylene (PTFE) -based ga skets, woll astonite 
replaced asbestos. In other fluoroelastomers, wollastonite can con- 
tribute to improved compression set resistance and stability. Typical 
end use products are resilient rolls, O-rings, seals, and gaskets. 

Table 9 summarizes the chief benefits of using wollastonite in 
elastomers. 

Wollastonite, similar to other fillers, is typically incorporated 
into the mix using the following methods: 


¢ Beater additio n—a con tinuous process where mater ials are 
mixed to form a slurry. 


¢ Calendaring—a n oncontinuous process carried out in steps. 
The fully blended mix is then forced between two rolls mov- 
ing in opposition, and the mix is drawn out as a sheet. 


FUTURE OUTLOOK 


North American wollastonite pr oducers will continue to place 
greater emphasis on sales of higher v alue ac icular and surf ace 
treated products in the future (Virta 2003, 2004). Plastics represent 
the highest potential growth market for dom estic producers. Sales 
of wollastonite for friction products and automotive plastic applica- 
tions are forecasted to increase slightly as a function of automobile 
sales. Sales to paint, ceramic, and steel markets should be similar to 
the last fe w years, with nearly flat growth. Although Chin a has 
been the major suppliero flo werv alue wollastonite grades 
imported into the United States in recent years, these imports may 
decrease sligh tly because of increased transportation costs fro m 
China and increased prices for Chin ese wollastonite. As W olkem 
(India) and the Chinese companies improve quality and produce 
high end, high-aspect-ratio and su rface treated grades, t hey will 
provide increased competition to current suppliers of these prod- 
ucts. W orldwide consumption of _ wollastonite i s for ecasted to 
increase atal owrate int he near future, as consuming markets 
slowly expand in response to population growth. 

Future challenges to the wollastonite industry in terms of ore 
quality and product grades are likely to be as follows: 


¢ Providing consistent ore qualit y in order to achieve proper 
chemistry and morphology 


Improving ore processing to produce grades that of fer con- 
sistent particle size distrib ution and elimination of undesir- 
able contaminants 


Producing grades that are demanded by market needs 


Selecting surface-modifying agents for maximum efficiency 


Understanding co mpletely ho w minerals (natural and syn- 
thetic) must w ork together in a mix ed filler compound to 
achieve maximum mechanical properties 


Working with consumers to con tinue development of ne w 
grades and applications 
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Zeolites 


Ted H. Eyde and David A. Holmes 


Zeolites are crystalline,h ydrated aluminosilicate s that contain 
alkali and alkaline-earth metals. Their crystal framework is ba sed 
on athree-dimensional network of SiO 4 te trahedra with al1 four 
oxygens shared by adjacent tetrahedra. The alkali and alkaline earth 
cations are loosely bound within this structure and can be 
exchanged by other cations or molecular water. Most zeolites can 
be dehydrated and rehydrated without any change in volume. More 
than 48 natural zeolite minerals have been identified (Tschernich 
1992), and more than 100 zeolites have been synthesized. Zeolites 
have unique physical and ch emical properties that are utilized in 
many important commercial applications. 

Though zeolites were first identified more than 200 years ago, 
it was not until the middle of the twentieth century that their wide- 
spread occurrence in sedimentar y rocks and economic po tential 
were recognized. Since then, thousands of articles ha ve been pub- 
lished in the technical literature. In the past 40 year s, the zeolite 
mineral group has changed from a mu _ seum curiosity to an estab- 
lished industrial mineral commodity. 

According to Breck (1974), the important physical and chemi- 
cal properties of zeolites are 


¢ High degree of hydration 
¢ Low density and large void volume when dehydrated 


¢ Stability of the crystal structure of many zeolites when dehy- 
drated 
¢ Cation exchange properties 
¢ Uniform molecular-sized channels in the dehydrated crystals 
¢ Ability to adsorb gases and vapors 
* Catalytic properties 
Molecular sieves are materials that can selectively adsorb mol- 
ecules on the basis of their size, shape, or electrical charge (Clifton 
1987). Commercial applications of zeolites are based on the follo w- 
ing p roperties: molecular sie ving, ion e xchange, adsorption, and 
catalysis. Most zeolites are molecular sieves, but not all molecular 
sieves are zeo lites. Acti vated carbon, acti vated clays, aluminum 
oxide, and silica gels are also mo lecular sieves. Activated synthetic 
and na tural zeolite molecular sie ve products, ho wever, ha ve dis- 
placed many of these substances because of their selectivity. 
Potential commercial utilization of zeolites includes hundreds 
of possible applications. The principal uses at this time are 


¢ Ammonium-ion removal from sewage and industrial effluents, 
aquariums, and commercial fish farms 


Odor control in animal absorbents, floor and carpet cleaning 
products, and industrial floor absorbents 


Removal of heavy metal ions from nuclear, mine, and indus- 
trial effluents 


Agricultural applications as soil conditioners and animal feed 
supplements 


Desiccants used to adsorb water vapor in sealed contain ers 
and packaging 


Carriers for bacteria and enzymes 


Gas separation 


Catalysis 


About 3.5 Mt of natural zeolites were produced and consumed 
worldwide in 2003. Construction and agricultural applications con- 
sumed most of the produ ction, especially in developing countries. 
Consequently, the total pr oduction obscures the sig nificant 
increases in industrial and commercial applications. The estimated 
production in North Amer ica in 2003 was 42 kt. Most of this w as 
consumed in odor mitig ation, aq uaculture, agriculture, car riers, 
desiccants, radioactive barriers, effluent treatment, and o ther ion- 
exchange applications. Se ven companies in t he United States and 
two in Canada produ ced the zeol ite mineral cli noptilolite. T wo 
companies produced the zeolite mineral chabazite from the Bowie, 
Arizona, deposit (Eyde 2003). 


HISTORY 


In 1756, Baron A.F . Cronstedt, a Swedish mineralogist, identif ied 
zeolites as a new group of minerals. He named the minerals zeolites 
from the Greek words zein and lithos, meaning “boi ling stones,” 
because of the bubbling and frothing achieved by heating the miner- 
als with a blowpipe. There was no real interest in zeolites until the 
crystal structure of chabazite was determined, followed by the dis- 
covery that chabazite selectively adsorbs smaller organic molecules 
and rejects lar ger ones, a property described as molecular sieving. 
Following these discoveries, research on the zeolite minerals began 
in the laboratory of the Linde Company, a division of Union Carbide 
Corporation, a producer of industrial gases. Initially the researchers 
at Linde recognized that molecular sieving could be used to separate 
gases and that this could be used in their air products business. Later 
they discovered that zeolites could also separate the components of 
gasoline. 

Although the syn thesis of zeol ites was reported as early as 
1862, Barr er (1938 ) first successf ully syn thesized analcime-type 
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zeolites and confirmed them by x- ray diffraction (X RD). He w as 
unable to synthesize either chabaz ite or mordenit e, but instead pro- 
duced a synthetic zeolite no w designated as Linde type A, which is 
still one of the most commerciall y important synthetic mol ecular- 
sieve adsorbents. The Molecular Sie ve Department of t he Linde 
Company commercialized the technology to manufacture Linde type 
A as well as other synthetic zeolites. 

Historically, na tural zeolites were considered mineralogical 
curiosities that mostly occurred as amygdules in basaltic volcanic 
flows. Subsequently, Re gnier (1960) and others disco vered lar ge 
sedimentary de posits of na tural zeolites in th e we stern United 
States. Later exploration identified other, very large zeolite depos- 
its, particularly of clinoptilolite, in the western states and in more 
than 40 o ther countries in sedime ntary, v olcanoclastic rocks and 
also in hydrothermal deposits. 

Synthetic zeolites have supplied many of the markets that nat- 
ural zeolite products might have served because the synthetics were 
available first. Natural zeolite producers attempted to displace syn- 
thetic zeolites from use s and app lications where nat ural ze olites 
would have been a better choice, but they lacked the product devel- 
opment and marketing skills needed to compete with the synthetic 
producers. 

In 2003 , worldwide production of synthetic zeol ites for all 
applications was more than 2.2 Mt. Synthetic zeolites can be chem- 
ically tailored to me et stringent industrial specifications, where as 
natural zeolites ha ve amore f ixed range of prop erties. This is 
changing with the recent introduction of he at-treated and surface- 
modified natural products. In many applications, natural zeolites 
have a sig nificant price advantage over synthetics. Also, in som e 
uses their performance is superior to synthetics, such as the use of 
chabazite from the Bowie deposit as an adsorbent in the treatment 
of acidic gases. 

Mumpton (1983) described Linde’s natural zeolite exploration 
in North America from 1 957 through 1962. Shell Canadian be gan 
exploration for natural zeolites that could be used as petroleum cat- 
alysts in 1962. Mobil Oil Corporation also had a natural zeolite pro- 
gram and mined erion ite from the Jersey Valley, Nevada, deposit. 
Efforts to develop extensive natural zeolite reserves and new prod- 
ucts in North America led Anaconda Minerals Company and Occi- 
dental Minerals Corp oration into major exploration and product 
development programs between 1974 and 1983. Tenneco Corpora- 
tion and Phelps Dodge Corporation were late entrants to the zeolite 
business. None of these companies, however, generated significant 
sales, and they left the zeolite business. 

Neither the oil nor mining companies understood that millions 
of tons of reserves were not needed to supply a small but growing 
industrial business whose sales were less than 5,000 tp y. Their lack 
of mark eting e xpertise was the major cause of thei r failure. Dow 
Chemical Corporation, which acquired the molecular sieve business 
from UOP (the suc cessor company to Union Carbide Corporation), 
is now the only ma jor corporation in the natural zeolite business. 
The products sold by Dow are specialty, high-value-added materials 
that complement their synthetic molecular sieve product lines. The 
other producers are small entrepreneurial companies that, to their 
credit, are rapidly developing the pro ducts, applications, and mar- 
keting skills needed to sell their zeolite products. The natural zeolite 
business is an industry in transition. 

For more than 40 yea rs, natural ze olite minerals have been 
described as the industrial mineral of the future. The belief that natu- 
ral zeolites had a multitude of uses and applications was fostered by 
an en ormous 0 utpouring o f research that envisioned zeo lites for 
applications in uses from anim al absorbents to zeoponics. The 
potential applications were oversold. Unfortunately, very little of the 


research managed to cross over into product development and then 
into salable products. The brevity of this chapter is intended to pro- 
vide more easily accessible, useful information and a more concise 
bibliography, but readers may wish to consult the Zeolites chapters 
in the 5th and 6th editions of Industrial Minerals and Rocks for more 
detailed information. 


GEOLOGY 
Mineralogy 


The fo llowing discussion on mineralogy, chemic al properties, and 
physical propert ies re views the works of Breck (1974), Flanige n 
(1977), and Mumpton (1978), leaders in the study of these compl ex 
silicate minera ls. Zeoli tes occuri na variety of geo logic sett ings, 
mostly as al teration or authi genic minerals, lo w te mperature—low 
pressure minerals in meta morphic systems, secondary mi nerals in 
weathered zones, or in veins. Commercial zeolite production is cur- 
rently limited to aut higenic and alteration accumulations in f inely 
crystalline sedimentary rocks. Nine zeolites commonly occur in sedi- 
mentary rocks: analcime, chabazite, clinoptilolite, erionite, ferrierite, 
heulandite, laumontite, mordenite, and phillipsite. Analcime and cli- 
noptilolite are by far the most abundant. All nine of these show a 
considerable range in silicon:aluminum (Si:Al) ratios and cation con- 
tents. Except for heulandite and laumontite, they generally are alkalic 
and more siliceous than their counterparts in mafic igneous rocks. 

Chabazite, clinoptilolite, erio nite, mordenite , and phillipsite 
are the only zeolite minerals with commercial applications today. 
Erionite, which has been classified as a human carcinogen, has only 
limited industrial applications. These five are the only zeolites that 
are ab undant in nature and ha ve adequate ion-e xchange, absor- 
bency, or molecular -sieving capa bilities. Ferr ierite and f aujasite 
may also have economic potential, but they are rare and known to 
occur at only a fe w localities in the world. It is possible that ne w 
technology may result in applications for other zeolite minerals. 

Table 1 lists the chemical composition and selected properties 
of some possible economic zeolit es as adapted from Mumpton 
(1978) and based on the Breck (1974) classification. 

Breck (1974) originally listed 34 natural zeolite minerals. An 
additional 18 natural zeolite minerals have now been identified. 
The potential commercial application of both natural and synthetic 
zeolites is aresult of thei r fundamental c hemical and physica | 
properties. 

The basic structure of zeoli tes consists of (A1Si)O 4 tetrahe- 
dra, wherein each oxygen is shar ed by two t etrahedra: thus, the 
atomic ratio O:(Si+Al) is 2. The net negative charge of the struc- 
ture is balanced by exchangeable cations, which are loosely held 
within the central ca vities and surrounde d by water molec ules. 
Although their chemical compositions are sim ilar, each m ineral 
has au nique crystal structure and thereby its own physical and 
chemical characteristics. 

Table 2 shows a classification of natural and synthetic zeolites 
proposed by Breck (1974). Breck’s classification is based on the 
crystal structure of the zeolites in seven groups. In each group, the 
zeolites h ave ac ommon spec ific a rray of (AlSi)O 4 te trahedra. 
Although the same zeolite minera | from dif ferent localities may 
vary considerably in chemical composition, its crystal structure will 
be nearly identical. Conversely, zeolite minerals with very different 
crystal structures can have nearly identical chemical compositions. 

The dimensions and orientation of void spaces and the inter- 
connected channels in dehydrated zeolites are important in deter- 
mining the physical and chemical properties. The three types 
of channel systems identified are a one-dimensional system, a 
two-dimensional system, and tw o varieties o f thr ee-dimensional, 
intersecting systems. 
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Crystal Void Volume, Specific Channel Thermal lon-Exchange 

Zeolite Typical Unit-Cell Formula System % Gravity Dimensions, A Stability Capacity, meq/g’ 
Analcime Na16(Al16Si32096) ° 16H2O Cubic 18 2.24-2.29 2.6 High 4.54 
Chabazite (Na2Ca)6(Al12Si24072) °40H20 Hexagonal 47 2.05-2.10 3.7 x 4.2 High 3.81 
Clinoptilolite (NaKa)(AlgSi40O96) *24H20 Monoclinic 39 2.16 3.9x 5.4 High 2.54 
Erionite (NazCagK)9(AlgSi27027)°27H20 Hexagonal 35 2.02-2.08 3.6 x 5.2 High 3.12 
Ferrierite (Na2Mgz)(AlgSi30O70) *8H2O0 Orthorhombic 0 2.14-2:21 43x55 High 2.33 

3.4x 4.8 
Heulandite Cag(AlgSi2gO72)*24H20 Monoclinic 39 2.10-2.20 4.0x 5.5 Low 2.91 

44x7.2 

4.1 x 4.7 
Laumontite Cag{AlgSi1 604g) ° 16H20 Monoclinic 34 2.20-2.30 4.6 x 6.3 Low 4.25 
Mordenite Nag(AlgSi40O96)°24H20 Orthorhombic 28 2.12-2.15 2.9x 5.7 High 2.29 
Phillipsite (Na2k)10(Al10Si22062) *20H20 Orthorhombic 31 2.15-2.20 42x44 Low 3.87 

2.8 x 4.8 

33 

Linde At Naj2(Al12Si12O48)°27H2O0 Cubic 47 1.99 4.2 High 5.48 
Linde xt Nage(Alg6Si1060364) °264H20 Cubic 50 1.93 7.4 High 4.73 





* Calculated from unit-cell formula. 
t Linde A and Linde X are synthetic phases. 


The character of the water in hydrated zeolite crystals varies, 
because it can include molecula __rclusterin g or direct bonding 
between the cations and_ the fra mework oxygen molecules. The 
intercrystalline volume that may be occupied by w ater constitutes 
up to 50% of the volume of the crystal. The adsorption capacity of a 
zeolite is gen erally re lated to th e free space or pore v olume as 
determined by the quantity of contained water when fully hydrated 
at a standard temperature and humidity. 

Adsorption and ion-exchange capacities in both hydrated and 
dehydrated zeolites are related to the characteristics of the channel 
openings. The apertures are bounded by oxy gen atoms of the con- 
nected tetrahedra. The limiting size of the aperture is governed by 
the size of the rings, which contain 6, 8, 10, or 12 oxygen atoms. 

Gottardi and Galli (19 85), as a result of their study of zeo lite 
mineralogy, proposed a classification with 23 types of zeolite frame- 
work, each corresponding to a particular species of zeolite, and a 
more specific classification of five framework groups for the natural 
zeolites. 

Figure 1 illustrates th e open st ructure of chaba zite sho wing 
the enclosed channels. 


Chemical Properties 


The applications that use natural zeolites make use of one or more 
of the ir che mical properties, which include adsorption, cation 
exchange, and d ehydration or re hydration. These properties ar e 
functions of the specific crystal structure of each mineral, its frame- 
work, and its cationic composition. 


Adsorption Properties 


Crystalline zeolites are unique adsorbent materials. The large cen- 
tral cavity and entry channels of the zeolite are filled with w ater 
molecules that fo rm hydration spheres aro und the e xchangeable 
cations. If the water is removed, molecules having cross-sectional 
diameters small enough for them to pass through the entry channels 
are readily adsorbed in the channels and central cavities. Molecules 
too lar ge to pass thr ough the entr y channels are e xcluded, which 
results in the molecular sieving property of most zeolites. 


Table 2. Breck’s classification of zeolites’ 


Group 1 (S4R) Group 5 (T5010) 
Analcime Natrolite 
Harmotome Scolecite 
Phillipsite Mesolite 
Gismondine Thomsonite 
Paulingite Gonnardite 
Laumontite Edingtonite 


Yugawaralite 


Group 6 (T8016) 


Group 2 (S6R) Mordenite 
Erionite Dachiardite 
Offretite Ferrierite 
Levynite Epistibite 
Sodalite Bikitaite 

Group 3 (DAR) Group 7 (T10020) 
A-Type Zeolites Heulandite 

Group 4 (Dé6R) Clinoptilolite 
Faujasite Stilbite 
X Brewsterite 
4 
Chabazite 
Gmelinite 





Adapted from Breck 1974. 
* Expressions in parentheses refer to types of zeolite frameworks (e.g., DAR = 
double 4-ring, T5O10 = a unit of 5 tetrahedra). 


Cation Exchange Properties 


The exchangeable cations of a zeolite are loosely bonded to the tet- 
rahedral frame work and can be easily exchanged and remo ved by 
washing with a strong solution of another cation. Crystalline zeolites 
are very effective ion exchangers. The ion-e xchange ca pacity is 
basically a function of the degree of substitution of aluminum for 
silicon in the framework structure. The greater the substitution, the 
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Adapted from International Zeolite Association Atlas 2004. 
Figure 1. Open molecular structure of the zeolite mineral chabazite 
viewed along [010] 


greater the charge deficiency, and the greater the number of alkali 
or alkaline earth cations required for electrical neutrality. Cation- 
exchange behavior also depends on other factors, including (1) the 
concentration of the specific cation in the solution, (2) the temper- 
ature, (3) the nat ure of the cation species (e.g., size, charge), and 
(4) the structural characteristics of the particular zeolite. 

Cations can b e trapped in struct ural positions that are __rela- 
tively ina ccessible, the reby re ducing the ef fective ion-e xchange 
capacity. Cation sieving may also take place if the cation in solution 
is too large to pass through the entry ports into the central cavities. 
Unlike most noncrystalline ion exchangers, the framework of a zeo- 
lite def ines it s se lectivity t oward competing ions, and dif ferent 
structures offer different sites for the same cation. The hydration 
strength of some ions pre vents their close approach to the seat of 
charge within the framework. In many zeolites, ions having a low 
field strength are more tightly held and are more selectively taken 
up from solutions than the other ions. 


Dehydration/Rehydration 


Zeolites exhibit no major structural chang es during deh ydration; 
they do exhibit continuous weight loss as a function of temperature 
and will rehydrate. If the temperature required for complete dehy- 
dration is exceeded, the zeolite structure collapses and rehydration 
cannot occur. Most natural zeolites are thermally stable from 250°C 
to 400°C (482°F to 752°F). Zeolites with higher silica contents, 
such as mordenite and clinoptilo lite, co llapse at temperatures 
greater than 650°C (1,202°F). 


Physical Properties 


A zeolite can also be described by its physical properties and per- 
formance. The physic al prope rties incl ude morphology , crystal 
habit, specific gravity, density, color, grain or cryst al size, degree 
of crystallinity, presence of corrosion or etching, presence of con- 
taminants or diluents, and any other descriptive features. 
Performance, which is the evaluation of the zeolite for any spe- 
cific applic ation, e ntails such characteristics as brightness, color, 
Brookfield viscosity, Hercules visc osity, surface area, internal vol- 
ume, particle size an d mor phology, hardn ess, abrasion resistance, 


wet abrasion durability, thermal expansion, resistance to weathering, 
and also cation exchange capacity (CEC). 

Characterization of an y zeolite requires an assessment of the 
mineralogical properties and the performance characteristics that are 
believed to be requi red for the specif ic use or appli cation. When a 
specific zeolite is chosen fora commercial application, it must be 
tested in the environment of the planned use. The efficacy of the zeo- 
lite chosen for a use cannot be accurately predicted from properties 
such as bulk chemistry, zeolite cont ent, or CEC. It is imperati ve to 
realize that “one size doesn’t fit all,’ meaning that clinoptilolite from 
deposit A may react differently than clinoptilolite from deposit B. 
Origin 
Zeolite minerals oc cur in se veral geologic settings and can be 
formed from a variety of starting vitric or lithic materials within 
an extended range of physiochemical conditions. They occur in 
rocks deposited in diverse geologic settings and ages. Nearly all 
the productive deposits in North America occur in sedimentary 
and volcanoclastic formations of Tertiary age. 

Volcanic glass of acid to intermediate composition is the most 
common precursor for zeolite minerals. Less common precursors 
include microcrystalline quartz, opal, and fe ldspars. Nearly all the 
minable zeolite deposits in the world occur as ze olitized ash fall 
tuffs interbedded with lacustrine sediments, ze olitized vitroclastic 
tuffs in volcanic rocks, and zeolitized vitrophyres and vitroclastic 
tuffs as a result of hydrothermal alteration. 

The de velopment of a specif ic zeolite miner al d epends on 
interrelated ph ysical and che mical factors. Pressure, temperature, 
and time are three important factors that produce zeolitic alteration 
of the vitric precursor. The composition of the vitric component and 
the composition of the reacti ve pore w ater that contain s cations 
suchas Ht, Nat, Ca*+,K +t, and H 4SiO4 are important f actors 
needed to produce zeolitic alteration. 

Most zeolites in sedimentary rocks formed from volcanic ash 
or other pyroclastic material by reaction of the aluminosilicate glass 
with sal ine-alkaline pore water. Others originated from the al ter- 
ation of pr eexisting feldspars, feldspathoids, b iogenic silica, or 
poorly crystalline clay minerals. Zeolites in sedimentary rocks 
probably formed by means of dissolution-reprecipitation reactions. 

Earlier formed zeolite minerals can be altered to other zeolite 
minerals both in near-surface and in deeply buried environments. 
This is generally are sult of changes in the ph ysical parameters 
within the host rock or changes in the chemistry of the pore water. 
Natural zeolites have long been known to occur in basaltic rocks as 
veins and fillings of vugs and cavities. Only much later, because of 
the introduction of XRD for mineral identification, were they rec- 
ognized as one of the most common groups of authigenic silicates 
in sedimentary rocks of volcanic origin. 

Based on zeolite geol ogic setting, minera logy, and genesis, 
Sheppard (1973) classif ied zeolite deposits into the follo wing 
types: 

Closed sy stem: Deposits formed from v olcanic materials in 
hydrologically closed, saline/alkaline lake systems 


Open system: Deposits formed in hydrologically open, fresh- 
water lake or groundwater systems 

Burial m etamorphic: Deposits f ormed by lo w-grade, b urial 
metamorphism 


Hydrothermal or hot spring: Deposits formed by hydrother- 
mal or hot spring activity 
Deep marine: Deposits formed in deep marine environments 


Weathered zone: Deposits f ormed in soil s, most com monly 
from volcanic materials 
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Closed System 


Closed-system zeolite deposits formed in closed or partially closed 
hydrologic systems that had restricted movement of water out of 
the basin. The zeolit e deposits that for med from accumulations of 
vitric ash fall tuffs in saline or alkaline lakes are the highest purity 
sources of the zeolite minerals clinoptilolite, chabazite, and erion- 
ite. Sheppard and Gude (1968, 1969b, 1973), starting with the study 
of a playa lake near Tecopa, California, found that tuffs deposited 
in such hydrologically closed basins are characterized by a la ter 
zonation: fresh ash near the margins of a basin, succeeded inward 
by a zone of almost complete zeolitization, a zone of analcime, and 
finally a central core of authigenic potassium feldspar. 

The alteration to zeolites depended on high alkalinity and lake 
brines rich in HCO3. Ash falls of glassy tuff into an alkaline-saline 
playa or rift lak e provided the ideal setting for the formation of 
high-grade, closed-sys tem de posits. Eri onite, c habazite, and phil- 
lipsite characterize the saline, alkaline-lake deposits. Zeolitic tuffs 
in saline-lake deposits generally are from a few centimeters to a few 
meters thick. They commonly c ontain monomineralic or mix ed 
zones of the larger pore zeolites erionite and chabazite, which are 
relatively uncommon in other types of deposits. 


Open System 


Open hydrologic systems are those in which percolating groundwater 
moved freely through the host rock. As the groundwater circulated, it 
was chemically modified by dissolution of react ive materi als or 
hydrolysis. Clinoptilolite and mord enite are the principal ze olites of 
open-system deposits. The Campi anan Tuff and Neapolitan Yellow 
Tuff near Naples, Italy , are e xamples of thick, open-system zeolite 
deposits. These deposits were formed by alteration of volcanic ash by 
descending groundwater. 


Burial Metamorphic 


Zeolites may form in thick volcanoclastic sequenc es af fected by 
metamorphism. Burial metamorphic deposits, also known as burial 
diagenetic deposit s, are widespread inthe Green Tuff region of 
Japan. With increasing depth, the deposits usually contain zones of 
(1) fresh ash, (2) alka li clinoptilolite, (3) clinoptilolite-mordenite, 
(4) analcime, and (5) al bite that correlate with the depth of burial 
and related increases in temper ature, pressure , and degree o f 
metamorphism. 


Hydrothermal or Hot Spring 


The hot spring type includes zeolites associated with hydrothermal 
alteration, such as those at t he East T intic District, Utah, and espe- 

cially those associat ed with hot springs. These occurrences show a 
vertical zonation and a downward succession of mineral assemblages 
that appears to correlate with an increase in temperature. 


Deep Marine 


The most common marine zeolites are clinoptilolite and phillipsite, 
formed from sil iceous t ephra and in low-silica ba saltic tephra, 
respectively. M arine ze olites form at 1 ow temperatures and m ay 
replace as much as 80% of the marine sediments. Deep-sea drilling 
has found abundant clinoptilolite and phillipsite in cores from many 
localities in the Atlantic, Pacific, and Indian oceans. 


Weathered Zone 


Zeolite occurrences within weathered zones are scattered and of lit- 
tle economic significance. Analcime has been reported in alkaline, 
saline soils in the eastern San Joaquin Valley, California. 
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Figure 2. Locations of the producing zeolite deposits in the western 
United States 


DISTRIBUTION OF MAJOR DEPOSITS 
United States 


The western United States has several hundred known occurrences 
of natural zeolites, including all the zeolite minerals ha ving com- 
mercial potential. Resources of clinoptilolite, mordenite, and erion- 
ite are extensive, whereas sources of chabazite and phillipsite are 
more limited. Ferrierite occ urrences are restricted to tw o sites in 
Nevada; there are, however, no present uses or applications for this 
mineral. Figure 2 is a map of the western United States showing the 
locations of pro ducing deposits, important explored but unde vel- 
oped deposits, and the principal zeolite minerals that occur in each 
of them. 


Alabama-Mississippi 


Low-grade clinoptilolite occurs in the Tallahatta, Nanafalia, Clay- 
ton, and Lisbon formations, the Porter Creek Beds, and the Merid- 
ian Sand in Alabama and east ern Mississippi (Reynolds 1970). 
Occurrences in the Porter Creek Beds and the Meridian Sand typi- 
cally have less than 50% clinoptilolite. Their commercial potential 
is limited to soil amendments, animal absorbents, and floor sweep 
products. 


Alaska 


Mordenite, heulandite, and laumontite deposits occur in the vicinity 
of Sheep Mountain and Horn Mountain in th e Upper Matanu ska 
Valley of Alaska. Zeolitization is the result of burial diagenesis and 
regional metamorphism of volcanic rocks and related sediments of 
the Lower Jurassic Talkeetna Formation and the lo wer units of the 
Upper Cretaceous Matanuska Formation (Hawkins 1973). 


Arizona 


Forty-six natural zeolite occurrences have been identified in Ari- 
zona; they include open, closed , and hydrothermal d eposits. In 
western Arizona, h ydrothermal alteration modified some of the 

open-system deposits. Most of the open-system zeolites are in 
Cretaceous to Late T ertiary rocks. Generally , the open-system 

mordenite and clinoptilolite deposits are in thick sections of vitro- 
clastic ash-flow tuffs and breccias, or clastic tuff units. These zeo- 
lite deposits are highly variable in quality because of their high 

content of fragmentary lithic material. 
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Figure 3. Chabazite “chains” and clinoptilolite crystals, Bowie, 
Arizona 





Figure 4. Chabazite “chains” and nonfibrous erionite crystals, 
Bowie, Arizona 


Closed-system zeolite deposits occur in m any of the Pli o- 
Pleistocene intermontane basins in t he Basin and Ra nge Province 
of Arizona. These lacust rine deposits extend from the W ickieup 
clinoptilolite deposit in the Big Sandy B asin in th e nor thwest, 
through the Horseshoe Dam clinoptilolite deposit and the Dripping 


Spring chabazite deposit in the central part, to the Bowie chabazite 
deposit in the San Simon Basin in southeastern Arizona. 

Hydrothermal open-system mordenite and mordenite—clinop- 
tilolite occur in Tertiary volcanic rocks in the Oatman and Union 
Pass areas and the Black Mountains in Mohave County. Mordenite 
and clinoptilolite occur in the alteration halo surrounding the Oat- 
man gold deposit. This suggests that the zeolitic alteration was pro- 
duced by the hydrothermal solutions that also transported the gold. 

Union Pass Mordenite Deposit. The mine is about32 km 
west of Kingman, Arizona, on State Highway 68 at the summit of 
Union Pass. Union Carbide Corporation shipped se veral carloads 
containing 70% mordenite fro m this deposit ( Eyde 1977). A pink 
mordenite that breaks with a conchoidal fracture replaced a bed of 
vitrophyre and vitroclastic ash-flow tuff that contains almost no 
lithic fragments. The mord enite was ground, e xtruded, and ther- 
mally activated. It was sold as Linde AW 300 for the separation of 
acid gas streams. 

Bowie Chabazite Deposit. A series of small strip mines pro- 
duce chabazite from what was once anearly continuous, north- 
west-trending, 15-km outcrop along the San Simon River, 24 km 
north of Bowie, Arizona. It is th e lar gest k nown h igh-purity 
deposit of chabazite in North America (Sheppard et al. 1987). 

The report of Lowe (1875) appears to be the earliest reference 
to a bedded zeolite dep osit in the United States. Lowe reported an 
outcrop of what app ears to be the marker tuff and described it as 
being composed of the zeolite mineral chabazite. The marker tuff 
bed was an airborne vitric ash that fell into a saline-alkaline lake 
and was subsequently altered to zeolite minerals. It is pre sent in a 
section of Plio-Pleistocene lacustrine beds composed of unconsoli- 
dated clays, sand, and gravel. 

The marker tuff, which ranges f rom 22 to 155 cm thick, is 
composed of varying amounts of chabazite, erionite, and clinoptilo- 
lite. It consists of a lower massive bed rang ing from 10 to 20 cm 
thick, overlain by 4 to 135 cm of thin beds. The lower bed, desig- 
nated as the ore or high-grade bed, contains near ly 100% zeolite 
minerals. At the northwest end of the deposit, the lower bed is more 
than 90% chabazite and less than 10% clinoptilolite (see Figure 3). 
In the central part of the deposit, the lower bed is about 80% chaba- 
zite and 10% erionite (see Figure 4). At the southeast end, the lower 
bed contains 90% chabazite and 10% clinoptilolite. The chabazite 
in the northwestern part contains more calcium than sodium; in the 
central part, the percen tages of calcium and sodium are about 
equal; and at the southeastern end, sodium greatly exceeds calcium. 
The upper thin beds contain 6 0% to 70% zeolite minerals, princi- 
pally chabazite and erionite. 

The Linde Company acquired the deposit in 1961 and made 
the first shipm ent to it s mol ecular-sieve ma nufacturing pla nt in 
North Tonawanda, New York, that same year. This was the first 
zeolite deposit brought into production in the United States. Several 
companies have produced more than 20 kt of 80% chabazite from 
the deposit over the past 42 years. All the production was from the 
lower massive bed. 

The ore bed, which has been explored by more than 3,000 drill 
holes, has an average thickness of 20 cm. It is mined and carefully 
cleaned to ensure that all the upper bed and underlying clay have 
been removed. 

The chabazite mined by Do w Chemical from the old UOP 
and Union Carbide property is processed into extrudates that are 
activated at 425°C (797°F). Th e chabazite products are used for 
natural gas purification, acid-gas drying, hydrogen drying, chlori- 
nated and fluorinated h ydrocarbon purification, hydrochloric acid 
(HCl) removal from by-prod uct hydrogen streams, and the treat- 
ment of nuclear effluents. Chabazite from the Bowie deposit was 
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used to clean up the radioactive effluent from the damaged Three 
Mile Island nuclear reactor near Middletown, Pennsylvania (King 
and Opelka 1982; Bostick and Guo 1996). 

GSA Resources crushes, screens, and thermally activates cha- 
bazite granules at a production plant in T ucson, Arizona. These 
products are used to remo ve thallium and heavy metals from mine 
water. As de siccants, the chabazite products maintain the motility 
of enzymes and bacteria used to inoculate silage and clean up sites 
contaminated by hydrocarbons. The upper thin-bed ded unit has 
been used as a lightweight oil-well cement additive. 

Horseshoe Dam Clinoptilolite Deposit. This deposit crops out 
on the east side of the Verde River near Horseshoe Dam, 89 km 
northeast of Phoenix, Arizona. The principal clinoptilolite bed ranges 
from 2.6 to 5.3m th ick and crops out contin uously for 1.6 km. 
Most of the deposit is more than 90% white, h igh-brightness 
clinoptilolite. The clinoptilolite contains more strontium than cal- 
cium and, unlike the cl inoptilolite from ot her deposits, ad sorbs 
oxygen. A5-tb ulksa mple wase valuatedina pa permaking 
machine pilot plant. 


California 


Stinson (1988) described the more th an 100 known zeolite occur- 
rences in Ca lifornia. Most a re in Late Tertiary rocks in open or 
closed systems in an east-west belt in the Mojave Desert, extending 
from Mojave-Rosamond easterly about 190 km to Hector and Mid- 
way. A second belt of zeo lite occurrences extends about 60k m 
from Tecopa and Sh oshone north to the Ash Meadows deposit, 
northeast of Death Valley Junction. 

Zeolite deposits of b urial metamorphic or sedimentary orig in 
are present in San Luis Obispo County, where mordenite with cli- 
noptilolite re placed volcanic glass in t uffs of t he marine Obispo 
Formation. Alteration by hydrothermal processes is represented by 
zeolitization of rh yolitic tuffs and pumice by h ot-spring acti vity 
near Casa Diablo Hot Springs in Mono County. 

Ash Meadows Clinoptilolite Deposit. This dep osit is nort h- 
east of Death V alley Junction near the Califo mia-Nevada bor der. 
The zeolitized tuf f occurs in an 8-km-long belt in unnamed Late 
Tertiary sedimentary rocks and extends north into Nye County , 
Nevada. W hite to ye llowish-white z eolitized ash-fl ow t uffs a nd 
lapilli tuffs typically contain 80% or more clinoptilolite and exhibit 
high ammonia cation-exchange capacity. The exposed, altered tuff 
beds strike north-south, generally dip 25° east, and range in thick- 
ness from 100 to 130 m. Zeolitiza tion is irregular, lea ving some 
zones unaltered or weakly altere d, which requires careful mining 
control (R.M. Colpitts, personal communication). 

Anaconda Minerals Compan y drilled and de veloped this 
deposit with a small open pit, removing and stockpiling about 18 kt 
of material for bulk-sample testing to initiate production of the cli- 
noptilolite (Santini and Knostman 1979). American Resource Cor- 
poration purchased the deposit from Anaconda. Their sour ces of 
clinoptilolite were the stockpile and the open pit at the California 
site. It was processed at the plant at Ash Meado ws Rancho in 
Nevada, where it was crushed, screened, and bagged. 

Badger Mining Corporation purchased the deposit, plant, and 
the assets of American Resource Corporation after the bankruptcy 
of the parent company, Rea Gold. The company constructed a new 
processing plant, purchased a packaging company, and began sell- 
ing products including materials for swimming pool and spa filtra- 
tion, absorbents, and deod _ orizers. Clinoptilo lite from the Ash 
Meadows Deposit continues to be used at several sewage treatment 
plants and nuclear waste processing facilities. 

Lake Tecopa Phillipsite Deposit. The Lake Tecopa phillipsite 
deposit is in the Pleistocene Lake Tecopa basin, between the towns 








Figure 5. Phillipsite, Tecopa, California 


of Shoshone and Tecopa. The Pleistocene sediments consist mostly 
of interbedded mudstones and altered to unaltered rhyolitic ash-fall 
tuffs. These interfinger with c oarser clastic se diments toward the 
margin of the basin. Sheppard and Gude (1968) discovered that a 
fresh-glass facies occurs along the lake margin, succeeded basin- 
ward by a zeolite f acies, and then by acentral zone of potassium 
feldspar with sparse am ounts of searlesite (NaBSi 206*H20), 
reflecting the changes in the c hemical e nvironment of t he lake. 
Phillipsite is the predominant mineral in the ze olite facies, with 
lesser clinoptilo lite, erionite, and minor analcime and _chabazite 
(see Figure 5). Anaconda Minerals Company conducted an exten- 
sive drilling and sampling program on this deposit. 

Hector Clinoptilolite Deposit. The Hector deposit is 65 km 
east of Barstow and 5 km west of Hector siding. The sodium-rich 
clinoptilolite is light green inc olor and attrition resistant, which 
makes it suitable for ion-exchange applications. This depo sit pro- 
duced high-purity clinoptilolite used in the treatment of radioactive 
effluent at the Hanford, Washington, Nuclear Test Station. Millions 
of liters of lo w-level cesium-137 have been processed through the 
zeolite ion exchangers at Hanford since the 1960s. At the National 
Reactor Testing Station at Arco, Idaho, steel drums filled with gran- 
ular Hector clinoptilolite were used in ion columns to reco ver the 
radioactive isotopes of strontium and cesium. 

Mud Hills Clinoptilolite Deposit. This deposit is about 13 km 
north of Barstow. It occurs in the Skyline Tuff unit of the Miocene- 
age Barsto w F ormation. Sheppa rd and Gude (1969b __ ) described 
extensive clinoptilolite mineralization int he Sk yline T uff unit, 
which was mined at the Mud Hills open pit operated by Occiden tal 
Minerals Corpo ration. In 19 82 the mine supplied Bri tish Nucl ear 
Fuels Ltd. (BNFL) with high-purity clinoptilolite for ion-exchange 
applications. Two thousand tons of carefully mined and processed 
clinoptilolite were shipped to Sellafield, United Kingdom, for use in 
the BNFL nuclear fuel reprocessing facility. The Skyline Tuff is 3 to 
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5 m thick at the Mud Hills mine s ite and typically contains 70% to 
90% clinoptilolite that has a high ca_tion-exchange ca pacity. Since 
1982, several successive owners have operated the mine, intermit- 
tently supplying cli noptilolite for use as adsorb ents and _cation- 
exchange media. 


Colorado 


The several clinoptilolite deposits in the state include the Creede 
deposit and the Sand W ash deposit ne ar Craig. The latter is the 
stratigraphic extension of the Robin’s Egg Blu e clinoptilolite tuf f 
member of the Washakie Formation in Wyoming (described in that 
section). 

Creede Clinoptilolite Deposit. This deposit is in the Oligocene 
Creede Formation, about 3 km south of Creede. Altered ash-fall tuff 
units up to 7 m thick consist of white to light-gray, dense, massive 
clinoptilolite. The tuffs were deposited in a structural moat around 
the periphery of the Creede Calde ra. Intermittent mining operations 
have tapped this deposit as a source for regional absorbent markets. 


Idaho 


Southern Idaho has several large clinoptilolite deposits in production. 

Bear River Clinoptilolite Deposit. The Bear River deposit is 
10 km from Preston, Idaho. Bear River Zeolite Company, a wholly 
owned subsidiary of U.S. Antimony Corporation, produces clinop- 
tilolite from a green zeolitized tuff in the Eocene Salt Lake Forma- 
tion that crops out over a lar ge area in southeastern Idaho. These 
beds are eq uivalent in age and ph ysical properties to those at the 
Mountain Green clinoptil olite deposit in the Salt Lake Formation 
east of Provo, Utah. 

The compan y pr oduces granular clinoptilolite products for 
several applications. These include a soil conditioner , cat litter, an 
algae control product for ponds, and preloaded zeolite fertilizers 
containing 2.5% nitro gen for use on turf. An absorption product 
manufactured by the company was successfully used to clean up an 
anhydrous ammonia spill from a ru ptured railroad tank car. Bear 
River Zeolite continues to expand their customer base, both in the 
United States and in foreign countries (Anon. 2003, 2004). 

Castle Creek Clinoptilolite Deposit. This deposit is71k m 
south of Boise, Idaho. Disco vered in 1962, itis the largest high- 
purity deposit of clinoptilolite found by the Union Carbide zeolite 
exploration program. The soft, fine-grained, ash-fall tuff unit in the 
Miocene Chalk Hills Formation is altered to fine-grained, whi te, 
high-brightness clinoptilolite. Double Eagle Petroleum and Mining 
Company acquired the deposit in 1976. A paper company evaluated 
several bulk samples of the clinoptilolite in 1982. 

Sheppard (1993a) and Teague Mineral Products subsequently 
identified ane xtension of the cl inoptilolite bed to the east and 
southeast along Castle Creek. Teague Mineral Products is acti vely 
mining and p rocessing the clinoptilo lite for sale in industrial and 
agricultural applications (G.A. Teague, personal communication). 

Chrisman Hill Clinoptilolite Deposit. The Ch risman Hil 1 
deposit is 30 km north of Jordan Valley, Oregon. A thick, massive 
to thin -bedded zeolitized tuff bed occurs in the Miocene Suck er 
Creek Formation. The deposit c onsists of high-quality, white to 
light-gray clinoptilolite, similar in appearance to the Sheaville, Ore- 
gon, deposit 11 km to the south. The zeolitized zone is 20 m thick. 
It co ntains millions of tons of potential zeolite resources. The 
deposit, which straddles the Idaho-Oregon border, is mined by 
Teague Mineral Products to supply its processing plant in Adrian, 
Oregon. The C hrisman Hill d eposit is on a weak hydrothermal 
alteration trend and shows evidence of hydrothermal alteration 
as wellas obliteration of sedimentary structures (G.A. Teague, 
personal communication). 


Montana 


Clinoptilolite is reported from 14 localities in southwestern Mon- 
tana, all in tuffaceous beds thought to be of Tertiary age and depos- 
ited in intermontane basins (Berg and Cox 2001). Clinoptilolite and 
mordenite occur in Cretaceous tuffs in Beaverhead County. 

Grasshopper Creek Clinoptilolite Deposit. This deposit is 
16 km southwest of Dillon, Montana. A section of Cretaceous tuf- 
faceous bed s is altered toc linoptilolite and min or amounts of 
mordenite. The cation-exchange capacity of 12 samples collected 
from the deposit ranges from 0.68 to 1.29 meq/g. Detailed map- 
ping, surface sampling, and three d rill holes indicate that this is a 
minable deposit (Berg and Cox 2001). 


Nevada 


Nevada has huge resources of zeolites, primarily in tw 0 geologic 
settings: Late Tertiary er ionite—clinoptilolite—phillipsite—chabazite 
ash-fall tuf f occurrences of closed system origininno rthern 
Nevada; and thick Tertiary zeolitized ash-flow tuff occurrences of 
clinoptilolite and mordenite in central and southern Nevada. 

Papke (1 972) d escribed fo ur Late T ertiary closed -system 
deposits in nort h-central Nevada: Eastgate, Jerse y Valley, Pine 
Valley, and Reese River. All the deposits occur in sili cic ash-fall 
tuffs as thick as 5 m in sections of lacustrine sedimentary rocks. 
The principal zeolite minerals are erionite, clinoptilolite, phillip- 
site, and chabazite. Mordenite is less common in lacustrine tuf f 
beds. The zeolites were formed by postdepositional diagenesis of 
vitric v olcanic ash that fell into saline _, alkaline lak es (P apke 
1972). 

Pine Valley Erionite Deposit. The Pine Valley deposit is 55 km 
south of C arlin, Ne vada (Regnier 1960). Erionite and phillipsite 
occur in altered ash-fall tuffs in a thick sequence of Pliocene lacus- 
trine rocks of the Hay Ranch Formation. The principal erionite bed 
strikes north-south, and dips 2° to 3° east. Union Carbide Corpora- 
tion has operated the deposit intermittently since 1959 (Papke 1972). 
The principal zeolitized tuff bed is as much as 2 m thick and typically 
contains 80% to 90% erionite. Three to five thin beds of high-purity 
phillipsite occur in bentonitic sediments at the south end of the 
deposit. 

Eastgate Clinoptilolite-Erionite Deposit. This deposit is 88 km 
east of Fallon, Nevada, and 5 km east of the junction of U.S. High- 
way 50 and Nevada Highway 2. The beds occur in the Monarch Mill 
Formation, an Early to Mi ddle Pliocene sedimentary sequence 
(Papke 1972). 

The zeolite beds are of cl osed-system origin in air-fall tuffs. 
One or more zeolite beds are present in a zone ranging in thickness 
from a few centimeters to as much as 5 m. The beds strike north to 
northwest, ar e e xposed intermitten tly, and dip easterly atlo w 
angles. The most common zeolite a_ssociations are erionite and 
erionite—clinoptilolite accompanied by v arying amounts o f unal- 
tered glass. Locally, chabazite, phillipsite, er ionite—phillipsite, and 
mordenite are also present. 

Union Carbide Corporation st aked claims on the deposi tin 
1957 and dropped them after the Bowie, Arizona, chabazite deposit 
went into production in 1 961. Anaconda Minerals Compan y staked 
mining claims on this deposit in 1970 and undertook a detailed 
exploration program. East- West Min erals, Ltd. later acq uired the 
deposit and built a processing plant nearby. The company attempted 
to mine the southern part of t he deposit, a short distance south of 
State Highway 2, and process the material for pet litter and absorbent 
uses. The venture was unsuccessful and the plant was dismantled and 
removed. In 1997 American Colloid built a state-of-the-art process- 
ing plant to produce animal absorben ts at the site. Erionite w as dis- 
covered in the zeolite and the plant was shut down. Badger Mining 
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Corporation purchased the p lant and mo ved it to Ash Meadows 
(Eyde 2003). 

Jersey Valley Erionite Deposit. The Jersey Valley deposit is 
67 km so uthwest of Battle Mountain, Nevada. Ash-fall tuff beds 
within Late Tertiary lacustrine sediments are altered to erionite, 
erionite—clinoptilolite, and _ erionite—phillipsite—clinoptilolite in 
the deposit. P apke (1 972) described the deposit, which has_ two 
zeolitic tuff beds that have m inable thicknesses of 2 to3.5  m. 
Mobil Oil Corporation mined these zeolites b y underground and 
open-pit methods from 1965 to 1970 to produce raw material for 
catalysts used in oil refining and natural gas purification. 

Reese River Chabazite Deposit. This deposit is 56 km north 
of Austin, Nevada. Deffeyes (1959) identified chabazite, clinoptilo- 
lite, erionite, a nd phi Ilipsite oc curring in ash-fall t uffs within 
Miocene or Pliocene lacustrine beds. Eight zeolite beds thicker than 
33 cm are present; one is as muchas 2.5m thick (Papke 1972). 
Union Carbide staked claims on the d eposit in 1959 but dropped 
them after mapping and sampling the deposit. 

Lovelock Ferrierite Deposit. This deposit is 1 7 km northwest 
of Lo velock, Ne vada. Ferrierite-mo rdenite—clinoptilolite and ferrier- 
ite-mordenite occur in altered Miocene or Pliocene ash-fall tuf fs. 
Clinoptilolite is a relatively minor constituent, occurring principally 
in the upper part of the stratigraphic section. 

A remarkable concentration of ferrierite is present in the central 
part of the deposit. Here, a un it with an exposed thickness of about 
17 m contains 75% to 95% ferrierite and minor amounts of morden- 
ite and clinoptilolite. Apparently, this is the largest known deposit of 
ferrierite in the world (K.G. Papke, personal communication). 

Many large deposits of clinoptilolite and mordenite occur in 
ash-flow tuffs, tuff breccias, and lithic tuffs in Nevada. Most of 
these occurrences are open system in origin, though some appear 
to be related to hydrothermal alteration as well. Typically, a large 
vitroclastic ash-flow zeolite deposit contains 30% to 80% z eolite 
and has abundant lithic fragments and unzeolitized crystalline and 
vitric mat erial. Amm onia cation-exchange capac ities are usua lly 
significantly lower than those in closed-system ash-fall tuffs. 

Ash Meadows Clinoptilolite Deposit. An ash-flo w zeolite 
deposit with large resources of high-quality clinoptilolite crops 
out at Ash Meadows, Nevada. The deposit straddles the Nevada- 
California b order, northeast of Death Valley Junction, California. 
The deposit is described more fully in the section on California zeo- 
lites. The Nevada portion of the deposit includes a large resource of 
green clinoptilolite in Pliocene ash-flow and lapilli tuffs. 

Beatty Mountain Mordenite Deposit. This deposit crops out 
on the west side of Beatty Mountain. Thick greenish-white morden- 
ite beds are interbedded ina sect ion of Pliocene ash-flo w tuffs. 
Samples collected by Union Carb ide contained from 70% to 85% 
mordenite. 


New Mexico 


There are two productive clinoptilolite deposits in New Mexico. 

Buckhorn Clinoptilolite-Chabazite Deposit. This deposit is 
58 km north of Silver City, New Mexico, and 2.5 km south of the 
community of Buckhorn on the west side of Duck C reek Valley. 
Two clinoptilolite beds crop out in the Plio-Pleistocene Cactus Flat 
beds. The lower bed is 1 to 1.6 m thick with 70% to 90% clinoptilo- 
lite and chabazite. The upper bed is about 30 cm thick and contains 
60% clinoptilolite and a trace of erionite (Eyde 1982; Sheppard et al. 
1987). Zeotech Corporation mined and shipped a few truckloads of 
clinoptilolite to their processing plant at Tilden, Texas. 

Cuchillo Negro Clinoptilolite Deposit. The most productive 
clinoptilolite deposit in New Me xico is about 300 km south of 
Albuquerque and 6.5 km south of Winston. The deposit is in a 180- 


to 240- m-thick section of interb edded tuffaceous and conglomer- 
atic rocks that are 29 million years old (McIntosh, Kedzie, and Sut- 
ter 1991); it crops out along Cuchillo Negro Creek at the south end 
of the Winston graben. The zeolite bed being mined by the St. 
Cloud Mining Company is 4.4 to 10.7 m thick and contains 50% to 
85% clinoptilolite that is more attrition resistant and has higher 
potassium content than most other clinoptilolite. In 2002 St. Cloud 
Mining Compan y mined and processed 14.5 kto f clinoptilolite 
products. These were sold into consumer, industrial, and agricul- 
tural markets throughout North America (Barker et al. 2003). 


Oregon 


Several natural zeolite deposits with economic potential occur in 
eastern O regon. T he z eolite occurrences in marine sedimentary 
rocks in western Oregon have no obvious commercial potential. 

Durkee Chabazite Deposit. This deposit is in a closed basin 
near the community of Durkee, Ore gon, 165 km northwest of 
Boise, Idaho. An area of about 18 km 2 is underlain by ch abazite, 
clinoptilolite, erionite, and authigenic feldspar. Vitric ash fe ll in a 
Miocene saline alkaline lake and formed zeol ite minerals at low 
temperature and pres sure. The z eolitized as h-fall and re worked 
tuffs and one ash-flo w tuff are interbedded with diatomite, mud- 
stone, sandstone, siltstone, and conglomerate. The U.S. Geological 
Survey made several investigations of the deposit (Shep pard and 
Gude 1969a, 1980; Gude and Sheppard 1986, 1993). 

Anaconda Minerals Compan y, Occidental Minerals Corpora- 
tion, and Filt rol Cor poration explored the deposit and id entified 
several promising target areas containing possible large tonnages of 
chabazite, but their exploration results remain unknown. 

The Harney Basin Clinoptilolite Deposits. The Harne y-Mal- 
heur Basin is about 40 km south of Burns, Ore gon. Near-surface 
Miocene tuffaceous rocks constitute an enormous zeolite resource. 
The principal mineral is clinoptilolite with lesser erionite, chaba- 
zite, phillipsite, and mordenite on the basin margins. The principal 
mineralized zone underlies an area of more than 20 km? (Sheppard 
1993c). A massive clinoptilolite bed 20 m thick underlies much of 
the basin. Toward the southern margin of the basin, the clinoptilo- 
lite-rich tuff interfingers with thinner beds of erionite, chabazite, 
and phillipsite. The zeolite deposits of the Harne y Basin formed 
as aresult of diagenetic alteration of ash-fall tuffs and reworked 
tuffaceous fluvial sediments within a closed hydrologic system. 

Rome Erionite Deposit. The Rome deposit is 60 km west of 
Jordan Valley, Oregon, near the Owyhee River and Crooked Creek in 
an area dissected by steep-walled canyons (Sheppard and Gude 1983, 
1993b). The deposit has an extensive resource of high-purity erionite, 
mordenite, and mixed mordenite—clinoptilolite. The zeolites occur in 
several tuf faceous mem bers of the Rome beds, a 130-m-thick 
Miocene fluvio-lacustrine sequence. Two zeolitized beds in the lower 
member initially appeared to ha ve significant commercial potential. 
Each bed is about 3 m thick and co ntains 50% to 70% erionite. The 
fibrous morphology precludes its use in commercial and consumer 
applications. 

Sheaville Clinoptilolite Deposits. The Shea ville deposits are 
19 km nor th of Jordan Valley, Oregon, between U.S. Highway 95 
and the Oregon-Idaho border. These deposits are present in at least 
10 km? where the westward-flowing Succor Creek crosses the state 
border andthe axisof a north-south trending anticline. The 
Sheaville District has lar ge resources of high-qua lity clinoptilolite 
available for mining. 

The Sheaville clinoptilolite sequence is in the Miocene Sucker 
Creek Formation, a lacustrine uni t of interbedded tuf f, zeolitized 
tuff, bentonite, and carbonaceous siltstone (Almner and Grim 1990; 
Sheppard and Gude 1983, 1993c). 
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As many as five thick, massive units of whit e to light gray, 
zeolitized ash-fall tuff crop out in the area. Clinoptilolite is the pre- 
dominant zeolite, with trace amounts of mordenite. Zeolitization is 
most intense near the axis of the anticline (Holmes 1990). 

Zeolite production by the Norton Company has been confined 
to the uppermost clinoptilolite bed on the western flank of the anti- 
cline. The bed is well exposed several hundred meters east of U.S. 
Highway 95, near the western edge of the zeolitized area. The low- 
est clinoptilolite bed is the thickest in the district and crops out on 
the south side of Succor Creek. It is as much as 22 m thick and con- 
sists of white to light-gray massive clinoptilolite. Occidental Miner- 
als Corporation drilled this bed between 1977 and 1981 and opened 
a large test pit near the anticline axis in 1982. 

Succor Creek Clinoptilolite Deposits. These deposits are 13 km 
north of Ro ckville, Ore gon, and ju st south of Succor Creek State 
Park. Several deposits of whit e to light gray , massive, and sandy 
zeolitic tuff occur in t he Miocene Sucker Creek Formation along 
the lower part of Sucker Creek, both within and d ownstream from 
the state park (Almner and Grim 1990). 

The beds contain 30% to 70% clinoptilolite and are up to 26 m 
thick. These occurrences ha ve a hydrothermal alteration overprint 
and generally are more variable and less altered than the Sheaville 
and Chrisman Hill deposits (A ltaner and T eague 1993). Teague 
Mineral Products operates an open pit in the lower Succor Creek 
area to extract clinoptilolite for pet litter and odor control uses. 


South Dakota 


The only important occurrence of natural zeolites in South Dakota 
is the Sheep Mountain Table clinoptilolite deposit. 

Sheep Mountain Table Clinoptilolite Deposit. This deposit is 
on the Pi ne Rid ge In dian Reservation near R ockyford, Sout h 
Dakota. An extensive resource of clinoptil olite occurs in zeol itic 
tuff in the Rock yford Member of the Miocene Sharps F ormation, 
which caps hill s and mesas in the badlands on the Pine Ridge 
Indian Reservation and adjacent Badlands National Monument to 
the north (Raymond 1986). The zeo lite-rich tuffs are as much as 
33 m thick and are of open-system genesis. The clinoptilolite con- 
tent is in the 50% to 60% rang e, with ammonia cation-e xchange 
capacity values of 0 .6 to 1 .40 meq/g ( Desborough 19 89). The 
deposit is not developed. 


Texas 


Texas has large resources of clinoptilolite in two regions (Walton, 
et al. 1972). In south T exas, a belt of zeolitized ash-fall tuff in the 
Wellborn and Yegua formations of the Eocene Jackson Group of 
Gulf Coas t se diments e xtends from Zapata Co unty onthe Rio 
Grande Ri ver northeasterly, cro pping out west of Tilden in 
McMullen County, and extending east toward the Gulf of Mexico. 

Large resources of clinoptilolite also occur in zeolitized ash- 
fall tuff beds an d tuffaceous sediments in the Oligocene Tascotal 
Formation in t he Trans-Pecos re gion between Presidio and Marfa 
(Bostros 1976; Walton and Henry 1979). 

Tilden Clinoptilolite Deposits. A cluster of clinoptilolite 
deposits is lo cated 8 to 13 km we st to northwest of T ilden. The 
Buck Martin pit has a flat-lying, white, flaggy, ze olitized ash-fall 
tuff 3 m thick containing as much as 80% clinoptilolite. The nearby 
Kuykendall pit has a 4-m-thick bed containin g 90% clinoptilolite. 
The Tilden Area zeolite resources are large, but they occur in scat- 
tered dep osits. Zeotech Corp oration mines and pr ocesses clinop- 
tilolite into pet itter, swimming pool f iltrationmedia,a turf 
treatment product, material for ion-exchange applicatio ns, and 
other generic absorbent products (Eyde 2003). 


Utah 


Zeolite occurrences have been identified at 56 loc alities in Utah. 
Six sedimentary clinoptilolite deposits may be minable. 

Trenton Clinoptilolite Deposit. The Trenton deposit is located 
along the west side of Cache County about 35 km north-northwest 
of Logan, Utah, and extends northward into Idaho. It is a zeolitized 
air-fall tuff in the Tertiary Salt Lake Formation. (See the description 
of the Bear River Clinoptilolite Deposit in the Idaho section [Mayes 
and Fripp 1991].) 

The zeolitized green, fine-grained tuffs constitute a very large 
potential resource, containing as much as 70% clinoptilolite. It is a 
high-potassium clin optilolite d eposit, sim ilar to the Moun tain 
Green occurrence to the south. 

The Mountain Green Area in Morgan County contains esti- 
mated zeoli te resources gre ater than 240 Mt. The cl inoptilolite 
content commonly is 50% to 80%. 


Wyoming 


Natural zeolites have been described at 8 8 locations in Wyoming. 
Potentially minable zeolites, in order of importance, include clinop- 
tilolite deposits in the W ashakie Basin, along Beaver Rim, and on 
Lysite Mountain (Harris and King 1990). 

Washakie Basin Clinoptilolite Deposits. This deposit is about 
73 km east of Rock Springs, Wyoming. Roehler (1973) discovered 
and described the Washakie Basin clinoptilolite. The report identi- 
fied clinoptilolite and mordenite in tuffs of the Laney Shale Member 
of the Green River Formation and in tuf fs in the Robin’s Egg Blue 
tuff bed o f the Adobe T own Member of the Washakie Formation. 
The Robin’s Egg Blue bed is a light blue to greenish-blue zeolitized 
ash-fall tuff altered to 50% to 90% clinoptilolite. Extensive drilling 
and testing indicate that the clinoptilolite is suitable for a wide range 
of applications, including nuclear waste cleanup. 

Rocky Mountain En ergy Cor poration (no w Union P acific 
Resources-Minerals) attempted to develop clinoptilolite in its check- 
erboard sections on the north rim of th e Washakie Basin between 
1978 and 1 983. The venture also pro duced limited tonnages of the 
blue-green clinoptilolite for cat litt er and other deodor ant applica- 
tions (Hulbert 1987). 

U.S. Zeolite Corporation subsequently leased the Rocky Moun- 
tain Ener gy fee lands and claims and obtained state mineral 1 eases 
covering ot her promising cl inoptilolite occurrences along the rim. 
The company is now doing testing and mark eting studies and has 
produced small tonnages of clinoptilolite for absorbent and industrial 
uses (T . v an F leet, personal communication). Addwest Minerals 
International acquired U.S. Zeolite and now controls the deposit. 

Beaver Rim Clinoptilolite-Chabazite Deposit. The Beaver Rim 
deposit is near Ri verton, Wyoming. Several beds of clinoptilolite, 
mixed clin optilolite-chabazite and clinoptilolite—erionite occur in 
ash-fall tuffs in the Eocene Wagon Bed Formation in the district, in 
Fremont County (Boles 1968; Van Houten 1964). U.S. Energy Cor- 
poration produced and sold small tonnages of clinoptilolite during 
the 1980s to western aq uacultural markets and to an e xperimental 
sewage treatment plant developed by ATEC Inc. in Riverton. 


Zeolites Outside the United States 


Natural zeolites are being produced in 37 countr ies and occur in 
another 28. Prod uction is inter mittent and f igures are unreliable 
(Harben and Bates 1990).The ma jor pro ducing countries are 
China, Cuba , Ja pan, the Uni ted States, Hungary, and B ulgaria. 
Smaller tonnages come from Australia, German y, Ne w Zealand, 
Italy, and South Afri ca. More new discoveries of natural zeolite 
minerals are being reported. Mo st ofthe discoveries are minor 
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occurrences that will never be put into production because of their 
impurities or size. Many of the deposits being mined in developing 
countries supply crushed and quarried products used in ag riculture 
and construction. On ly the depo sits that are in produ ction or ar e 
being explored are described here . For more comprehensive infor- 
mation on the distribution of zeolites, refer to the 5th and 6th ed i- 
tions of Industrial Minerals and Rocks. 

The following countries are also known to have zeolite depos- 
its that are not being explored or developed: 


¢ Algeria ¢ Namibia 

¢ Austria ¢ The Netherlands 
¢ Chad ¢ Pakistan 

¢ Denmark ¢ Papua New Guinea 
¢ Egypt ¢ Philippines 

¢ Iran ¢ Puerto Rico 

* Israel ¢ Senegal 

¢ Jamaica ¢ Spain 

¢ Kenya ¢ Switzerland 

¢ Malawi ¢ Taiwan 

° Mali ¢ Tunisia 

¢ Mauritania ¢ Uganda 

* Mongolia ¢ United Kingdom 


Cuba has done extensive research on the agricultural applica- 
tions for natu ral zeolites. Inf act,most of th enatural zeolite 
research was done in the commu nist Eastern bloc coun tries before 
the collapse of the Soviet Union. Since then there has been a signif- 
icant transfer of technology from these countries to entrepreneurial 
companies based in the capitalist countries for c ommercialization. 
One of the best examples is the ZELflocc technology for sewage 
treatment developed in Hungary and licensed by Zeolite Australia. 
The company now has 14 wastewater treatment plants in operation 
using the process (Eyde 2000). 

In the case of China, Russia, and man y other countries, th e 
information is incomplete and po ssibly in accurate. Some of the 
information has been pro vided verbally, and may be lackin g in 
credible documentation. It is pres ented here, ne vertheless, to pro- 
vide the most compl ete reference on natural zeolite miner alogy, 
occurrences, uses, and applications. Certainly, in the future, other 
deposits will be disco vered an d brought into production from 
deposits in countries that are not mentioned in this chapter. 


Argentina 


Cristamine SA processes and sells clinoptilolite from local sources 
for use in animal feeds. 


Australia 


Natural zeolites occur in Paleozoic rocks in the Drummond Basin, 
Queensland, and in rocks fr om Late Carboniferous to Tertiary age 
in New South Wales. Production of zeolite from New South Wales 
is limited to two producers with a total production of about 7 ktpy. 
Zeolite Australia Ltd. has produc ed and sold clinoptilolite from 
sources in New South Wales since 1988. Zeolite Australia operates 
the Escott mine and processing pl ant, 5 km southwest of W erris 
Creek, New South Wales. Zeolites from this deposit are being used 
in many parts of Australia and some are being exported. The pro- 
duction is about 4 ktpy (Anon. 2004). 

A number of reports have been published on the occurrence of 
natural zeolites in Ne w South Wales (Holmes and Pecover 1987; 
Crossley 2002; Cullen 2004). 

Currumbin Sand and Gravel Pty Ltd. operates a zeolite mine 
at Willows, in central Queen sland. Currently, production is 3 ktpy. 


Supersorb Environmental NL processes zeolite through its crushing 
and screening plants at Springvale and Duaringa, central Queens- 
land (Anon. 2004). 


Bulgaria 


Extensive zeolite deposits occur in Bulgaria. The principal deposits 
are in the Srednogorian zone south of the Balkan Mountains and the 
Eastern Rhodopes (Gottardi and Obradovic 1978). 

In the Rhodopes, large deposits of clinoptilolite and mordenite 
occur in the Oligocene rhyolitic pyroclastic rocks. A bed of white 
clinoptilolite 35 m thick crops out near the village of Perperek. A 
clinoptilolite bed 110 m thick occurs in a section of Oligocene tuf- 
faceous sediments between the villages of Beli Plast and Mest. 

Clinoptilolite has been produced from the deposits in the East- 
ern Rhodopes for many years. Bentonite EAD in Kardjali operates a 
surface mine at White Hill that has a capacity of 50 ktpy. Clinoptilo- 
lite production over the past 10 years has ranged from 2 to 45 ktpy. 
The clinoptilolite products are used in detergents, water filtration, 
food additives, and gas treatment, and as soil conditioners and fer- 
tilizer carriers. 


Canada 


Sedimentary zeolites that were discovered in Tertiary basins in inte- 
rior British Columbia during the 1980s are now being brought into 
production. Clinoptilolite and heula ndite occurs in T ertiary sedi- 
mentary rocks inthe Cache Creek, McAbee, and Ba ttle Cree k 
areas. The rhyolitic tuffs of Eocene age contain clinoptilolite beds 
that range from 1 m to 6 m thick (Read 1987). 

Several companies produce clinoptilolite from deposi ts in the 
Princeton and Cache Creek basins in British Columbia. Canmark 
International Resources explored and began clinoptilolite production 
from a deposit in the Princeton Basin. Highwood Resources produces 
clinoptilolite-heulandite from a deposit in Cache Creek. The zeolite 
is processed into agricultural pr oducts at Rocky Mo untain House, 
Alberta. 


China 


Clinoptilolite and mordenite deposits occur at a number of locations 
throughout China. Six producers are reported in the country. Most of 
the production is from deposits in altered v olcanic rocks of open- 
system origin. Most of the estimated 3 Mtp y of zeolite produced in 
China goes into pozzolanic applications. The balance goes into agri- 
cultural and industrial applications. Chabazite, phillipsite, and erion- 
ite are reported in closed-system settings in interior desert playas. 

The U.S. Geological Survey estimates that the worldwide (not 
including Chin a) produ ction of zeolites in 2002 was 3.5 Mtp y. 
Thus, the estimated Chinese zeolite production is nearly equal to 
production in the rest of the world. Assuming that the production 
estimate is close to being correct, China is the world’s largest pro- 
ducer of zeolite minerals. 


Cuba 


Exploration for natural zeolites that be gan in the 1970s has de vel- 
oped resources of more than 300 Mt, principally clinopt ilolite— 
heulandite and mordenite (Gri ffiths 1987; Fuentes and Gonzales 
1991). Cuba may be the world’s second largest producer of zeolites. 
In 1994 the Cuban International Marketing Firm for Industrial Min- 
erals SA (CIMTEC) repo rted exports of 100 kt for agricultural 
applications. 

There are at least 25 zeolite deposits in Cuba. Most deposits 
consist of altered v olcanic tuffs within v olcanogenic se dimentary 
rocks of Lower Cretaceous and Middle Eocene age. 
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Clinoptilolite-heulandite resour ces includ e the T asajeras- 
Piojillo, San Antonio, Najasa, and La Pita deposits. The Palmarito 
and San Cayataro deposits are nearly pure mo rdenite. Five plants 
having an overall annual production capacity of 500 kt are currently 
processing zeolites mined from four deposits (Anon. 1988). 


France 


Exploration in France for economic zeolite deposits began in 1989, 
principally in the Massif Central region. Three areas of promising 
discoveries inc lude c linoptilolite and heulandite in ash-f all sed i- 
ments of the Limagne Bourbonnaise Basin and phillipsite in ash- 
pumice tuf fs ori ginating fro m stra tovolcanoes of the Cantal and 
Mont-Dore regions (Rocher et al. 1991). 

Clinoptilolite occurs in Upper Cretaceous marls and chalks in 
the Anjou District on the west side of the Paris Basin. It has also 
been detected in Paleogene marine sediments of that basin. Anal- 
cime and clinoptilolite are present in sediments containing volca- 
nic debr is in the Limagne de —_ Clermont-Ferrand (Gotta rdi a nd 
Obradovic 1978). 

No production has been reported from these deposits, 
although Materials d e la Mediterranee SA processes zeolites and 
Poortershaven processes zeolites for animal feed at its plant in 
Poissy, France. 


Germany 


Rocks containing zeolite minerals are mined from several deposits 
in Germany. Nearly all the production is used as pozzolan. Clinop- 
tilolite occurs in Upper Cretaceous marls and marly limestone. It is 
used in the manufacture of cement at plants near Hannover and sur- 
rounding areas in northwest Germany. 

Quaternary volcanic rocks in the Bonn and Laacher See areas 
of the Rhine re gion conta in zeolitized pum iceous tuf fs tha t are 
mined for pozzolans. The zeolite minerals include chabazite, phillip- 
site, and analcime. 

The largest producer of zeolites in Germany is Hans G. Hauri 
Mineralstoffwerk in Botz ingen-Oberschaffhausen. The company 
produces 150 ktpy of a zeolitical ly altered phon olite that contains 
40% zeolite. The principal minerals are nat rolite, s kolezite, and 
lesser amounts of mesolite, thompsonite, and phillipsite. Nearly all 
the production is sold as a pozzolan. The fines are sold to vineyards 
in the Rhine and Mosel valleys where they are used as ahi ghly 
effective no ntoxic fungicide. The fines are also used in personal 
care products. 

Franke & Schulte GmbH, H.J. Schmidt Mineraltechnik GmbH 
& Co.,and Carl SpaeterGmbH custom process and sell zeolite 
products. 


Greece 


The Institute of Geology and Minera] Exploration and the Institute 
of Geological and Mini ng Research identified zeo litically alt ered 
tuffs on the islands of Milos and Polyae gos, and also in the Evros 
Area in ma inland Greece (Tsi rambides, Filippid is, and Kassoli- 
Fournaraki 1993; Tsolis-Katagas and Katagas 1990). 

Silver & Baryte Mining Company SA began producing zeo- 
lite from the Evros deposits in 1996. The deposits are estimated to 
contain 6 Mt of 75% clinoptilolite. The company produces five cli- 
noptilolite products that are used as supplements in animal feeds, 
soil amendments and conditioners, water treatment, anima! litter, 
and absorbents. 


Hungary 


Major deposits of clinoptilolite and mordenite occur in the zeoliti- 
cally altered Sarmatian rh yolitic tuffs and ignimbrites in the Tokay 


Mountains. The zeolite deposits contain 65% to 95% clinoptilolite 
(Gottardi and Obradovic 1978). 

Clinoptilolite is mined from th e Ratka deposit and mordenite 
is mined from the Bodrogkeresztur deposit. Hungarian production 
of natural zeolites was estimated to be 40 to 50 kt in 1987 (Griffiths 
1987). In 1997 the production was estimated to be 15 kt. 

The principal markets for the clinoptilolite products are feed 
supplements, products for ammonia—nitrogen removal from aquari- 
ums, and cat litter. The specialty products sold in Hungary include a 
deodorizer for wineries, a kitchen scrubbing compound, and a bath- 
room cleaning and deodorizing product. 


Indonesia 


Altered volcanic rocks hosting natural zeolites have been identified 
on several islands in Indonesia. Several recently developed clinop- 
tilolite deposits are pro viding zeolite products to r egional agricul- 
ture and aquaculture industries. 

Eastmet Ltd. is developing a clinoptilolite deposit at Mt. Ratai 
and Tarahan in Lampung Province, Sumatra. Another zeolite deposit 
20 km south of Panjung, the major port in Lampung Province, is 
currently producing crushed and screened clinoptilolite produ ct for 
use in loca | aquaculture mark ets. Clinoptilolite and mordenite are 
produced froma mine on Ja vaand made into products for sale 
throughout the eastern Pacific Rim. 


Italy 


Italy has a great nu mber of zeolite occurrences, ranging from the 
extensive Neapolitan and Campanian zeolitic tuff systems in central 
Italy near Naples and Rome to zeolites of marine origin in Sic ily. 
Burial metamorphic and hydrothermal origin zeolitic tuffs occur in 
the Apennines in northern Italy. 

The Neapolitan Tuff, the Campanian Tuff, and equivalent vol- 
canic formations crop out over extensive areas around Rome and 
the Gulf of Napoli. The deposits in these tuff beds are the economi- 
cally important ones in Italy. Both tuffs contain phillipsite and cha- 
bazite in bed s from 20 to 120 m thick and ha _ ve been used since 
Roman times as dimension stone (Aiello 1993). Both are sources of 
raw materials used in a wide ra nge of industrial and agricultural 
applications. Coarse pyroclastic rocks from the Roccamonfima Vol- 
cano, ab out50 km_ northwest of Naples, contain sig nificant 
amounts of chabazite and analcime and are quarried as b uilding 
stone. 

Tuff layers in a thick Quaternary pyroclastic se quence from 
the calderas of the Vulcano Laziale, about 20 k m east of Rome, 
contain chabazite and phillipsite. Chabazite occurs in altered zones 
in tuffs and ignimbrites within Quaternary calderas in the Latium 
region near Rome. Lenzi and Passaglia (1975) described chabazite 
occurrences at Bracciano Lake that constitute more than 50% of the 
tuff. 

Mineraria del Mediter raneo Italia Srl. pro duces 4 ktp y of 
chabazite and phillipsite from its mine in Sorano, Grosseto, about 
100 km no rth of Rome. It s zeolite products are used in water 
treatment and animal feeds. 


Japan 


As a leading producer of natural zeolites, Japan is also a world 
leader in development and application of zeolite technology. It 
utilizes zeolites for a wide range of agricultural, industrial, and 

consumer uses. Annual production has ranged from 60 to 100 kt 
since the mid-1960s. Torii (1978) and others studied Japanese nat- 
ural zeolite deposits and described their uses and applications. 
Zeolites occur in rocks ranging from Triassic to Quaternary in 
age, but the majority is in Miocene pyroclastic and volcanogenic 
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sedimentary rocks. Most zeolite occurrences in Japan are relat ed 
to low-grade metamorphism. Ma ny occurrences sho w zonation 
typical of burial metamorphism; others sh ow zoning caused by 
hydrothermal alteration related to igneous intrusion. 

Clinoptilolite and mordenite are the only zeolite minerals 
mined in Japan. Both minerals ha ve been used for industrial and 
agricultural ap plications since 1949. Both minerals occur in th e 
Green Tuff belt of metavolcanic rocks, but clinoptilolite is the most 
important zeolite mineral in Japan. 

Eighteen companies produce between 140 and 160 kt per year 
of natural zeolites in Japan. Only eight produce significant quanti- 
ties, and only three produce more than 10 ktpy. Clinoptilolite is pro- 
duced atthe It ayaminein Yamagata P refecture, Honshu, a nd 
processed by the Zeaklite Chemical & Mining Compan y, Ltd. for 
use in agricultural and other applications. The company produces at 
least 60 ktp y and is Japan’ s largest zeolite producer . Sun Zeolite 
Ind. Co., Ltd. produces clinoptilolite from its deposit in Akita Pre- 
fecture for agricultural use (Griffiths 1987). Nippon Kasseihakudo 
Co., Ltd. produces by-p roduct clinoptilolite from its calctum— 
bentonite operations. The company also produces synthetic zeolite 
A using clinoptilolite as the raw material. 

Smaller Japanese producers include Shinsh in De velopment 
Co., Ltd. (mordenite and montmorillonite), Hamamich Kohsan Co., 
Ltd. (zeolite and montmorillonite), and Asahi Kasei Kogyo Co., Ltd. 
(mordenite) (Griffiths 1987). Other markets for Japanese zeolites are 
adsorption and water treatment. 


Korea 


Clinoptilolite-heulandite and mordenite deposits occurin both 
countries o n the K orean peninsul a. In the Democr atic People’s 
Republic of Korea, zeolites occur in Pliocene acid volcanic rocks in 
the Kilcho -Mjong Ch ong Pro vince, which is in the n ortheastern 
part of the K orean peninsula. Clinoptilolite- and mordenite-rich 
tuffs also occur in the northeastern part of the province, near the vil- 
lages of Han Zin an d Pho Ha. T wo clinoptilolite deposits in th e 
southwestern part of the province contain clinoptilolite, heulandite, 
phillipsite, and chabazite (Han et al. 1985). 

Clinoptilolite and mord enite oc cur within alter ed Miocen e 
tuffs and tuffaceous sed iments inthe Guryon gpo Areainth e 
Republic of Korea (Noh and Kim 1982) . The K uryong mine at 
Kuryong and the Dalsin mine at Tonghai, both in K yongsangbuk 
Province, produce 110 ktpy of clinoptilolite products. 


Mexico 


Natural ze olites occ ur in alt ered Tertiary volcanics and lacustrine 
beds in Mexico. A chabazite—erionite bed 12 to 14 cm thick occurs 
in Plio-Pliocene lacustrine beds in the e xtension of the Santa Bar- 
bara Valley south of Agua Prie ta, Sonora. The deposit is near ly 
identical to the Bowie, Arizona, chabazite deposit 120 km to the 
north, both in extent and mineralogy. The erionite from the deposit 
was tested f or use in petroleum- cracking catalysts and radioactive 
waste treatment. 

A clinoptilolite-mordenite deposit near Rancho T etuache, 
20 km south of Arizpe, Sonora, is a zeolitized vitroclastic tuff more 
than 200 m thick that contains 80% to 90% combined clinoptilolite 
and mordenite. A 20-ton b ulk sample was used to treat the runof f 
from cattle feed lots. There are several other zeolite occurrences in 
the state of Sonora. 

Zeolite deposits occur at Etla and San Antonio, Oaxaca, and in 
the states of San Luis Potosi, Puebla, and Guanajuato. Over four cen- 
turies, lar ge buildings in southern and ce ntral Me xico, including a 
cathedral at Oaxaca, have been built of clinoptilolite-mordenite-rich 
tuffaceous rocks because of its strength, workability, and durability. 


Geoexplorers International be gan processing test lots of cli- 
noptilolite at a toll-processing facility in the city of San Luis Potosi. 
The clinoptilolite is mined from the Escalera deposit in the state of 
San Luis Potosi and the Almandina deposit in the state of Guana- 
juato (Eyde 2000). 


New Zealand 


Natural zeolites are abundant in the Waitemata Group, an Early 
Miocene sedimentary sequence in Auckland Province. The main 
part of the group consists of sediments where cl inoptilolite and 
chabazite occur in interbedded volcanoclastic rocks. NZ Natura | 
Zeolite has begun producing zeolite products. It supplies a range 
of products used as ad sorbents in ion-exchange applications and 
fertilizer carriers (Eyde 2000). 


Republic of South Africa 


Clinoptilolite is produced from al tered Jurassic volcanic rocks at 

the Pratley Perlite Mining Co. Pty. Ltd. mine at Hluhluwe in what is 
now the pro vince of Kw aZulu-Natal. Both clinoptilo lite and 

mordenite are associated separately with perlite and white calcium 
bentonite, which are also mined and processed (Griffiths 1987). 


Romania 


Large deposits of clinoptilolite and mordenite occur in Late  Ter- 
tiary tuffs in the Transylvanian Basin and in the Precarpathian zone. 
These tuffs are commonly tens of meters thick and have been used 
for hundreds of year s as b uilding stone. The y are of open-system 

origin and offer significant economic potential (Istrate 1980). 


Russia 


Research done in the former Soviet Union developed a wealth of 
potential applications for zeolite minerals. In fact, the Soviet Union 
was probably ahead of Japan in technological capability to develop 
new zeolite-based products, b ut the Soviets, unlike the Japanese, 
did not have the pr oduct de velopment and marketing e xpertise 
needed to sell their products. Most of the Russian zeolite produc- 
tion is used in agricultural applications. The widespread radioactive 
contamination of soil and water caused by the Cherno by] nuclear 
reactor disaster required the development of decontamination tech- 
niques that utilized natural zeolites (Chelishchev 1993). 

Gottardi and Obrado vic (1978) presented a cursory 0 verview 
of So viet natural zeolite occu. rrences and_ geology. Tsitsishvili 
(1988) summarized earlier information on Soviet zeolite research 
and commercial application, including zeolite synthesis. 

Salavatnefteorgsintez and  Bashneftekhinzavody I shimbay 
Special Chemical Catalysts pr oduce zeolites in Russia. Both of 
these plants are in the Bashk ortostan re gion. Production at Bash- 
neftekhinzavody is about 8 ktpy of clinoptilolite used as a pozzolan 
in cement. 


Serbia 


Zeolites occur in open, hy drothermal, and b urial me tamorphic 
deposits in Serb ia. Clinoptilolit e and mor denite are present in 
altered pyroclastic rocks of Triassic to Late Tertiary age. Clinop- 
tilolite is mined for 1 ocal use, most ly agricultural, from se veral 
deposits. 


Slovakia 


Natural zeolites were discovered at Nizny Hrabovec in eastern Slo- 
vakia in 1976. Reserves of more than 7 Mt ranging in grade from 
40% to 60% clinoptilolite have a mean cation-exchange capacity of 
0.78 meq/g. K.S.K. (Kosice) mines between 7,000 and 12,000 ktpy 
of clinoptilolite from a deposit at Bystra Nad Toplou. 
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Slovenia 


Zeolites are mined and processed at Zaloska Gorica. The operation 
produces ground and micronized clinoptilolite for pozzolan and 
agricultural use. 


Spain 

Mordenite oc curs in an Uppe r Miocene bentonite sequence near 
Cabo de Gata, about 14 km from Almeria. Montmorillonite is the 
major com ponent of the bentonite, with mordeni te the next most 
common mineral. Minas Volcan SA has capacity to mine 10 ktpy of 
zeolites from qu arries in Almer ia Province. Bentonitas Especiales 
SA mines and processes zeolites in Madrid Province in conjunction 
with its bentonite mining operations. 


Turkey 


There are several very large deposits of clinoptilolite in the cen- 
tral part of the Bigadic Basin. The | argest deposit is reported t 0 
have an extensive reserve of 82% clinoptilolite. About 9,000 tpy 
are produced by Y api Insaart ve Ticaret AS and Zeolitas Turizm 
Yapi Ticaret ve Sanayi AS (C. Turner, personal communication). 


Ukraine 


Several large clinoptilolite deposits are present in the Ukraine. The 
Sokirnitsa deposit in the Transcarpathian Ukraine contains 60% cli- 
noptilolite that has a cation-e xchange capacity of 1.44 meq/g. The 
Zatisyansky Chemical plant at Zakarpaty produces about 15 ktpy of 
clinoptilolite. 


TECHNOLOGY 
Exploration Techniques 


Most productive deposits occur in zeolitized vitroclastic tuf fs or 
tuffaceous sediments of Tertiary or, to a much lesser extent, Meso- 
zoic age. Though deposits in other geologic settings may be devel- 
oped in t he future, it is al most c ertain that bed ded de posits wil] 
remain the principal source of natural zeolites. 

Exploration for zeolite deposit sis a challenge. Whent he 
Union Carbide exploration program began in 1958, no one had ever 
explored for zeolite deposits. In fact, almost no one except for com- 
pany geologists knew where zeolite deposits occurred, much less 
what the outcrop of a zeolite deposit looked like. 

Union Carbide used a simple but effective technique to locate 
the white to yel lowish-white outcrops of zeolite deposits in th e 
intermontane valleys of the western United States. Geologic maps 
of the Tertiary formations in th e valleys were nonexistent. The 
geologists flew in light aircraft at an altitude of about 150 m above 
the terrain and posted the light-colored outcrops on 1:250,000 scale 
topographic maps. The outcrops were sampled, and if the sample 
adsorbed carbon dioxide in the por table field adsorption unit, the 
outcrop was extensively sampled and mapped. The samples were 
then sent to the Linde Comp any laboratory in T onawanda, New 
York, for oxygen adsorption and XRD analysis. 

The exploration program based on visual analysis from air- 
craft was effective. The program discovered every zeolite dep osit 
now in production. Unfortunately, the Molecular Sieve Department 
of the Linde Company was interested only in cha bazite, erionite, 
and mo rdenite—the zeolite minerals that ad sorbed oxy gen and 
could be used as adsorbents. Therefore, there was no interest in cli- 
noptilolite, which is now the zeolite with the greatest commercial 
potential. 

This kind of exploration program for zeolites would still work 
well in undeveloped areas with out undertaking a costly grassroots 
exploration program. Zeolites are difficult to identify in the outcrop 


because they are so finely crystalline they cannot be identified with 
a hand lens. Zeolites resemble fine-grained tuffaceous rocks, bento- 
nite, diatomite, freshw ater limestone, and fine-grained sediments. 
Nevertheless, with a little experience, zeolites can easily be identi- 
fied in hand specimens, but XRD analysis is needed to identify the 
specific zeolite minerals. 

One exploration technique is to examine and sample known 
zeolite occurrences and t hen examine adjacent areas for out crops 
that appear to be similar in appearance. Many of the known zeolite 
deposits in the world, especially in North America and Eu rope, 
have not been sampled and characterized adequately , so there are 
many opportunities to develop new zeolite deposits without under- 
taking a costly exploration program. 

As the uses and applications of natural zeolites are expanded, 
new and innovative exploration methods may be required to locate 
new sources. Exploration programs will be developed that identify 
exploration targets based on the geology of the region, known zeo- 
lite occurrences, and the desired characteristics of a deposit that 
might yield specific zeolite products. 

Field exploration for zeolite s depends on careful geologic 
examination and sampling. Ze olitized tuf fs usually appear to be 
altered rocks, but locally may not be distinguishable from unaltered 
rocks. Outcrops of zeolitized tuffs are commonly yellowish-white 
to gray, massive and blocky, and generally resistant to weathering; 
they may also exhibit distinctive surface textures. Natural zeolites 
may contain iron oxides or o ther minerals that produce outcrops 
with various shades of red, brown, yellow, or green. 

XRD analysis of outcrop and drill samples is the most effective 
technique available to identify zeolite minerals. Specific zeolite min- 
erals or mixtures of minerals may be identified, and semiquantitative 
estimates can be m ade of their abundance. Ammonia CEC determi- 
nation of samples is also a very effective early screening technique 
for zeolitized tuffs believed to contain clinoptilolite, chabazite, erion- 
ite, or phill ipsite. This screens ou t heulandite and analcime, which 
have similar appearances but almost no commercial potential. 

Samples of mordenite, chabazite, and erionite re quire XRD 
and adsorption or separation tests to determine their zeolite content. 
The least expensive method of determining the purity of a zeolite 
mineral is to measure its adsorption capacity for water vapor at the 
standard temperature 25°C (77°F) and 40% relative humidity. The 
sample is heated to about low red heat in a porcelain crucible, then 
cooled and weighed. It then is placed in a de siccator overnight at 
the standar d temperature and hum idity and weighed ag ain. The 
weight gain is compared to the increase of weight of a standard 
sample of known purity of the same zeolite mineral. 

Once a zeolite deposit is identified, it must be sa mpled, 
mapped, and drilled to determine its consistency in mineralogy and 
purity and its vertical and horizontal extent. With this information, 
the geologic and minable reserves can be calculated. The deposit 
must then be bulk sampled. These samples are used for pi lot-plant 
testing and also to provide samples for customer acceptance of the 
suitability of the product for specific uses an d applications. If all 
these are satisfactory and a market has been established, the deposit 
can be brought into production. 


Mining Methods 


Both bedded sedimentary and thick vitroclastic zeolites deposits are 
mined by surface methods. Conventional earth-moving equipment, 
including scrapers and loaders, are used to mine the zeolite bed. 
Selective mining and blending during removal or stockpiling con- 
trols any variations in the purity of the ores. Sampling drill holes, 
the area being mined, the haulage truck, and the process stream are 
all used for quality control. 
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Figure 6. EZ chabazite mine, Bowie, Arizona 


Zeolites for spec ial, high-value applications require selective 
open-pit mining. Dow Chemical Corporation, which now owns and 
operates the deposit in Bo wie, Arizona, manufactures hig h-value 
molecular sieve and ion-exchange products mined from the 15-cm- 
thick chabazite bed (see Figure 6) . Before mining, the deposit is 
drilled on 15.25-m or 7.62 -m centers. Overburden is stripped from 
the bed with self -loading scrapers. All the overlying thin-bedded 
chabazite waste is scraped of f with a r oad grader. The bed is then 
pulled up with a backhoe. Any clay adhering to the bottom of the 
chabazite is scraped off by hand. 

The chabazite from each pit is stored in a separate stockpile. 
Chabazite is blen ded from the stockpiles to guarantee that every 
shipment contains no less th an 85% chabazite. Each railroad car 
shipment is sampled. The samples are sent to the processing plant 
so that the chabazite content of the car is known prior to its arrival 
at the plant. 

Mining at the Mud Hills clinop tilolite deposit in Southern 
California recovered ore with strict specifications in 30- cm slices 
from a 4.6-m-thick deposit to yield avery high value product for 
ion-exchange media used by BNFL. 


Processing 


Natural zeolites are crushed and screened into granules that range 
from coarse to fine. Some zeolites are micronized to products with 
a particle size of less than 5 pm. The granules are used in soil con- 
ditioners, aquarium filters, feed supplements, animal absorbents, or 
cat litter. Chabazite granules used in desiccant applications are dou- 
ble acti vated at 260°C (500°F) a nd shipped to the customer in 
sealed containers. The chabazite produced for adsorption applica- 
tions is ground, mix ed with a bi nder, e xtruded, an d acti vated at 
424°C (795°F) (see Figure 7). 

Natural zeolites can be enhanced in performance by washing 
them with acid or NaCl (sodium chloride) solu tions to raise the H * 
or Na* content, respectively. Clinoptilolite products are particularly 
enhanced in ion-exchange capacity by washing to replace the slower 
reacting K+ ions with Na+ ions. Thermal treatment of clinoptilolite 
slows calcium from blocking exchange sites (Eyde 2000). 


Specifications 


Specifications are based on the e nd use application of the zeolite 
product. The user almost al ways sets the specif ications. The pro- 


Figure 7. Zeolite processing plant at the Ash Meadows Deposit near 
the California-Nevada border 


ducer must guarantee that the zeolite product will meet or exceed 
the user’s specifications. A chabazite product used in a de siccant 
application would specify the weight percent of water adsorbed at a 
specific temperature and humidity. Clinoptilolite used in cation-ion 
exchange w ould have to e xchange a sp ecific amount of the ion 
being exchanged. 

Natural zeolites must have a specification sheet that provides 
information on the chemical and physical properties of the product. 
The American Society for Testing and Materials (ASTM) Commit- 
tee No. D- 32 was established to set testing met hods and standard 
specifications for z eolites in the United States. Unfortunately, the 
committee has not be en successful in setting testing standards for 
natural zeolites. 

Industrial mineral producers deal with specifications in tw o 
ways—ceither by selling products on a custom basis to the specifica- 
tions ne gotiated with the buyer or selling th em on a produ ct-line 
basis where each product has a name or number designation and 
specific physical or c hemical stan dards. In t he United S tates and 
Europe, zeolite products are commonly sold undera trade name 
rather than a mineral name. Tables 3 and 4 are sample specification 
sheets for chabazite and clinoptilolite products. 


Testing for Zeolite Mineral Identification 


Natural ze olite minerals are ide ntified primarily by the ir cryst al 
habit. Chem ical ana lyses alone are not a satisf actory method of 
identification because they all have similar chemical compositions. 
The same ze olite from different localities or even from different 
parts of the same deposit may not have exactly the same chemical 
composition. Macroscopic zeolites, particul arly those occurring in 
vesicles and fractures in basaltic rocks, can be identified by careful 
visual examination. In virtually all the deposits being mined, the 

minerals are of microscopic grain size. Positi ve identification and 
semiquantitative determination of such fine-grained materials can 
be done only by laboratory meth ods. The principal methods of 

identification are XRD and scanning electron microscopy (SEM). 
Neither optical microscopy nor differential thermal analysis (DTA) 
is particularly useful for identifying zeolite minerals. 


X-ray Diffraction 


XRD is the most reliable and widely use d method for identifying 
zeolite minerals and pro viding a se miquantitative estimate of the 
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Table 3. Chabazite’ properties 


Typical Properties 


Table 4. Clinoptilolite properties 


Typical Properties” 





Form Powder or granules 
Color Light brown (dry brightness 43) 
Ring members 8 


Crystal size—chabazite Less than 1 pm 


Crystallinity +90% 
Density 1.73 g/cm 
Pore size 41x3.7A 
Effective pore diameter 434A 

Cavity size 11.0x6.6A 
Total pore volume 0.468 cm3/g 
Surface area 520.95 m2/g 


0.47 cm3/cm3 
Approximately 577 kg/m (36 lb/ft) 


Crystal void volume 


Packing density 


SiO2:Al203 ratio Approximately 4:1 

Mohs hardness A-5 

Moisture as packaged Less than 10% by weight 
Stability pH 3-12 

lon-exchange capacity 2.50 meq/g 


Typical Chemical Analysis 








Dominant 
SiOz AlzO3 Fez03 CaO MgO Naz2O K20 Loit Cation 
54.6 14.9 2.28 0.22 060 667 0.90 19.4 Na 


Exchange Selectivities 





TI* > Cs* > Kt > Agt > Rb* > NHa> Pb2+ > Nat = Ba2t > Sr2* > Ca2t > Lit 


Exchange of Heavy-Metal lons* 
Pb Cu 
%H pvt %H pvt 
3.80 5.27 3.43 3.17 





Ag 
pH wt 
5.30 21.65 


Co 
% H pvt 
2.91 2.82 











* Hydrous sodium aluminosilicate, natural herschelite-sodium chabazite 
(CHA) 

t LOI = loss on ignition 

t Weight percent of heavy metals retained in chabazite after ion 
exchange from a 0.10 mg/ml solution AgNO2+Pb(NO3)2*, CoSOu, and 
a 0.025 mg/mL solution of CuSO, at the initial pH indicated for each 
solution. 


percent present in the sample (Papke 1972). This method has a high 
degree of accur acy and can readily be used to identify indi vidual 
minerals in mixtures of ze olite and nonzeolite minerals. A skilled 
technician is required to operate the XRD equipment, which may be 
automated and able to run multiple de terminations unattended, and 
to interpret the results. XRD analysis is anon destructive method, 
and the powder used fo r the analysis can be fu rther tested. The 

method is least reliable in mixtures of minerals; the lower detection 
limit for an individual zeolite is about 1%. An experienced mineral- 
ogist is needed to interpret the diffraction trace. Papke (1972) and 
Slansky (1987) give more detailed descriptions of the XRD method. 


Scanning Electron Microscopy 


The scanning electron microscope is effective in identifying zeolite 
minerals and establishing their size, morphology, genesis, and min- 
eralogic setting. Magnifications of several thousand times or more 
allow a visual examination of the zeolite minerals in small samples 
mounted on a specimen holder . Re presentative samples must be 
used to avoid misleading results. SEM analysis is relatively slow 
and costly. 


% 


5.8:1-6.4:1 
5.1:1-5.7:1 

87 Ib/ft3 (1,394 kg/m?) 
51-60 Ib/f? (817-961 kg/m) 


Silica:alumina ratio 
Silicon:aluminum ratio 
Bulk density (dry solid) 
Bulk density (dry, loose) 


Mohs hardness 5.1 

Nominal channel size 4.0 x 4.6A 

Porosity 15% 

Specific surface area 1,357 yd2/oz (43.8 m2/g) 
Alkali stability (pH) 7-13 

Acid stability (pH) 1-7 


1,292°F (700°C) 

2,500 Ib/in.? (176 kg/cm?) 
6%-7% 

71.5 


Thermal stability 

Crushing strength 

Wet attrition (average) 

G.E. brightness (N.C. State University) 


Chemical Analysis, % 


Major Exchangeable Cations 
(The Mineral Lab, Inc.) 


(USBM) 








X-ray Cst > Rb*t > K* > NHg* > Sr* > 
Fluorescence Normalized Na+ > Ca2* > Lit 
Results to 100% NHa4* >> Nat 
SiO 66.9 76.7 
Al203 10.5 12.0 
CaO 1.15 1.32 Heavy Metal Cations (USBM)t 
MgO 0.57 0.65 Ph2* > K+ > NHat > Ca2* > Cd2+ > 
NazO 2.95 3.38 Cu2+ > Co2+ > Zn2+ > Ni2+ 
K20 4.12 4.72 
Fe2O3 0.92 1.05 Primary Adsorbed Gases 
TiO? 0.11 0.13 NH3 CO CO $02 HO Np 
MnO 0.03 0.03 Freon, formaldehyde, mercaptans, 
Lolt 9.00 NAS benzene, methanol 





Adapted from Ash Meadows Zeolite L.L.C. 
* Total cation exchange capacity (CEC) 1.4 to 2.1 +meq/g; average clinop- 
tilolite content >85% 
t In order of selectivity for exchange 
+ LOI = loss on ignition 
§ NA = not applicable 


Optical Microscopy 

Optical microscopes are generally ineffective in identifying zeolite 
minerals in zeolitized tuffs because of the very small grain size of 
the zeolite minerals, their low birefringence, and variation of their 
indices of refraction with changes in chemical composition. 


Differential Thermal Analysis 


DTA can be used to ident ify zeolite minerals, but the method is not 
effective when se veral zeolites or certain other minerals are present 

or when only a small quantity of a mineral is available. Variations in 
the exchangeable-cation content ma y also cause di fferences in the 

differential thermal curve. The method is very useful in distin guish- 
ing clinoptilol ite from the closely relat ed mineral heulandite. Got- 
tardi and Galli (1985) published a comprehensive collection of DTA 
curves for natural zeolites. 


Other Methods 


Other analytical methods can be used in special circumstances b ut 
they are generally complex, very costly, and not currently practical 
for exploration or quality control. Such methods include infrared 
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absorption spectrography , Mossbauer spec troscopy, el ectron s pin 
resonance spectroscop y, electron spin echo spectrometry, solid- 
state nuclear magnetic resonance, neutron diffraction, and synchro- 
tron XRD (Slansky 1987). 


Testing for Characterization 


In characterizing zeolitic materials for commercial uses, it is impor- 
tant to quantify other physical and chemical properties required by 
the specific application. The following are ph ysical and chemical 
properties and tests that may typically be requ ired: wet chemical 
analysis; CEC; specific gravity and bulk density; brightness, white- 
ness, and color; hydration/dehydration; gas adsorption; attrition in 
water; internal and external surface area; pore size; and volume. 


By-products and Coproducts 


Deposits containing two or more zeolites may yield several individ- 
ual varietal products or mixtures of the zeolite minerals. For exam- 
ple, zeolite products from the Itaya mine in Japan, a clinoptilolite 
and mordenite deposit, include mordenite, clinoptilolite, and mixed 
mordenite—clinoptilolite pr oducts depending on the selectivity of 
mining and processing. 

Zeolite mining may yield bentonite as a by-product or coprod- 
uct. Bentonite commonly o ccurs in the same geologic setting as 
natural zeolites. At the Teague Mineral Products operation in Ore- 
gon, both minerals are mined from nearby pits and processed in the 
same grinding plant. 


USES 
Agricultural Products 


Zeolites are used as soil cond itioners and fertilizer extenders, par- 
ticularly in Jap an, Cuba, and the former Soviet bloc cou ntries in 
Eastern Europe. Zeolites increase th e ca tion-exchange ca pacity, 
improve moisture retention, and, because of their high pH, b_ uffer 
acidic soils. Zeolites act as a slow-release media for ammonia and 
toalessere xtent potassium. Zeolite soil conditioners preloaded 
with nitrogen areno_ wa vailable. T he z eolite c rystal struc ture 
shields the ammoniu m ion from rapid consumption by nitrifying 
bacteria (Fer guson 1984), allo wing a reduction in the amount of 
nitrogen fertilizers applied to the soil. Ch abazite and clinoptilolite 
are effective carriers of herbicides, pesticides, fungicides, enzymes, 
and bacteria because of their high ion-exchange and adsorption 
capacities. 

Zeolite-polymer blends are being used to improve water reten- 
tion in sandy soils. In fields watered by pivot irrigation systems, the 
production of corn increased by 30 % and w ater consu mption 
decreased by n early an equi valent percentage (R. Salestrom, per- 
sonal communication). A test plot on tailings from a lar ge open-pit 
copper mine in Arizona was treated with a mixture of clinoptilolite- 
polymer blend and dry municipal sewer sludge. Native desert vege- 
tation established itself on the test plot without being either seeded 
or irrigated (S.A. Bengston, personal communication). 

Zeolites also act as scavengers for heavy-metal ions such as 
cadmium (Cd), copper (Cu), lead (Pb), and zinc (Zn) in soils, par- 
ticularly those contaminated by industrial waste s. Cli noptilolite 
added to soils contaminated wi th st rontium-90 and cesium-137 
reduces the upt ake of these radioisotopes by pl ants in area s con- 
taminated by radioact ive fall out, such as ar ound th e damaged 
Chernoby] reactor. 


Animal Nutrition 


Adding cl inoptilolite to animal fee dsincont rolled amounts 
increases utilization of feed and decreases ammonia stress in animal 
digestive systems. Controlled feeding of clinoptilolite to c hickens, 


turkeys, and swine has increased gr owth rates, im proved feed ef fi- 
ciency, reduced the incidence of diarrhea and related health prob- 
lems, and produced a drier an d less odoriferous e xcrement. Also, 
excrement and sewer sludge treated with zeolites are more effective 
fertilizers be cause their slo w-release properties pre vent fertili zer 
burns on the plants. The zeolite -treated ma nure is drier and less 
odoriferous than composted manure. 

Feeding clinoptilolite, and to a lesser extent mordenite, to ani- 
mals is an acc epted practice in Japan, Cuba, Bulgaria, and Hung ary 
(Griffiths 1987). The use is growing slowly and steadily in the United 
States and in Russia, but it is still not widely accepted (Pond 1993). 

Clinoptilolite fed to broiler chickens in amounts of 1% to 3% 
of t he t otal fee d inc reases fe ed e fficiency a nd lo wers t he t ime 
required to reach a mar ketable size. Lay ing chickens fed supple- 
mental zeolite took fewer days to the first egg, had increased num- 
bers of e ggs, and had general imp rovement in health throug h a 
reduction in fecal bacteria (Griffiths 1987). 

Clinoptilolite also reduces the incidence of post-weaning diar- 
rhea when added to the starter diet of young pigs. A zeolite used as 
a feed supplement may also reduce the levels of antibiotics needed 
in feeds, particularly for swine. 


Aquaculture 


Zeolites are used in aquariums, fish farms, and fish hatcheries to 
avoid the buildup of ammonia to toxic levels. Fish hatcheries are 
using self-contained sy stems that rec ycle water to re duce do wn- 
stream contamination from their ef fluent. Clino ptilolite is highl y 
effective in the removal of ammonia from recirculating fish culture 
systems. In oxygen-poor environments, concentrations of less than 
1 ppm ammonia can damage gill tissue, increase the incidence of 
gill disease, reduce the rate of growth, and increase mortality 
(Mumpton 1977). 

In Alabama and Mississi ppi, clinoptilolite is being used to 
remove ammonia from catfish ponds (Williford, Re ynolds, and 
Quiros 1991). Ammonia-removal kits containing granular clinop- 
tilolite as the ion-exchange media are available in many pet sup- 
ply stores for home aq uarium use. The U.S. Fi sh and Wildlife 
Service has also successfull y used clinoptilolite-charged systems 
for recirculating water in tank trucks transporting live fish. 


Catalysis and Petroleum Refining 


Zeolites with large channel sizes have large internal surface areas 
and can catalyze many types of reactions (Dwyer 1984). Though 
natural zeolites have been used in sorption applications in the petro- 
leum and petrochemical industries, synthetic zeolites are generally 
used because of their larger channel sizes, greater adsorption capac- 
ities, and uniformity. Ch abazite is used to remove water, c arbon 
dioxide, and hydrogen sulf ide from g aseous h ydrocarbons, to 
remove HC] from gas streams, and to dry hydrogen and chlorine. 


Desiccants 


Activated chabazite is used as a carrier and desiccant in packaged 
enzymes and bacteria used to inoc ulate silage. Partially activated 
clinoptilolite and chab azite are used as anticaking agents in cattle 
feeds containing mineral and organic supplements and other b ulk 
agricultural and chemical products shipped in pneumatic contain- 
ers. Small amounts of zeoli te desiccant are blended with animal 
feed, ferti lizers, and hydroscopic chemic als be fore sealing the 
products into bags. 


Dimension Stone 


Zeolitic tuffs have been used for thousands of years as lightweight, 
durable dimension stone. The physical properties of such stone are 
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important. Zeolitic tuffs have low bulk densities, are weather resis- 
tant, have superior insulating properties, and can be easily cut into 
attractive stone. 

Many buildings in ancient and modern Rome and Naples have 
been constructed from local zeolite sources, particularly from the 
Neapolitan Yellow Tuff (Aiello 1993). In central Euro pe, man y 
buildings and cathedrals were constructed with blocks of zeolitic 
tuff. Quarries in the Laacher See Area in Germany, Kurdzali in Bul- 
garia, and T okaj in Hung ary produced blocks of zeolitic tuff for 
dimension stone used in building construction. 

Several sources in Japan ha ve produced zeolitic dimension 
stone for centuries, particularly from pumiceous marine tuffs in the 
Green Tuff re gion, Tochigi Prefecture. The principal source is a 
quarry near Otsunomiya City, where a green tuff bed 108 m thick 
has been mined for hundreds of years (Mumpton 1978). 

In the United States, the use zeolitic tuff dimension stone has 
been limited to a few areas in Nevada and Ore gon, where several 
structures were constructed from bl ocks of zeolitic tuf f from local 
quarries. The old Nye Coun ty cour thouse, St. P atrick’s Catholic 
Church, and se veral commercial b uildings in T onopah, Ne vada, 
were built with blocks of zeolitic tuff. 


Gas Separation 


Zeolites are used to separate nitrogen and oxygen to produce a gas 
stream containing up to 95% oxygen. Mordenite appears to be the 
best natural zeolite for oxygen generation, altho ugh clino ptilolite 
and chabazite have also been used; pressure swing adsorption (PSA) 
plants using synthetic zeolites ha ve displ aced the compression- 
expansion air-separation systems. 

PSA plants that use mordenite were designed and used princi- 
pally in Japan to supply oxygen for basic oxygen furnaces in steel 
mills. PSA plants supply oxygen to municipal wastewater treatment 
plants, hospitals, and other users. Perhaps the most important appli- 
cation is the small oxygen generators used in homes to provide con- 
tinuous oxygento patients with pulmonary diseases. Natural 
zeolites have been displaced in virtually all the industrial and medi- 
cal applications by synth etic ze olites, which h ave signif icantly 
higher adsorption capacities than natural mordenite. 


lon-Exchange Applications 


The ability to exchange cations is one of the most import ant proper- 
ties of zeolites. Cation-exchange capacity is a measure of the number 
of cations per unit weight available for exchange, usually expressed 
as milli equivalents per gram or milli equivalents per 100 grams of 
zeolite. The ammonia i on is most commonly used for CEC testing. 
The result is referred to as the ammonia ion-exchange capacity. 

Both chabazite and cli noptilolite are used to treat mine w ater 
and metallurgical effluents. Because chabazite has a higher selec- 
tively for thall ium than an y ot her natural zeolite or ion-e xchange 
resin, it is used to remove thallium from mine water. Sodium chaba- 
zite modified with ferrous iron removes arsenic from solution with- 
out f irst con verting it toar senate (Eyde 2000).The ZELfl occ 
technology uses clinoptilolite to treat municipal sewage (Eyde 2000). 

NSF International approved clinoptilolite for use in swimming- 
pool f iltration syst ems. In these systems, granular cl inoptilolite 
replaces the sand inthe filter. Clinoptilolite is superior to sand 
because it re moves chloramines, he avy meta Is, urea, a nd or ganic 
matter from the pool water. 

Synthetic zeolites are used in detergents. This is because natu- 
ral zeolites are not uniform in purity and composition; are inferior 
in color, brightness, and CEC; and have smaller channel sizes and 
higher percentage of iron and other impurities. Natural zeolites are 
superior to synthetic ones for uses suchas the treatment of radio- 


active w aste or the removal of met als fromlo w-pH solutions 
because of their hardness and resistance to attrition and degradation 
by intense radiation. 

Fine grinding of zeolitic materials can improve their CEC by 
increasing their surface area, especially when the zeol ite (usually 
mordenite) has al ow permea bility. Zeoli te mi nerals with hi gh 
CEC include c_ linoptilolite, erion ite phil lipsite, chabazit e, and 
mordenite. Minerals with low CEC include heulandite, laumontite, 
and analcime. 


Medical and Personal Care Applications 


The U.S. armed forces uses zeolite products that stop bleeding from 
wounds by promoting clotting (Healy 2003). Clinoptilolite has been 
used successfully as a polishing agent in fluoride-containing tooth- 
paste by allo wing a higher level of fluoride to remain in anionic 
form (Kato et al. 1970). Clinoptilolite is encased in tampons to con- 
trol odor and reduce the incidence of sepsis. Because of its ability to 
absorb ammonia ions from air and water, clinoptilolite has been 
used in products such as baby po wder and filler in disposable baby 
diapers, and as an ammonia control product in diaper pails. 


Natural Gas Purification 


Chabazite has been used to separate carbon dioxide, hydrogen sul- 
fide, and other gases from methane produced from natural gas and 
oil wells (Mumpton 1978). Other sources of methane that use either 
synthetic or natural zeolites to remove noncombustible gases and 
contaminants include municipal wastewater treatment plants, sani- 
tary landfills, and animal waste treatment facilities. NRG Corpora- 
tion c onstructed tw o g as treatment plantsin the Los Ange les, 
California, area that used the NuFuel PSA process to produce pipe- 
line quality methane. The Palos Verdes Landfill plant treated gas 
containing about 50% methane and 40% carbon dioxide to produce 
about 30,000 m? of methane per day . The other NRG Corporation 
plant treated casing head gas at the Farmers Market oil field. Both 
plants used activated extrudates produced from chabazite mined at 
the Bowie, Arizona, deposit (Anon. 1975). 


Nuclear Waste Treatment and Handling 


Chabazite and clinoptilolite are used in the treatment, handling, and 
containment in engine ering structures for the storage of nuclear 
wastes (Grant, Skriba, and Saha 1987; Grant et al. 1988, 1989). 
Natural zeolites have the unique ability to selectively remove Sr”, 
Cs!37, and other dangerous isotopes from solutions containing high 
concentrations of competin g ions. Natural zeolites are less e xpen- 
sive than or ganic ion-exchange resins and much more resistant to 
degradation from radiation. Zeolites melt at low temperature into a 
stable silicate glass, which greatly reduces the volume of the radio- 
active waste. By encapsulating the radioactive glass in concrete, the 
radioactive cations can be safely stored in a secure disposal site. 

The Hanford Laboratories of Battelle Pacific Northwest Labo- 
ratory in Rich land, Washington, initially demonstrated the high 
efficiency of clinoptilolite from Hector, Califor nia, in remo ving 
radioactive Cs!37 and Sr™ from low-level waste streams at nuclear 
facilities. Radioactive solution treatment at Hanford has processed 
millions of gallons of solutions. A c omparable Sr 9°/Cs!37 waste 
treatment is used at the National Reactor Testing Station at Arco, 
Idaho; West Valley, New York; and other nuclear facilities. Chaba- 
zite products IE-95 and IE-96 from the Bowie deposit were used in 
the cleanup of the Three Mile Island nuclear power plant site (King 
and Opelka 1982; Bostick and Guo 1996). 

Ion-exchange treatment utilizing clinoptilolite has also been 
used for nucl ear-waste treatment in other countries, including Rus- 
sia, Ukraine, Japan, Hung ary, Bulg aria, Ca nada, Italy, the United 
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Kingdom, France, and German y. Lar ge tonna ges of clinoptilolite 
were used in direct a pplication to contami nated soils at the de vas- 
tated Chernoby] nuclear power plant to contain radioactive contami- 
nants spilled during the accident (Griffiths 1987; Chelishchev 1993). 

Mixed clinoptilolite and mordenite have been used for Cs !37 
removal in Japan (Kato 1974). Clinoptilolite from the Tokaj District 
in Hungary has been used to encapsulate Sr® for solid waste dis- 
posal and removal of Sr?° and Cs!37 from effluent waste streams 
(Adam, Kakasy, and P allos 1971). In Canada, cli noptilolite w as 
used to recover Sr” and Cs!37 from waste solutions in underground 
disposal sites at Chalk Run, Ontario (Mathers and Watson 1962). 

Chabazite and phillipsite from the Neapolitan Yellow Tuff at 
Naples, Italy , ha ve b een used to remo ve Cs!37 and Sr ?° from 
nuclear effluents. The zeolite minerals loaded with the radioactive 
cesium and strontium were stored in secu re underground disposal 
sites at Cassaccig, Italy (Anon. 1972). 

BNFL uses clinoptilolite from the Mud Hills deposit near Bar- 
stow, Ca lifornia, t 0 sele ctively e xchange Sr 99 C5137, and other 
radioisotopes from effluent waste streams at its nuclear fuel repro- 
cessing plant at Sellafield, U.K. (Anon. 1990). Levels of Sr?° and 
Cs!37 in the clinoptilolite-treated plant effluent, which is discharged 
into the Irish Sea, have dropped to very low levels. 

Battelle P acific No rthwest La boratory uses clin optilolite in 
engineered sorbent barriers in containment and waste storage struc- 
tures for low-level nuclear wastes (Freeman and Jones 1989). 


Odor Control 


Natural zeolites, particularly clinoptilolite, adsorb amm onia ions. 
This process suppresses odors from fecal matter and urine. Hydrated 
zeolites adsorb ammonia v apor; when the g as enters the ze olite 
pores, it bonds to or replaces crystalline water (Frederickson 1987). 

In Europe and the United S tates, clinoptilolite is used a s pet 
litter and to sup press odors in horse stalls (Eyde 1987). In Japan, 
clinoptilolite and mordenite are used to control odors from poultry 
and swine. Crushed and sized zeolites, prin cipally c linoptilolite, 
have proven effective in contro lling the pungent odor of ammonia 
fumes produ ced when an imal e xcrement d ries (Grif fiths 1987). 
Granular clinoptilolite is applied directly to the floors in pens and 
stables and in litter trays for cats and small pets. Adding clinoptilo- 
lite as a supplement to animal _ feeds has a nutritional benef it in 
addition to reducing the odor from fecal matter and urine. 

Natural zeolites, notably clinoptilolite, chabazite, and phillip- 
site, have also been used for odor control in personal products (e.g., 
in athletic shoes). Room air cleaners with ze olite filters have also 
been used in li ving quarters a nd to remo ve high -ammonia urine 
odors in nursing homes and similar facilities. Ground clinoptilolite 
is effective as a dry carpet cleaner, particularly to remove pet odors. 


Paper Fillers 


Natural zeolites have been used as fillers in some specialty paper 
products. Clinoptilolite and the crystalline quartz that occurs as an 
impurity in the zeolitic tuffs are abrasive. In addition, clinoptilolite 
has a low brightness and a poor color (Kobayashi 1970). Clinoptilo- 
lite is not competitive with kaolin and calcium carbonate for either 
coating or filling most paper products. 


Pozzolan and Cement 


Pozzolan is a naturally occurring cementaceous material that can 
replace up to 25% of the portland cement in conc rete. Pozzolans 
both improve the quality and reduce the cost of concrete. Zeolitic 
tuffs have been used as pozzolan in many places in the world. The 
Romans employed pozzolanic materials in aqueducts, public build- 
ings, and high ways using the Neapolitan Yellow Tuff near Poz- 


zuoli, Italy. In Europe, zeolites are being mined in Serbia, Germany, 
Bulgaria, and o ther countries for use as pozzolan. The minerals 
used include clinoptilolite, natrolite, skolezite, and phillipsite. 

Monolith Portland Cement Company mined zeolitic ash-flow 
tuffs near Tehachapi, California, for pozzolan in cement. The use of 
pozzolanic cements in the construction of the 400-k _m-long Los 
Angeles aqueduct in 1912 saved several million dollars by enabling 
a 25% reduction in the amount of cement consumed. 

GSA Resources and C2C Corp oration de veloped a_ light- 
weight, oil-well cement additive that Halliburton Energy Services is 
evaluating. The additive is based on the chabazite in the thin-bed- 
ded horizon that overlies the high-purity ore bed at the Bowie Ari- 
zona, deposit. The additive is blended with the portland Class G 
cement to optimize placement within a well bore. The technology is 
based onr esearch done atthe Institute of Arch itecture, Slo vak 
Academy of Sciences (Janotka, Krajéi, and Dzivak 2003). 


Sewage Treatment 


Clinoptilolite and chabazite remove ammonia and some heavy metals 
from sewage and other effluent streams. The ammonia removed can 
be discharged into the atmosphere, recovered as a gas by-product, or 
converted to an ammonium sulfate fertilizer. Plants in Truckee, Cali- 
fornia; Rosemont, Minnesota; and Manassas, Virginia, have operated 
successfully for many years using clinoptilolite in tertiary sewage 
treatment processes to remove ammonia. 

Zeolite Australia licensed the ZELflocc technology that uses 
zeolites for municipal wastewater treatment. The company has 
14 wastewater treatment plants using the technology (Eyde 2000). 
Supersorb, another Australian company, has under taken full-scale 
trials of an activated zeolite technology at the Water Corporation of 
Western Australia Kwinana Wastewater Treatment Plant in Queen- 
sland (Crossley 2000). 

Animpro veden vironment is the incenti ve beh ind the 
increased use of zeolites in tertiary wastewater treatment. Ammonia 
ions should be remo ved because the y are toxic to fish and other 
aquatic life and contribute to rapid growth of algae and the eutroph- 
ication of streams and lakes. 


Solar Energy and Heat Exchange 


Chabazite and clinoptilolite absorb and release heat from solar radia- 
tion for air conditioning, refrigeration, and water he ating a pplica- 
tions. The deh ydration of the zeolite durin gthe day and its 
rehydration at night result in the exchange of several hundred BTUs 
per kilogram of zeolite, sufficient to operate refrigerators or to cool 
small buildings (Tchernev 1993). The study estimated that 1 t ofzeo- 
lite in solar panels spread over 19 m? of roof surface will produce 1 t 
of air condition ing. Recreational us es such as in be verage coolers, 
and use in less developed countries where po wer is not available to 
refrigerate medical supplies and food, are important applications. 


Stack Gas Cleanup 


Natural zeolites can be used to remove sulfur dioxide from the 
stack g ases of coal-burning po wer plants. Cli noptilolite and 
mordenite can adsorb as much as 200 mg of SO 2 (sulfur dioxide) 
per gram of zeolite under static conditions and as much as 40 mg 
under dynamic conditions, even in the presence of high percentages 
of carbon dioxide. These zeolites are especially suited to the low- 
pH and high-temperature conditions of exhaust gas systems 


ECONOMIC FACTORS 
Markets 


Synthetic zeol ites were produced and used for man y years before 
Union Carbide discovered large deposits of chabazite, clinoptilolite, 
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erionite, and mordenite. In fact, their Linde Company subsidiary that 
developed and sold the f irst 5A molecular sieve products marketed 
the Bo wie chabazite as_ their AW500 syn thetic zeolite pr oduct in 
1961. AW500 was sold into applications where the adsorption bed 
was e xposed to an aci dic environment in which the 5 A synthetic 
molecular sieve quickly deteriorated. 

Union Carbide was not interested in the mineral clinoptilolite 
because at that time it had no adsorption applications. Had the com- 
pany been interested in clinoptilolite, it could ha ve acquired all of 
the major dep osits in the west ern United States. Altho ugh W.R. 
Grace and Company acquired the eastern part of the Bowie chaba- 
zite deposit in 19 65, no major mining or oil co mpanies acquired 
large zeolite reserves until they entered the natural zeolite business 
about 10 years later. 

Natural zeolites are still an unde veloped facet of the zeolite 
business. Synthetic zeolite sales worldwide total several billion dol- 
lars, whereas natural zeolite sales are only a few million dollars. No 
formal commodity markets exist, and sales for lower value products 
are c onfined mostl y to cou ntries with ze olite resources. Highe r 
value products may be sold intern ationally, b ut their to tal v alue 
worldwide is still small. Synthetic zeolites have established major, 
growing markets through silicate chemical manufacturers, mostly 
in North America, Western Europe, and Japan. 

Because of their very wide range of applications, natural zeo- 
lites sell into diverse markets. Japan has a particularly wide rang e 
of zeolite markets for agricultural, industrial, and consumer u ses. 
North Ame rican sal es ar e pri ncipally for agricultural, ion- 
exchange, and pet litter applications. Markets in Western Europe, 
the former Eastern bloc countries, and Cuba are primarily for agri- 
cultural products, with a growing industrial market sector. 

The fastest growing market sector is for ion-exchange applica- 
tions. Clinoptilolite is a superior swimmin g pool filtration product 
that will displace sand as the pre ferred media. The new tertiary 
wastewater treatment systems will experience continuing strong 
growth. 

Steady growth is anticipat ed for agricultural, industrial , and 
consumer appl ications. The stronge st areas of ma rket gro wthin 
North America are expected to be in water treatment, deodorants, pet 
litter, soil treatment, and nuclear waste treatment and containment. 


Values and Costs 


The cost of zeolite products depends on the type and degree of pro- 
cessing that must be done to satisfy targeted market specifications. 
Mining costs are generall y fairly low, typically $3 to $6/t, unless 
very selective mining is done. 

Most natural zeolites are sold into low-value industrial or agri- 
cultural mark ets, commonly selling for $30 to $70/t for granular 
products down to 40 mesh, and $50 to $120/t for ground materials 
in a range of —-40 to -325 mesh. Consumer products such as pet lit- 
ter, f ish-tank media, or deodor ant materials common ly sell for 
$0.50 to $4.50/kg at the retail level. 

Products for specialty industrial applications, such as radioac- 
tive waste filtration media, specialty adsorbents, and surface modi- 
fied products, are sold for several dollars per kilogram or thousands 
of dollars per ton. Specialty mate rials with products developed for 
specific markets are hig hly profitable even though the market for 
these products may be very limited. 


Transportation 


Zeolite products are generally transported by highway or rail carri- 
ers in bulk, in 1-t “supersacks,” or in multiwall paper bags, usually 


palletized. The products are not hazardous and present no special 
problems, subject to proper labeling and ha ndling. Chabazite and 
clinoptilolite, which have been stored at high temperatures or lo w 
humidity, can adsorb se veral weight-percent water if their destina- 
tion has a high humidity. Zeolites prepared as dimension stone are 
shipped as an y other stone products, generally pa Iletized and by 
truck. 

Transportation costs strongly affect the distance a lower-value 
zeolite can be hauled to reach ma rkets. Agricultural-grade clinop- 
tilolite from the western United States can re ach markets in the 
eastern half of the country. 

Future imports from Greece, Italy, China, and other tidewater 
sources with lo w ocean freight rates could make some materials 
produced in the western United States uncompetiti ve. High-value- 
added zeolites can gene rally be shipped nationwide and e ven to 
international destinations because the freight is such a small incre- 
mental cost in relation to the cost of the product. 


Alternate Materials 


Natural zeolites are com petitive on the basis of price and perf or- 
mance with other mineral products. It is difficult for a new product 
to displace one with performance characteristics that are known and 
are satisfactory to the user. There are many established alt ernate 
materials for most zeolite applications. Market entry of a natural 
zeolite product requires equi valent or super ior performance or a 
significant cost advantage over the product being used. 

Synthetic zeolites (molecular sieves) are natural zeolites’ prin- 
cipal competitor. Synthetic zeolites often can be modified in physical 
and chemical properties to enhan ce their performance in _ specific 
applications. The synthet ics are mo re uniform in quali ty than their 
natural equivalents. Natural zeolites have an advantage over synthetic 
materials in some applications (e.g., cesium and strontium adsorption 
in radioactive waste cleanup) and are also able to functi on at lower 
pH levels. They are also generally less expensive than synthetic zeo- 
lite products, which gives them a superior price performance ratio. 

Activated carbon, synthetic ion-exchange resins, and similar 
materials ca n be more ef fective th an ze olites form any i on- 
exchange applications. Acti vated bentonite, silica gel ,c alcium 
oxide, calcined gypsum, and other minerals also can be competitive 
adsorbents and desiccants in a comparative price range. 


GOVERNMENTAL CONSIDERATIONS 
Taxes, Subsidies, and Depletion Allowance 


No specific taxes are related to zeolites, and the material is not sub- 
ject to any government subsidies in the United States and Canada. 
The depletion allo wance is 14% for natural zeolites mined in the 
United States. 


Zoning and Land Use 


Natural zeolite deposits experience zoning and land use restrictions 
similar to mos t other fine-grained minerals such as_ kaolin or 
diatomite. Most zeolite deposits are located in rural areas, so their 
utilization seldom interferes with urban de velopment. The v ery 
large zeolite deposits aroun d Naples, I taly, are a conspicuous 
exception, but the deposits are so extensive that many other sites in 
the re gion are a vailable where di sturbing residential or industrial 
lands is not an issue. 


Environmental Regulations 


Environmental regulations are always a matter of concern. Exces- 
sive regulation is always a source of conflict between government 
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regulators and mine o perators. Natural zeolite mines and _process- 
ing facilities generally present no serious environmental problems, 
with two possible exceptions: 


1. Erionite and mordenite may be fibrous. Fibrous erionite is a 
Class 1 carcinogen. Mordeni teis notkno wntobe a 
carcinogen. 


2. Crystalline silica commonly occurs in zeolite deposits, and the 
finely ground products mayco ntainmore  than0.1% 
respirable silica. 


Natural zeolites are dusty materials when crushed and ground. 
Therefore, air quality standards should be maintained carefully dur- 
ing mining and processing. 

Fugitive dust from mining and plant facilities may be consid- 
ered a local environmental pollutant. Most zeolite deposits contain 
silica minerals in the form of amorphous silica such as opal or opal- 
CT, cristobalite, or c rystalline sil ica. Pro cessing plan ts the refore 
must have air-pollution control systems ranging from standard bag- 
house dust c ollectors toe lectrolytic pre cipitators tom inimize 
worker exposure to fugitive dust at grinding mills or bagging sta- 
tions and tocom ply withlocal air quality control requirements. 
Most zeolite production uses dry processing methods. 

Zeolite processing will inevitably use water-washing and wet 
classification methods, requ iring proper handling o f plant ef fluent 
and tailings pond discharges. Zeolite minerals are generally consid- 
ered to be ch emically inert, an d most are nonfibrous. Erio nite is 
classified as af ibrous, ac icular mineral and has been labeled a 
human carcinogen on the basis of medical studies of the large num- 
ber m esothelioma ca ses in the Ca padoccia District o f T urkey. 
Mordenite is also a fibrous mineral but is currently not regarded as 
a potential carcinogen. 


FUTURE TRENDS AND PROBLEMS 
Future Trends 


The zeolite industry continues to develop new applications in both 
industrial and consumer markets. Most of this activity and growth, 
however, has been in synthetic ze olites. Most natural zeolites uses 
are in commodity and lower-value applications such as agriculture 
or pozzolan. This is changing. Specialty and consumer applications 
are the fastest growing segments of the natural zeolite market. 

Chabazite and clinopt ilolite are the o nly ion-exchange prod- 
ucts that do not de grade when e xposed to radiati on. The zeolites 
used to clean up radioactive waste streams sell from $2/kg to as 
much as $14 /kg. Clinoptilolite is displacing sand asa filtration 
media in swimm ing pool filters. These are applications where the 
physical and chemical properties of natural zeolites are superior to 
synthetic zeolites or other ion-exchange media. 

Although the production of natural zeolites in North America is 
growing slowly, the value of this production is increasing more rap- 
idly. This has occurred because of the shift from commodity to spe- 
cialty and performance pro ducts. This trend wil 1 continue as more 
specialty products such as clinopt ilolite coated with the quaternary 
amine he xadecyltrimethyl-ammonium are developed. (Bowman 
2003). These organophyllic zeolite products are no w available for 
removing organic chemicals from ground- and surf ace waters. The 
coated zeolite products do not swe Il in water and therefore can dis- 
place organoclay products that swell and block circulation. 

The producers of natural zeolite have characterized their prod- 
ucts and pro vide spec ification sh eets that document the physical 
and chemical properties. Still, no high-purity-beneficiated zeolite 
products are available. The technology is available to benef iciate 
zeolites by air separation, wet processing, or flotation. Until benefi- 
ciated clinoptilolite products become a vailable as po wders, beads, 


or extrudates, natural zeolite products will be unable to gain access 
to man y high-value-added sp ecialty an d performance uses and 
applications. 

The highest purity zeolite product available in North America 
is the chaba zite from t he Bo wie, Arizona, depo sit. This unique 
deposit was formed when airborne volcanic ash from a distant vol- 
canic eruption was deposited in a sa line alkaline lake. By the time 
the ash arrived at the lake, virtually all the other minerals had been 
removed by natural ai_r separation and only the glass fraction 
remained. 


Problems 


The use of inclusive generic mineral names for both the fibrous and 
nonfibrous varieties of erionite, phillipsite, and mordenite is inac- 
curate and has resulted in the designation of the nonfibrous variet- 
ies of these minerals as carcinogens. Nonf ibrous er ionite, 
phillipsite, and mordenite were identified in samples being studied 
for the U.S. Bureau of Mines report on size and shape characteriza- 
tion of fibrous zeolites by electr on microscopy (Shedd, Virta, and 
Wylie 1982). The erionite in the Bowie deposit was judged to be 
nonfibrous. Yet the Sixth Annual Report on Carcinogens classifies 
all erionite as fibrous and as a carcinogen (Eyde 1996). 

Because erionite has been classified as a carcinogen, it cannot 
be used in consumer products. The presence of even trace amounts 
of erionite may pre vent its use or consideration for some applica- 
tions. Mordenite has also been designated as a fibrous mineral but 
has not been classif ied as a carc inogen. Figures 8 and 9 illustrate 
the differences in the crystal morphology between fibrous and non- 
fibrous erionite (Eyde 1996). Natural zeolites usually contain some 
crystalline silica, which must be listed on the Material Safety Data 
Sheet. 
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Figure 8. Fibrous erionite, Eastgate, Nevada 








Figure 9. Nonfibrous erionite, Bowie, Arizona 
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Dia ae. a a eo A ee 
Zirconium and Hafnium 
Philip Murphy and Louise Frick 


INTRODUCTION 


Elemental zirconium (Zf) was first identified and named in 1789 by 
the German chemist M.H. Klaproth, who called it zirconium after 
the Arabic word zarquan, meaning gold colored. It is the 20th most 
abundant element in terrestr ial rocks, making up 0.01 6% of the 
earth’s crust. The metal was first isolated in 1824 by the Swedish 
chemist J.J. Berzelius, but it was another 100 years before A.E. von 
Arkel first processed pu re zirconium in 1925. Hafnium (Hf) is so 
chemically sim ilar to zirconium that it w as not disco vered until 
1923, when D. Coster and A.K. von Hevesy detected it using x-ray 
spectrographic analysis. 

Zirconium and hafnium occur most commonly in nature as the 
mineral zircon (ZrSiO 4) and less commonly as baddeleyite (ZrO). 
They are also found as a variety of other silicates. Zircon was identi- 
fied as a component in alluvial and beach sands in 1895, b ut it was 
not produced in any quantity until 20 years later. During World War I, 
it was produced as a coproduct of beach sand mining for titanium 
minerals just south of Jacksonville Beach, Florida, and was pat- 
ented as a refractory. It was not until the 1930s, when Zircon Rutile 
Ltd. began mining at Byron Bay on the east coast of Australia, that 
zircon was first used as foundry sand. Later in the 1940s, NL Indus- 
tries and Humphreys Gold Corp. began production of zircon sands 
from fossil beaches in northeast Florida. Baddeleyite first became 
available as a commercial product in 1916, but never in comparable 
quantities to zircon. 


MINERALOGY AND GEOLOGY 

Zirconium and Hafnium Chemistry 

Zirconium is a tr ansition element with the atomic number 40. It 
occurs together with titanium and hafnium in Group IV of the peri- 
odic table. The similarity in the electron structure of these elements 
is the reason that all three have similar chemical and physical prop- 
erties and invariably occur together in nature. 

Zirconium forms the dioxide, zirconia (ZrO 2), along with two 
other oxides of lower oxidation states. It reacts with hydroxides and 
carbonates to form zirconates (e.g., NazZrO3). Adding alkali to zir- 
conium salt results in the formation of zirconium hydroxide, which 
is readily soluble in acids. In nature, zirconium occurs most com- 
monly as the silicate mineral ZrSiO4 and less commonly as_ the 
dioxide ZrO2. It also occurs in at least 20 other minerals, either as 
an oxide or a silicate. 


Table 1. Key properties of zircon and baddeleyite 





Property Zircon Baddeleyite 
Formula ZrSiO4 ZrO2 
Specific gravity 4.68 5.5-6.0 
Hardness (Mohs scale) 7.5 6.5 
Refractive index 1.923-1.960 2.13-2.20 
Refractive index € 1.968-2.015 

Melting point 2,200°C 

Thermal conductivity 2.1Wm-!0C-! 

Thermal expansion 2.5 x 10°C"! 

Specific heat 550 J kg !0C"! 

Bulk density 2,600-2,900 kg m3 5.74 





Separating hafnium f rom zirconi um ise xtremely dif ficult 
because of the ir si milar chemical and ph ysical properties, and 
chemical analyses of zirconium minerals for c ommercial applica- 
tions are virtually always based on the zirconia + hafnia (ZrO» + 
HfO 2) content, often simply abbreviated to ZrOp. 


Physical Properties of Zircon 


Zircon is an extremely refractory mineral with a high melting point, 
a low and re gular coefficient of thermal expansion, and hig h ther- 
mal conductivity (Table 1). These properties are responsible for zir- 
con’s ef fective per formance as arefractor y mate rial and as a 
foundry sand. The mineral has a high hardness and is thus resistant 
to abrasion. 

Highly crystalline zircon does not absorb or reflect any par- 
ticular wavelength of visible light. Combined with its high refrac- 
tive inde x, this allows zircon to scatter all wavelengths of light 
when milled to a siz e similar to the wavelength of visible light 
(0.4-0.7um). This unique property allows zircon to be used as an 
opacifier in ceramic applications. By scattering all wavelengths of 
visible light, the zircon makes ceramic surfaces appear white. 

The effectiveness of zircon in this function is influenced by its 
crystallinity and chemistry . Impurities such as ura nium (U), t ho- 
rium (Th), and yttrium (Y) can distort the zircon crystal structure 
creating print defects. Similarly, radioactive decay of uranium and 
thorium in the zircon also distorts the zircon structure. In e xtreme 
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cases, this can result in part or all of the zircon cr ystal becoming 
amorphous, producing what is known as metamict zircon. 


Geology of Zircon and Baddeleyite 


Zircon is a common accessory mineral in granitic rocks and pegma- 
tites. It is one of the earliest minerals to crystallize from a cooling 
magma and sometimes incorporates inclusions. Much of the zircon 
in these rocks crystallizes in tetragonal prisms with pyramidal ter- 
minations; however, it also commonly occurs as rounded grains in 
igneous rocks. It is sometimes found in metamorphic rocks such as 
gneiss and schists. Because it is resistant to mechanical and chemi- 
cal disintegration, it appears as a detrital mineral in river and beach 
sands. Zircon can also oc cur as a gemstone and has been recog- 
nized as a semiprecious stone since biblical times. 

Although zircon is a common accessory mineral, it is rarely 
found in high concentrations in anything other than sedimentary 
deposits, where it has been concentrated over time by the processes 
of erosion and depo sited along wi th other hea vy minerals (HM) 
such as ilmenite, rutile, monazite, garnet, staurolite, and k yanite. 
Most com mercial sedimentary deposits of titanium minerals and 
zircon are found on Quaternary age shorelines (0 to 2 million years) 
on the trailing margins of continents. They include beach, or strand 
line, deposits and coastal Aeolian dunes. 

The geolo gy of baddele yite de posits is v ery dif ferent from 
that of zircon deposits. Baddeleyite has recently been mined along- 
side a wide range of mineral pr oducts from tw o large, ultrabasic, 
geologically complex deposits. The operation in the Kovdor Com- 
plex in Russia still mines baddeleyite, but falling grades at the Phal- 
aborwa Complex in South Africa ha ve put an end to baddele yite 
production. 

A commercial supply of zirconia from the rock caldesite has 
been investigated in the United States, and eudialyte is of minor 
commercial importance. 


GLOBAL OCCURRENCE OF ZIRCON AND BADDELEYITE 


Commercial zircon deposits occur almost exclusively in four coun- 
tries: Australia, South Africa, the United States, and Ind ia. These 
tend to comprise coastal Quaternary-age sedimentary deposits, but 
also a small number of older, highly altered, mineralogically com- 
plex deposits are often found many hundreds of kilometers from the 
present coastline. 


Australia 


Australia has been the world’s principal source of zircon since pro- 
duction of mineral sands first started on the east coast of th e coun- 
try, between Broken Bay, New South Wales, and Rockhampton, 
Queensland. Production from this region has declined considerably, 
however, because of depletion of resources and environmental con- 
straints, and the only remaining significant source is the deposits on 
North Stradbroke Island in Queensland. 

On Australia’s west c oast, the Eneabba re gion has been th e 
world’s most important source of zircon since the late 1970s, but 
production from this area is now declining because of lower grades 
and depleted resources. Zircon also occurs south of Perth, around 
Bunbury and Capel, but here the HM suite is less rich in zircon than 
it is at Eneabba. 

The Murray Basin in inland southeastern Australia is host to 
substantial HM sand mi neralization. Ma ny of the projects being 
evaluated in the region are high in rutile and zircon, and although a 
number of these have been known for many years, the complexity 
of the mineral assemblage, together with the fine grain size of the 
zircon and elevated levels of uranium and thorium, has so far con- 
strained their development. 


The Eucla Basin, located onshore from th e Great Australian 
Bight, seems likely to become Austra lia’s ne west mine ral sa nds 
province. Toward theendof 2004, Iluka Resources Limited 
announced tw o disco veries on th e easter n mar gin of the basin, 
which suggest that the re gion is high ly pro spective for mineral 
sands mineralization. The mineralization that has been found to 
date is particularly rich in zircon, and may well prove to be compa- 
rable to the Eneabba region of Western Australia. 


Africa 


South Africa hosts the lar gest known deposits of zircon in Africa. 
On the east coast, the Richards Bay Minerals deposit is one of the 
world’s lar gest sources of zircon. Other deposits e xist along that 
coastline, one of which is being mined by Ticor South Africa. Far- 
ther north along the same coastline, in Mozambique, are three very 
large, as yet unde veloped, titanium resources that contain some 
associated zircon. 

On the west co ast of South Af rica, Namak wa Sands mines 
zircon deposits between Standfontein and Oranjemond. 


United States 


The two centers of zircon mining in the United States are the Jack- 
sonville District, which spans Florida and Georgia and includes the 
Trail Ridge deposit and the Gree n Cove Springs deposit, and the 
Old Hickory deposit in Virginia. 


India 


Because the zircon content in deposits currently mined in India is 
relatively low, the country is not a signif icant producer of zircon. 

Deposits in Tamil Nadu, which are currently the subject of potential 
development proposals, ha ve higher zircon to titania (T iO) ratios 
and could ultimately become a new source of supply. 


WORLD RESERVES 


The U.S. Geological Survey (USGS) provides the only published 
source of zircon reserve data, and Table 2 gives the latest published 
estimates. Identified world resources of zircon exceed 70 Mt. 

Resources of hafnium in the United States are estimated to be 
about 130,000 t, a vailable in the 14-Mt domestic resources of zir- 
con. World resources of hafnium are associated with those of zircon 
and baddeleyite and exceed 1 Mt. 

According to these estimates, South Africa and Australia have 
the largest reserves of zircon and are also the largest com mercial 
producers. The United States has moderate reserves of zircon and is 
the world’s third largest producer. Other important occurrences are 
in Brazil, India, and Ukraine. 


EXPLORATION AND EVALUATION 


Exploration 


Zircon ex ploration techniques are the same as those for titanium 
minerals, because b oth occur in the same deposits. Most com- 
monly, target areas are selected where large volumes of san d are 
present and where beach ridges and other features associated with 
shorelines are known to occur. Early explorers used USGS quad- 
rangle maps, physiographic ref erences, aerial photograp hs, and 
often w ord of mo uth to f ind tar get areas. Modern meth ods have 
become much more refined since the advent of Earth Resource 
Technology Satellite (ERTS) imagery, manned space flight photog- 
raphy, and new developments in computer science. In some cases, 
such as at Eneabba, farmers have discovered deposits on their land. 
A Geiger counter or scintillometer can be useful in detecting 
HM deposi ts where radioacti ve monazite is present. Although 
geophysical methods such as mag netometer survey and induced 
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Table 2. World reserves of zirconium and hafnium 











Zirconium Hafnium 
Zirconium Mine Production, kt Reserves Reserve Base Reserves Reserve Base 
2002 2003 ZrO, Mt HfO., kt 
Australia 408 400 9.1 30 180 600 
Brazil 21 30 2.2 4.6 44 91 
China 15 15 0.5 3.7 na* na 
India 19 20 3.4 3.8 42 46 
South Africa 224 280 14 14 280 290 
Ukraine 34 34 4.0 6.0 na na 
United States 100 100 3.4 5.3 68 97 
Other countries 9 10 0.9 4.1 na na 
World total (rounded) 830 890 38 72 610 1,100 





Source: USGS Mineral Commodity Summaries 2004. 
*na = not available. 


polarization have been tested, t hey are not widely used in HM 
prospecting. 

A variety of drilling systems are available for b each sand 
exploration: hand auger ,v ehicle-mounted po wer auger , and 
reverse-circulation drills using both water and air to force the min- 
eraltothe surface. Each has its adv antage, and one _ is chosen 
because it is thought to be the best for a particular type of deposit. 


Evaluation of a Deposit 


Gold pans of various sizes and materials of construction as well as 
vanning plaques can be used in the field to estimate the percentage 
of HM present in a sand. Evaluating prospect samples and ores in 

the labor atory usually r equires separating the HM as a first step. 
The conventional methods use heavy liquids (tetrabromoethane, 
bromoform, meth ylene iodide, or Clerichi solutions). The hea vy 
liquids are toxic, so some risk is involved in their use, and this has 
caused them to be banned in some countries (e.g., England). Newly 
invented nontoxic tung state solu tions that use water instead of 
organic solvents are considered to be much safer than the conven- 
tional heavy liquids. Another new development in HM separation 

equipment is the Magstream separator, which separates HM by spe- 
cific gravity using a nontoxic ferro-solution rotating in a magnetic 

field. The specific gravity is set by adjusting the rotational speed of 
the separation tu be. In addition to gravity separations, the Mag- 
stream can also make magnetic separations. It is a very useful tool 
in HM evaluations because it can be used to concentrate zircon and 
the other HM for both chemical analysis and physical testing. 


Analytical Methods 


For many years, wet analytical chemistry methods were use d to 
analyze zirconium-bearing materials. This type of analysis is very 
difficult because zircon is inert and can be taken into solution only 
with fusion me thods with a strong flux. Because zirconium and 
hafnium have al most identical chemical properties, wet chemical 
methods cannot be used routinel y to determine composition by 
individual element. Instead, we t analyses report c ombined Z rO2 
and HfO2 as 67.2% ZrO» for pure zircon. In the past 20 years, x-ray 
fluorescence (XRF) has replaced chemical methods of analysis 
almost entirely. 

For many years, grain counting (point counting) was a popular 
and useful mean s of identifying minerals present in HM concen- 
trates and d etermining the amounts of each. The method is fairly 
accurate for the major minerals pr esent, but accuracy decreases for 


the m inor mi nerals. De velopment and refinements of the x-ray 
microprobe, scanning electron microscope (SEM), associated XRF 
techniques, and modern computer scien ce have been co mbined to 
produce the most acc urate and sophisticat ed means for analyzing 
HM concentrates. It is now possible to accurately identify each min- 
eral present ina sample, measure each particle ’s size, chemic ally 
analyze it, and then give an accurate percentage for each individual 
mineral prese nt in the sample, its average chemical composition, 
and its particle-size distribution. 


MINING AND PROCESSING 


Zircon is sourced from HM sands mining operations in which the 
mineralized sand (containing both zircon and titanium minerals) is 
mined usin g dr edging or d ry mining techniq ues. The ch oice of 
method depends primarily on the physical nature of the deposit and 
the scale of operation. Dredging is the preferred and more econom- 
ical choice for large-scale operations. Dry mining methods are used 
for smaller-scale operations in situations where there is inadequate 
water; where the deposit contains hard, rocky material; or where 
there is a high clay content. 
Such deposits contain from less than 1% HM to more than 
10% HM. The remaining material is predominantly clay and silica 
sand. The proportion of clay , or slimes, in the HM deposits v aries 
considerably. The slimes are first separated from the sand, and the 
HM are then separated from the silica sand to make an HM concen- 
trate containing in the region of 90% to 95% total HM. These con- 
centration processes employ wet gravity concentration techniq ues 
on spiral separators or cone conc entrators. The HM concentrate is 
then transported to the dry separation plant, wh ere the indi vidual 
minerals are separated from one another by exploiting variations in 
their magnetic and electrical conductive properties. Further separa- 
tions are based on either grain size or specific gravity. 
The specific processes used for separating zircon f rom other 
minerals include the following: 
¢ High-tension electrostatic separation, typically used for sepa- 
rating zircon from rutile 
¢ Magnetic separation tech niques, used for separating zircon 
from mildly magnetic minerals such as leucoxene, monazite 
and altered ilmenite 
¢ Gravity separation techniques, using spiral separators, Kelsey 
jigs, hydrosizers, and air tables to separate zircon from miner- 
als such as kyanite, other aluminosilicate minerals, monazite, 
and quartz 
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In many mineral sands deposits, the grains are coated with 
clays and iron oxides. If these are not removed, they contaminate 
the final zircon product, contributing to higher iron (as Fe2O3) and 
alumina (Al203) contents, and also make separating the individual 
minerals more difficult. The mineral grains may also have organic 
coatings that can affect the mineral separation and the uses of the 
zircon product—for instance, in special foundry sand applications. 
The surfaces of zircon grains are cleaned by mechanic al attrition- 
ing or by chemi cal means. Mechanical att ritioning processes are 
often incorporated early in the separation plant flowsheet and are 
used for cleaning both zircon grains and grains of other minerals. 
However, with some exceptions, the chemical processes primarily 
clean the surf aces of the zi rcon grains to impr ove zircon product 
quality. 

Specific chemical processes used to remove coatings from the 
surface of zircon grains are 


¢ The hot acid leach (HAL) pr ocess, in which hot zircon is 
coated with moderately concentrated sulfuric acid and reacted 
ina kiln, after which the pro duct is a ttritioned, neutralized, 
and dried 


¢ The zircon upgrading process (ZUP), which involves heating 
the zircon to about 400°C, after which is it quenched in dilute 
sulfuric acid 


Both of these processes are effective in lowering the iron con- 
tent of zircon from more than 0.2% to as low as 0.04% Fe203. It is 
likely that specific grain cleaning processes will become increas- 
ingly important as demand fo r high-quality zircon with lo w iron 
content increases and as the availability of naturally clean zircon 
deposits diminishes. 

Iron may also be con tained within the zircon grain as inclu- 
sions of ilmenite or iron oxides. In such cases, it may be possible to 
separate grains with high iron content using selective magnetic sep- 
aration. High-gauss magnetic mineral separation may also be used 
in certain instances to reduce high levels of U+Th in zircon. This 
separation, however, usually results in relatively high loss of zircon 
recovery because of the slight difference in magnetism between the 
metamict zircons containing high U+Th and the less altered zircon 
grains. 

In some instances, the final zircon product is calcined at 
approximately 900°C, principally to render the zircon product 
whiter. Though this does not improve the chemical quality of the 
material, it can provide a qualitative advantage in marketing the 
product for certain applications. It may also relieve crystal stresses 
caused by zircon’s natural radioactivity and improve milling char- 
acteristics prior to use as an opacifier. 


GRADES AND SPECIFICATIONS 


Although its theoretical chem ical formulais ZrSiOq, na turally 
occurring zircon has the variable formula (Zr,Hf,U,Th, Y)SiO4. Zir- 
con always contains some Hf, commonly around 2% (as HfO2), but 
it can be as high as 4%. Zircon also always contains some U and Th 
and rare earth el ements such as Y . These im purity elements are 
incorporated into th e zircon crystal structure andcann otbe 
removed without destroying the individual zircon grains. 

Other impurities found in zircon crystals, such as Al,O3, silica 
(SiOz) (other than that included in the crystal structure), and Fe, are 
usually the result of secondary deposition in cracks and cavities in 
the zircon grain as a result of precipitation from aqueous solutions. 
Additional impurities present in commercial zircon products ar e 
present as individual grains of other minerals. 

Quality specifications for zircon are typically quoted in terms 
of zirconia content (expressed as ZrO2+HfOz2), Fe203, AlyO3, TiO2, 


and, occasionally, radioactivity (U+Th). SiO2 content may also be 
quoted, although it is the free silica content present as quartz that is 
most important. Physical specifications normally include grain siz- 
ing (either as a size distribution or AFS [American F oundrymen’s 
Society] number), bulk density, and residual pH. 
Guaranteed levels are normally quoted for the following: 
¢ ZrO2+HfO: minimum 65.0% to more than 66.0% for ceramic 
applications 
¢ Fe.O3: maximum le vels ranging fro mas lo w as 0 .04% for 
premium ceramic-grade quality up to 0.25% for found ry- 
grade products 
¢ TiOz: maximum levels ranging from 0.10% to 0.30%, depend- 
ing on the grade and application 
For certain applications, specific consumers may request other guar- 
anteed levels. For example, maximum Al O3 and phosphate (P20s) 
levels may have to be guaranteed for certain foundry or zir conia/ 
zirconium applications. 

Fe203 c ontent i s ofte n the mo st co mmon spec ification in 
determining the suitability of a zircon product for a particular appli- 
cation. In particular , lo w Fe 203 c ontent is ofte n requested for 
ceramic opacifier applications. The commonly accepted maximum 
level for premium-grade zircon is 0.07% Fe203, even though zircon 
products with higher levels of iron have been used satisfactorily in a 
number of opacifier applications. Iron content is controlled princi- 
pally through grain surface cleaning and ef ficient mineral separa- 
tion, minimizing contamination by leucoxene and staurolite. 

The le vel of T iO2 content is principally afun ction of the 
extent of contamination by titanium miner als, normally leucoxene 
or rutile as separate grains. This is controllable by efficient electro- 
static separation, but may be affected by the degree of grain surface 
coatings, which affects electrostatic separation. 

High A103 content is usually an indication of contamination 
by aluminosilicate minerals, typically kyanite or sillimanite. These 
minerals are most effectively se parated from zircon using wet or 
dry gravity separation techniques. 

Silica, in th e form of fre e quartz grains, must also be con- 
trolled, not only because it acts as a dilu ent to the ZrO grade but 
also because it is considered an occu pational hazard. Cr ystalline 
silica is known to cause lung fibrosis (silicosis) and has also been 
classified as a carcinogen. Generally, free silica must be reduced to 
less than 0.1% to comply with local occupational health and safety 
standards. Free quartz is readily separated from zircon using gravity 
techniques. 

The radioactivity of the zircon is impor tant to zircon ium/ 
zirconia producers who must deal with the elevation of radiation in 
waste streams. The level of U+Th in a zircon product may be influ- 
enced by contaminating particles o f mo nazite, which ca n be 
removed by magnetic separation and by wet and dry gravity separa- 
tion processes. Ho wever, in most clean zircon pr oducts, the U+Th 
content is afunction of thee xtentto which these elements a re 
present in the zircon crystal structure, and this U+Th cannot be 
removed by ph ysical processing methods. With some e xceptions, 
chemical processing without disturbing the gr ain is unlikely to be 
successful. Therefore, the level of U+Th in the various commercial 
zircon products is primarily a function of their geological setting. 


MARKETS AND USES 


Zircon is ultimately used in a wide range of consuming industries 
(see Figure 1), in varying physical and chemical forms. In its sim- 
plest form, zircon is used as a sand, directly from the mineral pro- 
cessing plant at the mine. Refra _ctory p roducts, abrasi ves, and 
foundry sands contain zircon in this form. 
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The majority of zircon is processed further before consumption. 
It is mechanically ground into either a flour (95% passing 45 ym) or 
an opacifier (95% passing 5 um). In this form, zircon is consumed in 
ceramics, investment castings, television glass, and refractories. 

Chemical processing of zircon is less common. Zircon is pro- 
cessed chemically to produce alumina-zirconia-silica (AZS) for use 
in glass refractories and arange of zirconium chemicals that are 
used in adv anced c eramics, col ored c eramic pi gments, ca talysts, 
and a wide variety of other minor applications. Zirconium metal is 
also produced chemically from zircon sand and finds applications 
in the nuclear industry. 


Ceramics 


The main use of zircon in the ceramics industry is as an additive to 
glazes used on ceramic tiles to provide opacity. It can also be added 
to engobes (an intermediate surface on a ceramic body) or incorpo- 
rated in the main body of the ceramic body, as with gres porcellan- 
ato tiles. The sanitary-ware industry is also ama jor market for 
zircon, where it is also added to the high-gloss glaze as an opacifier. 
Zircon also f inds some use in ta bleware produc ts, but this is a 
smaller market because transparent glazes are widely used. 


Refractories 


Zircon is now a specialized refractory material because of its rela- 
tive cost and availability. It is added to refractory products as zircon 
sand, zircon-p yrophyllite mixtures , zirconias, or AZS, depending 
on the industry and application. Zircon-based refractories are used 
in steel- and glassmaking. 


Foundry 


Zircon is used as a foundry san d, to form casts in investment cast- 
ing, on the surfaces of die casts, and in the Cosworth process. In the 
first three applications, zircon is a relati vely minor ingredient, but 
in the Cosworth casting process, which is used t 0 cast aluminum 
motor engine heads and blocks, coarse-grained zircon sand is used 
exclusively. Additionally, some re fractory paints, or mold washes, 
contain 60% to 70% zircon flour. 


Glass 


Zircon is used in the faceplate panels of color televisions and com- 
puter monitors to absorb x-rays generated in cathode ray tubes. Zir- 
conis also usedinthe glass substrates of liquid cry stal displays 
(LCDs) and plasma display panels (PDPs). These products contain 
about 1% zirconia but consume only small v olumes because the 
substrates are very thin. Zircon and zirconia are also added to some 
specialty glasses, such as lead-free crystal glassware, special fiber- 
glass, and optical fibers. 


Other Markets 


There are a wide range of small- end-use markets for zircon and its 
derivatives and hafnium: 
¢ Markets for zirconia—abrasives, electronics, oxygen sensors, 
gemstones, c eramic pigments, adv anced ceramics, catalysts, 
fuel cells 
¢ Markets for zi rconium chemicals—TiO? pigment coating, 
paper coatings, paint driers, antiperspirants, printing inks, and 
paints 
¢ Markets for zircon ium metal —nuclear reactor fuel tubes, 
chemical industry 
¢ Markets for hafnium metal—component of superalloys used 
in the aer onautics and space industry, neutron ab sorber in 
nuclear reactor control rods 
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Figure 1. Schematic structure of zircon processing and consuming 
industries 
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Figure 2. Zircon consumption by end-use market (2003) 


Figure 2 shows the breakdown of principal end uses for zircon 
in 2003. The ceramics sector is by far the largest consumer of zir- 
con sand, accounting for almost 51% of consumption in 2003. Not 
only is the ceramics sector the largest end-use market for zircon, it 
also sho wed steady gro wth averaging more than 5.0 % per year 
between 1987 and 2003. It is very clearly the principal driver of zir- 
con demand. A key element in this sector is the role played by the 
zircon milling groups, principally based in Europe, that dominate 
the market for zircon. These consumers mill the zircon to flour for 
use in the manufacture of frits and to very fine opacifier for use in 
the manufacture of glazes. 

The other large-volume markets—namely, the refractory and 
foundry ind ustries—together account for a further 30% of zircon 
consumption. Technological adv ances, h owever, are reducing the 
volumes of zircon required and in some cases allowing more cost- 
effective materials to be used in place of zircon. Although - still 
important markets, there is little expectation of substantial growth 
in demand in either the foundry or refractory sectors. 

More interesting, from a zirc on consumption vie wpoint, are 
the smaller markets of zirconia, zirconium chemicals, and TV glass. 
These higher-value markets for zircon gre w at 9% to 13% per year 
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Figure 3. Zircon consumption by geographical region (1980-2003) 





















































































































































































































































Table 3. Zircon supply and demand (2000-2005), kt 

















between 1987 and 2003, and demand is now believed to be reaching 
a plateau; future growth rates are forecast to be substantially lower. 

Figure 3 sho ws the principal geographic mark ets for zircon 
from 1980 to 2003. The Asia-Pacific region dominates zircon con- 
sumption, accounting for 40.5% of the total in 2003 . Within the 
Asia-Pacific region, China has the highest level of zircon consump- 
tion. Europe has always been a large consumer of zircon. In 2003 it 
was estimated that Europe accounted for more than one third of all 
zircon consumption, mainly beca use large European ceramic p ro- 
duction centers use zircon in frits and glazes for ceramic products. 

Global zircon demand has averaged 2.7% per year compound 
growth since 1987 and 3.8% per year from 1998 to 2003. During 
this 6-year period, China showed the strongest growth at 13%, as a 
result of strong constructio n activity, housing sector reform that 
allows private home ownership, and the 2008 Oly mpics—all of 
which are combining to bo ost the demand for cer amic pro ducts. 
The mature North American market declined by an average 4% per 
year over the same period. 


ALTERNATIVE MATERIALS 


During periods of zircon shortages, _ the foun dry industr y used 
South African chromite and domestic olivine as zircon substitutes. 





















































Components of Supply and 
Demand 2000 2001 2002 2003 2004" 2005t 
World Supply 
Australia 368 398 417 453 435 459 
South Africa 317 377 420 370 355 391 
United States 181 173 132 144 155 160 
Other countries 151 147 164 161 166 162 
Total supply 1,017 1,095 1,133 1,129 1,111 1,192 
Supply+ 971 1,050 1,093 1,089 1,081 1,162 
Growth in supply 1.9% 8.2% 3.5% -0.4% -0.7% 7.5% 
Consumption by Region* 

Europe 359 371 398 401 405 411 
North America 194 186 153 175 171 167 
Japan 78 79 75 68 66 64 
China 167 198 220 236 248 258 
Other Asia-Pacific countries 124 128 151 155 161 167 
Rest of world 77 76 96 98 101 103 

Total consumption? 998 1,039 1,093 1,134 1,153 1,170 

Consumption by Market* 

Ceramics 479 511 561 582 599 619 
Refractory 165 164 160 166 162 158 
Foundry 170 171 161 168 166 164 
Glass 80 81 85 89 94 95 
Zirconia and ZR chemicals 87 91 102 105 107 109 
Other 19 20 24 24 25 295 

Total consumption? 998 1,039 1,093 1,134 1,153 1,170 
Growth in consumption 6.7% 4.0% 5.2% 3.8% 1.6% 1.6% 
Surplus/deficit 27 12 0 -46 =f2 -9 
Source: TZ Minerals International database. 

* Estimate. 

Tt Forecast. 


+ Excludes former U.S.S.R. countries. 
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Figure 4. Zircon prices 1970-2003, real 2003 US$ 


With the e xception of a few sp ecial applicati ons, the foundries 
returned to the use of z ircon when it became available. Mullite, 
manufactured by calcining kaolin clay, is also used successfully as 
a sub stitute for zircon, both asa foundry sand and mold w ash. 
Japan’s steel industry has successfully replaced much of its zircon 
refractories requirement with high-alumina and magnesium refrac- 
tory products. Dolomite and spinel refractories can also substitute 
for zircon in certain high-temperature applications. 

Columbium (niobium), stainless steel, and tantalum pro vide 
limited substitution in nuclear applications, and titanium and syn- 
thetic materials can substitute in some chemical plant uses. Silver- 
cadmium-indium control rods are used in lieu of hafnium at many 
nuclear po wer plants. Zirconium can be used interchangeably 
with hafnium in certain superalloys; in others, only hafnium pro- 
duces the desired or required grain boundary refinement. 

Unless future zircon supply becomes se verely limited, it is 
unlikely that any substitute with all of its properties will be sought 
or found. 


OUTLOOK 


All commercially produced zircon is a co-product of titanium min- 
eral production. However, over the last 40 years, zircon has devel- 
oped froma low-value by-p roduct of titanium mining to an 
important co-product that typically accounts for between 15% and 
35% of total re venue. Despite its increased value, zircon supply 
remains dependent o n titanium mining. Consequently, the future 
supply of zircon will depend on the zircon content of the dep osits 
that are developed to meet de mand for titanium feedstocks. In 
recent years, supply has become very short, and this scarcity has 
prompted companies to promote ne w projects as “zircon” projects, 
but the fact remains that the deposits contain more titanium than 
zircon. 

The key to the future level of demand for zircon in consump- 
tion is the ceramics industry, which is by far the largest market for 
zircon and which is forecast to continue at a steady pace. 

Future supply may no tbe suf ficient to meet the gr owing 
demand for zircon. This could lead to substitution of zircon in cer- 
tain applications, and pricing pressures will mean that this takes 
place at the lower-quality end of the market spectrum, particularly 
in the foundry and refractory industries. 

Table 3 clearly shows the imminent problem of insufficient 
supply, with a shortfall of 100,000 t forecast for 2004, a level likely 
to continue for some time unless more resources are discovered. 
This will clearly affect zircon prices, which exhibited a past pro- 
pensity to spike (as sho wn in Figur e 4), and pri ces are forecast to 
increase further in 2005. 

The next few years will be another very interesting period in 
the evolution of zirconium and hafnium markets. 
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Bit wea. aa a 2 ee eee 
Absorbents and Desiccants 
Abbas A. Zaman 


INTRODUCTION 


Absorbents and desiccants are the key materials in many industries 
dealing with purification, clarification, and separation. Adsorption, 
which involves the preferential concentration of solutes at an inter- 
face, is of gr eat importance in various science and engineering 
fields. The se include w aste treatment, pet litter, cosmetics, food 
products, petroleum, chemical industries, pharmac euticals, w ater 
purification, energy-related industries such as storage of hydrogen 
for fuel cell technology, separation technologies such as removal of 
carbon monoxide (CO) from hydrogen, and environmental technol- 
ogies for meeting highe r standards on safety issues and environ- 
mental pollutants. In addition, the use of absorbents and desiccants 
is a convenient method to handle liquid wastes, clean up spills, and 
eliminate odors. 


MATERIALS 


A wide range of mater ials are used as desiccants and absorbe nts. 
These can be categorized as industrial minerals and rocks including 
different kind of clays, and synthetic materials such as zeolites, sil- 
ica gel, activated carbon, and ac tivated alumina. The world market 
for activated carbon demand (granul es, powder, and felts) is esti- 

mated at around $2.0 billion, gro wing at an annual rate of 7.5% 
(Yang 2003). According to Bu siness Commun ications Compan y, 
Inc., and R. Deshpand e (2001), the approximate r eported figures 
for annual worldwide sales of some of the adsorbents in 2001 were 


Activated alumina $91 million 


Clays $44 million 
Granular activated carbon $334 million 
Silica gel $177 million 
Zeolites $1,100 million 


Although minerals and rocks represent only a small portion of 
the total material s used as absorbents and desiccants, as shown in 
Figure 1 (Van Kouteren 1994), the most widely used material for this 
kind of application is activated carbon. Commercial production of 
activated carbon dates back to the nineteenth century (Yang 2003). 
During World War I, filters containing carbon black were developed 
to remove chemicals from air . Ac tivated car bon is widely usedin 
bulk sep aration of hydrocarbons; purification of gases su ch as ai 1, 
nitrogen, h ydrocarbons, sulf ur dio xide, and halo genated or ganics; 
and liquid and water purifications to remove organics, solvents, and 
inorganics such as arsenic, chromium, and odor species. 


Membranes, 40% 


Other, 6%* 





Cartridges, 37% Fabrics, 7% 


Minerals and Rocks, 10% 


*Includes fibers, powders, pulp and paper, and centrifuges 


Courtesy of Celite Corp. 
Figure 1. The U.S. fluid conditioning market by type of system 


Silica gel and act ivated alumina are widely used as desic- 
cants because of their lar ge capacity for water adsorption (nearly 
40 wt %) and also because the y regenerate at low temperatures 
(150°C) compared with zeolites. The surface of these materials 
has been modif ied with different organic ligands for dif ferent 
applications (Vansant, Van Der Voort, and Vrancken 1995). 


MINERALOGY 


The common mineralogic trait of industrial minerals used as absor- 
bents and desiccants is that these materials all belong to the silicate 
group. Silicates h ave an inher ent che mical stability and unique 
molecular structures, which prove to be useful in absorbents. Silica 
(SiO2) is the dominant chemical constituent and is present in many 
different forms. For example, in the clay minerals, it is present in 
complex tetrahedral and octahedral sheets and/or chains. In diato- 
mite, it occurs in an amorphous form (Van Kouteren 1994). 


Diatomite and Perlite 


Diatomaceous silica is the preferred name for the primary mineral 
component that makes up the rock diatomite. Diatomite is a sili- 
ceous, sedimentary rock consisting principall y of the fossili zed 
skeletal remains of t he diatom, a unicellular, microscopic aquatic 
plant related to algae (Kadey 1983). Fossilized diatom skeletons are 
made of opaline or hydrated silica (SiO02*H20). 

On the other hand, perlite, in its naturally occurring form, is a 
dense, amorphous, hydrated volcanic glass, generally of rh yolitic 
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O and {} = Hydroxyls @ Aluminums, magnesiums, etc. 


Source: Van Kouteren 1994. 

Figure 2. Geometric representation of octahedron showing (a) 

a single octahedral unit and (b) the sheet structure of the octahedral 
units 





(a) 
O and (} = Oxygens 


Oand @ = Silicons 


Source: Van Kouteren 1994. 

Figure 3. Geometric representation of silica tetrahedron showing (a) 
a single silica tetrahedron, and (b) the sheet structure of the silica 
tetrahedrons arranged in a hexagonal network 


composition (sodium potassium aluminum silicate). Because of its 
commercial appl ications, perl ite has a dual n omenclature in the 
industry. It is known by the same name as both the naturally occur- 
ring rock and, after processing and thermal expansion, as the light- 
weight aggregate (Kadey 1983). 

Specialty Clays 

Compared to other minerals used as absorbents, the c lay minerals 
are much more mineralogically complex. As a general definition, 
clays are naturally occurring, earthy, fine-grained hydrous silicates 
(Patterson and Murray 1983 ). Collectively, they are classif ied as 
phyllosilicates, a group of silicate minerals characterized by silica- 
oxygen tetrahedra link edtogetherintw o-dimensional sheets 
(Thrush 1968). 

The phyllosilicate group of clays consists of several minerals, 
each having different mineralogy, geologic occurrence, technology, 
and uses. Although the mineralogy is complex, it is easier to think 
of these minerals as containing crystal structures that can be broken 
down into two simple b uilding bl ocks: tetrahedra and octahedra. 
These building blocks form sheets or layers by joining at the cor- 
ners (tetrahedra) or at the edges (octahedra) (Moll and Goss 1987), 
as shown in Figures 2 and 3. 

Given th ese basic b uilding blo cks, the v ariations in ho w the 
blocks are arranged yield the various groups of clay minerals. Table 1 
lists the major clay mi neral groups used as filters and absorbents, 
along with their commonly used names and mineralogical composi - 
tions. The major structural differences between t hese groups are 
imbedded in how the building blocks are layered. 


Smectite Group 


Smectite minerals have a three-layer structure. Two outer layers of 
silica tetrahedra are attached to a central octahedral layer of hydrous 
metal oxide (usually aluminum, sodium, magnesium, c alcium, or 
lithium). The layers are combined in a way that the oxygen atoms at 


Table 1. Classification of clay minerals including those used as 
absorbents 


Clay Group and Commonly Used Names Chemical Formula 





Kaolinite and Serpentine Group (two-layered structure) 


Kaolinite Al4(Si4O 10) (OH)g 
Halloysite Al4(Si4O10)(OH)g24H20 
Serpentine Mge(Si4O10)(OH)3 


Micas (three-layered structure. The charge of the three-sheet layer <2) 

Illite KeoAla[(Sis6Al<2)O20](OH)4enH2O0 
Vermiculite Group (three-layered structure with swelling capacity. The charge 
of the three-sheet layer = 1.2-1.8) 


(Mg, Fet2, Fe*4)6[(Si>Al)3O20] 
(OH)4*enH2O0 


Smectite Group (three-layered structure, strongly swelling. The charge of the 
three-sheet layer = 0.5—-1.2) 


Trioctahedral vermiculite 


Montmorillonite Mtxay(Al, Fe3+)4_,(Fe2*, Mg)y(Sis—x 


Al,O20) (OH)4enH2O0 
Calcium (nonswelling bentonite) Same as above with M* being Ca2* 
Sodium (swelling bentonite) Same as above with M* being Na* 
Mx*Mge(Sis-xAlxO20)(OH)4*nH2O0 
M,*Al4(Sig-xAlxO20)(OH)4enH20 
M,*Feg3* (Sig Al<O20} (OH) 4enH2O 


M+ represents adsorbed alkali cations in the interlayer space. 


Magnesium (saponite) 
Beidellite 


Nontronite 


Pyrophyllite and Talc Group (three-layered structure, nonswelling. The charge 
of the three-sheet layer = 0) 


Pyrophyllite Al4(SigQ20)(OH)4 

Talc Mge(SigO20)(OH)4 
Chlorites Group (four-layered silicate structure, nonswelling. The charge of the 
four-sheet layer = 1.1-3.3) 


Donbassite Al4(SigQ20)(OH)4 Al4(OH) 12 


Palygorskite and Sepiolite Group (with the layer fibrous structure) 
Mgs(SigO20}(OH)2(OH2)4*4H20 
Mgg(Si12030}(OH)4(OH2)4enH2O 


Palygorskite 
Sepiolite 





Adapted from Konta 1995. 


the tips of the tetrahedra of each silica layer are shared with the octa- 
hedral metal oxide/hydroxide layer. A small proportion of the metal 
cations in the central octahedral layer is replaced by cations of lower 
valence but similar size. This leads to an electrical charge imbalance 
that is corrected by the presence of cations held outside and between 
each of the three-layer units. The electrical charge deficiency of the 
three-layer units and the presence of the exchangeable cations (com- 
monly sodi um or ca Icium) im parts t he charac teristic e xpansion 
properties to the smectite group of clays (Clarke 1985). 


Palygorskite and Sepiolite (Hormite) Group 


Hormites are markedly different in terms of their structural charac- 
teristics in that they form chain-type rather than layered structures. 
The chain-type yields a fibrous-like structure (Clarke 1985). Unlike 
the smectite minerals, which have sheets that extend laterally, the 
sheets in hormite minerals extend only a short distance and then flip 
up or flip down in a continuous pattern to yield a three-dimensional 
structure that includes long tubes instead of layers. Because of this 
structure, hormite minerals do not swell as do sm ectite minerals. 
However, crysta 1 lattice sub stitutions, ore xchange capacity, do 
occur at the broken bonds on the edges of the crystal (Moll and 
Goss 1987). 
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Kaolin Group 


This group of minerals, consisting principally of kaolinite, forms a 
two-layer structure. The two layers are composed of tetrahedra and 
octahedra sheets. The tetrahedra contain silicon and oxygen and the 
octahedra contain aluminum, oxy gen, and h ydroxyl, arranged in 
sheets. The apexes of the tetrahedra join with the octahedra to form 
the two-layer structure with water molecules between the two lay- 
ers. These sheets are generally neutral, but on the edges, where bro- 
ken bonds exist, unbalanced charges are also found. These sites are 
areas where cation exchange can occur (Moll and Goss 1987). 


Sand and Gravel 


In the strictest sense, these two materials are defined by size rather 
than by composition or mineralogical mak eup. Sand and gravel 
consist of separate grains or particles of detrital rock with a particu- 
lar size range of !/i6 to 2 mm in diameter. For filter and absorbent 
applications, however, sand consists mainly of pure, rounded quartz 
(SiOz) grains (Davis and Tepordei 1985), and gravel typically con- 
sists of rock fragments. 


Minor Minerals 


Other minerals used a s filters or absorbe nts inc lude v ermiculite, 
talc, ball clay , crushed limestone, gypsum, ilmenite, and garnet. 
Vermiculite, talc, and ball clay are also in the ph yllosilicate group. 
As a consequence, these minerals, especially vermiculite, are com- 
monly used in certain absorbent applications. Such heavy minerals 
as gamet and ilmenite (and sometimes anthracite coal) are often 
used as f ilter media in wastewater treatment plants. Calcium car- 
bonate (especially as lime) and gypsum are two nonsilicate miner- 
als that find limited applications as absorbents. 


Table 2. Salient statistics—United States, kt 


DOMESTIC PRODUCTION AND USE OF CLAYS 


According to the U.S. Geological Survey (2004), clay and shale pro- 
duction was reported in 2003 i n all states e xcept Alaska, Dela ware, 
Hawaii, Idaho, New Hampshire, New Jersey, Rhode Island, Vermont, 
and Wisconsin. Approximately 760 clay pits or quarries were oper- 
ated by about 240 companies, and the leading 20 firms su pplied 
about 50% of the tonnage and 79% of the value for all types of clay 
sold or used in the United States . Remaining essentially unchanged 
from 2002, U.S. p roduction was about 39.3 Mt an d was valued at 
$1.6 billion. Major domestic uses for specific clays were estimated as 
* Ball clay—41% floor and wall tile, 25% sanitary w are, and 
34% other uses 
Bentonite—25% pet waste absorbent, 21% drilling mud, 21% 
foundry sand bond, 15% iron ore pelletizing, and 18% other 
uses 
Common clay—56% brick, 17 % cement, 17% lightweigh t 
aggregate, and 10% other uses 


Fire clay—75% refractories and 25% other uses 
Fuller’s earth—74% absorbent uses and 26% other uses 


Kaolin—54% paper, 17% refractories, and 29% other uses 
Table 2 presents data for the production, imports, an d exports of 
different clays in the United States. 

Overall production of clays in the Un ited States, including 
ball clay, bentonite, common clay and shale, fire clay, fuller’s earth 
and kaolin, decreased by 3% in 2000 to 40.8 Mt. Exports increased 
about 9% to 5.3 Mt, an d imports increased about 6% to 96,00 0 t 
(Grahl 2002). Bentonite and fuller ’s earth are the clays most com- 
monly used as absorbents. The other clay statistics are included in 
the table to show the overall market. 





1999 2000 2001 2002 2003 
Production mine 
Ball clay 1,200 1,140 1,100 1,120 1,120 
Bentonite 4,070 3,760 3,970 3,970 3,970 
Common clay 24,800 23,700 23,200 23,000 23,000 
Fire clay A402 A476 383 446 446 
Fuller's earth 2,560 2,910 2,890 2,730 2,730 
Kaolin 9,160 8,800 8,110 8,010 8,010 
Total “42,200 “40,800 - "39,600 "39,300 “39,300 
Import for consumption 
Artificially activated clay and earth 17 18 21 27 20 
Kaolin 57 63 114 158 275 
Other 16 16 13 32 50 
Total 907 967 148 217— "325 
Exports 
Ball clay 107 100 174 127 150 
Bentonite 719 761 628 722 680 
Fire clay 189 216 238 251 275 
Fuller's earth 152 136 146 60 50 
Kaolin 3,310 3,690 3,440 3,350 3,400 
Clays, not elsewhere classified 329 357 344 A449 A420 
Total 4,800 5,260 4,970 4,960 4,980 





Courtesy of U.S. Geological Survey. 
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Total = 1.14 Mt 


Source: Grahl 2002 (reprinted with permission from Ceramic Industry, January 
2002, Vol. 152, No. 1, www.ceramicindustry.com). 


Figure 4. U.S. consumption of ball clay, 1999-2000 


Between 1996 and 1999, the ball clay ind ustry sustained an 
exceptional growth rate of 7.6% per year. The robust economy and 
associated booming construction industry prior to the latter half of 
2000 resulted in healthy sales of sanitary ware and other ceramic 
products that use ball clay .In20 00, d omestic con sumption 
increased compared to 1999 for fl oor and wall tile, 12%; refracto- 
ries (including firebrick, blocks, shapes, high- alumina brick and 
specialties, and kiln furniture), 38%; and miscellaneous ceramics 
(including cat alysts, el ectrical porcelain, f iberglass, f ine china/ 
dinnerware, glazes, and mineral wool), 52%. Declines in consump- 
tion were recorded, ho wever, for pottery (81%) and sanitary ware 
(12%; see Figure 4.) 

The recession that be gan in March 2001 resulted in declining 
consumption of industrial products in many sectors. Construction 
was one of the last business segments to be affected. Major business 
consolidations have occurred over the past several years, resulting in 
five ma jor c ompetitors—Imerys (ba sed in Franc e with loca tions 
worldwide), Unimin (based in Belgium with loca tions worldwide), 
WBB Minerals Ltd. (based in the United Kingdom), H.C. Spinks 
(based in the United States), and Old Hick ory Clay (based in the 
United States)—dominating the U.S. ball clay market. Competition, 
coupled with the slo wing economy, appears sufficient to minimize 
any significant price increases over the next several years. 

The production of common clay and shale declined slightly 
(4%) to 23,700 t in 2000. Of this amount, the majority was supplied 
from North C arolina (10%), Texas (9%), Alabama (9%), Geor gia 
(6%), and Ohi o (6%). Us e of com mon clay and shale increased 
23% in ceramic floor and w all tile, but dec lined nearly 40% in 
refractory applicati ons. Demand for common clay — and shale in 
heavy clay products (including extruded brick, drain tile and sewer 
pipe, flue linings, and miscellaneous clay products) declined about 
2% compared to 1999 levels. 

Production of fire clay increased abou t 16% in 2000 to 
476,000 t, with the lar gest increase (53%) in heavy clay pr oducts. 


Foundry Sand, Mortar, cones Miscellaneous Ceramic, 0.5% 
Cement, and Miscellaneous (Oi ans Gas : ‘ 
Refractories, 16.7% Refining), Fine China and 















14.3% Dinnerware, 1.9% 


Floor and Wall 
Tile, 3.2% 


a Pottery, 0.9% 


Roofing 
Granules, 2.5% 


Sanitary Ware, 5.9% 


Grogs and 
Calcines, 
9.9% 


Electrical Porcelain, 0.5% 


Brick, Common 
and Face, 8.2% 


Firebrick, Blocks and 
Shapes, 0.9% 


Total = 1.5 Mt 


Source: Grahl 2002 (reprinted with permission from Ceramic Industry, January 
2002, Vol. 152, No. 1, www.ceramicindustry.com). 


Figure 5. U.S. kaolin consumption by end use (ceramics), 2000 


Production of fuller’s earth also increased by about 12% to 2.9 Mt, 
but it was uncertain how much of that amount was used in ceramic 
applications. Data wer e una vailable f or the use of ben tonite in 
ceramics in 2000. 

The kaolin industry has been mostly stagnant over the last sev- 
eral years. Production in 2000 slipped 4% to 8.8 Mt. Of this amount, 
18% (1.5 Mt) was used in ceramic applications (see Figure 5). This 
was 3% lower than the share held by ceramics in 199 (1.9 Mt), and 
the overall quantity of kaolin used in ceramics also de creased by 
about 18%. Segments posting the biggest declines were electrical 
porcelain (down 38% compared to 1999) and miscellaneous refrac- 
tories (down 56%). Other applications for kaolin included fillers, 
extenders, and binders (primarily f or paper and paper coatings), 
53%; chemical manufacture, 0.4%; portland cement, 1%; and mis- 
cellaneous, 6%. Exports comprised 31% of overall production at 
2.7 Mt, an 11% increase over 1999 levels. Import information was 
unavailable. 

As with ball clay, kaolin cons umption in sanitary w are and 
other ceramic pro ducts used in c onstruction is expected to decline 
as the construction industry slo ws. Kaolin consumption in f ine 
china and dinnerware is expected to remain relatively steady. 

Despite s everal significant b usiness consolidations 0 ver the 
last several years, approximately 25 companies in nine states mine 
kaolin. Ongoing competiti ve forces coupled with a so ft economy 
will pro bably temper an y desire by p roducers to increase kaolin 
prices in the near future. 


DISTRIBUTION OF MAJOR DEPOSITS 
United States 


The United States is home to ma_jor deposits of all the industrial 
minerals and rocks used as abs orbents. Inf act, the dia tomite, 
kaolin, attapulgite, and sand deposits are world class in terms of 
size and purity. These deposits, however, occur in select areas of the 
country. Diatomite and perlite deposits are in the W est, the spe- 
cialty clay deposits are in the South, and sand and gravel deposits 
occur in all regions, as shown in Figure 6. The biggest disadvantage 
in terms of deposit location and market demand is that diatomite 
and perlite are mined in the West and the demand is concentrated in 
the Midwest and the East. Table 3 is acom parison between the 
mine production in the United States and different countries around 
the world. 
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Figure 6. Major producing locations of industrial minerals and 
rocks used as filters and absorbents 


Diatomite and Perlite 


All of the commercial deposits of diatomite and perlite occur in the 
western United States. Diatomite is currently mined in the states of 
Arizona, Californ ia, Ne vada, Or egon, and W ashington. Greater 
than 50% of U.S. production is mined from the world-class deposits 
at Lompoc, California (Miles 1990). 

New Mexico accounts for about 85% of the perlite mined in the 
United States, with the remaining 15% mined in Arizona, California, 
Colorado, Idaho, and Nevada. Because expanded perlite has a very 
low bulk density and the majority of perlite is consumed in the East, 
crushed perlite ore is typically tran sported to expander plants, which 
are located close to major end-use markets (Meisinger 1988). 


Specialty Clays 


Commercial deposits of spec ialty clays used as f ilters and absor- 
bents are, for the most part, lo cated in the Southeast. Mississippi, 


Table 3. Mine production, kt 


Missouri, and Tennessee account for the majority of calcium mont- 
morillonite. Florida and Georgia account for all of the attapulgite 
production. 


Sand and Gravel 


The occurrence of sand and gravel deposits are pervasive through- 
out the United States. From a strictly geologic view, the quantity of 
sand and gra __ vel is essentially inexhaustible (Dunn 1983). 
Although this is true for gra vel used in filtration, it is not true for 
sand. The sand that is used in filtration applications has rigid spec- 
ifications as to the purity, size, and shape of the individual grains. 
As a consequence, t he major depo sits that naturally yield such 
material are | imited to locations in northern Illinois and central 
Texas (Van Kouteren 1994). 


The Rest of the World 


A review of the USGS mineral production statistics indicates that 
no one country dominates in producing materials used as filters and 
absorbents. T here are , ho wever, anum ber of c ountries t hat a re 
major producers of these raw materials. 


PHYSICAL AND CHEMICAL PROPERTIES 


Clay minerals used as absorbent s and desiccants ha ve a number of 

similar chemical and physical properties. They must be chemical ly 
stable with a physical structure that allows the storage and flo w of 
liquids in the structure. Chemical analysis of the major materials used 
as adsorbents and desiccant sis shown in Table 4 (Van K outeren 
1994). Silica, the main constituent, is responsible for chemical sta- 
bility. The relatively open or porous structure of these materials 
results in low bulk densities. 

The properties and technical a pplicationofclay minerals 
mainly de pend o nthe mi neralc omposition, size distrib ution, 
degree of consolidation, and processing conditions (Konta 1995). 
Properties of clay minerals de pend mainly on the structure and 
chemistry of the crystal and also on the state and distribution of the 
electrostatic charge of the structural layers. The io nic substitution 
inthe octahedral and te trahedral she ets will result ina negative 
charge, which is naturally compensated by cations such as Kt, Nat, 
Ca?*+, Mg?+, and H* adsorbed in the interlayer space. Materials of 




















Bentonite Fuller’s Earth Kaolin 
2002 2003 2002 2003 2002 2003 

United States (sales) 3,970 3,970 2,730 2,730 8,010 8,010 
Brazil (beneficiated) 175 175 na * na 1,710 1,800 
Commonwealth of Independent States 750 750 na na 5,800 8,000 
Czech Republic 174 200 na na 3,650 4,000 
Germany (sales) 500 500 500 500 3,770 3,800 
Greece (crude) 1,150 1,200 na na 60 60 
Italy 500 500 30 30 100 100 
Korea (crude) na na na na 2,380 2,850 
Mexico 400 400 150 150 680 680 
Turkey 559 600 na na 372 350 
United Kingdom na na 140 150 2,400 2,400 
Other countries 1,820 1,830 340 335 14,300 13,000 

World total (rounded) 10,000 10,100 3,890 3,900 43,200 45,100 





Courtesy of U.S. Geological Survey. 
*na = not available. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


1080 


Table 4. Approximate chemical composition of the major industrial minerals and rocks used as adsorbents and desiccants 
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Mineral Type Sand Diatomite Perlite Attapulgite Montmorillonite Kaolinite 
Oxides, % 
SiOz 99.45 89.7 72.1 54.0 50.2 45.2 
Al203 0.05 a0 13.5 8.6 16.2 37.0 
H20 NA* NA 3.0 21,4 227 14.4 
Ignition loss 0.07 3.7 NA NA NA NA 
Fe2O3 0.02 1.1 0.8 3.1 4.1 0.3 
TiO2 0.01 0.1 0.1 O22 02 1.3 
CaO 0.04 0.3 0.9 2.0 22 0.5 
MgO 0.02 0.5 0.5 10.1 4.1 0.5 
Naz2O and K2O NA 0.7 9.0 0.4 0.3 0.8 
P205 NA 0.2 NA NA NA NA 
Other 0.34 NA 0.1 0.2 NA NA 
Total 100.0 100.0 100.0 100.0 100.0 100.0 





* NA = not applicable. 








Courtesy of H.H. Murray. 
Figure 7. Scanning electron microscope (SEM) image of kaolin 
particles (bar = 1 pm) 


larger pore v olume with a ne w microstructure can be prepared by 
exchanging any of these cations with a desirable cation and also by 
removing ion s from the octahedral or te trahedral shee ts (K onta 
1995). 


Kaolinite and Serpentine Group 


The most common mineral in this group is kaolinite. Its crystal has 
the unit cell chemical composition of SizAl,05(OH)4 and consists 
of altering layers of silica tetrahedra and alumina octahedra. Each 
kaolinite part icle consists of se veral s heets of twi n1 ayers hel d 
together with hydrogen bonds. The as pect ratio of kaolin particles, 
which are plate-like in shape, may vary from 5 to 15, depending on 
the mechanical treatment of the particles (Konta 1995; Weaver and 
Pollard 1973; Sjoberg et al. 1999) . Physical and chemical proper- 
ties of kaolin, which depend on se veral factors such as geological 
conditions and mineralogical composition, determin e the use of 
kaolin in dif ferent applications . T he be st c ommercially usa ble 
kaolin deposits are located in Ge orgia and South Car olina in th e 
United States, the Amazon region of Brazil, and the Cornwall Area 
of southwestern England (Pickering and Murray 1994). 


Kaolin is a white powder and its pure crystal, called kaolinite, 
is hexagonal in shape (see Figure 7). There is a sign ificant charge 
difference between the basal plane and the edge of the particles 
resulting from the di fferences inc hemical compos ition. Kaolin 
edges con tain both silica and alu mina-like cha rge sit es, and the 
faces contain only silica-lik e char ge sites, which are e xpected to 
remain negatively charged above pH 3.0. The edges are positively 
charged at low pH, but progress through an isoelectric point to pos- 
sess an egative charge at high pH (Johnson, Russell, and Scales 
1998; Johnson et al. 2000) . As aresult o f this dif ference, in the 
absence of dis persing agents, el ectrostatic edge-to-f ace attraction 
causes agglomeration of th e particles in the fo rm of a cardhou se- 
type structure (even at very low volume fractions) depending on the 
pH of the dispersion (Herrington, Clarke, and Watts 1992). Results 
of earlier work (Zaman, Tsuchiya, and Moudgil 2002) indicate that 
negatively charged agents such as polyacrylic acid (PAA) adsorb on 
positive sites present on the edge of kaolin particles. 

The main applications of kaolin is in the paper industry where 
it is used to improve brightness, opacity, and printability of paper; 
as functional fillers and extenders in different products such as plas- 
tics, rubber, paint, and ink; in ceramics in the tile, white ware, sani- 
tary ware, insulators, and pottery markets; and as a raw material in 
the production of fiberglass. A relatively small amount of kaolin is 
used as a dust-di spersal adsorb ent for pe sticides (Khandal et al. 
1992) and as a mildly acting sorbent in the manufacture of linoleum 
and other floor-cloth cement (Konta 1995). 

Kaolinite is a hydrophilic mate rial and can be disp ersed in 
water using anionic 1 norganics, po lyelectrolytes, and su rfactants. 
Adsorption of polymers and surf actants as a function of pH, ionic 
strength, and polymer char ge on the surface of kaolin has been 
studied (Sastry, Sequaris, and Sc hwuger 1995; Lee, Condrate, and 
Reed 1 996). Understanding the interaction mechanism o f the 
charged species with the active sites on the surface of the particles 
is important in terms of the application of k aolin in dif ferent pro- 
cesses. The surface of kaolin can be modified to make it hydropho- 
bic or or ganophilic for dif ferent a pplications such as functional 
fillers in plastics and rubber. 


Smectite Group 


The smectite group of clay mine rals has a three-layer structure 
formed through the decomposition of volcanic glass. In these min- 
erals, a central octahedral lay er of hydrous me tal oxide (us ually 
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aluminum, sodium, magnesium, calcium, or lithium) is sandwiched 
between two other layers of silica tetrahedra. Often, alumina substi- 
tution for silica in the tetrahedral she et and iron and magnesium 
substitution for aluminum in the octahedral sheet creates a net posi- 
tive charge imbalance in the 2: 1 layer (Murray 2000). This char ge 
deficiency is balanced by exchangeable cations such as sod ium, 
calcium, lithium, and magnesium adsorbed between the unit layers 
and on the edges. The mineral in the smectite group is sodium 
montmorillonite (see Figure 8) if the dominant exchangeable cation 
is sodium, and it is calcium montmorillonite if the e xchangeable 
cation is calcium. The smectite group can be classified as montmo- 
rillonite, beidellite, nontronite, and saponite. 

Calcium montmorillonite has very strong adsorptive properties 
and is widely used in various processes for removing impurities and 
as an additi ve sorbent in different pr oducts (Konta 19 95). Both 
sodium and calci um mon tmorillonites are used in binding an imal 
feed into pellets and bo th act as absorbents for bacteria and certain 
enzymes. Montmorillonite is also used asapet w  aste absorbent, 
which may be treated with deodorants and bacteri acides. A v ariety 
called “clumping litter” uses a mixture of calcium-bentonite granules 
and sodium bentonite. The sodium bentonite swells and clumps when 
the waste moisture contacts the litter, which makes for selective and 
easy waste removal from the litter box (Murray 2000). 

Calcium montmorillonite isla rgely use dt o decolorize, 
deodorize, and remove impurities from vegetable, animal, and min- 
eral oils, and fats and waxes. Acid-activated calcium montmorillo- 
nite is used for filtering and decolorizing oils (Murray 2000; Odom 
1984). Calcium ions from the surfaces and edges of the layers will 
be removed when calcium montmorillonite is treated with sulfuric 
or hydrochloric acid, which increases the o verall ne gative charge. 
Acid activated clay is more effective in removing anionic color spe- 
cies from the oil. 

A moderately large amount of natural smectite clay is used to 
remove colloidal impurities from wine. These impurities are posi- 
tively charged and adsorb on negatively charged smectite clays. In 
the cl arification of wine , be er, vinegar, and fruit juices, sodiu m 
montmorillonites having a light or white color with high dispers- 
ability are preferred. A relatively new market for acid activated clay 
is in animal feed, where it absorbs mycotoxins (Murray 2000). 

Other adsorbe nt and desiccant applications of the smectite 
group, including calcium bentonite, sodium bentonite, acid activated 
bentonite, and organophilic bentonite (Murr ay 2000; Konta 1995), 
follow. Members of the smectite group are used 


¢ As pillared clays for specific catalyst and absorbent uses 
¢ As a dry detergent for the sorption of impurities 


¢ For the removal of alkaloids and insecticides from vegetable 
extracts 


¢ As an anti-irritant, and in industrial creams and organic medi- 
caments in pharmacy 


¢ As a sorbent in soaps, polymers, and construction materials 
¢ For removal of metallic and other ions from water 


¢ For the sorption of sulfur, nicotine, and other impurities from 
the atmosphere 


¢ As acarrier of substances such as codeine phosphate in phar- 
macy 


* For the removal of oxidation products from lubricating oils 
¢ For water purification 


In different food industries such as in sugar and wine produc- 
tion 
¢ For removal of pigments from fats 





Courtesy of H.H. Murray. 
Figure 8. SEM image of sodium montmorillonite 





Courtesy of H.H. Murray. 
Figure 9. SEM image of palygorskite showing elongated particle 
shape 


Palygorskite and Sepiolite 


Palygorskite (see Figure 9) and some other clays are termed as 
fuller’s earth b ecause of their sorptive and bleaching pr operties. 
Attapulgite, which is a hydrated magnesium silicate mineral with a 
slight substitution of magnesium by aluminum, is the trade name 
for palygorskite. Its crystal structure is layer fibrous. The chemical 
structure of sepiolite is almost the same as_palygorskite except it 
has a slightly larger unit cell (Murray 2000). 

Palygorskite and sepi olite are e xcellent absorbents and are 
used in many applications that utilize this property (Murray 2000; 
Konta 1995). The major applications are in the manufacture of pes- 
ticides; as floor absorbents; in agricultural carriers; in bedding for 
small animals; as anticaking agents; for removal of oil and grease; 
for purif ication of sug ar; for decolorization and purif ication of 
petroleum derivatives; in wax and paraffin; in lubricating oils; for 
purification of oils an d animal fats; as environmental a bsorbents; 
and as a natural decolorizing agent, particularly for mineral oils 
(Galan 1996). Another use of these materials is for en vironmental 
applications as barrier clays. A mixture of palygorskite and sodium 
montmorillonite w orks well to pre vent mo vements of liq uids 
through the barrier and to absorb heavy metals and toxic pollutants 
from landfills and industrial wastes (Murray 2000). 

Attapulgite is another clay mineral that belongs to the palygor- 
skite grou p and is widely used as ana bsorbent. Approxima tely 
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939,500 t of attapulgite were produced around the world in 1999, 
with the United States accounting for 75% (72 5,000 t), v alued at 
$80 million. The estim ated overall global production o f f uller’s 
earth, including attapul gite, montmorillonite, and sepiolite, is just 
over 3.3 Mt. In the United States, attapulgite has an average value 
of $110 per t. Global deman d for th e material is sens itive to oil 
drilling activity. U.S. producers saw a decline in the sale of atta- 
pulgite from 793,000 t in 1998 to 725,000 t in 1999. Major markets 
for attapulgite are pet waste absorbents, oil and gas absorbents, pes- 
ticide ca rriers, c ement fe rtilizer c arriers, dril ling mud, g ypsum 
products, animal feeds, and adhesive applications. 

An overview of the market for sepiolite shows that Spain was 
the largest producer with an estimated production of 750,000 tpy in 
1998. Other producers are Turkey at a rate of about 15,000 tpy, the 
United States at a rate of about 40,000 tpy, and China at a capacity 
of about 15,000 tpy. Sepiolite is mainly used in cat litter, industrial 
absorbents, animal feed additives, and carriers for insecticides and 
herbicides. The expected percentage increases for the consumption 
of sepiolite over 5 years are in technical ap plications, +1 7%; in 
industrial applications, +20%; in cat litter production, +11%; and in 
animal feed manufacture, +28%. More than 70% of sepiolite output 
is used to produce pet litter, mainly cat litter. European demand for 
sepiolite in animal feed applications is expected to gr ow by more 
than 15%. Cat litter usage is likely to have lower growth. 


OTHER MATERIALS 


Other materials used as adsorbents include diatomite, perlite, sand, 
and gravel. Diatomite and perlite have cell structures that form 
microscopic voids. Ase xplained previously, di atomite is a sil i- 
ceous, sedimentary r ock consisting of the fossilized _ skeletal 
remains of the diatom plant related to algae (Kadey 1983). Perlite is 
a dense, amorphous, hydrated volcanic glass, generally of rhyolitic 
composition. In industry, it is processed and thermally expanded as 
the lightweight ag gregate (Kadey 1983). In 1997, the total market 
for perlite was 1.66 Mt; United States, 773,000 t; China, 250,000 t; 
former U.S.S.R., 90,000 t; De nmark, 95,000 t; France, 80,000 t; 
and South Korea, 53,500 t. The mineral is used mainly for filtration 
and as an absorbent. It is used in the manufacture of beer and wine. 
Demand in developed countries is relatively flat but is expanding in 
developing countries. Diatomite is losing market share for brewing 
applications to ceramic polymerics and carbon membranes, and it is 
under pressure from bentonite for absorbent applications. Mallina 
Holdings has opened a ne w diatom ite pl ant in we stern Australia. 
This has a capacity of about 20,000 tpy. A 10-Mt diatomite deposit 
at Akhaltsikhe, Republic of Georgia, is to be de veloped by a joint 
venture between a U.K. company and a local business. Breakdown 
of diatomite usage in the United States is beer, 7%; wine, 2%; fruit 
juice, 3%; sug ar, 4% ; ph armaceuticals, 2%; e xports, 36% ; and 
other, 46%. 

Sand and gravel consist of separa te grains or particles in the 
size range of 1/16 to 2 mm in diameter. For absorbent applications, 
sand consists mainly of pure, rounded quartz, and gravel consists of 
rock fragments (Davis and Tepordei 1985; Van Kouteren 1994). 


PROCESSING AND SPECIFICATIONS 


The processing of clays for use in absorbent applications is fairly 
similar for attapulgite, montmorillonite, specialty clays, and kaolin. 
Because clay ore contains up to 60% w ater, the main objective for 
processing is to remove water and to reduce the material to the 
appropriate size. Befor e the crude c lay is drie d, it must first be 
passed through shredders to reduce it to fist-sized pieces for feed to 
a dryer (Moll 1986). 


Proper drying techniques are essential for de veloping and 
maintaining the open structure in montmorillonite and attapulgite. 
At temperatures between 100°C and 200°C, water in the interlayer 
region of montmorillonite or in the tubes of attapulgite be gins to 
evaporate. At higher temperatures, certain tightly bound water mol- 
ecules in attapulgite begin to evaporate. Between 500°C and 800°C, 
the hydroxyl ions begin to combine to form water, which leaves the 
structure (Moll and Goss 1987). 

Once the clay is dried, the material is typically crushed in cor- 
rugated roller or ha mmer m ills and pa ssed over la rge shaki ng 
screens. Oversize material goes back to the crushers, and under- 
sized material goes to the ne xt set of smaller sized screens to pro- 
duce increasingly smaller granule sizes. These smaller products are 
typically de stined forthe pet litter and floor absorbents markets 
(Moll 1986). 

The k ey prope rties for c lays used as floor absorb _ ents are 
proper granule size, lo w bulk density, the ability of the product to 
absorb liquids readily and rapidly, and durability (so that the gran- 
ules do not break down in normal shipment and use). Floor absor- 
bents, mainly used for oil and grease, are sold in sizes ranging from 
4.00 to 0.43 mm. The other key properties typically are a bulk den- 
sity of about 625 kg/m? and the ability to absor b about 65% to 
100% of their weight in water or oil (Moll 1986). 

In cat litter, the pH and size are the important factors that 
affect the clay’s performance. Low pH products are more effective 
in controlling the fermentation of urea in cat urine. The size of clay 
granules is important for avoiding dustiness in use and track ing by 
the cat. A common size range for cat litter products is often 4.75 to 
0.60 mm. 

Another key property is surface acidity, also known as Lewis 
acidity. The surface acidity of the clay granules can cause degrada- 
tion of some chemicals absorbed into the granule. To prevent the 
degradation, formulators must me asure the strength of the Le wis 
acid sites to det ermine how much deactivation is required. High 
surface-acidity clays, measured by the Hammett acidity func tion 
unit (pKa), are deactivated with alcohols or glycols to neutralize the 
acid sites (Moll and Goss 1987). Table 5 presents examples of the 
important specifications for carrier materials. 


TESTING 


As is common with most industrial minerals, the testing procedures 
by which processed minerals and aggregates are evaluated and stan- 
dardized are designed to quantify an attribute required in the perfor- 
mance of a product (Kadey 1983). 

The important characteristics to measure include a clay’s abil- 
ity to absorb liquid s easily and quickly, to have a hig h liquid- 
holding capacit y, to ha ve granules that do not break down during 
shipment, and to ha ve relatively low bulk densities. Standard tests 
and techniques to measure a gr anule’s maximum absorption and 
resistance to attrition are outl ined by federal specif ications P-A 
1050A and P-A 1056A, respectively. In addition, agricultural carriers 
undergo a liquid-holding capacity test. The Rhone-Poulenc method 
MP-12 is a test that measures the amount of liquid the granules can 
absorb without sticking together (Moll 1986). 

In filtering and clarifyi ng appli cations, the final color of the 
bleached oi 1 is the critical property . Test methods fore valuating 
montmorillonite and other types of fuller’s earth for bleaching edible 
oils are outlined in the American Oil Chemists’ Society (AOCS) offi- 
cial meth ods Cc 8 a-52 and C c 8b-52. These specif ications cont ain 
instructions on bench-type tests, including stirring time, heating rates 
and temperatures, approved equipment, quantities of clay and raw oil 
required, and other items (Patterson and Murray 1983). 
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Table 5. Key properties for select specialty clays used as absorbents 





Bulk Density, Surface Area, Free Moisture, % Base Exchange 

Grade Color kg/m? m?/g (110°C) Capacity” pH 
Attapulgite 

RVM Gray 545 125 i 20 8.0 

LVM Tan 545 125 2 20 8.0 

Othert Cream 275 120 ] NAt 8.5 
Montmorillonite 

Acid activated NA 640 250 16 NA 3.28 





* Milliequivalents per 100 g. 

t Powdered grade. 

+ NA = not applicable. 

§ 25 g of product in 75 ml deionized H20. 


USE OF ABSORBENTS AND DESICCANTS 


Industrial minerals and rocks are used in many absorbent and desic- 
cant applications. On a tonnage basis, the majority of the minerals, 
including sand, diatomite, perlite, attapulgite, and montmorillonite, 
find such end uses as municipal waters, food pr oducts, chemicals, 
pet litter, oil and grease, and carriers. 

The use of spec ialty clays in the pet litter market has pro ven 
very effective in absorbing liquid pet waste and related odors. Spe- 
cialty clays used for pet litter have the ability to absorb large quan- 
tities of liquid cat waste and re tard the form ation of a mmonia, 
which is c reated when urea from cat urine ferments (Harris et al. 
1989). 

Any user of oil and grease or machinery requiring oil and 
grease may ultimately require specialty clays to absorb and control 
spills. Slippery films of oil and grease as well as puddles of w ater 
and other chemicals often create dangerous conditions on the floors 
of machinery repair shops, factories, service stations, and numerous 
large and small industrial facilities (Harris et al. 1989). Specialty 
clays can absorb up to their own weight in oil, grease, water, and a 
variety of other chemicals. The clays also are safe, absorb rapidly, 
and can be cleaned up using a broom or shovel (Moll 1986). 

Specialty clays used as mineral carriers have a wide variety of 
applications in the field of agricultural chemicals. Most pesticides, 
including herbicides, fungicides, and insecticides, are highly toxic 
and typically require only a kilogram per hectare (Moll 1986). The 
primary fu nction o f th ese carriers is ther efore to dilute high- 
potency chemicals to a spreadable field concentration and to apply 
them to a loc ation where pests can be destro yed while damage to 
desirable plants, wildlife, and the en vironment is mi nimized 
(Swayer 1983). 

The two main types of mineral carriers are absorbent and non- 
absorbent. The absorbent carriers, which account for the majority of 
demand, have a highly porous structure that accounts for their high 
absorptivity and low density. The nonabsorbent types provide only 
enough surface area to carry the ch emicals and typically have high 
bulk densities, which limits the amount of chemicals they can carry. 
Montmorillonite, attapulgite, and diatomite comprise the absorbent 
carriers, and such minerals as ba Il clay, calcium car bonate, quartz 
sand, and talc are considered nonabsorbent (Moll and Goss 1987). 

In fertilizers, clays are also used as anticaking additives in dry 
fertilizer mixes. The anticaking function of the clay works by coat- 
ing fertilizer particles and absorbing solvents or water that may be 
present. This reduces the formation of crystals that often bind parti- 
cles and cause caking problems (Harris et al. 1989). 

The most significant other ab sorbent mark et for specialty 
clays is desiccants. Clay de siccants are used to a dsorb m oisture 


from the air enclosed in such packaged products as military equip- 
ment and electro nic components. This helps pre vent corrosion of 
the product and retards the formation of mildew. The desiccants are 
made up entirely of calcium montmorillonite clays that are oven- 
dried, crushed, and packaged in bags or canisters. These products 
are most effective in conditions of moderate relative humidity (15% 
to 40 %) and are generally p referred because of their ability to 
adsorb more than 20% of t heir equivalent weight in water without 
any apparent change in size, shap e, or texture. Furthermore, they 
are also available at a relatively low cost (Harris et al. 1989). 


NEW APPLICATIONS, MARKETS, AND FUTURE TRENDS 


The microporous adso rbents industry is a mature industry with a 
wide v ariety of products sat isfying the req uirements of wel I- 
established applications. The e xpanded scope and applicability of 
environmental re gulations, however, along with impro ving living 
standards around the world, are stimulating significant increases in 
demand for these products. In add ition to environmental for ces, 
newly invented, specialized, microp orous ad sorbent products are 
creating novel market opportunities in the electronics manufactur- 
ing and biomedical industry sectors. 

According to a study released in 2001 by Business Communi- 
cations Company (BCC) Inc., the market v alue for inor ganic 
microporous adsorbents w as esti mated at ne arly $1.78 billion in 
2001. This total, which comprises the top five and other ty pes of 
inorganic microporous adsorbents, is forecast to increase at an aver- 
age annual growth rate (AAGR) of 3.1% to reach $2.08 billion by 
2006. 

Water and air purif ication applications in the en vironmental 
pollution control industry consume the majority of GA C (granular 
activated carbon) production. GA C constitutes nearly one f ifth of 
the total market size and is projected to grow at an AAGR of 3.8%. 
Its projected gro wth rate will be ne gatively affected by relaxed 
environmental legislation as well as dumping activity from foreign 
nations. 

As shown in Figure 10 and Table 6, zeolites acc ount for the 
largest market, with nearly 62% of the total market, and thus heavily 
influence overall growth rates. Their applications range from deter- 
gent b uilders to high-end catalyst supports in the ch emical and 
petroleum industry. Overcapacity in low-end zeolites and reduced 
obsolescence of improved high-end products will limit the zeolite 
market’s average yearly growth rate to 2.5% in the next 5 years. 

Silica gel adsorbents and activated alumina are expected to 
have the highest AA GR of 4.8% each, with a proje cted increase 
from $177 million and $91 million in 2001 to a 2006 value of $224 
and $115 million, resp ectively. Silica gels are the most common 
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Figure 10. Market value of adsorbents, through 2006, million $ 


Table 6. Market value of adsorbents, through 2006, million $ 





AAGR, % 
2001 2006 2001-2006 
Zeolite 1,100 1,245 25 
Granular activated carbon 334 A402 3.8 
Silica gel 177 224 4.8 
Active alumina 91 115 4.8 
Clays 44 52 3.4 
Other 32 a7 2.9 
Total 1,778 2,075 “3.1_ 





Source: Business Communications Company, Inc., and R. Deshpande 2001. 


desiccants and drying ag ents, and their growth rate will be fueled 
by applications in health care, building materials, and the high-end 
paper manuf acturing industry . Activated alumina adsorbents ar e 
used as common catalyst support in the chemical processing indus- 
try. Their appli cation in chro matographic sepa ration c olumns is 
expected to accelerate in the biochemical sector. 

Usage of clays as adsorbents is projected to grow at a rate of 
3.4% to a market size of $52 million in 2006. Clays are often used 
as adsorbents where purity is not a primary concern. Development 
of pillared intercalated layered clay may offer a niche commercial 
opportunity. The adsorbent materials discussed have attained best 
available technology (BAT) status in many of their prominent appli- 
cations. Although the y have achie ved signif icant penetration in 
those application segments, innovation activity remains brisk. 


SUBSTITUTE MATERIALS 


Substitute materials for absorbent minerals consist of such organic 
materials as sa wdust and ground al falfa, corncobs, and citrus fruit 
rinds ( Van Kouteren 1994). Although these materials are typicall y 
less expensive, the y are not as effective as specialty clays. On the 
other hand, such synt hetic materials as molecular sieves, silica gel, 
precipitated silica, and nonwoven polyethylene fabrics are very effec- 
tive but are expensive. In more limited cases, other mineral products 
such as vermiculite, gypsum, lime, sand, and zeolites are used in spe- 
cific applications where low cost and/or high performance is desired. 
Other substitutes include diatomite and perlite, especially in the west- 
ern United Stat es because of the transportation cost adv antage that 
they have over clays (Harris et al. 1989). 


Polyethylene fabric has had the largest impact on the demand 
for mineral absorbents. These nonwoven fabrics ha ve a natural 
affinity for petroleum-based prod ucts and as aresult the y can 
absorb up to 20 times their weight of oil and gr ease. The use of 
these materials has grown as a result of the classification of spent 
clay as a hazardous material and the subsequent disposal costs asso- 
ciated with these clays. The big advantage of these nonwoven fab- 
rics is that they can be incinerated with less than 1% ash remaining 
(Harris et al. 1989). 


ENVIRONMENTAL AND HEALTH REGULATIONS 


Governmental re gulations concerning crystal line silica have had 
an adverse effect on the demand for diatomite. This trend began in 
1988 when t he Internati onal Agenc y for Research on Cancer 
(IARC) classified crystalline silica as a probable carcinogen. The 
classification triggered re gulation of crystalline silica at a thresh- 
old concentration of 0.1% in materials under the IARC’ s Hazard 
Communication Standard (Miles 1990). 

The diatomite and other minerals suppliers responded to this 
in anumber of different ways, including w orker and user training 
programs, product labeling, and dust reduction programs. The diat- 
omite industry also created the International Diato mite Producers 
Association (IDPA) to study and issue reports on health, safety, and 
environmental issues related to the use of diatomite. Other mineral 
and chemical producers f ormed a Chemstar Cry stalline Silica 
Panel. The panel, formed in 1989 and sponsored by the American 
Chemistry Council (A CC), w orks with government agencies to 
avoid random banning of minerals suspected of being hazardous. 

Another governmental re gulation that has adv ersely affected 
the demand for minerals and rocks used as filters and absorbents 
was the 1991 Environmental Protection Agency ban on disposing 
oil-containing wastes in landfills. This ruling caused some consum- 
ers of clays for oil and grease absorbents to switch to other prod- 
ucts, mainly because organic products could be incinerated instead 
of placed in landfills. Clay suppliers are currently fighting to have 
new tests approved for measuri ng the leaching or leaking of 
absorbed oil from clay products. Under the current regulations, a 
toxicity test renders the clay s hazardous, b ut if p roposed liquid 
release tests are accepted, the absorbent minerals may prove to be 
less of a hazard (Van Kouteren 1994). 


SELECTION OF ADSORBENTS AND DESICCANTS 


This section briefly reviews the criteria for the selection and design 
of adsorbents. More detailed information can be found in a recent 
book on adsorbents by Yang (2003). 

The selection of a proper adsorbent for a given application is a 
complex problem. Adsorbents are designed based on the adsorption 
isotherms, which are calculated based on interaction potentials and 
adsorbent structures. There are three basic types of contributions to 
the adsorbat e—adsorbent interactions: di spersions, el ectrostatics, 
and chemical bonds. W eak chemical bonds in volving 7 electrons 
have recently been explored for the design of new and highly selec- 
tive sorbents. Adsorption occurs when the interaction potential 
energy is equal to the w ork done to bring a gas molecule to the 
adsorbed stat e. Many rese archers ha ve discu ssed_ the indi vidual 
contributions to the total potential energy in detail by (e.g., Barrer 
1978; Israelachvili 1992; Masel 1996). Five different types of inter- 
actions contribute to the potential: (1) dispersion energy; (2) close- 
range repulsion energy; (3) induction energy (interaction between 
electric field and an induced dip ole); (4) interaction between elec- 
tric field and a permanent dipole; and (5) interaction between field 
gradient and a quadrupole. The f irst two are nonspecif ic interac- 
tions and nonelectrostatic in nature, and the last three arise from the 
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charges on the solid state. The most important property that deter- 
mines nonspecific interactions is the polarizability of the surface 
and magnetic susceptibility. The van der Waals radii of the interact- 
ing pairs is defined as an equilibrium distance at which the sum of 
nonspecific interactions is equ al to zero. Polarizability, electronic 
charge, and van der Waals radius are the most important parameters 
that must be considered in designing adsorbents. Alkali and alka- 
line earth metal atoms h ave very high polarizabilities and, when 
present on the surface, can cause high potentials. When these ele- 
ments are present as ca tions, the polarizability i s signi ficantly 
reduced (Yang 2003). 

The van der W aals radii of th e surface atoms and electronic 
charges det ermine electrostatic interactions a nd are crucially 
important f actors when con sidering ion-e xchanged zeolites and 
molecular sieves as sorbents (Yang 2003). 

Other criteria for selection of adsorbents are the pore size and 
geometry. The interaction potential between a molecule and a flat 
surface is gre atert han that be tweent wo molecules o r at oms 
because molecules interact with all adjacent atoms on the surface. 
When a molecule is placed in a pore of a given shape (1.e., cylindri- 
cal surface), it interacts with different sides and the potentials are 
greater be cause more s urface atoms i nteract wi th the adsorbate 
molecules. Re ge and Yang (2000) have calculated the thresho Id 
pressure for adsorption in dif ferent pore sizes and geometries for 
nitrogen on carbon using the model that was developed by Horvath 
and Kawazoe (1983). These results (Y ang 2003) indicate that 
attractive forc es ac ting on the adsorba te mole cules a re strong ly 
affected by the size and shape of the pores. 
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INTRODUCTION 


Catalysts are designed or p reengineered ma terials that, by their 
presence, change the nature of chemical reactions. They speed up 
or drive areaction toward a desired product while typically not 
being consumed in the pro cess. Catalysts are eith er homogeneous 
or heterogeneous. The former consists of one uniform, harmonized 
material whereas the latter is made up of two inseparable compo- 
nents: a support that can be inert or active, and an active agent, usu- 
ally a precious or base metal. Some catalysts may contain several 
components, each designed for a different function. 

The field of catalysts and catalysis is often brok en into two 
broad areas: ref ining and industrial. Refining, of cour se, refers to 
catalysts used specifically in converting crude oil and its fractions 
into transportation fuels and various coproducts such as lubricating 
oils. This is a large area but relatively easy to define. In contrast, the 
industrial catalyst sector is a very broad one, encompassing all cata- 
lysts used in making chemical products ranging from po lymer 
intermediates to pharmaceuticals. 

The concept of catalysis as a method of controlling the rate and 
direction of a chemical reaction has captured the imagination of 
scientists and technologists since 1835 when Jo ns Jakob Berzelius 
coordinated a number of disparate observations on chemical transfor- 
mations by attributing them to a “catalytic force” and coined the term 
catalysis to refer to the “decomposition of bodies” by this force (Stell 
2003). The first heterogeneous catalytic process of industrial signifi- 
cance, introduced about 1875, used platinum to oxidize SO2 to SO3, 
which was then converted to sulfuric acid by absorption in an aque- 
ous solution of the acid (Magee and Dolbear 1998). 

Today, catalytic processes, and the chemicals deri ved from 
these processes, touch every part of daily life. Many chemicals are 
produced through industrial-scale application of catalysis. Automo- 
biles run on g asoline fuels prod uced by fluid catalytic cracking 
(FCC) catalysts made from proce ssed kaolin clay. Emissions from 
internal combustion engines are purified by catalytic converters that 
use precious metals (e.g., platinum, palladium, ruthenium) on a sil- 
ica—alumina hone ycomb structure to b urn of f residual hy drocar- 
bons. Deter gents and soaps are made u sing copper— chromite 
catalysts. Hydr ogenated v egetable fats and oils are produced or 
purified by nickel and bleaching-clay catalysts. Zeolites and molec- 
ular sie ves synthesized from si lica, alumina, and titania minerals 
are used commercially to produce chemicals like cumene or para- 
xylene that are processed further in to plastics used in b uildings, 


cars, and toys. Even the plastic powder for 2-L beverage containers 
(e.g., soda pop and drinking water) is first purified with a precious- 
metal-on-carbon catalyst to remove yellow color bodies and to pro- 
duce a crystal-clear view of the beverage. 


MATERIALS 


Careful stud y of the scientific literature on catalysts reveals that 
most elements in the periodic table have been used effectively in 
catalysts. For example, uranium was used in a selective ammoxida- 
tion catalyst de veloped by Stan dard Oil of Ohio (now BP) in the 
early 1960s. All the metals and nonmetals used in catalysts are 
derived from minerals, but almost none of them are used directly as 
recovered. Three exceptions are: 
1. Bauxite, used in the Claus 
sulfur 
2. Kieselguhr (diatomaceou s earth), used asasu pport for 
precious metals in some hydrogenation catalysts 
3. Iron oxide (red) mud, used in older ammonia catalysts 


process for con verting H 2S to 


Activated carbon and char coal are used as catalyst supports, 
generally in hydrogenation catalysts. 

Generally, the key attribute for the successful application of 
these materials is their physical form. Catalysis requires contact 
between the reacting species and the surface of the catalyst. This 
contact is enhanced when the surface area of t he catalyst is high, 
especially in materials with an open porous structure, where most 
of the measurable surface area exists on the walls of pore s. The 
pores must have diameters large enough to accommodate free p as- 
sage of feed and product molecules; because the majority of the 
surface area is on the walls of pores, ho wever, an increase in pore 
diameter has a corresponding decrease in surface area. Over the last 
century, techniques were de veloped relying on p recipitation: Sol- 
Gel; calcination; and to some extent, gas-to-solid reactions, such as 
flame spraying, for making useful materials such as catalysts and 
catalyst supports. 

To be effective in various catalytic processes, solid materials 
must be formed into powders, ball, pills, “noodles,” and so forth. 
Because catalysts tend to be used for years at a time, the particles 
must be physically strong and mu st maintain their inte grity under 
reaction conditions. For example, powders used in FCC processes 
have an a verage particle diamet er of about 70 um and must pass 
stringent attrition tests. This ensures their retention in the unit while 
they are circulated between reactor and regenerator five to ten times 
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per hour for months without decrepitating into fine powders that 
may be lost into the atmosphere as waste. 


REFINING CATALYSTS 


In 2004, approximately 85 million bpd (barrels per day; about 
14 million st/day) of crude oil were pro duced w orldwide. This 
quantity is reduced through distillation, b ut mo stis processed 
through ref inery con version units (Stell 20 03). C onversion may 
involve a reduction in molecular weight of the distilled feedstock 
(as in catalytic cracking or hydrocracking), an increase in molecu- 
lar weight (as in alk ylation and polymerization), or a change in the 
structure of the feedstock without an appreciable change in molecu- 
lar weig ht (as in refo rming, isomerization, and h ydrotreating). In 
addition to these co nversion proce sses, refiners use catalysts for 
environmental purp oses (SO x, NO x, hydrogen sulf ide, and CO 
emission control) and to manu facture on-site hydrogen (water—gas 
shift and steam reforming) (Magee and Dolbear 1998). 

All of these processes use catalysts that are formulated to con- 
tain a wide variety of minerals .The minerals contained are rarely 
used as-is in catalyst formulations; rather they invariably are pre- 
treated chemically or thermally before they are incorporated into the 
catalyst formulation. An e xample of atreated mineral product 
widely used in petroleum catalysis is alumina. In this case, the min- 
eral is bauxite, wh ich consists of alumin um hydroxide and alumi- 
num oxide h ydroxide. In their cata lytic use, minera | aluminas are 
converted to active aluminas through the con version of either gibb- 
site (gamma aluminum trihydroxide) or boehmite (aluminum oxide 
hydroxide) to hi gh-surface-area gamma alumina, or through the 
conversion of bayerite (alpha aluminum trih ydroxide) to high-sur- 
face-area eta alumina (Satterfield 1980). The crude oil itself is car- 
bonaceous mate rial containing small (parts per milli on) le vels of 
vanadium, nickel, copper, iron, and other heavy metals. 

Tables 1 and 2 present a summary of catalysts and their min- 
eral components used in the major petroleum conversion processes 
and other related processes. Some of the processes, especially cata- 
lytic cracking, are presented with literally dozens of catalysts for 
the various requirements of individual refiners. These requirements 
may depend on the type of feedstock being processed, the product 
demands of a specific market, or the type of conversion units that 
the refiner uses (Stell 2003). Thus, in Table 1 the catalyst formula- 
tions cited are a more or less generalized average of all the catalyst 
grades manufactured by the suppliers and available to the refiner. 
To accommodate this generalization, a range has been given, where 
possible, for the mineral content. This figure is shown in weight 
percent (wt %) of th e catalyst formulation. Only the most widely 
produced formulations are gi ven. It must be empha sized that the 
minerals cited are rarely used as-is, and the processing used prior to 
incorporation in the catalyst formulation will be described in th e 
text devoted to each catalyst type. 


Specific Refining Processes 


More detailed descriptions of the processes presented in the follow- 
ing subsections are found in Magee and Dolbear (1998). 


Catalytic Cracking 


Itcan be argued that the catalytic cracking proc ess is the most 
important technology to come out of the first half of the 20th cen- 
tury. The process allows oil resources to be converted into the most 
needed products in high yield: g asoline, diesel, and turbine fuels. 
FCC is the most flexible process in the refinery. 

This flexibility results in part from the development of a sur- 
prising variety of catalyst types to meet many requirements. Crack- 
ing units are lar ge, typically 40,000 to 100, 000 bpd, and a typical 


Table 1. Minerals in petroleum refining catalysts 





Catalyst 
Catalytic Process Mineral Used Formulation, wt % 
Cracking (FCC)* Rare earth oxide 0.0-2.5 
Silica 2.0-25.0 
Kaolint 25.0-60.0 
Alumina (bauxite) 90.0-95.0 
Zeolite (faujasite) 10.0-40.0 
Octane enhancement* — Zeolite ZSM-5 5.0-25.0 
Kaolint 70.0-90.0 
Phosphorous 3.0-10.0 
Silica 1.0-20.0 
CO oxidation’ Platinum 0.1-1.0 
Alumina 99+ 
SO, reduction§ Magnesia No data 
Alumina 
Vanadium 
Rare earth oxide 
NO, reduction8 Cobalt No data 
Lanthanum 
Alumina 
Gasoline S reduction§ Zinc No data 
Alumina 
Bottoms cracking$ Silica No data 
Alumina 
Rare earth oxide 
Reforming Silica 90.0-98.0 
Alumina 2.0-10.0 
Platinum or precious metal 0.1-1.0 
Hydrotreating+ Alumina 75.0-85.0 
Molybdenum oxide (MoOs3) 15.0-17.0 
Nickel oxide 3.0-4.0 
Cobalt oxide 3.0-4.0 
Hydrocracking** Silica 80.0-98.0 
Alumina 2.0-20.0 
Platinum or precious metal 0.1-1.0 
Alkylation** Aluminum chloride No data 
Alkali metals 
Metal oxides 
Isomerization** Silica 80.0-98.0 
Alumina 2.0-20.0 
Alkali metals 0.1-2.0 
Precious metals 0.1-1.0 
Polymerization** Magnesium-aluminum hydroxyl No data 


carbonates 





* Usage = >50,000 tpy. 
t Mineral used as-is or with minimal pretreatment (i.e., washing, drying, 
classification). 
t Usage = 10,000-50,000 tpy. 
§ No usage data available. 
** Usage = <10,000 tpy. 
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Table 2. Minerals in petroleum refining catalysts—related refinery 
processes 


Catalytic Process Minerals Used Catalyst Formulation, wt % 





H2S removal (Claus) * Alumina 85-95 
Cobalt No data 
Molybdenum No data 
Titanium 85+ 
Hydrogen production Nickel 40 
(steam reforming)t ‘Alvmning 60 
Calcium aluminate 60 
Hydrogen production Magnetite High-temperature shift 


= ‘yt 
(water—gas shift) Chromium oxide 


Low-temperature shift 
Zinc oxide 
Alumina 


Copper8 





* Usage = 10,000-50,000 tpy. 

Tf Usage = <10,000 tpy. 

+ No usage data available. 

§ Mineral used as is or with minimal pretreatment (i.e., washing, drying, 
classification). 


unit contains 100 to 300 t of catalyst at an y one time, an amount 
referred to as its “circulating inventory.” 

The chief function of the FCC unit (FCCU) is to reduce the 
molecular weight of the feedstock (distillation range of 650°F to 
1,000°F) to mak e lo wer-boiling-point transp ortation and heating 
fuels and valuable light gases high in olefin content. To accomplish 
this, a wide variety of catalysts are manufactured and a wide variety 
of feeds are processed. The cataly tic sites are strong acids, chemi- 
cally equivalent to 90% sulfuric acid in their acidity. Catalysts must 
have the ability to withstand hi gh temperatures under alternating 
oxidizing and reducing en vironments and to continue operation 
with accumulations of several thousand parts per million of nickel, 
vanadium, iron, an d copper co ming from the crude oil. Although 
typically 60 to 100 pm in diameter, they must have the mechanical 
strength to survive the physical punishment they endure during rou- 
tine operation, where any given sample passes thro ugh the unit up 
to 10 times per hour. 

Manufacturing the wide variety of catalysts needed uses t wo 
very different processes: in situ and incorporation. 

The in situ process uses high-purity kaolin as the starting mate- 
rial. It is slurried in water, spray-dried to form microspheres, and cal- 
cined at temperatures near 1,800°F to form extremely hard particles 
70 im in diameter. The microspheres are basically an incipient mul- 
lite at this point and are catalytica lly inactive. Since an acidic solid 
surface is necessary for catalytic cracking, the microspheres are pro- 
cessed further with meta-kaolin and concentrated sodium hydroxide 
to produce an in situ external and internal porous system containing 
Type Y zeolite (synthetic f aujasite) in its sodium form. Simple 
ammonium exchanges with the sodium, followed by low-temperature 
drying, yiel dthe act ive soli d—acid cracking catalyst. Alternate 
exchanges with mixed rare earth chloride solutions can give a variety 
of acti vity and stability le vels. Sp ecial requirements for gasoline 
octane enhancement, Ni and V tolerance, and heavy molecule crack- 
ing are met through a wide variety of preparative changes. 

In the incorporation process, components of the catalyst gen- 
erally are mixed in a high-shear mixing tank and then spray dried. 
The resulting microsphere at that point contains a binder (usually 
silica sol, but some times alumina sol), the sodium or e xchanged 


form of zeolite Y (synthetic faujasite), kaolin, and an activated form 
of bauxite alumina (generally g amma alumina). (Alternatively, the 
bauxite may have a miner al phase such as boehmite or gibbsite, 
which is then converted to gamma alumina during operation in the 
FCCU or by calcination at the manufacturer.) 

Both procedures f ill the needs of r efiners and ar e acti vely 
employed by three main supplier s: Engelhard Corporation (incor- 
poration and in situ), Albemarle (formerly Akzo Nobel; incorpora- 
tion), and Grace Da vison (incorporation). These three com panies 
account for about 95% of the cata lyst market, with the remainder 
supplied by Catalysts & Chemicals Industries Co., Ltd. (CCIC) and 
Sinopec Corp. 


Catalytic Cracking Additives 


In the mid-1970s it was discovered that carbon monoxide could be 
oxidized completely to CO? in the regenerator of the FCCU without 
being emitted into the atmosphere. This is accomplished by simply 
adding a very small quantity of platinum-on-alumina powder to the 
circulating inventory of the cracking catalyst. This gave rise to an 
entire sub class of flui d catalysts called “‘c racking catalyst addi- 
tives.” Now, nearly three decades later, additives are available for 
gasoline octane enhancement, heavy molecule (bottoms) cracking, 
gasoline sulfur reduction, SO, emission control, NOx emission con- 
trol, and (originally) CO emission control. A recent survey shows 
that nine companies are involved in supplying additives to the refin- 
ing industry. All major FCC catal yst suppliers are in volved, but 
specialty producers such as Intercat Inc. and Ambur Chemical Co., 
Inc., supply major portions of the market (Stell 2003). 

Additives are made to be comp atible with the fluid cracking 
catalyst in use in the FCCU. Therefore, each additive is manufac- 
tured in the FCC catalyst size range (~60 pm average particle size) 
and at approximately the same density (~0.7 g/cc). An additive then 
transports throughout the reactor with similar fl uidization proper- 
ties as the FCC catalyst. In operation, the additive is added to the 
FCCU with the principal catalyst, or separately in an amount from 
1% to 10% until the desired change in product yield is achieved or 
until the desired reduction in gaseous emissions is obtained. 

As shown in T able 1, additives contain some min erals com- 
monly used in FCC catalysts, but also some not found in FCC cata- 
lysts. In bottoms cracking and octane enhancement applications, one 
can expect to find formulations similar to FCC catalysts because the 
reactions being catalyzed depend on solid—acid surfaces; the mecha- 
nism of octan e enhancement, however, re quires the presence of a 
shape-selective zeolite (ZSM-5) rather than faujasite. 

SO, reduction is achieved by reversibly reacting SO2 and SO3 
onto the catalyst in the oxidizing at mosphere of the catalyst regen- 
erator and carrying the sulfur into the reducing environment of the 
reactor, where it is converted to H2S and released into the product 
vapor stream. This takes place on a solid that is essentially a modi- 
fication of magnesium aluminate, typically promoted with v ana- 
dium and ceria. The overall reactions are complex but have been 
described in Magee and Mitchell (1993). 

NO, reduction depends on the reduction of NO to nitrogen. 
Again the re actions are co mplex, b ut satisfactory catalysts have 
been di scovered t hat are alumina based (gamma alumina), pro- 
moted with cobalt and lanthanum. 

Gasoline sulfur reduction additi ves co nvert th iophenes and 
mercaptans (alkyl sulfides) to hydrogen sulfide, which then can be 
separated from the gasoline fraction and converted to elemental sul- 
fur in a Claus reactor. Again, an alumina base (as gamma alumina) 
promoted with zinc oxide is being used. 

Although none of the previously described formulations rep- 
resent ama jor usage of indust rial mineral components, their 
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importance t o the pet roleum refiner cannot be o veremphasized. 
Incremental changes in yield structure (potentially achieved with 
octane, bottoms cracking, and gasoline sulfur-reduction additives) 
can make a substantial difference in refinery profitability. Also, the 
proper emission controls for CO, NOx, and SOx in this era of envi- 
ronmental uncertainty can mean the dif ference bet ween compli- 
ance and noncompliance wi th U.S. En vironmental Prote ction 
Agency (EPA) regulations. 

For all these reasons, one can expect the additives segment of 
the petroleum catalysis industry to grow in both size and diversity. 


Reforming 


The reforming pro cess produces aromatic compounds from naph- 
thenes (cycloparaffins) and alkane s (paraffins) in the same boiling 
range as gasoline (100° to 440°F). In the process, both dehydroge- 
nation and c yclization occur. Re forming cataly sts cont ain active 
metals supported on an alumina ca rrier (usually high-surface-area 
gamma alumina or eta alumina, which is treated with chlorides to 
give an acidic surface). The reactions are performed in a high-pres- 
sure atmosp here o f h ydrogen. Catalysts of this ty pe contain an 
active metal that functions asa hydrogenation—dehydrogenation 
catalyst and an acidic component that can induce a carbenium reac- 
tion to promote c yclization or cracking. T hese are c alled “ dual 
function” catalysts. 

A variety of reactor configurations are used in reforming, oper- 
ated at dif ferent reac tion se verities. Ma ny dif ferent formula tions 
optimize catalyst perfo rmance under specif ic conditions. T his 
accounts for use of platinum, rhenium, iridium, or tin as the active 
metal on the alumina support. In some situations, combinations of 
two or more of the a ctive metals are used. As stated earlier, quanti- 
ties of mineral-derived components are not large, but the catalysts 
themselves play an essential role in the overall quality of t he gaso- 
line product. Gasoline-range aromatics from the reformer typ ically 
exhibit octane numbers of 110 or greater. Reforming cata lysts are 
expensive but may last in operation for years and can then be either 
reclaimed or, in some processes, re generated during the operation 
(Sinfelt 1997). Refiners often use catalysts under “rental” contracts, 
with precious metals remaining the property of the manufacturer. 

Reforming, and many of the other applications discussed here, 
use catalysts as soli d particles (e.g., '/1i6 to 37/s in. ind iameter) in 
what is known as a “fixed-bed mode.” The catalysts are a heteroge- 
neous type made upofasolid support/carrier that typically is 
coated with an ac tive metal. The active agent also can be blended 
directly with the support during the manufacturing or forming pro- 
cess. Catalyst particles are loaded into large vessels or tanks, some- 
times in quantities of 100 to 500 t. There is a requirement for both 
strong physical integrity and high activity—selectivity. Usually these 
two requirements confli ct with one another, and so, through an 
optimization process, a material having the best of these qualities is 
produced. 

Catalyst supports for fixed-bed mode are found in a variety of 
forms. Among these are granules, tablets, and extrudates, which are 
the most commonly used form. These come in a v ast number of 
diameters and specialty shapes. Extrudates are made by combining 
powders and liquid chemicals into a type of semidry paste. Screw- 
type auger devices then force the paste through dies with tiny holes, 
creating the desired shape and size. By analogy, spaghetti and other 
pasta noodles are prepared in much the same w ay, but catalyst 
extrudates are quite abit shorter (e.g., '/4to 3/sin.). Tablets are 
formed when a mixture of active component, lubricant, and binder 
powders are com pressed by me chanical force into a_ cylindrical 
shape. Vitamin and medicinal pi lls are alsoma de bya _ similar 
tableting process. 


Active agents are either coated onto the surface of the c ata- 
lyst support or combined before the forming technique (e.g., extru- 
sion or tableting). Typically, active agents (as liquid chemicals) are 
sprayed onto the catalyst support while it is tumbling inside indus- 
trial mixing equipment. The coated media is dried to remove mois- 
ture, and then is u sually heat treated ata high tem perature (i.e., 
950° to 1,300°F) to drive off any residual nitrates, chlorides, etc., 
that were used to dissolve the active agent. 


Hydrotreating 


Hydrotreaters in the refinery remove sulfur or nitrogen from any 
product molecule or from the process feedstocks themselves. Envi- 
ronmental restrictions on emissions dictate th at levels of S and N 
should be low in products t hat may be re leased into t he atmo- 
sphere. For example, diesel fuels for sale in the United States after 
July 2006 may contain no more than 15 ppm S; native oils often 
contain more than 5,000 ppm S. Hydrotreating treats more barrels 
per day than any other catalytic process in the refinery scheme. Not 
surprisingly, the quantity and v riety of hydrotreating catalysts 
produced are exceeded only by the FCC catalyst demand. 

Four main hydrotreating-catalyst formulations are manuf ac- 
tured, all of which use g amma alumina sup ports: molybd ena on 
alumina promoted with cobalt; molybdena on alumina promoted 
with nickel; and, to lesser extent, cobalt- and nickel-promoted tung- 
sten on alumina. Cobalt- promoted catalysts are us ed primarily for 
sulfur removal, whereas nickel-promoted catalysts are more effec- 
tive for nitrogen removal. Tungsten—alumina combinations are used 
in the most severe operations and are significantly more expensive 
than molybdena—alumina compositions. The actu al active catalysts 
are MoS and tungsten sulfide (WS2), which usually are formed by 
sulfiding the catalyst in the h ydrotreating unit befo re introduction 
of the feed. The cobalt and nickel promoters generally are believed 
to be incorporated into the layered sulf ides, probably along the 
crystal edges. The catalysts themselves can be operated effectively 
for years before replacement or regeneration, but they still require a 
substantial use of cobalt and nickel and, to a lar ger extent, molyb- 
denum and tungsten (Table 1). 

Hydrotreating is e xpected to gr ow as a p rocess, providing a 
source of new or improved catalyst materials. More than 30 million 
bpd of refinery feeds or products currently are hydrotreated—by far 
the lar gest quantity catalytically treated in the refinery. Topsoe, 
Clausen, and Massoth (1996) wrote a detailed survey of hydrotreat- 
ing science and technology. 


Hydrocracking 


As the name suggests, hydrocracking catalysts are dual-function 
catalysts that (1) reduce the molecular weight of the feed (cracking) 
and (2) hydrogenate the products while also remo ving N and S, a 
notable environmental advantage. As hydrogen is added, the fuel 
becomes less dense, so that product liquid volumes may be as much 
as 20% greater than the feed v olumes, a distinct economic adv an- 
tage in an industry where feed and product are bought and sold on a 
volume basis. 

Heavily contaminated crude oi Is are primary feedstocks to 
hydrocrackers; the resulting pr oducts are motor fuels an d high- 
quality middle distillates (e.g., jet fuel and diesel). Some refiners 
also apply hydrocracking to make high-quality lubricating oils and 
specialty mineral oils for the food and cosmetics industries. 

At least a dozen catalyst formulations are in commercial use; 
Table 1 lists the mineral-related components. Zeolite catalysts find 
widespread application in this area. A formulation commonly used 
to produce gasoline-range products of low sulfur content contains 
approximately 0.5% palladium, 35% e xchanged and _ thermally 
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treated zeolite Y (synthe tic faujasite), and 65% alumina (gamma 
alumina type, derived from gibbsite or boehmite). When the prod- 
uct emphasis is di rected to ward hi gh-quality diesel-range prod- 
ucts, a widely used formulati oncontains the same ze olite Y 
content (35 wt %), but instead of palladium, the hydrogenation 
function is supplied by 20% WS2 promoted with nick el (~4% as 
NiO). The balance of the formulation again is supplied by gamma 
alumina. F ormulations containing MoS» for the h ydrogenation 
function and combinations of silica—alumina also are widely used 
in the hydrocracking process. 

Catalysts are su pplied under lic ense by UOP LLC, Che vron 
USA Inc., ExxonMobil Corporation, and IFP Group Technologies, 
and principal manu facturers Criterion Catalysts and Technologies 
LP, Albemarle, and Grace Da vison. Works by Magee and Dolbear 
(1998) give more information on the h ydrocracking process and 
catalysts. 

Zeolites are used as catalysts for hydrocracking and a variety 
of other industrial chemical processes. Zeolites are composed pre- 
dominantly of silica and alumina. Other elements such as gallium, 
germanium, cobalt, and nickel and the compounds titania and alu- 
mina phosphate can be incorporated into the zeolite structure as 
well. If these ot her subst ances are present, then the material is 
called a molecular sieve. Zeolites originally were discovered as nat- 
ural ore deposits. Mine rals such as clinoptil olite and chabazite are 
mined in large megaton quantities for use in ion exchange, in water 
softening, and in the removal of radioactive isotopes from wastewa- 
ter from nuclear power plants. 

Essentially all zeolites and mole cular sieves used for cataly- 
sis are synthesized commercially. Typically, processing equipment 
consists of stirred-tank reactors placed under high-temperature and 
pressure conditions. Usually, liquid silica and al umina chemicals 
are combined wi th or ganic templates (e.g., ami nes, tet ra-ethyl 
ammonium hydroxide) and mixed for long periods ranging from 
1 to as long as 6 or more days. During this time a crystal lization 
process takes place t hat will formthe material into a_ speci fic 
molecular shape and partic le size. The pa rticles are quite small, 
typically 13 pm. Under the microscope, they might look like thin 
rods, flat platelets, cubes, or even rose petals. A particular type of 
zeolite or molecular sieve is synthesized by following a manufac- 
turing recipe that specifies raw materials, mixing conditions, tem- 
perature, pressure, and length of time. 

The molecular struc ture of the se materials also is c arefully 
controlled during crysta llization. Inte rnally, zeolites consist of a 
series of microscopic channels or tunnels within walls that are 
6-sided, 8-sided, 12-sided, or more. The channe Is comprise alu- 
mina, silica, titania, or other chemical molecules that form a series 
of cross-link ed, reticulated chambers resembling ahon —eycomb. 
This structure allows for the passage (or diffusion) of certain chem- 
ical functional groups to the catalytic sites while preventing others 
from entering. Specific c hemical re actions will oc cur on these 
active sit es wi thin the se hone ycomb-like channels. Con versely, 
products from the reactions will ei ther diffuse out or be pre vented 
from leaving. Both high activity and selectivity are achieved with 
zeolite or m olecular sieve catalysts, and they can be tailored for 
high performance for a given chemical reaction. 


Alkylation 


Reactants in the alk ylation process are isobutane and olefins (usu- 
ally pentenes, butenes, and propylene). Produ cts are v aluable, 
highly isomeric, gasoline-range hydrocarbons of high research and 
motor octane. Such stocks are also free of sulfur except when pro- 
duced by units that do an ineffective job of remo ving sulfuric acid 
aerosols from the products. 


The reactions are catalyzed by _ strong acids; usually concen- 
trated sulfuric and hydrofluoric acids are used. Process conditions are 
mild: temperatures at ~10° to 100°F, and pressures at 50 to 100 psig. 
Because of environmental concerns there is a major effort to replace 
these acids with more en vironmentally friendly materials. This has 
resulted in the commercialization of so-called solid alkylation cata- 
lysts (SA Cs). To date, the compos ition of the c atalysts used has 
remained more or less proprietary, but the following formulations are 
known: trifluoromethane sulfonic acid ona porous support (Haldor 
Topsoe A /S);a promoted alumina—zirconium halide (Catalytica 
Energy Systems, Inc.); an antimony pentafluoride on aci d-washed 
silica (Chevron USA Inc.); and a so lid catalyst that resembles tradi- 
tional hydrocarbon conversion catalysts (UOP LLC). 

Although mineral-deri ved catalyst use is relatively small in 
tonnage and dollars (cataly st sales per year are <$90 million), the 
market willr emain strong for th e fo reseeable future. This is 
because high-octane gasoline pr oducts are not only en vironmen- 
tally friendly but are also excellent performance motor fuels. 

Tarry by-products tend to form in the — sulfuric acid process, 
and fresh sulfur ic acid is added routinely to replace that which is 
removed for regeneration. Regeneration is accomplished in sulfuric 
acid furnaces, making the overall consumption of new sulfuric acid 
negligible. 


Isomerization 


Isomerization processes convert normal (straight-chain) pentanes and 
hexanes, naphthenes (c yclohexane), and benzene into a mixture of 
highly branched isopentanes and higher molecular we ight isomers. 
They use a dual function cat alyst capable of catalyzing h ydrogena- 
tion (an acti ve transition meta 1) and carbenium ion (solid acid cata- 
lyzed) reactions. The reactionta. kesplacein a high-pressure 
atmosphere of hydrogen. Produ cts, as in alk ylation, are valuable 
gasoline-range materials. 

Acid activity is su pplied by ei ther a zeolite (e xchanged and 
thermally modi fied ze olite Y [sy nthetic f aujasite]) or chl orided 
gamma alumina, andthe hydrogenation functio n is platinum. 
Although the amount of isomerizati on cataly st produced is rela- 
tively small, the product value is high. The process is used where 
much less valuable normal pentanes and hexanes represent a signif- 
icant quantity of materials in this boiling range. Also, as sho wn in 
Table 1, the amo unt and type of mineral-derived catalyst compo- 
nents bear a stron g resemblance to many of the for mulations used 
in higher catalyst consumption processes. 


Polymerization 


The polymerization process has b een widely used for more than 

50 years to produce highly branched, high-octane, gasoline-range 
olefins from light olefins (mainly propylene and butylene). One of 
the earliest catalyst formulations consisted of a phosphoric-acid— 
activated mineral, kieselguhr , which is a for m of diatomaceous 
earth. More recently ,a pol ymerization process de veloped by 

ExxonMobil C orporation w as used to produce either gasoline- 

range aromatics or distillates depending on the temperature or 
pressure of the reactor. In this case, the catalyst contai ns the 

molecular sie ve ZSM- 5 bo und with gamma alumina. Although 
neither process is used very much when compared t o the other 
refinery processes described, the polymerization process provides 
valuable catalyst products and is used when olefin feedstocks are 
readily available. 


Petroleum Refining Catalysts—Related Refinery Processes 


Two processes are necessary for the overall well-being and upkeep 
of arefinery: (1) hydrogen sulfide removal from all refinery streams 
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and (2) production of hydrogen gas using the steam-reforming and 
water—gas shift processes. The two processes are widely used and 
have high-volume catalyst utilization, but they are not directly con- 
nected to making ref inery products. Catalyst f ormulations bear a 
marked resemblance to many other refining catalysts and are shown 
in Table 2. The catalyst formulations listed represent an estimated 
average for each. 


Hydrogen Sulfide Removal—the Claus Process 


The Claus process (Wagner and Nehb 1997) catalyzes the oxidative 
conversion of h ydrogen sulfide to elemental sulfur using granular 
bauxite as the catalyst. Until the mid-1960s it was used worldwide. 
Today the process is used in hundreds of plants with sulfur capaci- 
ties up to 2,000 tpd of activated alumina- or titania-based catalysts. 
The most desirable properties of these catalysts are hi gh surface 
area (200 to 400 nv/g), pore volumes from 0.4 to 1.0 ce/g, and large 
pore diameters (~75 pm). Cobalt and molybdenum are used as pro- 
moters ina number of Claus catalysts. With the current emphasis 
on environmental issues, the Claus process and catalysts keep refin- 
ery operations incom pliance by mitig ating h ydrogen sulfide 
streams regardless of the source. 


Hydrogen Production—Steam Reforming 


Although catalytic nap htha reforming produces hydrogen gas in 
large quantities as well as g asoline-range aromatics, most refiners 
also rely on steam reforming (Magee and Dolbear 1998) to supp ly 
their many hydrogen needs. Steam reforming plants actually rely 
on several catalytic steps. Most prominent of these is the reaction of 
steam with light hydrocarbons to make a mixture of hydrogen and 
carbon monoxide, and then the conversion of this mixture to hydro- 
gen. The process also uses a hydrotreating step to remove any sul- 
fur from the hydrocarbon feed; for adsorption of produ ct H2S onto 
zinc oxide; to remove by-product CO from the hydrogen in one of 
several noncatalytic steps; and forthe catalytic reaction of tr ace 
COp and hydrogen to make methane as a protection for downstream 
catalysts. 

Metallic nickel supported on alumina (corundum) or calcium 
aluminate catalyzes the reaction of steam at high temperatures (typi- 
cally >1,500°F) with a lo w-molecular-weight hydrocarbon (u sually 
methane) to form hydrogen and ca rbon mono xide (steam reform- 
ing). Nickel content in these catalysts is very high (~40+ wt %), and 
the process must be operated at very low sulfur levels because of the 
extreme susceptibility of nickel to sulfur poisoning. 

In the water—gas shift reaction, hydrogen and carbon d ioxide 
are produced from the reaction of carbon monoxide and steam 
using se veral different c atalyst types. So-called high-temperature 
shift (HTS) reactions (600° to 1,020°F) are catalyzed by magnetite 
(Fe304) con taining minor amounts of chromia, whereas lo w- 
temperature shift (L TS) reactions are catalyzed by copper metal 
paired with zinc oxide and alumina. 

As pre viously men tioned, bot h w ater—gas_ shift and steam 
reforming are important processes that help fill the refiner’s internal 
hydrogen needs. Data shown in Table 2 suggest that the quantities 
of catalysts used for both steam reforming and the related w ater— 
gas shift process are not large, but nevertheless the refiner is highly 
dependent on them for much-needed hydrogen. 


CHEMICAL CATALYSTS 


An immense variety of catalytic materials is used in manufacturing 
chemical intermed iates and products . Most of these catalysts are 
low-volume materials, especially when compared with refining cat- 
alysts; many of them have operating lives measured in years rather 
than months. Detailed information about them may be dif ficult to 


obtain because compositions and applications are proprietary to the 
companies that develop and use them. 

This section describes several of these catalysts in general to 
give the reader a feeling for their variety and importance. 


Ethylene Oxide 


One of the major uses for ethylene is in making ethylene oxide 
(EO), a product measured on a scal_e in tons and used mostly in 
making eth ylene glycol, one of the tw o in termediates f or pol y- 
esters. The classic catalyst for this application is silver supported on 
silica gel. Continuing research has led to many small improvements 
in this basic formulation to improve selectivity, which is de fined 
here as the oxidation yield to EO rather than CO. 


Saturated Fats 


Many natural fats and oils are selecti vely h ydrogenated to mak e 
products with higher melting points and other de sired properties. 
Catalysts for this hydrogenation typically are based on nickel, sup- 
ported on silica, kieselguhr, or some other porous solid, or in the 
form of Raney nickel alloys. Raney nickel contains nickel and alu- 
minum and is activated by hot water or steam to convert some of 
the aluminum to hydrous oxides. 


Ammonia 


Development of the synthetic—iron ammonia catalysts in the early 
decades of the 20th century led to widespread use of nitrogen fertil- 
izers, which have accelerated the production of food worldwide. A 
variety of processes were developed around the ammonia, allowing 
the manufacture of inexpensive nitric acid, ammonium nitrate, urea, 
and other nitrogen-base d chemicals. The k ey in vention in the 
ammonia catalyst, by Fritz Haber and Karl Bosch, was the addition 
of small amounts of potassium and aluminum oxides as promoters 
to the iron oxide catalyst. The iron oxide itself is not the active cat- 
alyst, but is converted in the reactor to active metallic iron by reduc- 
tion withh ydrogen. The iron oxi de usually is pr epared by 
precipitation of a h ydroxide or hydrous oxide, which is dried, cal- 
cined, and formed into strong particles. Some commercial catalysts 
have been made directly from oxide minerals. 

The ammonia process also incorporates a long series of addi- 
tional catalytic steps. The process typically starts with natural gas, 
which is first desulfurized and then reacted with steam to form a 
mixture of CO and Ho. This mixture is then passed over a series of 
water—gas sh ift c atalysts to convert the CO to more h ydrogen. 
Each of these steps is catalytic, using various catalysts made with 
cobalt, molybdenum, nickel, copper, and chromium. There are also 
sulfur and CO 2 remo val steps. In the sulfur remo val step, H 2S 
formed during desulfurization is adsor bed onto Zn S. The COz 
removal ste p uses an y of se veral adsorpti on tec hnologies; t race 
CO also may be removed by catalytic hydrogenation to methane. 


Selective Oxidation 


Many chemical products are made by selective oxidation of some 
intermediate mat erial. Cata lysts for these oxidat ions often are 

based o n vanadium ox ide and o ften are promoted wit h lesser 
amounts of other ox ides such as bismuth. Other catalysts used in 

selective oxidation are those based on manganese, chromium, zir- 
conium, niobium, molybdenum, and even uranium; many catalysts 
are well-defined mixed oxides such as copper chromite or bismuth 
molybdate. Research ha s sho wnt hat such mat erials genera lly 
operate by supplying oxygen from the oxide matrix, which is then 
replenished by reaction with ox ygen fed with the organic starting 
materials. Selectivity often is controlled by preci pitating the pre- 
cursor hydroxides in such a way that specific crystalline faces are 
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favored; much of this techn ology is proprietary to the com panies 
that developed these catalysts. 


Terephthalic Acid 


Terephthalic acid is a high-volume intermediate used for the manu- 
facture of polyesters. It is made by selective oxidation of very pure 
para-xylene with air or oxygen. The classic process for this conver- 
sion, the Midcentury Process, uses manganese or cob alt salts dis- 
solved in glacial acetic acid. Bromine is used as a co-catalyst. Many 
variants and improvements have been made to this process in the 
nearly 50 years since its introduction. These technologies, coupled 
with the proper product isolation steps, result in a polymer interme- 
diate ma terial with le vels of total im purities le ss than 25 ppm, 
essentially pharmaceutically pure products. 


Automotive Exhaust Control 


The introduction of catalysts to reduce carbon monoxide, hydrocar- 
bons, and nitrogen oxides dramatically improved urban air quality. 
The original catalysts were introduced in the 1970s, and a series of 
dramatic imp rovements o ver the en suing 30 years ha ve signif i- 
cantly reduced the pollutants em itted by the modern automobile. 
Modern catalysts rely on a combination of precious metals, with 
platinum or p alladium mixed with iridium, rhodium, and others. 
These catalysts are used in the form of thin coatings on monolithic 
honeycomb materials based on high-temperature ceramics. 


SUMMARY 


A survey of compositions for petroleum refining and chemical pro- 
cess catalysts presented in this chapter shows an extremely wide 
range of mineral-derived components currently in use. Noble met- 
als, rare earths, transition metals, acids, zeolites, silicas, and alumi- 
nas are part of the myriad system s available to petr oleum refiners 
and chemical manufacturers. Characteristic of m ost catalyst com - 
positions available is the presence of bauxite-derived alumina. Alu- 
mina invariably is converted to an ac tive phase—gamma or eta — 
and is an essential ingredient of many petroleum and chemical cata- 


lysts. Many of the con version processes call for strong acids that 
require some degree of uniform structure. In these cases—catalytic 
cracking is a prime example—zeolites such as Type Y (synthetic 
faujasite) are needed . Cobalt, nick el, molybdenum, and tungsten 
supported on alumina are the principal ingredients in the most used 
process in the refinery—hydrotreating. Noble metals and zeolites 
are used for hydrocracking with noble metals supported on modi- 
fied aluminas handling catalytic reforming. 

Although the quantity of mineral-derived catalyst components 
may not be lar ge compared to other industrial uses, it is apparent 
that extraordinary contributions come from minerals used in petro- 
leum refining and chemical catalysts. 
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CONSTRUCTION USES 
Bath wae. aa a 2 ee eee 
Adobe and Earthen Construction 


George S. Austin and David A. Holmes 


INTRODUCTION 


Soil is t he ultimate sustainable building material, meaning that it 
has lit tle ef fect on th e en vironment, and that building with it 
expends little or none of the earth’s finite resources, such as fossil 
fuels. Its “embodied costs,’ which means the cost to individuals and 
society overall in its creation, storage, distribution, use, and mainte- 
nance, are very low. The cost of housing is a critical f actor for the 
future survival and well-being of the earth’s population. 

Mud or earthen material is one of the oldest building materials 
used by humans. T oday, close to 40% of the world’s population 
lives in earthen buildings. If the w orld’s population d oubles by 
2060 as pr ojected, that p roportion probably will stay about th e 
same, greatly increasing the number of earthen-construction dwell- 
ers. Not all of these people are members of primitive societies or 
live in de veloping countries. So me European, African, Asian, and 
North and South Americ an countries, in addition to Australia, are 
home to a significant number of — such stru ctures. In th e Unite d 
States, the American Southwest in particular is known for earthen 
construction (Austin 1994). 

Some of the earliest remains of adobe brick were discovered 
in the ruins of Neolithic farming villages in Mesopotamia dating as 
far back as 7,000 BCE (before the Common Era; Steen 1972) . The 
Spanish conquest o f the New World spread the use of wooden 
molds used to prepare a standard ad obe brick. The w ord adobe is 
Spanish for “mud brick,” or for the clay soil from which the brick is 
made. The ter m has its roots in Egyptian hieroglyphs (Lumpkins 
1977). The Arabic w ord for mud brick is ah-tob or al-tob (sun- 
dried brick), which traveled with the Arab mi gration westward 
from the Middle East and Egypt to Spain, as the root w_ ord of 
adobe. Today adobe is used in the United States and Latin America 
to descr ibe not only the su_ n-dried ad obe brick b ut also puddled 
adobe structures, mud-plastered logs or branches (jacal or w attle- 
and-daub), pressed-earth blocks, and ra mmed-earth walls, or pisé 
(Ferm 1985; Smith and Austin 1996). The rest of the world uses 
variations of the terms “earth or earthen construction” to describ e 
all types of construction using mud or soil raw materials. 

Modern mud construction is us ed in man y countries around 
the world. In North America, the southwestern states from Texas to 
California are best known for earthen construction, and Ne w Mex- 
ico has the dominant reputatio n for adobe brick construction. 
Indeed, in Ne w Mexico, the Santa Fe st yle (Figure 1) has made 
adobe not only acceptable but preferred. 








Courtesy of Edward W. Smith. 
Figure 1. Modern solar adobe home in Santa Fe, New Mexico 


RAW MATERIALS 
Geologic Settings 


Virtually all earthen or adobe materials are recovered from soils or 
soft alluvial sediments on the surf ace ofthe earth. Alth ough 
medium- to coarse-sized sand is the most im portant structural com- 
ponent, clay is the most important fine, binding component. Gravel- 
size particles add strength to earthen w alls but are generally kept to 
less than 10% as they tend to pop out. Silt and f ine sand contribute 
the least strength to earthen structures and act more as filler material. 
The best earthen con struction raw materials are gene rally Rec ent 
stream or river sediments or resi dual soils containing a wide range 
of particle sizes. The two great original areas of earthen construction 
in ancient Eg ypt and Mesopotamia depended on the sediments of 
the broad Nile and T igris/Euphrates River valleys, respectively, as 
raw materials. Soils used by current and past adobe producers in the 
Americas are mostly sandy loam (50% clay and _ silt), al though 
clayey silts are used in some areas (Coffman et al. 1990). In New 
Mexico, the best adobe soils are those developed on stream deposits, 
particularly Recent terrace deposits and loosely compacted Tertiary 
formations, such as the Santa Fe Gro up in the Rio Gr ande Valley. 
Soils of windblo wn origin are not commonly suitable for earthen 
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construction unless other surf ace materials are added. W ind action 
concentrates surf ace sediments by particle size. Coarse sand and 
light gravel are generally missing altogether , and the clay fraction 

was blown much farther away at the time of deposition. Some mod- 
ern adobe producers use a mixture of materials from the screened 
fines of aggre gate operations and mud dredged fro m irrigation 
ditches in river valleys, combined with varying amounts of sand, to 
produce proper blends. 


Mineralogy 


X-ray dif fraction analys es of wh ole-rock sam ples sho w that the 
major constituents of New Mexican adobe soils are quartz and feld- 
spar, with lesser amounts (in decreasing order of abundance) of cal- 
cite, clay minerals, and gypsum. The quartz, feldspar, most of the 
clay minerals, and some calcite are derived from the mechanical/ 
chemical breakdown of older rock s. Some clay minerals, much of 
the calcite, and all the gypsum are precipitated from evaporating 
water. 


Clay Properties 


Clay-size particles, although the smallest in percentage of size in 
earthen construction material from New Mexico, are the most com- 
positionally variable in commercial adobe soils. Clay minerals are 
dominant, but nonclay miner als also are present. In this size frac- 
tion, clay mineral groups consist of about equal parts of expandable 
clay minerals (smectite and mixed-layer illite/smectite, or I/S ) and 
nonexpandable clay minerals (kao linite, illite, and chlorite), with 
minor constituents of quartz, calcite, and feldspar (Smith and Aus- 
tin 1989 , 199 6; Austin 1990). Th e smectite is uni versally cal- 
cium-rich, andthe I/S_ is disord ered, randomly inter _ stratified 
smectite and illite. Only 2 of the 42 samples taken as part of the 
study by Smith and Austin (198 9) contained chlorite; vermiculite, 
sepiolite, and palygorskite we re not found. Altho ugh common ly 
found in minor amounts, clay- sized calcite was present in near ly 
every adobe soil sample. 

Expandable clay minerals tend to be more “sticky” than non- 
expandable varieties and thus are more effective in binding silt and 
sand particles together. Expandable clay minerals also form colloi- 
dal suspensi ons wi th water. As a result, moisture, whet her from 
rainfall or groundwater, has its gr eatest effect on adobe soils with 
large proportions of smectite and I/S. 

For past and present adobe producers in New Mexico, expand- 
able clay minerals have sometimes proved problematic. Cracking 
of adobe bricks while drying is most probably caused by a large 
proportion of smectite and I/S in the adobe soil; soils with higher 
clay content but relatively lower smectite and I/S content are less 
likely to crack. Although cracking is e xtreme on windy days when 
the shrinking of clay occurs more rapidly, drying slowly over many 
calm days allows multiple layers of finely crystalline calcite (and 
some gypsum) to form on a clay-size scale, strengthening the bricks 
and preventing cracks. If the adobe bricks do not contain too much 
clay material and are prope rly cured, the resulting adobe wall can 
resist torrential late-summer rains for many years. 


Chemical Properties 


Soils inthe ari d Ne w Me xican cl imate ar e ty pically al kaline. 
Groundwater near the Rio Grande Valley, where most of the adobe 
brick in Ne w Mexico is produced, is generally hard to e xtremely 
hard, containin g total dissolved solids (TDS) rang ing from abo ut 
one hundred to se veral thousand parts per million (W ilkens 1986; 
Anderholm 1987; Austin 1994). Soluble salts, notably calcium car- 
bonate and calcium sulfate, precipitate as this water evaporates. At 
the surface of seasonal marshy areas of the state, white crusts of 
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Source: Austin 1990. 
Figure 2. Summary of leaching analysis of 25 commercial New 
Mexico adobe soils 


these salts co mmonly appear duri ng drier times of the year . The 
desert surfaces are stabilized by precipitation of calcium carbonate 
from groundwater, initially producing calcium-rich soils, followed 
by impermeable pedogenic calcite layers, called caliche, just above 
the groundwater table (Gile, Hawley, and Grossman 1981). 

Adobe walls in New Mexico are remarkably durable in the dry 
desert climate. With proper care, w alls may last for hund reds of 
years. Great care is taken to keep the interior walls dry. In Native 
American pueblos, the inhabitants re-co ver exterior adobe walls 
with a natural plaster each year as part of community service. The 
natural plaster has about the same mineral and chemical composi- 
tion as th e w alls t hemselves b ut is slightly f iner grained. It is 
expected to erode off slowly during the year and is then replaced 
during the ne xt year’s rep lastering. The slo w weathering of the 
plaster apparently resu Its from calcite and gypsum precipitation 
from water used in m ixing the pl aster. This precipitation forms a 
caliche-like bond between grains as the mud plaster slowly dries. 

Leaching tests with EDTA (e thylenedinitrilotetraacetic acid) 
on 25 commercial New Mexican adobe soils (Figure 2) suggest that 
commercial soils contain an average of about 90% insoluble and 
10% soluble material; the latter is dominantly calcite with some 
gypsum (Austin 1990 ). In that st udy, the solub le material ranged 
from 36 wt % toes sentially zero. Adobe soils with the smallest 
amount of soluble material were also the highestin sand and 
larger-size particles. 


Physical Properties 


Particle-Size Distribution. The common sta tement by Ne w 
Mexican adobe producers is that their soil mix is usuall y one half 
sand and one half clay or fines (silt and clay), although commercial 
adobe soils range from 85 to 99 wt % nonclay-size particles (Smith 
and Austin 1989, 199 6). Tests of commercially produced adobe 
show that the soil ma terial contains 27 to 89 wt % sa nd-and-larger 
grain size, 8 to 68 wt % silt-size grains, and 1 to 15 wt % clay-size 
grains (Figure 3). The average grain-size composition was 67 wt % 
sand and larger, 27 wt % silt, and 6 wt % clay. The wide variation of 
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Figure 3. Plot of sand-and-larger-, silt-, and clay-size fractions of 
42 production adobe soils used in New Mexico. The diagram shows 
the dominance of larger particles as compared to clay-size material. 


particle sizes, partic ularly in the sand-and-la rger- and silt-si ze 
grains, af fects the penetra tion of pai nt or stabiliz er sprayed or 
painted on walls. The smaller the average grain size, the more sur- 
face area is involved, and the more preserv ative is needed to create 
an impermeable layer to a given depth in the wall. Adobe walls with 
high clay- or silt-size content would need the largest amount of pre- 
servative. An abundance of clay-size particles in adobe soils causes 
excessive cracks as blocks dry in an adobe yard. To combat this, pro- 
ducers add straw, additional sand, or both, to the mud mixture. 

In New Mexico, large-scale commercial adobe producers use 
adobe soils with less clay-size ma terial than do small-scale com- 
mercial and noncommercial adobe producer s. Some of the former 
use soils as low as about | wt % clay, whereas many of the latter 
use soils between 8 and 15 wt % (Smith and Austin 1989, 1996). In 
part, this is because large-scale commercial adobe producers use 
stabilizers that not only protect bl ocks from rain damage but aid in 
consolidation of the drying soil mix as well. 


Thermal Properties 


Traditionally, materials are evaluated for the rmal properties based 
on measurements known as R-values and U-factors. An indicator of 
the ability of a wall to insulate effectively, the R-value is calculated 
by dividing the thickness of the wall by the wall’s thermal conduc- 
tivity (the amount o f heat per uni t area in a gi ven time), flo wing 
from the hotter side to the cooler side of the wall. The units for 
R-value are per square meter/degrees K elvin/hour/watt (squar e 
foot/degrees Fahrenheit/hour/British thermal un it). The inverse of 
the R-value, the U-factor reflects the rate at which heat is conducted 
through a material. The total R-value may be calculated for a given 
wall by adding up the values of the individual components of a wall 
structure, including all insulation, interior sheathing, framing, air- 
space resistance, and masonry. Adobe walls have very low R-values 
because they commonly consist of 26-cm (10-in.) or 36-cm (14-in.) 
blocks covered with a thin stucco on the outside and thin gypsum 
plaster on the inside. 

R-values and U-factors do not tell the full story in determining 
what is a high-quality , thermally efficient wall (Fine 1976). Both 
these values reflect the rate at which heat passes through a wall only 
after the ste ady state of heat flo w (the constant rate of heat e nergy 


passing uninterrupted from one side of the w all to the other) has 
been achieved. What is not consid ered, althou gh of critical impor- 
tance inm asonry-mass w alls such as ad obe, is the heat storage 
capacity of the wall, which determines the length of time that passes 
before a steady state of heat flo w is ac hieved. The higher the heat 
storage capacity of the w all, the longer it will take for heat flo w to 
reach a steady state. In real situations external temperatures, in par- 
ticular, ch ange constantly, so that atrue steady-state condition is 
rarely achieved. Because diurnal changes in the arid S outhwest are 
typically 15° to 28° C (27° to 50 °F), a “fly-wh eel effect” (in this 
case, the damping of interior temperature fluctuations resulting from 
the massive adobe construction) will keep daytime temperatures of 
adobe buildings cool in the summer and warm in the winter. 

Resistance of Sound. Thick massive walls of adobe are well- 
known absorbers of sound, making these homes remarkably quiet. 
Windows in older adobe buildings are normally small, adding fur- 
ther to the sound deadening. Newer solar adobe homes take advan- 
tage of the many sunny days in arid climates with larger windows 
that are thermally designed, but also re tain much of the sound- 
deadening characteristics of adobe dwellings. 

Other Physical Properties. Other ph ysical properties that 
make adobe construction advantageous ar e its w ater resistance, 
nonflammable and termite- proof character, and ener gy efficiency. 
The sun-dried method of pr oduction, rather than the use of high 
heat to produce masonry brick or cement, contributes to the energy 
efficiency. Wright (1978) stated that it takes more than 300 times as 
much energy to produce a commercial concrete block than a sun- 
dried adobe block of the same volume. 

An unusual test on adobe in Nicaragua determined that adobes 
were resistant to penetration by bullets (Lola 1981). Five shots from 
a machine gun at an adobe wall at 20-m (61-ft) distance penetrated 
only 4 to 5 cm (1.6 to 2.0 in.). 


INDUSTRY STRUCTURE 
Traditional/Old World Sector 


Earthen construction, principally adobe bricks, evolved throughout 
Asia, the Middle East, Africa, and parts of Europe over millennia. 
Civilizations gradually developed their unique sources of materials 
and architecture for re sidential, agricultural, and com mercial con- 
struction. Building materials and techniques, however, stayed ubiq- 
uitously sim ple,r elyingonstr aight w alls, simp lei fan y 
foundations, and too often earthen materials for roofs or multistory 
structures. The greatest threat to traditional earthen construction is 
its vulnerability to massive earthquakes, which can result in death 
and destruction. 


Contemporary Construction Sector 


In the United States, most adobe artisans come from generations of 
adoberos (adobe makers) who learned their techniques from f amily 
traditions local ly or in Latin Am _ erica. The recent hea vy wave of 
migration from Me xico and o ther C entral Ame rican co untries has 
brought a large number of workers knowledgeable in adobe construc- 
tion into t he United States. In ad dition, contract ors hiring adoberos 
now commonly recruit workers, as the y are needed, from Mexico. 
Local trade associations, minor academic attention, and a great deal 
of Internet communication ha ve kept interest in adobe technology 
alive. Some educational institutions in the Southwest offer formal or 
noncredit courses in adobe construction. In association with the Inter- 
national Institute for Conservation of Historic and Artistic Works, the 
Getty Conserv ation Institute (GC D of Los Angeles, California, 

directs attention to the preservation of adobe construction, particu- 
larly in the American S outhwest. Creation of the Adobe Association 
of the Southwest is a recent att empt to organize adobe contractors, 
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Courtesy of Edward W. Smith. 

Figure 4. After 2 to 3 days of drying time, adobe is released from 
a 10-brick ladder form at a commercial adobe yard in New Mexico. 
The adobe is trimmed by hand, turned on edge, and dried for an 
additional 2 weeks. Blocks then are stacked in the yard ready for 
sale. 


researchers, architects, and studen ts to promote the ad obe industry. 
Older industry groups, such as the El Paso Solar Energy Association, 
have active programs promoting solar and alternative energy research 
along with Southwest trends in adobe architecture and design. 


International Research Centers 


In the interests of improving earthen architecture, a number of inter- 
national research and academ ic study groups sprang up during t he 
20th cent ury. These groups were principally aligned with Unit ed 
Nations relief groups in Europe, but came to sho w more interest in 
the North Ameri can mark et. The Uni versity of Ne w Me xico’s 
Department of Architecture has offered courses in earthern architec- 
ture in both Spanish and Englis h for more t han 2 decades. Other 
branches of the university have been leaders in advancing adobe stud- 
ies for U.S. applications. Smaller or ganizations such as Southwest 
Solar Adobe (SWSA) function today as commercial or educational 
groups that spread knowledge regionally to the construction industry 
and interested builders. The International Centre for Earth Construc- 
tion (CRATerre-EAG, typically abbr eviated to “CRATerre’”), af fili- 
ated with the Ecole d’Archit —_ecture in Grenoble, France, trains 
students in earthen architect ure and construction and sponsors con- 
ferences and research on earthen technology. CRATerre also con- 
tracts with government agenci es, particularly in de veloping 
countries, to train students and b_uild large housing projects on site. 
Another typical international resear ch project trained e xperts at t he 
Regional Seismology Center for South America (CERESIS; El Cen- 
tro Regional de Sismologica para América del Sur) in assessing dif- 
ferent methods for strengthening existing earthen homes. The project 
involved 6 years of research and was funded by the German Cooper- 
ation for Development Programme (Deutsche Gesellschaft fiir Tech- 
nische Zusammernarbeit GmbH [G TZ]). Considerable progress has 
been made using structural steel, wire mesh, and selecti ve roof 
strengthening to reduce deaths related to earthquake destruction. The 
International Center for the Preservation and the Restoration of Cul- 
tural Property (ICCROM; Center international d’ études pour la con- 
servation et la restauration des biens culturels) focuses w orldwide 
attention on adobe by holding international meetings on the preserva- 
tion of earthen construction. 


TECHNOLOGY 


Several varieties and sizes of earthen brick are pr oduced through- 
out the American Southwest, including traditional adobe, semista- 
bilized and stabilized ad obe, Ne w Me xican terrénes (cut-so d 
brick), guemados (burnt adobe), and machine-pressed-earth block; 
in additi on, ram med-earth w alls a re constructed wi thout brick 
(McHenry 1984; Smith and Austin 1989, 1996). The two major 
types of adobe brick currently produced in New Mexico are the 
traditional adobe brick and the semistabilized adobe brick. 


Production Techniques 
Traditional (Untreated) Adobe Bricks 


Often called untreated or sun-dried adobe brick, tr aditional adobe 
is made with soil composed of sand with some larger particles, and 
of silt and clay (Figure 4). Stra w is sometimes added for strength 
and to pre vent e xcessive cracking during drying . The moistened 
soil mixture commonly is packed into a brick-like mold, released, 
and allowed to dry and cure for several weeks before use. 


Stabilized Adobe Bricks 


The New Mexico Building Code defines fully stabilized adobe brick 
as water-resistant and made of soil with certain admixtures that limit 
the brick’s 7-day water absorption to less than 4 wt %. A fully stabi- 
lized adobe brick usually is made with 6 to 12 wt % of asphalt emul- 
sion (California R esearch C orporation 1963 ; Scheuch and Busch 
1988). Exterior walls constructed with stabilized mud m ortar and 
brick require no additional protection and can be left exposed with- 
out stucco. The production of fully stabilized adobe brick is very 
low because most walls are st uccoed with water-resistant plaster, 
and the additional waterproofing agent adds extra cost. 


Semistabilized Adobe Bricks 


Semistabilized adobe brick was developed by major adobe produc- 
ers in New Mexico and isc lassified as a wa ter-resistant bri ck 
because of the addition of 3 to5 wt % of stabilizer or water-proof- 
ing agent (Calif ornia Resear ch Corporation 1963; Sch euch and 
Busch 1988). The stabilizer protects the brick from rainstorm dam- 
age during the curing process. Asphalt emulsion is the primary sta- 
bilizer because of the ease of use and the low cost, but 5 to 10 wt % 
portland cement produces the same result. Semistabilized adobe is 
made the same way as tra ditional ad obe, e xcept the sta bilizer is 
mixed into the adobe soil prior to packing it into a form. 


Pressed-Earth Blocks 


Pressed-earth blocks currently make up a small portion of earth 
brick used in Ne w Me xico (Smith and Au stin 19 89, 1 996). 
Although the CINVA-Ram hand-operated press, developed by a 
Chilean engineer in the 1950s, has been used in Ne w Mexico, 
most pressed-earth blocks in th e state are made by gasoline- or 
diesel-powered machines (Figure 5). Several have been designed 
and used in the past in New Mexico to press the adobe soil mix- 
ture into a form, minimizing the amount of time required between 
forming the block and placing it into the wall. Portland cement or 
asphalt emulsion has beenused to partl yorfully — stabilize 
pressed-earth blo cks. Most producers are small v olume and/or 
part-time, or noncommercial. 

Rammed-Earth Walls. Rammed-earth ho mes commonly 
have much thicker walls than most other earthen d wellings, up to 
0.9 m (3 ft) thick. Wooden or metal concrete-type forms are put in 
place on stone or concrete footings, and layers of moistened soil 
(15 to 20 cm [6 to 8 in.] thick) are deposited between the w alls of 
the forms. Hand or hydraulic tampers are used to pound the soil 
into the shape of the form, compacting and reducing the volume of 
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the mixture by 25% to 30% (McHenry 1984; Middleton 1987). 
Once the layers of tamped soil reach the desired height, the forms 
are removed and the wall is al lowed to dry (Figure 6). Po rtland 
cement is the common stabilizer used. Producers say rammed-earth 
walls continue to hard en, or cure , during the f irst year after con- 
struction. From 2002 to 2005, there were app roximately 28 build- 
ings constructed by New Mexico’s five rammed-earth construction 
firms, with 10 built during the spring and summer of 2005. 


Specifications 


Specifications for adobe or mud construction are not widely used in 
the United States. The state with the most adobe construction, New 
Mexico, probably has the most complete approach. The New Mex- 
ico code for unburned mud construction is Section 2412 of the New 
Mexico Building Code. A summary of the most signif icant rules 
governing adobe blocks follows (the code uses standard units rather 
than metric units): 

* Compressive strength: The units shall ha ve an average com- 

pressive strength of 300 Ib/in* when tested. 


Modulus of ru pture: The units shall average 50 Ib/in 2 in 
modulus of rupture when test ed according to the specif ied 
procedures. 


Moisture content: The moisture content of untreated u_ nits 
shall be 4%. 


Adsorption: A dried cube cut from a sample shall adsorb 4% 
moisture by weight when placed upon a constantly water-satu- 
rated porous surface for 7 days. An adobe unit that meets this 
specification shall be considered stabilized. 


Shrinkage cracks: Noun it shall contain more than _ three 
shrinkage cracks, and no shrinkage crack shall exceed 2 in. in 
length or }/s in. width. 


Architectural Advances 


Major ad vances are being made in ar chitectural im provements, 
principally in the rammed-earth and cast-earth sectors in Australia 
and Texas. Although the Santa Fe style of adobe design is still the 
most popular in the Southwest, new design changes ar e gaining 
support for using earthen construc tionin multistory b uildings, 
high-ceiling homes and buildings, and for no vel approaches with 
large glass surfaces, passive solar additions, and functional flooring 
materials such as tiles and cut stone. In Australia, new architectural 
designs incorporate brick and concrete work as well as wood ceil- 
ing beams and internal structural features such as staircases, all in 
conjunction with the earthen portion. This not only allows greater 
beauty inthe building, but al soc ontributes to grea ter building 
strength from a seismic point of view. 


Construction Technique Advances 


New construction techniques will produce strong er adobe walls in 
the future, including (1) the use of rebar and steel wire mesh in 

adobe walls, (2) building walls that taper from wide at the base to 

thinner at the top, and (3) experimental additions of ne w starches 
and resins to adobe mixes to achieve stabilization with less additive 
materials. Although traditional adobe-making and building meth- 
ods will still prevail in re mote rural areas, urban areas offer more 
variety in artisan skills and construction materials that may result in 
new building techniques. 


Research on Product Strength and Longevity 


Project TERRA is a research umbrella group formed by CRATerre, 
GCI, ICCROM, and several other international earthen study orga- 
nizations, known as the TERRA Partners, to de velop w orldwide 











Figure 5. A mixer with a conveyer-belt system feeds a large-size 
commercial pressed-earth-block machine operation at the Ridge 
Adobe production yard in Santa Fe, New Mexico. 








Exterior rammed-earth wall of a home under construc- 
tion. The wall is 0.6-m (2-ft) thick. Note the layering produced by 
tamping and the concrete bond beam topped by the wooden frame 
at the top of the wall. 


Figure 6. 


conservation of earthen architectural heritage. This research effort 
is also developing new information on ways to improve the strength 
and longevity of future earthen buildings. On May 14, 2000, the 
TERRA Partners, in cooperation with the English Heritage group, 
hosted a meeting in T orquay, England, to be gin compiling world 
knowledge on earthen construction and its restoration, and to estab- 
lish research priorities for the partners. This w as the first interna- 
tional attempt to unra vel the physical and che mical attributes of 
adobe and earthen construction ona very high scien tific level. In 
the meeting, the following themes emerged for cha nneling future 
studies most effectively: 


* Classification, binding, and unbinding 
¢ Nonstructural decay or evolution 

¢ Structural decay 

¢ Chemical interventions 

¢ Physical interventions 

* Continued use 
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Courtesy of Edward W. Smith. 

Figure 7. The 1,000-year-old Taos Pueblo originally was built of 
puddled adobe. Residents replaster the pueblo with mud each year 
fo maintain the structure. 


USE AND DISTRIBUTION 
United States 


Examples of early mud constructi on are present in many parts of 
the United States. Perhaps the most famous is the still-occupied, 
1,000-year-old T aos Pu eblo in Ne w Mexico (Figure 7). Lar ge 
earthen mounds built by North American aboriginal people, known 
as mound builders, are present in many parts of the eastern United 
States as well (Emerson and Woods 1990). The common building 
method in these pre-Columbian structures w as puddled-clay or 
clay-lump construction, which preceded the adobe mold introduced 
by the Spanish in the 16th century. Similar construction was used in 
several sections of the country into the 19th century, as in western 
New York state (Dassler 1990). During the same period, sod was 
the principal building material of many immigrants on the treeless 
Great Plains. As modes of transportation broadened and the cost of 
moving b uilding materi als fell, earthen construction de clined in 
most areas of the county. 

An earlier improvement in adobe construction occurred in the 
1880s when the railroads reached New Mexico. Local inhabitants 
soon learned ho w sloped roofs, co vered by corrug ated iron sheets 
brought from the east, were f ar more effective than th e flat, dir t- 
covered roofs used prior to that time. Modern improvements, such 
as the use of soil stabilizers, further improved earth blocks’ ability 
to withstand moisture damage. 

The American Southwest has long hadalo ve af fair with 
adobe, and the landscapes of Arizona, California, New Mexico, and 
Texas contain many examples of enduring adobe homes. Old mili- 
tary forts, churches, and commercial buildings also attest to its pop- 
ularity. New Mexico, both historically and toda y, is the la rgest 
domestic p roducer and user of ad obes. During the p ast se veral 
decades, 3 to 4 million adobe bricks and pressed-earth blocks have 
been produced in New Mexico each year by as many as 50 com- 
mercial manufacturers (Smith and Austin 1989, 1996). 

More than 59,000 adobe buildings, representing one third of 
the adobe dwellings in the United States, are in New Mexico (Ger- 
brandt and May 1986). Although less than 3% of new homes built 
each year in the state are constructed with adobe, the number usu- 
ally averages between 500 and 600 dwellings. From examination of 
building permits in New Mexico and discussions with local arch i- 
tects, realtors, and planners throughout the South west, it appears 


that most of new adobe dwellings are built for high-income custom- 
ers. The houses usually contain above-average square footage with 
the addition o fe xtensive southwestern a rchitectural de tails a nd 
style. In some areas, particular ly in parts of rural northern Ne w 
Mexico, many backyard adobe producers b uild their o wn homes 
(McHenry 1985). This is often done ona part-time basis, and the 
house is comp leted without extensive debt or long-term mor tgage 
payments. 

Before 1970, most adobe buildings were built with traditional 
adobes. A breakdown of Ne w Mexican adobe-brick production in 
1987 shows that 27% were traditional (untreated) bricks, 68% were 
semistabilized bricks, and 5% were stabilized bricks (Smith and 
Austin 1989). Since the 1980s the percentage of semistabilized 
bricks has increased at the expense of traditional adobes. 

Today, most builders purchase adobe bricks from commercial 
yards located throughout New Mexico. The principal, standard-size 
adobe brick produced and used in New Mexico measures approxi- 
mately 10 x 25 x 36 cm and wei ghs approximately 13.6 kg (Smith 
and Austin 1989, 1996). 


Latin America 


Earthen and stone construction has been the dominant building style 
throughout Latin America, e xcept in areas where timber and wood 
products are also available. In Central America today, rural people 
commonly tend to build adobe houses and structures rather than use 
readily available wood products. Urban areas in Latin America are 
heavily in clined to concrete construction and stick (w ood-frame) 
housing, but rural areas still rely ona mix of stone, concrete, and 
earthen construction, depending on the availability and cost of mate- 
rials. It is estimated that 35 million people live in earthen housing in 
the Andean region. Although the lo w cost of such housing g reatly 
benefits the residents, the buildings are vulnerable to earthquake 
damage, with the associated mass deaths. 


Australia 


During the last two centuries, brick, stone, and, more recently, con- 
crete construction has dominated urban areas of Australia. Rural 
construction has been mostly wood frame housing and earthen con- 
struction. Corrugated iron roofing is common throughout the coun- 
try. Enough Australian forests have been largely cut down that the 
remaining forest lands are being _ preserved as national park s and 
recreational reserves. Because of this, most lumber and other forest 
products are now imported into the country from Indonesia and the 
island nations (e.g., Papua New Guinea) immediately to the north. 
As a result, rammed-earth construction is rapidly becoming a style 
of choice in both rural and suburban areas. Schools, churches, win- 
eries, and much new housing in W estern Australia are b eing built 
with rammed earth. 


North Africa and Middle East 


Stone and earthen construction have dominated North African and 
Middle Eastern construction since the dawn of civilization, supple- 
mented only in the past century by abundant concrete construction. 
There are no other construction material alternatives in these coun- 
tries. Rural areas in particular have mo stly e arthen co nstruction, 
which is also desirable in countries where air conditioning is pro- 
hibitively expensive. Multistory earthen construction is common in 
some of the emirate cities ar ound the Persian Gulf, dating back 
many centuries. 


South Asia 


South Asia, including I ndia, Pakistan, Af ghanistan, anda few 
adjoining countries, relies heavily on earthen and stone construction. 
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Urbanized areas with long distances to natural earth materials have 
shifted more to concrete, which is used to build high-rise buildings, 
major highway systems, and h uge residential areas. Earthen build- 
ing, however, is traditionally impo rtant to the Indian and Pakistani 
cultures. With their combined populations making them the second 
most populou s co untries af ter Chin a, the future holds enormous 
potential for locally centered earthen building. 


China and Interior Asia 


Earthen construction is still very common throughout China, partic- 
ularly in rural and lower-income urban areas. Concrete dominates 
urban con struction and China is the w orld’s top produ cer and 
exporter of cement, partly a result of the decimation of China’s for- 
ests for fuel o ver m any ce nturies. Interior Asia, which includes 
Tibet, Mongolia, an d various “‘-st an” countries, relies hea vily on 
stone and earthen construction, using con crete only fo r the small 
number of highw ays, institutiona | b uildings, airports, and such. 
Choice of construction materials is primarily determined by the pat- 
tern of their availability over time. An exception in Mon golia and 
other countries, but st ill re lated to traditional use , are yurts and 
other animal-skin tent housing. 


Europe 


There is a long history of earthen construction across Europe, and 
today itis thriving in su ch countries as Hung ary, Bulg aria, and 
Poland where raw materials are readily available and people cannot 
afford expensive housing. Europeans have long preferred stone and 
brick construction in housing, but the reality of high-cost construc- 
tion material is forcing them more and more to alternate materials. 
Only in northern lands, where wood is still readily available, does 
housing employ a greater amount of wood. 


Sub-Saharan Africa 


As the most economically disadvantaged location in the world, 
Sub-Saharan Africa depends on wh atever materials are available 
for building. In many rural areas this is adobe construction, com- 
monly complemented by thatch r oofs, w oven sticks, cor rugated 
iron roofs, and other nonearthen alternatives. When adobe struc- 
tures a re c onstructed with t hese alt ernatives, the rel atively fe w 
earthquakes that occur in seismically active areas in this region do 
not automatically result in mass co lapse of walls and roofs. Judg- 
ing by the grim economic future of this area, earthen construction 
will remain a dominant rural building style in the future. 


ECONOMIC FACTORS 
Cost 


In New Mexico, adobe brick production varies from a labo 1-inten- 
sive, traditional technique using a hoe, shovel, and wheelbarrow to a 
mechanical lar ge-scale operation producing 5,000 to 20,0 00 bricks 
per day. The production of adobe bricks is seasonal and is usually 
limited by the number of frost-free days for a particular adobe yard. 
In New Me xico, the production seas on lasts from 5 to9 months, 
depending on local climate and weather conditions. 

Smith and Austin (1989, 1996) reported that producers using 
the handcraft technique for traditional (untreated) adobe mark eted 
their products at 21 to 40 cents per brick at their yards. One-person 
commercial yards produced 100 to 300 bricks per day. Semimecha- 
nized adobe yards with 8 to 10 employees can produce 5,000 to 
6,000 semistabilized bricks per day that are sold for 30 to 35 cents 
per brick at the adobe yard (Figure 8). 

In 2004, the lar gest mechanized ad obe yard in Ne w Mexico 
(the Adobe Factory in Velarde), which has 3 to 6 emplo yees, pro- 
duced up to 24,00 0 semistabilized adobes per day, which sold for 








Figure 8. An adobe lay-down machine at an adobe yard in north- 
ern New Mexico. A front-end loader places the adobe mud in the 
hopper, which moves over the form, filling the spaces. The form is 
then retracted and the machine moves on. 


72 cents each at the adobe yard. The same producer also sells tradi- 
tional adobe for 72 cents each, but fully stabilized adobe is sold at 
90 cents. Other producers say that the stabilizers (asphalt emulsion 
and portland cement) add between 15 and 20 cents to the price of 
an adobe brick. Pressed-earth blocks in a production yard are sold 
for comparable prices, but some producers take their machine to the 
job site and use local soil for their blocks at a slightly reduced price. 
These producers are the contractors as well and b uild the desired 
walls. 


Markets in the American Southwest 


Tradition is the most important f actor in determining mark ets for 
adobe materials. In areas that have a strong history of mud con- 
struction, adobe is a ppealing and e ven preferred. In other areas 
where the po pulation is not familiar with ad obe or considers it 
“lower class” to live in such buildings, new adobe buildings will not 
replace the old ones that disappear. Santa Fe is an example of a tra- 
ditional adobe area, where the “Santa Fe style” of construction is 
adobe pueblo and territorial style (Smith and Austin 1989 , 1996). 
Adobe buildings are preferred by many wealth y lando wners and 
contractors who use other types of construction to mimic the adobe 
styles. 

In nearly all other parts of the United States, mud construction 
is not popular and there is vir tually no new construction with this 
method. In Great Britain, France, and Germany, countries with long 
histories of earthen constr uction, mud construction isno longer 
used, even though excellent examples of multistoried rammed-earth 
buildings still exist. 


Transportation 


Although adobe may be made on the construction site, itis no w 
more likely to be made in adobe yards and transported to building 
sites on flatbed trucks (Figure 9). Larger flatbed trucks carry about 
5,000 palletized or stacked adobes. Although tran sport to distan t 
construction sites is uncommon, some producers ship adobes sev- 
eral hundred miles. The reason for the lo ng transport of adobe 
blocks is n ot because of the lack of the ra w, native materials, but 
because contractors in some areas of the country have neither the 
training nor the talent for this type of construction. 

Rammed-earth construction methods require that the w_ alls 
be made at the building site. Consequently, the typical method of 
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Courtesy of Edward W. Smith. 
Figure 9. A truckload of adobe bricks on pallets ready for delivery 
in northern New Mexico 


construction is to use local materials or materials that ha ve not 
been transported far. 


ALTERNATIVE AND COMPLEMENTARY MATERIALS 


The most commonly used alternative material is co ncrete block. 
Even in the American Southwest, many adobe-style homes are con- 
structed of stucco- clad co ncrete block. Although smaller and 
lighter than adobe and easy to use, concrete block walls do not have 
the physical properties of thicker adobe walls and must be carefully 
insulated to achie ve consisten t-temperature and sound -deadening 
properties similar to those of adobe. 

Complementary ma terials also can be used to make adobe 
blocks. These materials includ e “off-spec” aggre gate plant prod- 
ucts, ditch dredgings, fly ash, shredded tires, reject clays, and other 
fine-particle products and similar “waste” products that would oth- 
erwise have a disposal cost. Such materials are already commonly 
used in concrete manuf acturing, so there is an established practice 
in such by-product use. Using complementary materials in adobe or 
earthen construction has a threefold advantage: 


1. They are inexpensive as aggregates and filler materials. 


2. They may contribute ph ysical adv antages to the f inished 
product (e.g., pozzolanic effects, and greater tensile strength). 


3. They resolve another pro ducer’s disposal problems and may 
solve environmental problems in the process. 


In underdeveloped countries, sometimes the lack of availabil- 
ity and the higher cost of cement can make adobe the preferred type 
of construction. The use _ of a vailable native materials can be a 
strong incentive in countries wher e builders are short of funds to 
buy cement or construct cement plants. 


GOVERNMENTAL CONSIDERATIONS 


In the U.S. re gions where ad obe is widely used in construction, 

locally adopted amendments to the Uniform Building Co de estab- 
lish building sp ecifications. In the Ne w Mexico code for adobe, 
which was last completely modified in 1988 , acceptable earthen 

construction materials and products and the tests necessary for their 
use are listed ande xplained. Earthen construction specif ications 
have been similarly codified in other states. 


Health and Safety Regulations 
Seismic Activity 


The greatest potential problem with adobe/earthen buildings is their 
vulnerability to earthquakes when they are in seismically acti ve 
areas. Improved building techniques and materials, better architec- 
ture and roof design, and better building sites may alleviate most or 
all of the perceived problems. In the past, the same issues raised for 
fired brick, cut stone, concrete block, and concrete buildings were 
resolved. Solving most of the seismic-related concerns with earth 
and stone construction could have a big impact in alle viating mas- 
sive death and destruction in cities heavily dependent on earthen 
construction, including those in developing countries such as Chile, 
China, Iran, Nepal, and Peru. 

Adobe b uildings in the Unite d St ates are comm only con- 
structed on concrete slab foundations and have one or two stories. 
Designing the slab to resist cracking both during normal life of the 
structure and p ossible earthqu akes is prudent in seismic are as. 
Work in California suggests that a combination of techniques can 
serve to reduce hazards re lated to earthquakes—proper slab con- 
struction; walls reinforced with rebar; wire mesh beneath the plas- 
ter and stucco both inside and outside the building; interconnected 
bond beams and r oof beams at th e top of walls; and b uttresses 
(Tibbets 1986). 


Radon 


The identification of radon gas as a health hazard has caused owners 
to be concerned about the safety of their adobe structures. Radon is a 
colorless, odorless, heavier-than-air radioactive gas derived from the 
breakdown of radioactive elements in soil and rock in some parts of 
the world. The most stable radon isotope, 222Rn, has a half-life of 
3.8 days (W ilkening 1980). Radon enters buildings through cracks 
and accumulates in low spots such as cellars, cra wl space s, and 
poorly ventilated zones, particularly when they are closed and have 
a negative air pressure, as is common during the winter months. This 
problem is not unique to adobe-type structures but commonly occurs 
in soils overlying granite, black shale , light-colored volcanic rock, 
sedimentary rock wit h phosphate, and similar geologic settings. 
Although adobe buildings have not been shown to have significantly 
more radon than other types of construction, good ventilation and 
positive interior ai r pressure are t he easiest w ays toa lleviate a 
buildup of radon. Modest changes in construction and care com- 

monly will prevent problems in all but the most severe cases (Smith 
and Austin 1989, 1996). 


Building Codes 


The building code for earthen construction in th e Unit ed St ates 
focuses on safety for the in habitants. In New Mexico and Calif or- 
nia, two states with numerous adobe structures and substantial seis- 
mic activity, the building code specifically addresses the need for 
adobe structures to endure cons iderable movement during seismic 
events (Smith and Austin 1989, 1996). The New Mexico code for- 
bids the construction of adobe structures exceeding two stories in 
height, and all load-bearing walls must be topped with a continuous 
belt course or tie beam. The belt course is commonly reinforced 
concrete, and a tie beam is solid wood and at least 15.24 cm (6 in.) 
thick. The California building code requires that walls have internal 
reinforcement with r ebar, as we ll. Following these codes, adobe 
structures fare about as well in earthquakes as buildings constructed 
with more conventional materials. 

In summ ary, alt hough adj ustments must be made for such 
problems as possible damage during earthquakes, insulating prop- 
erties, and radon gas accumulation, these modifications are neither 
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costly nor di fficult to make. In addition, on a worldwide basis, 
earthen construction offers the considerable advantage of housing 
a rapidly expanding population with a maximum amount of local 
building mat erialandaminim aluse ofe xpensive ene rgy 
resources. Earthen construction is indeed the champion sustainable 
construction material. 


Critical Importance in Middle Eastern Countries 


Iran, Iraq, K uwait, Pakistan, and other countries clustered around 
the Persian Gulf and Arabian Sea are all heavily oriented toward 
earthen construction. The y are also inare gion of intense earth- 
quake activity. These countries have much to gain by adopting new 
building technology, which will co st residents nothing more than 
the time for instruction. 

Because much of Iraq’ s residential and other constr uction 
consists of earthen construction, ongo ing re habilitation of that 
country after the second Gulf War could benefit greatly from ne w 
construction techniques and architecture. The easy availability and 
low cost of earthen ra w materials could signif icantly ease th e 
expense and time required to bring the country back to its feet. As 
pointed out earlier, adobe houses are fairly bulletproof and resistant 
to shell fragments. 


FUTURE TRENDS AND INNOVATIONS 


Adobe and other types of earthen construction are gaining respect- 
ability worldwide, especially as advances in architecture produce 
better and mor eli vable desig ns an d_ structures. In addition, 
improvements such as electr icity, air-conditioning, heating, solar 
heat, and electronics can make a humble earthen structure comfort- 
able and support a high standard of living. Advanced architectural 
and structural designs in rammed-e arth and cast-earth en construc- 
tion in Australia, South Africa, and selected Latin American coun- 
tries will encourage more count ries with limited constr uction 
material supplies to pursue a greater proportion of earthen building. 

In the American Southwest, earthen con struction will con- 
tinue to account fo r about 5% of new residential b uilding. The 
Santa Fe style of earthen construction continues to be the most pop- 
ular and will be the preferred type of construction of both low- and 
high-income groups. The availability of local materials, and the fact 
that individuals can build the structures themselves, has appeal for 
low-income groups. Adobe is a preferr ed type of constru ction for 
the wealthy because a superior home can be constructed that is in 
vogue and is in harmony with nature. 
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INTRODUCTION 


Construction aggre gates are sand and gravel and crushed stone 
used in various types of construction-related applications. The y 
are a high-volume, low-cost, bulk minable commodity. By volume 
they are the pri mary ingredient in por tland cement concr ete 
(PCC) and asphalt concrete (AC), often referred to as simply con- 
crete and asphalt, respectively. They are generally crushed and 
processed to a size and gradation suitable for different specific 
construction applications. 

Aggregates have been used since humans f irst started con- 
structing buildings, cities, and roadways. In early history most per- 
manent construction included stone, but more than 2,000 years ago 
the Romans were using a form of lime-concrete incorporating bro- 
ken stone and sand for many of their buildings. The construction 
aggregate industry, as we know it today in the United States, devel- 
oped primarily from the need to improve roads. Boston, Massachu- 
setts, is reported to have had the first paved streets by the mid-17th 
century. Most road s in the 19t h century were unpaved, although 
some city roads were paved with wood planks, gravel, cobblestone, 
brick, or crushed stone referred to as macadam. In the early 1800s, 
the government appropriated money for the first national highway, 
which eventually extended from the Atlantic seaboard to as far as 
Illinois and was mostl y constru cted with brok en stone. Th e rail- 
roads then dominated aggre gate production in the mid-1800s with 
their need for railroad ballast (Langer 1997). 

By the late 1800s road improvement was finally recognized as 
important, and the industry as we know it today was born. After the 
automobile was introduced in the early 20th century and became 
mass produced (putting a theretofore largely immobile populace on 
the road), the necessity for road improvements and new construc- 
tion skyrocketed and has yet to subside. The automobile, along with 
other industrial advancements, changed the lives of ordinary people 
and increased their standard of living. 

The construction aggregate industry in the United States today 
is the largest nonfuel mineral industry in the country, producing and 
consuming approximately 2.6 billion t (2.9 billion st) of mined sand 
and gravel or crushed stone annually, or approximately 10 t per cap- 
ita. Every population center in every state, from large cities to small 
towns, requires construction aggre gates for gro wth, infrastructure 
maintenance, and literally any type of construction. Aggregate pro- 
duction over the last few years has represented the highest produc- 
tion! evelse ver recordedin the Unit ed States, consistently 


increasing over the past decade, reflecting the vitality of the coun- 
try’s economy. 

This chapter on aggre gate markets and uses briefly acquaints 
the reader with the aggregate industry; its specifications, marketing, 
and end uses; how construction aggregates are used in our modern 
world; and why they are important. It discusses aggre gate once it 
has been processed and stockpiled, usually at the site where itis 
mined. This chapter does not desc ribe in detail ho w aggre gate 
occurs from a geologic pe rspective, how it is evaluated and tested, 
how it is mined and processed, what is involved in developing and 
permitting a ne w resource, and wh at the major environmental and 
social impacts are of mining aggregates in the modern world. These 
issues are covered in detail in the Construction Sand and Gravel and 
Crushed Stone chapters in this volume. 

Aggregates ar e primarily str ong, hard, d urable, an d so und 
sand and gravel or stone deposits generally mined near where they 
are consumed. The y are mined lo cally because t hey are a high- 
tonnage, low-cost commodity th at cannot economically be hauled 
for long distances without significantly increasi ng construction 
costs. After mining, processing consists of crushing, screening, and 
washing. Aggregates are used primarily in PCC, in AC, and as base 
material, but there are numerous other specialty uses as well. Strict 
specifications govern the f inished ag gregate product to ensu rea 
long-lasting and quality end product. 

Many cha lIlenges f ace t he c onstruction aggre gate indu stry 
because of social, environmental, and economic factors. Competing 
land uses, en vironmental r egulations, ne gative attitudes to ward 
mining, and the NIMB Y (notin my back yard) syndrome are all 
adversely affecting the industry. Yet there will be a continuing need 
for an adequate supply of lo cal aggregate because increased trans- 
portation costs can negatively affect reasonable consumer costs. So 
industry must educate the public on the need for aggregates and the 
realization of industry’s commitment to mine responsibly with an 
emphasis on adequate reclamation or post-mine land use. Gone are 
the days of leaving a water-filled, steep-sided open pit as a legacy. 


Aggregate Types 


“Construction aggregates” can be a broad term, including everything 
from the highest quality crushed ro ck orsand and gravel used in 
high-strength concrete applications to ordinary borrow suitable only 
as general construction f ill. This chapter does not discuss ordinary 
borrow material, and, for the most part, the discussion is confined to 
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applications for higher -quality construction aggre gates, which are 
hard, durable, and chemi cally inert. The primary sources of good- 
quality construction aggregates are either sand and gravel deposits or 
quarried and underground bedrock sources. 


Sand and Gravel 


Sand and gravel deposits are found along rivers and streams and 
their floodplains, in alluvial fans, in glacial and beach deposits, and 
as paleosediments. Sand and gr avel result from erosion of other 
rock units and redeposition of clasts of these previous rock units in 
new environments, primarily by the action of running water but 
occasionally by glaciers, waves, or mass wasting. Size distribution 
ranges from enormous boulders to rock flour and reflects th e dis- 
tance the individual grains have traveled and the forces involved in 
transportation. Deposits rich in sand are the result of lower-energy 
environments where gravels have previously dropped out and only 
sand particles can be held in suspension. Deposits typically consist 
of various rock types, reflecting the varied distribution of the parent 
geology from which the sand an d gravel were deri ved. Quality of 
the sand and gravel is lik ewise determined by the qualities of the 
original parent roc ks, the distance the material has traveled, the 
dynamics of the depositional en vironment, subsequent weathering 
that may have occurred, and the age of the deposit. This is vividly 
illustrated by the lack of gravel deposits along the U.S. Gulf Coast. 
Here the flat terrain and the scar city of nearby hard-rock units to 
serve as a gra vel source combined to cre ate an unfavorable, slow- 
moving depositional environment without gravels. 

For higher -quality construction agg regate uses, sand and 
gravel deposits must contain individual clasts that are hard, durable, 
and chemically inert. In addition, the deposit should contain suffi- 
cient reserves to sustain a mining operation for a suitable length of 
time. 


Crushed Stone 


Crushed stone deposits are found where appropriate bedrock exists. 
Suitable bedrock can occur in sedimentary, igneous, and metamor- 
phic terrains. The primary sedimentary ro ck deposits are the car- 
bonates, limestone and dolostone. Igneous rocks include plutonic 
rocks ranging from granites to gabbros and volcanic rocks ranging 
from basa Its to rh yolites. Meta morphic rocks generally in clude 
gneiss, marble, quartzite, and argillite. “Trap rock,” a common term 
in the aggregate industry, refers to dark-colored, fine-grained, igne- 
ous rocks ranging from diabase in the eastern portion of the country 
to Recent basalts in the West. Bedrock occurs where tectonic forces 
and subsequent erosion have exposed the older, indurated hard-rock 
units and should b e free o f delete rious constituents and relati vely 
unweathered. As in sand and gravel, suitable bedrock sources must 
be hard, durable, chemically suitable, and lar ge enough to sustain 
an extended mining operation. 


Other Materials Used as Aggregate 


Slag. Slag is a by-product of the iron and steel refining indus- 
try. Approximately 20% of the raw material going into the furnaces 
to produce iron and steel remains behind as slag. It is composed p1i- 
marily of alumina silicates and is hard and durable. Slag is some- 
times an important local source of aggregate in communities close 
to iron a nd steel mills. Total slag used as agg regate is rel atively 
small, being less than 0.5% of total aggregate production. 

Lightweight Aggregate. The concrete industry uses both natu- 
ral lightwe ight aggre gate (i.e., pumice and volcanic cinder) and 
manufactured lightweight aggregate (i.e., expanded clays and shales, 
perlite, and v ermiculite), primarily in concrete m asonry units, to 
reduce weight of individual units. These aggregates are also used in 


structural concrete to reduce weig ht, especially in high-ri se build- 
ings. Perlite and v ermiculite are typically use d for their insulation 
properties. For a detailed discussion of lightweight aggregates, refer 
to the Lightweight Aggregates chapter of this volume. 

Recycled Materials. Recycling of concrete and asp halt has 
become more prevalent, reflecting the increasing economic advan- 
tage of using these materials. Approximately 15 Mt of concrete 
and asphalt are recycled yearly in the United States (Bolen 2002; 
Tepordei 2002). As transportation costs, energy costs, and environ- 
mental concerns increase, recycling makes better economic sense. 

Concrete from demolition and from general construction 
debris is often collected, crushed, sized, and processed into aggre- 
gate base (AB). It is generally not used as an ingredient in new con- 
crete applications because of quality concerns. 

Recycling is sometimes used on asphalt roads: existing worn- 
out surfaces are ground and reincorporated, at a limited percentage, 
into new hot-mix asphalt surfaces. These recycled asphalt products 
are referred to as R AP. Lengthy “trains” can often be seen on road 
construction projects milling and reincorporating the grindings into 
an on-the-road mixing plant, where it is blended with ne w hot-mix 
material, then relaid as a new asphalt surface. In addition, RAP can 
be used in AB or as road surf acing on unpaved secondary roads to 
prevent dust and improve performance. 

Recycling is most prominent in the larger metropolitan areas 
where aggregates command a premium price because of associated 
transportation costs from distant deposits. Also, waste construction 
materials require disposal, and often it ism ore cost-effective to 
recycle than to pay for tra nsportation to remote landfills, which 
may charge for disposal. Recycling is entirely an economic deci- 
sion unless mandated by localor federal re gulationon some 
projects. 

Other Materials. Occasionally, other materials have been used 
in concrete and asphalt products for specialty applications. Shredded 
rubber tires in asphalt, barite in concrete used in radiation shielding, 
organic waste and wood chips for lightweight ap plications, broken 
glass or cullet in AB, and burned coal cinders in cinder blocks. 


Production and Consumption Statistics 


Construction aggregates are the largest nonfuel mineral industry in 
the country. As det ailed in the two chapters on construction sand 
and gravel and crushed stone in the Commodities section of this 
volume, approximately 2.6 billion t (2.9 billion st) of ag gregate, 
consisting of both san d and gravel and crushed stone, were pro- 
duced in 2003, which equates to approximately 10 st for every per- 
son in the United States. Ona per-capita basis, consumption and 
production are the standard gauge of measuring and forecasting 
aggregate. The U.S. Geological Surv ey (USGS) indi cated that 
1,260 companies operating 3,300 act ive quarries in 49 states pro- 
duced $8.6 billion worth of crushed stone in 2003, or 1.49 billion t 
(Tepordei 2003). And 1.13 billion t of sand and gr avel, valued at 
$5.8 billion, was produced by an estimated 4,000 companies oper- 
ating at 6,400 locations in 50 states (Bolen 2003). The USGS con- 
ducts an nual surveys an dcompiles _ statistics on aggr egates 
throughout the country. These results, published yearly, are con- 
sidered th e best a vailable statistical an alysis for the a ggregate 
industry in the country and are th e source of the stat istics pre - 
sented in this chapter.” 





* These estimates are based on voluntary responses from producers. Not 
all producers respond; therefore certain assumptions and adjustments 
are made to arrive at the final figures. In addition, crushed stone produc- 
tion includes stone used to manufacture cement and lime, which are also 
considered to be constr uction materials but, strictly speaking, are not 
construction aggregates. 
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The United St ates imports small quantities (approximately 
18 million t) of construction aggregate, mostly crushed stone, from 
Canada, Mexico, and the Bahamas. At one time, there were imports 
from Scotland, but closer source s no w predominate. Impo rts are 
increasing, however. Although imports are a small portion of total 
aggregate production, they can be a significant portion of the mar- 
ket in those coastal areas where the imports arrive. Imports make up 
a significant percentage of total aggre gate consumption in some 
areas of the West, East, and Gulf coasts. 

Figure 1 gr aphs aggre gate production since 1900 , which 
reflects the industrializatio na nd increased standar dof living 
enjoyed by the U.S. population. It es pecially reflects the effects of 
the nation’s transportation system as it wentf rom h orse-drawn 
wagons to “h orsepower” when it entered the age of automobiles 
and airplanes. More than one half the aggregate production in the 
last century was produced in the past 25 years. The construction of 
the nation’s transportation system consumes a ___ good part of the 
aggregate resou rces mined an d produced. Th efigureis broken 
down by sand and gravel and crushed stone; and, as can be seen in 
the stack ed graph, crushed stone production exceeded sand and 
gravel starting in 1972. This is attributable to the decline of sand 
and gra vel resources through attrition and th ee xhaustion of 
resources, but, more im portant, to the increased conflict of la nd 
uses along flatter, lower-lying lands where sand and gravel natu- 
rally occur. These lands, especia Ily near metr opolitan areas, ar e 
becoming more valuable for other uses besides mining as de velop- 
ment encroaches on close, available flat lands. In addition, environ- 
mental considerations and social pressures (NIMBY attitudes) are 
driving resource e xploitation f arther fr om the cities and from 
readily visible flat terr ain along major drainages where sand and 
gravel resources ar e generally lo cated. Aggregate operations are 
moving to areas in bedrock where visibility is limited and where 
impacts to groundwater and the environment are more controllable. 

Figure 2 displays how aggregate operations are a high-volume, 
low-cost com modity, located relatively c lose to the ir ma rket. 
Though this figure was compiled with data from the late 1990s, it 
well illustrates the point at hand: nearly every county in every state 
in the unio n has an agg regate source, either sand an d gravel or 
crushed stone or both, supplying lo cal needs. Ag gregates are the 
only mining commodity nationwide th at are readily visible toa 
large pro portion of the population: Commuters within our major 
metropolitan ar eas often dri ve by aggre gate operations daily 
Aggregate mining operations are, by f ar, the most visible se gment 
of the mining industry in the country with nearly 10,000 quarries 
and pits, mo st concentrated ne ar population centers. Th erefore, 
aggregate mining is the most rec ognizable form of minin g to most 
of the populace. 

Figure 3 shows the distribution of aggregate production in the 
United States. It is evident that production mirrors population den- 
sity. Again, the figure was compiled with data from the late 1990s, 
but the situation remains the same: The more rural states, most hav- 
ing abundant aggregate reserves, produce only those amounts nec- 
essary for consumption in the local area. Another characteristic 
shown is the production distrib ution of sand and gra__ vel v ersus 
crushed stone. Th ose states wher e crushed stone dominates are 
those where sand and gra vel reserves are limited. The eastern por- 
tion of the coun try reflects the increased trend to ward cr ushed 
stone, and, as can be seen, the majority of aggregate production is 
in the eastern portion of the country and on the West Coast, where 
the majority of the population is located. 

Table 1 sho ws aggregate production statistics: ton nages pro- 
duced, total values, and average unit values. The five leading states 
for sand and gra vel production are California, Texas, Michig an, 














Quantity, Mt 


Crushed Stone 


Sand and Gravel 





1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 


Adapted from Kelly et al. 2005. 


Figure 1. Aggregate production in the United States from 1900 to 
2004 
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Source: Tepordei 1997. 
Figure 2. U.S. counties producing natural aggregate 
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Source: Tepordei 1997. 
Figure 3. Distribution of natural aggregate in the United States, by 
state 


Arizona, and Ohio. The five leading states f or crushed stone are 
Texas, Pennsylvania, Florida, Illinois, and Missouri. 
Prices 


Despite having one of the lowest average-per-ton values of all min- 
eral commodities, the constant dollar price of crushed stone has 
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Table 1. Natural aggregate production by state, t 


Industrial Minerals and Rocks 








State Sand and Gravel Crushed Stone _Total Aggregates 
Alabama 12,500 43,400 55,900 
Alaska 16,300 2,810 19,110 
Arizona 53,800 8,450 62,250 
Arkansas 8,810 30,600 39,410 
California 151,000 67,400 218,400 
Colorado 40,700 15,000 55,700 
Connecticut 8,140 10,200 18,340 
Delaware 2,190 0 2,190 
Florida 26,400 97,700 124,100 
Georgia 6,600 70,500 77,100 
Hawaii 610 6,380 6,990 
Idaho 15,700 3,420 19,120 
Illinois 32,000 75,200 107,200 
Indiana 27,600 55,500 83,100 
lowa 14,600 35,900 50,500 
Kansas 9,560 21,300 30,860 
Kentucky 9,530 50,600 60,130 
Louisiana 17,900 Ww" nat 
Maine 9,680 4,010 13,690 
Maryland 12,200 22,300 34,500 
Massachusetts 12,200 13,800 26,000 
Michigan 77 300 41,100 118,400 
Minnesota 43,700 9,960 53,660 
Mississippi 13,600 2,620 16,220 
Missouri 10,000 73,200 83,200 
Montana 16,700 2,370 19,070 
Nebraska 12,900 7,220 20,120 
Nevada 35,400 8,010 43,410 
New Hampshire 8,640 4,810 13,450 
New Jersey 16,000 20,500 36,500 
New Mexico 12,800 3,680 16,480 
New York 29,800 56,500 86,300 
North Carolina 10,000 62,900 72,900 
North Dakota 10,700 WwW na 
Ohio 48,700 72,000 120,700 
Oklahoma 10,200 45,000 55,200 
Oregon 19,500 19,800 39,300 
Pennsylvania 18,100 102,000 120,100 
Rhode Island 1,760 1,780 3,540 
South Carolina 10,300 25,700 36,000 
South Dakota 11,900 6,780 18,680 
Tennessee 9,220 54,900 64,120 
Texas 82,600 109,000 191,600 
Utah 27,600 7,640 35,240 
Vermont 4,990 4,360 9,350 
Virginia 10,500 58,900 69,400 
Washington 43,200 13,700 56,900 
West Virginia 1,700 14,400 16,100 
Wisconsin 39,000 36,200 75,200 
Wyoming 7,710 4,450 12,160 





Source: Bolen 2002; Tepordei 2002. 
* W = withheld to avoid disclosing proprietary data. 


tna = not available. 


Table 2. Aggregate and related construction product price 
increases, 1994-2003 





Commodity Price Change _ Percent Change 
Gravel for concrete (f.o.b. plant) $9.12-$10.31 13 
Crushed stone (f.0.b. plant) per short ton: 
Aggregate base $6.09-$7.96 31 
Concrete aggregate $6.77-$8.27 22 
Sand for concrete $6.12-$7.44 22 
Ready mix concrete (delivered; standard $50.57-$76.16 51 


3,000-psi mix) 
Adapted from ENR 1994-2004. 





changed relatively little over the past 33 years. As a result of rising 
costs of labor, energy, and mining and pr ocessing equipment, the 
average unit price of crushed stone, based on USGS statistics, 
increased from $ 1.58/t, free on board (f.o.b.) plant, in 19 70 to 
$5.78/t in 2003. This, however, parallels or slightly exceeds infla- 
tion. In creased pr oductivity achieved th rough in creased use of 
automation and more ef ficient equipment was mainly responsi ble 
for maintaining the prices at this level. During the 10-year period 
from 1994 through 2003, the average price of crushed stone for all 
uses rose from $5.39 to $5.78/t, a 7.2% increase. For crushed rock 
used in concrete, it rose from $5.58 to $7.27/t, a 30.3% increase. 
Prices for sand and gravel during that same period rose from $4.20 
to $5.14/t for all uses, a 22.4% increase, whereas for concrete sand 
and gravel, prices ro se from $4.67 to $5.80/t, a 24.2% increase. 
Engineering News Record (ENR 1994-2004) also tracks published 
prices for aggre gates and re lated construction pr oducts monthly. 
Table 2, compile d withda tafrom ENR, li sts a verage pri ce 
increases for aggregate and re lated con struction pr oducts fr om 
1994 to 2003. 

These figures for aggre gates are averages for th e country 
based on ENR’ s method of surv ey (prices in 20 cities throughout 
the country). Individual commodity prices vary widely from city to 
city. ENR’s typical prices at th e end of 20 03 for concrete sand 
ranged from $4.40 to $10.95 in the 20-city survey. 

In California, the leading pr oducer and consumer of aggre- 
gate, the average cost of concrete aggregate was between $8.00 and 
$10.00/st in 2002. In certain large metropolitan areas such as San 
Francisco, where sand i s imported from British Columbia, prices 
can be as high as $20/st. This high cost reflects the lack of permit- 
ted aggregate resources in the San Francisco Area (Kohler 2002). 

The 51% a verage price inc rease for ready mix concrete in 
Table 2 exceeds the aggregate increase. Even though ready mix is 
approximately 75% aggregate, cement cost s over th e 10 -year 
period rose more sharply, partially reflecting the higher price for 
ready mix concrete. 


INDUSTRY STRUCTURE 


The basic precept of the aggre gate industry is maki ng little rocks 
out of big rocks. The agg regate industry has undergone a dramatic 
change o ver the la st ce ntury. Once c onfined to sm all loc alized 
deposits, the industry to ok off with the rise in popularity of the 

automobile and the go vernment’s construction of hig hways to 

accommodate those automobiles. By the 1950s hund reds of th ou- 
sands of roads had been built on the continent, gi ving birth to the 
interstate highway syst em, whic hadd ed more _ limited-access, 
higher-speed freeways. This increased the trend to larger deposits, 
bigger companies, and more quarries and pits owned by individual 
companies. In the 1980s the | mergers and b uy-ups be gan. The 
majority of th e “mom-and-pop” operators were bought by _ larger 
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Table 3. The 25 leading U.S. companies ranked by total output of aggregates, 2004 





Rank Company Rank Company 
] Vulcan Materials Co. 14 General Dynamics Corporation 
2 Martin Marietta Aggregates 15 RMC Industries Corporation 
3 Hanson Aggregates 16 TXI Operations 
4 Oldcastle Materials Group 17 A. Teichert & Son, Inc. 
5 Rinker Materials Corporation 18 National Lime & Stone Company 
6 LaFarge North America, Inc. 19 New Enterprise Stone & Lime 
7 Cemex, Inc. 20 Minnesota Mining & Manufacturing 
8 Florida Rock Industries, Inc. 21 Dolese Bros. Co. 
9 Aggregate Industries, Inc. 22 Vecellio & Grogan, Inc. 
10 MDU Resources/Knife River 23 Robertson Ready Mix, Inc. 
11 Rogers Group, Inc. 24 Oglebay Norton Co. 
12 Ashland, Inc./APAC, Inc. 25 Irving Materials, Inc. 
13 Luck Stone Corporation 








Source: USGS 2005. 


companies ore ven international corporations tha t w anted to 
broaden their mar ket share and produce additional profits. This 
trend continues, with major companies e xpanding throughout the 
country. 

The industry is highly competitive, characterized by thou- 
sands of operations selling into regional and local markets. Produc- 
tion costs are mainly determined by the costs of equipment, energy, 
labor, and complian ce with local, state, and fe deral re gulations. 
These costs vary greatly depend ing on type and size of deposit, 
number of products produced, and variability of regulation require- 
ments from state to state and city to city. 

Table 3 lists the 25 largest aggregate producers in the country 
as com piled by t he US GS. T hese compan ies prod uce approx i- 
mately 66% ofall aggregate, both sand and gra vel and cr ushed 
stone, that is used. Many of the companies not only are large by 
American aggre gate industry standards but also are leaders in th e 
mining and processing of aggregate worldwide. Five of the top ten 
aggregate producers are owned by foreign companies. The com- 
bined production of the top ten companies was 43% of the national 
total for crushed stone as reported for 2002 and 48% for sand and 
gravel as reported for 2002. 

A distinction between sand and gravel and crushed stone pro- 
ducers is not necessarily significant because both commodities are 
essentially in terchangeable when used as const ruction mat erial, 
and most of if not all the major companies produce both products. 
The USGS and this volume differentiate the two, however, treating 
them as separat e commodities. They are ce rtainly separate com- 
modities, but the aggregate industry itself sel dom differentiates. 
Both can be used for PCC, AB, and AC as well as other construc- 
tion applications. 

Many companies are vertically integrated, not only mining the 
raw aggre gate material but also using that aggregate inthe end 
product (i.e., concrete, asphalt, and AB). In some instances they are 
major contractors, sp ecializing in highw ay and site constr uction 
and paving. In this instance they control the aggregate from mining 
until it is inco rporated into f inished roadw ays or associated con- 
struction projects. 

As companies become larger and more sophisticated in the 
marketplace, they must become more productive and technical in 
the modern competitive world. What were once small, local opera- 
tions now employ more geologists, engineers, and other technical 


personnel to r un their operation more efficiently. In addition, the 
structure and corporate cultures of large companies in the aggregate 
industry have changed over time, reflecting the current social and 
business environment. 


FINISHED PRODUCTS AND SPECIFICATIONS (USES) 


Most construction aggregate is us ed in PCC, AC, and AB. Other 

specialized uses are railroad ballast, plaster and mortar pro ducts, 
concrete masonry units, filter and drain rock, decor ative rock, and 
others. The aggregate used in these various applications must meet 
certain specifications because the aggregate influences the physical 
characteristics of the end product, primarily strength and durability. 
The aggregate is essentially a filler in PCC an d AC applications. 
Every aggregate deposit must be thoroughly tested to determine if 
the material me ets spec ifications for these indi vidual products. 
Often, individual deposits meet some specifications but not others. 
Aggregate specifications have been developed to ensure the manu- 
facture of durab le, strong, chemically resistant end products that 

can withstand prolonged use and the effects of weathering. 

Figure 4a shows end product uses for aggregate derived from 
sand and gravel, and Figure 4b sho ws uses for aggre gate derived 
from crushed stone. About half the aggregate (for both crushed 
stone and sand and gravel) produced in the United States is used 
in government-funded projects. Of the 1.16 billion t of construc- 
tion sand and gra vel produced in 2003, it is estimated that about 
43% was used as concrete aggregates; 21% for road base and cov- 
erings and road stabilization; 13 % as A C aggre gates and other 
bituminous mixtures; 15% as construction fill; 2% for concrete 
products such as b locks, bricks, and pipes; 2 % for p laster and 
gunite sands; and the remainder for snow and ice control, railroad 
ballast, roofing granules, filtration, and other miscellaneous uses 
(Bolen 2003). 

Several entities, both governmental and private, have developed 
specifications for the v arious aggregate uses. The American Society 
for Testing and Materials (ASTM) and the American Association of 
State Highway and Transportation Officials (AASHTO) are the two 
most important agencies that de veloped specifications for all con- 
struction materials, including aggregates. ASTM is most commonly 
used in the private sector, whereas AASHTO is used by the individ- 
ual state departments of transportation and city an d county public 
works departments. AASHT O aggre gate specif ications are often 
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Adapted from Bolen 2003. 
Figure 4a. End-product uses for aggregate—construction sand and 
gravel 
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Adapted from Tepordei 2003. 

Figure 4b. End-product uses for aggregate—crushed stone 


adopted from ASTM. Sometimes certain go vernment agencies 
tighten these specifications even further to improve aggregate perfor- 
mance. For instance, Caltrans (California Department of Transporta- 
tion) hasa more-stringent speci fication for aggre gate used on 
Interstate 80 o ver the Sierra crest in northern California. The har sh 
weather environment coupled with the need for heavy trucks to use 
tire chains during sno wstorms dict ated the need for more durable 
concrete to increase the life of the roadway. 

Federal a gencies such asthe U.S. Bure au of Re clamation, 
Federal Highway Administration, Federal Aviation Administration, 
and the U.S. Army Corps of Engineers also have their own specifi- 
cations for certain constructio n materials, primarily the end prod- 
ucts such as PCC and AC. 

In the construction aggre gate industry, the definitions of fine 
and coarse aggregate, whether it is from natu ral sand and gra vel 
deposits or manufactured from crushed stone sources, can generally 
be characterized as follows: 


¢ Fine Aggregate ( natural sand or crushed or manufactured 
sand)—Granular material passing the 3/s-in. (9.5-mm) sieve, 
almost entirely passing the No. 4 (0.187-in. [4.75-mm]) sieve, 
and pred ominantly retained on the No. 200 (75-um) sie ve 
(ASTM C125). 

¢ Coarse Aggregate (natural gravel or crushed stone)—Granular 
material pr edominantly r etained on the No . 4 ( 0.187-in. 


[4.75-mm]) sieve (ASTM C125). Construction industry usage 
commonly restricts gravel size between 11/2 in. and 3/s in. (3.8 
mm and 0.95 mm, respectively). 


It should also be und erstood th at most 0 versize material in 
natural gravel deposits, plus 1!/2-in. (3.8-mm) material (cobbles and 
boulders), is crushed to produce both fine and coarse aggregate. 

As pre viously describ ed, cons truction-fill applications are 
often cited as a use for construction aggregates, but because fill can 
be considered ordinary borrow with limited physical requirements, 
it is not considered here to be a construction aggregate. Construc- 
tion aggregate implies a un ique ma terial t hat m ust me et certain 
physical requirements. Often, ordinary borrow or fill can be satis- 
fied with most an y material excavated, whether it be good-quality 
aggregate or ordinary dirt. Often the overburden and w aste from 
existing aggregate pits and quarries are sold as ordinary fill. 

Commodities that use th e higher-quality construction aggre- 
gates are described in the following subsections. 


Portland Cement Concrete Applications 


PCC is one of the most common construction products. It is used in 
virtually every type of construction, from individual homes to high- 
rise office buildings, from structures along cou nty roads to pave- 
ments for mu Itilane free ways, and as part of pri vate, commercial, 
and public works projects. 

Aggregate makes up between 70% and 80% of co ncrete by 
volume, or from 75% to 85% by weight. Laypeople often incor- 
rectly use the words cement and concrete interchangeably. Portland 
cement is the “glue” that binds the aggregate together to form PCC. 
The cement is referred to as “portland” because of its unique chem- 
ical composition, first developed in England in the late 1890s, in 
which the resultant concrete had th e appearance of a na tural lime- 
stone near Portland in southern England that was used for building 
stone. Portland cement is a manufactured product derived from cal- 
cining limestone with lesser amount s of alumina, silica, and iron. 
The resultin g clinker is then ground to af ine powder and mix ed 
with aminor amount of gy psum to for mp ortland cement. A 
detailed discussion of cement is found in the Cement and Cement 
Raw Materials chapter in this book. 

PCC is a mixture of hydrated portland cement, coarse and fine 
aggregate, water, and air. Hydration of the cement takes place when 
water is a dded to the mixture. The water reacts with the cement, 
hydrating the calcium silicate paste, which quickly solidifies (hard- 
ens), binding the aggre gate toge ther and forming the f inished 
concrete. 

Concrete mix es are variable depending on the application. 
Strength is determined by the amount of cement in the mix and the 
water:cement ratio—the lower the ratio, the higher the strength. In 
general, cement conten ts in a ty pical cubic yard of concrete (the 
general method of measurement) ranges from 4.5 to 7.0 sacks per 
cubic yard of concrete, which equates to between 423 and 658 lb 
(192 kg and 298 kg, respectively) of cement per cubic yard of con- 
crete. In ad dition, a certain opt imum amount of water is required 
for placement to allow the concrete to flow into the forms. Aggre- 
gate in t he mix must be c ombined properly to make for a dense 
mixture where void space is at a minimum and the cement paste 
fills all the voids. This is accomplished by blending tw 0 or more 
aggregate sizes in predetermined percentages. At least one size of 
coarse aggregate is blended with a fine aggregate. Admixtures can 
be incorporated in th e mix to reduce water demand, to increase 
strength, to retar dor accelerate setting time, tored uce heat of 
hydration, to decrease permeability and shrinkage, to make the con- 
crete more durable and frost resistant, and for color. High-strength 
concretes, >6,000 psi, can be achieved only by using admixtures. A 
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detailed discussion of PCC concrete is beyond the scope of this arti- 
cle and for further information the reader should contact organiza- 
tions su cha st he Ame rican Co ncrete Institute (A CI and th e 
Portland Cement Association (PCA). 

Aggregate properties important to PCC are hardness, durabil- 
ity, soundness, absorption, specific gravity, surface texture, particle 
shape, cleanliness, size and grading, and chemical inertness. Mein- 
inger (1994) gives an excellent discussion of the effect of aggregate 
properties on concrete. 

In general, the most widely accepted specif ication fo r con- 
crete aggregates is ASTM C33-03, Standard Specification for Con- 
crete Aggregates, summarized in Tables 4 and 5. 

Several different types of applications use aggregates in com- 
bination with portland cement; these are discussed in the following 
subsections. 


Ready Mix Concrete 


Ready mix concrete is b atched at a centrally located pl ant and 
generally transported by mixer truck fitted with a rotating drum, 
with internal mixing fins, to a jobsite where it is poured wet into 
forms. The mixer truck is one of the most recognizable vehicles on 
our highways. Generally, these trucks carry between 8 and 10 yd? 
(6.1 to 7.6 m?) of concrete (up to 20 st). Most concrete is placed in 
this fashion. Specifications gene rally require the concrete to be 
placed within 90 minutes of batching because hyd ration is pro- 
gressing. For large jobs, the mixing plant may be located on the 
jobsite with the plant batching directly in to open trucks that 
deliver the concrete to the job quickly. 


Precast/Prestressed Concrete 


Precast concrete is batched and placed into forms in a precast yard 
making certain structural component s, which are better controlled 
and more economically manufactured at a centralized plant. Exam- 
ples of precast concrete are pipe, septic tanks, utility vaults, struc- 
tural concrete beams, and so for th. Generally, precast concrete is 
structurally reinforced with rebar or post-tensioned or prestr essed 
to impart better tensional or flexural strengths. 


Concrete Masonry Units 


Concrete masonry units, commonly referred to as block, are a drier 
concrete consisting of sand, fine coarse aggregate, and water, which 
are batched, mixed, and th enc onsolidated in molds in block 
machines. (Cinder block is an older term commonly used _ by lay- 
persons and reflects the f act that cinder w as often the aggre gate 
used in block manufacture.) The most standard size block is the 
8-8-16 (referring to its dimension in inches) with hollow cores. The 
masonry units are palletized and delivered to the jobsite on flatbed 
trucks. The y are mortared togeth er in horizontal ro ws. Masonry 
units can build structures ranging from ordinary privacy fences sep- 
arating residential lots to high-rise structural buildings. For struc- 
tural applications, the hollow cores are then reinforced with rebar 
and grouted solid with a fine-aggregate concrete mix. 

Because masonry units require skilled hand labor for place- 
ment, their weight becomes important. A mason can lay more 25-Ib 
(11.3-kg) block in a day than 35-Ib (15.9-kg) block. The lightness 
of the block is therefore a consideration, and often block are manu- 
factured using either natural or manufactured lightweight aggre- 
gate. Lightweight aggre gates are covered as a separate chapter in 
this volume. 


Mortars, Plasters, and Stucco 


Mortars, pl asters, and st ucco are similar in that the y com prise 
cement and sand mixtures. In _ addition, the y ma y contain li me, 


Table 4. General specification for fine aggregates (natural sand, 
manufactured sand, or a combination thereof) for use in concrete 


Grading 





Sieve Size Percent Passing 


¥8 in. (9.5 mm) 100 














0.187 in. (4.75 mm; No. 4) 95-100 
0.0937 in. (2.36 mm; No. 8) 80-100 
0.0469 in. (1.18 mm; No. 16) 50-85 

600 pm (No. 30) 25-60 

300 pm (No. 50) 5-30 

150 pm (No. 100) 0-10 

Limits for Deleterious Substances 
Percent of Total Sample, 

Item Maximum 

Clay lumps and friable particles 3 


Material finer than 75-ym (No. 200) sieve: 
Concrete subject to abrasion 


All other concrete 


Adapted from ASTM C33-03. 
Notes: 

¢ The fine aggregate shall have not more than 45% passing any sieve and 
retained on the next consecutive sieve of those shown in the above table, 
and its fineness modulus shall not be <2.3 nor >3.1. (Fineness modulus 
is a factor obtained by adding the total percentages, cumulative, of an 
aggregate sample retained on each of a specified series of sieves and 
dividing the sum by 100. The sieves are No. 100, No. 50, No. 30, 
No. 16, No. 8, No. 4, and 3/s in. (0.95 mm). 

¢ In the case of manufactured sand, if the material finer than No. 200 sieve 
consists of the dust of fracture, essentially free of clay or shale, the limits 
on material finer than No. 200 are permitted to be increased to 5%, for 
concrete subject to abrasion, and 7% for all other concrete. 

¢ Fine aggregate shall be free of injurious amounts of organic impurities. 

¢ Fine aggregate for use in concrete that will be subject to wetting, extended 
exposure to humid atmosphere, or contact with moist ground shall not con- 
tain any materials that are deleteriously reactive with the alkalies in the 
cement in an amount sufficient to cause excessive expansion of mortar or 
concrete, except that if such materials are present in injurious amounts, use 
of the fine aggregate is permitted with a cement containing less than 
0.60% alkalies, or with the addition of a material that has been shown to 
prevent harmful expansion resulting from the alkali-aggregate reaction. 

e Fine aggregates subjected to five cycles of the soundness test (ASTM C88- 
05) shall have a weighted average loss not greater than 10% when 
sodium sulfate is used or 15% when magnesium sulfate is used. 





which e nhances workability. Sinc e they areused in smaller 
amounts, mortars are usually packaged in bags for easier handling. 
Mortar is placed by tro wel and used to cement block o r natural 
stone together. Plaster and stucco is hand or pneumatically placed 
onto surfaces for final finishes or to make distinctive textures. 


Shotcrete/Gunite 


Shotcrete and gunite are specialty concrete products that are pneu- 
matically applied to a surface in contrast to normal concrete, which 
is placed in forms. Shotcrete, a wet, premixed concrete, is pumped 
toa nozzle and sprayed. Gunite is a trade name f or a dry-gunned 
concrete where the water is added at the nozzle. Common applica- 
tions are concrete liners in mine s and tunnels, slope stabilization 
structures, swimming pools, and like applications. 


Asphalt Concrete Applications 


AC, also referred to as hot-mix asphalt (HMA) and most often as 
just asphalt, is the most common road pavement in the country. It is 
a flexible pavement compared to the rigid structure of a PCC pave- 
ment. Unlike PCC, AC is used only in pa vements on grade (i.e., 

highways, airports, secondary roads, driveways, parking lots, pond 
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Table 5. General specification for coarse aggregates (gravel, crushed gravel, crushed stone, air-cooled blast furnace slag, crushed hydraulic- 


cement concrete, or a combination thereof) for use in concrete 


Grading 





Percent Passing (most commonly used gradations) 























Sieve Size 11/2 in. to 3/4 in. (37.5 to 19.0 mm) 1 in. to No. 4 (25.0 to 4.75 mm) 3/4 in. to No. 4 (19.0 to 4.75 mm) 
2 in. (50.0 mm) 100 
11/2 in. (37.5 mm) 90-100 100 
1 in. (25.0 mm) 20-55 95-100 100 
3/4 in. (19.0 mm} 0-15 90-100 
V2 in. (12.5 mm) 25-60 
3/e in. (9.5 mm) 0-5 20-55 
0.187 in. (4.75 mm; No. 4) 0-10 0-10 
0.0937 in. (2.36 mm; No. 8) 0-5 0-5 
Limits for Deleterious Substances 
Maximum Allowable for the Following Weathering Regions, % 

Item Severe Moderate Negligible 
Clay lumps and friable particles 3.0 5.0 5.0 
Chert 5.0 5.0 
Sum of clay lumps, friable particles, and chert 5.0 7.0 
Material finer than 75-11m (No. 200) sieve 1.0 1.0 1.0 
Coal and lignite 0.5 0.5 0.5 
Abrasion (ASTM C131-03) 50 50 50 
Magnesium sulfate soundness (ASTM C88-05) 18 18 

or when sodium sulfate is used (12) (12) 
Adapted from ASTM C33-03. 
Notes: 


© For the sake of brevity, the deleterious substance limit presented here is for concrete exposed to the weather and subject to frequent wetting such as pavements, 
bridge decks, driveways and curbs, walks, patios, exposed floors and porches, or waterfront structures. Severe weathering refers to a cold climate where con- 
crete is exposed to deicing chemicals or where concrete may become saturated prior to freezing. Negligible refers to a climate where concrete is rarely exposed 


to freezing in the presence of moisture. 


¢ Coarse aggregate for use in concrete that will be subject to wetting, extended exposure to humid atmosphere, or contact with moist ground shall not contain 
any materials that are deleteriously reactive with the alkalies in the cement in an amount sufficient to cause excessive expansion of mortar or concrete, except 
that if such materials are present in injurious amounts, use of the coarse aggregate is permitted with a cement containing less than 0.60% alkalies, or with the 
addition of a material that has been shown to prevent harmful expansion resulting from the alkali-aggregate reaction. 


* Blanks in this table indicate no specification given for this size range. 


liners, paths, floors, etc.). AC pavement is generally less expensive 
than PCC pavement and pro vides a smoother , quieter ride. (PCC 
pavements have a hard, ro ugh surface and closely spaced joints.) 
AC pavements are sometimes referred to as blacktop, as opposed to 
the light-colored surface of a PCC pavement. 

Aggregate makes up between 75% and 85% of HMA by v ol- 
ume, or 90% to 95 % by weight. The glue that holds the aggregate 
together in HMA is asphalt cement, often referred to as bitumen or 
oil binder. This “black sticky stuff’ comes from oil refining and is 
the bottom oil left after the lighter oils are cracked or separated out 
for use as gasoline and other grades of fuels. AC and aggregate are 
heated together and mixed in what are referred to as HMA plants, 
which have large burners as components. AC comes out of the plant 
hot and, for most applicatio ns, must be placed hot to obtain th e 
required compaction, strength, stability, and durability. These prop- 
erties are also dependent on an optimal oil content that is generally 
dictated by the gradation, ab sorption, and particle shape of the 
aggregate. Most asphalt mixes have oil contents between 3.0% and 
7.0%. HMA is placed by paving machines in thin lifts and com- 
pacted using ahea vyrollerto achieve the desired end product. 
Some mixes are described based on their gradation and their utiliza- 
tion for different applications and are referred to by names such as 
open-graded, dense-graded, and so forth. 

Aggregate properties important to HMA are hardness, dura- 
bility, soundness, absorption, surface texture, particle shape, clean- 


liness, size and grading, and affinity for asph alt (stripping ). The 
Asphalt Handbook (Asphalt Institute 2004) contains an e xcellent 
discussion on the effect of aggregate properties on asphalt. Of spe- 
cial s ignificance in t he di fference between concre te and asp halt 
aggregates is that in asphalt, because it is a flexural pavement, the 
aggregates must be cru shed. Crushing pr oduces angular particles 

with a rough surface texture that better holds the oil and that allows 
the particles to interlock with one another, giving the pavement bet- 
ter flexural strength and stability. In addition, absorption character- 
istics of an aggregate are critical. The higher the absorption, the 

more oil binder required to make a suitable mix, which adds costs 
because it increases oil demand. 

Other asphalt mix es are thin seals or topcoats of asphalt or 
emulsion mixed with chips or sand to improve and extend the life of 
existing road surfaces and to mitigate raveling or surface deteriora- 
tion of existing pavements. 

State departments of transportation generally produce specifi- 
cations for AC aggre gates. Table 6 is atypical asphalt aggre gate 
specification. 


Aggregate Base Applications 


AB is a crushed and screened end product meeting certain gradation 
requirements. It is not mixed with a binding agent but rather consists 
entirely of raw processed aggregate. AB is used under asphalt and 
concrete pavements and other stru ctures for suppo rt and drainage. 
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Table 6. Typical specification for asphalt concrete aggregate tt 


Grading Requirements (Percent Passing) 








Sieve Size 3/s in. (0.95 mm) V2 in. (1.3 mm) 3/4 in. (1.9 mm) lin. (2.5 mm) 
1.5 in. (38.1 mm) 100 

1.0 in. (25.4 mm) 100 90-100 
0.75 in. (19.05 mm) 100 90-100 90 maximum 
0.50 in. (12.7 mm) 100 90-100 90 maximum 

0.375 in. (9.525 mm) 90-100 90 maximum 

0.187 in. (4.75 mm; No. 4) 90 maximum 

0.0937 in. (2.36 mm; No. 8) 32-67 28-58 23-49 19-45 

75 pm (No. 200) 2.0-7.0 2.0-7.0 2.0-7.0 1.0-7.0 





Source: Washington Department of Transportation 2004. 
* Aggregates for hot mix asphalt shall be manufactured from ledge rock, talus, or gravel. 
t Los Angeles Abrasion; 500 revolutions; 30% maximum loss; degradation factor, wearing course, 30 minimum; sand equivalent 45 minimum. 
t Blanks in this table indicate no specification given for this size range. 


Notes: Specifications for aggregates used in asphalt concrete vary from state to state. Other requirements may also include limits on the following based on antici- 
pated weather conditions and traffic loads, end-product application, material type, and availability of suitable material to make aggregate (taken from typical 
Nevada and California specifications): 

Fractured faces, 25% to 90% minimum 

Los Angeles Abrasion, 35% to 50% maximum 

Plasticity index, nonplastic to 10 maximum, depending on fines content 

Soundness of fine and coarse aggregate, 10% to 18% maximum 

Absorption, 4% to 6% maximum 

Other requirements may include limits on stripping, durability, specific gravity, organic impurities and liquid limit. 


Table 7. Typical specification for aggregate base’t 








Weight Percent Passing 

Washington California Arkansas Nevada 
Sieve Size (Crushed Surfacing) (Class 2) (Class 7) (Type 1, Class A) 
2 in. (50.0 mm) 100 
1¥% in. (37.5 mm) 100 90-100 100 100 
1 in. (25.0 mm) 80-100 80-100 
3/4 in. (19.0 mm} 50-85 50-90 
5/8 in. (15.8 mm) 50-80 
0.187 in. (4.75 mm; No. 4) 25-45 25-45 25-55 30-65 
0.0394 in. (1.18 mm; No. 16) 15-40 
600 pm (No. 30} 10-25 
425 pm (No. 40} 3-18 10-30 
75 pm (No. 200) 7.5 max* 2-9 3-10 2-12 
% fracture 75 min8 90 min 35 min 
Sand equivalent AO min 25 min 
Degradation factor 15 min 
Durability index 35 min 
R-value 78 min 70 min 
Plasticity index 6 max 3-15 max 
Los Angeles Abrasion 35 max A5 max 45 max 





* Aggregate base shall be manufactured from ledge rock, talus, or gravel and be free from organic matter and other deleterious substances and shall be of such 
nature that it can be compacted readily under watering and rolling to form a firm, stable base. 

t Blanks in this table indicate no specification given for this size range. 

= max = maximum. 

§ min = minimum. 


AB, and sometimes coarser material, is used on soft, wet, or clayey 
soils for sta bilization and to pro vide a hard usable surf ace or for a 
base f or other structures. It is usually a 1-in. or 1!/2-in. minus 
crushed product. Crushing produces characteristic interlocking par- 
ticles that add stability and resistance to deformation. Table 7 pro- 
vides typical specification for AB. The table highlights the gr eat 


ranges in gradation and qualify ing test me thods betwee n various 
states and is acompilation of typical AB speci fications from four 
specific states. It should be noted that most state h ighway depart- 
ments design aggre gate base specifications to fit available materials 
in their respecti ve states for their parti cular climatic and physical 
conditions. These specifications show the great ra nges in gradation 
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and qualifying test methods among various states. F or more com- 
plete explanations of test methods and for other maximum sizes or 
classes of aggregate bases, the individual state departments of trans- 
portation have jurisdiction. 


Other Products 
Filter/Drain Rock 


Filter rock and drain rock are gene rally free-draining coarse-particle 
combinations containing little or no fine material that would inhibit 
free flow of liquids. They are usually 11/2 in. (38 mm) maximum for 
such applications as se ptic system leach fields or drainage contr ol 
around foundations. Sand filters are common in wastewater plants. 


Riprap/Armor 


Riprap is coarse angular cobbles or boulders used as a slope stabi- 
lizer to prevent erosion and for slope stabilization. The large parti- 
cles are generally a quarried product captured at the grizzly before 
entering the crusher. The angularity helps the interlocking of parti- 
cles, ad ding to the ir c ollective sta bility. Boulders are some times 
used along coastal area jetties and as armor to combat wave action. 


Decorative Rock 


Decorative rock can be either sand or gravel or a crushed, quarried 
rock. It is used as ground co ver and for decorative and architectural 
applications. Usually, it is coarse aggregate particles measuring from 
less than an inch to many inches across. Decorative boulders used in 
landscaping often weigh several tons and demand premium prices. 


Deicing Sand 


Deicing sand, or antiskid material, is unique to those more-northern 
or higher-elevation environments where winter snow and freezing 
temperatures create ice and re lated safety concerns on pavements 
and roads. The sand, sometimes mixed with salt or other chemicals 
to help melt ice, is mechanically spread d uring or after storms to 
increase traction. Often this sand is limited in the amount of v_ ery 
fine particles allowed, thereby mitigating later fugitive dust emis- 
sions when the pavement dries. 


Miscellaneous Minor Products 


Minor p roducts sometimes produced by constructio n aggre gate 
operations are pea_ gravel, golf co urse sand, septic system sand, 
ball-field sand, roofing and flooring materials, and many others. 


MARKETING AND DISTRIBUTION 
General Marketing Considerations 


Aggregates are generally marketed to those who use them in th e 
end product, the concrete and asphalt producers. Often these end- 
product pr oducers are also the same companies who mine th e 
aggregate, a common occurrence referred to as vertical integration. 
Little aggregate is marketed directly to individuals. 

AB is anexception, because itcan be marketed to anyone 
doing construction w ork, from lar ge construction companies 
involved in multimillion-dollar projects to homeowners improving 
a driveway. 

Aggregates are a component of all construction products and 
the major component of some su ch as highw ays. Concrete and 
asphalt suppliers are of ten subcontractors and must mark et their 
products to prime contractors, often thr ough a bidding process. 
These suppliers, if th ey do no t have their o wn aggregate source, 
generally go for the cheapest aggr egate price available in the area. 
Often the decision on which aggregate to use, assuming it meets all 
applicable spec ifications, depends on the transportation costs of 
obtaining that aggregate. 


Aggregates are a low-cost, high-volume commodity and there- 
fore v ery sen sitive to transportation costs. F or economic reasons, 
construction aggregates are genera lly crushed and processed at the 
mine site. The price of aconstru ction aggre gate at the mine site, 
without transportation, is referred to as the f.0.b. cost. Waste material 
such as fines, generated as part of the mining process or the result of 
processing the material into the finished pr oduct, costs mone y to 
transport. It is more economical to leave the waste on site and trans- 
port only the finished product. The ultimate sale price of agg regate 
products reflects the transportation costs. A 30-mi (4 8-km) haul can 
often double the price of an aggregate product’s f.o.b. cost. Location 
of the aggregate source is therefore very important in ensuring a rea- 
sonable price for t he material. The cheaper the transportation, the 
cheaper the end-pr oduct concrete and asphalt as we Il. The trend is 
for aggregate deposits to move farther from the urban centers where 
those products are most in demand. This is the major factor in the 
rising cost of aggregate materials. 

There are several scenarios on what happens to the finished 
product once in the stockpile at the mine site. In many cases, con- 
crete and asphalt plants are also at the same location as the mine 
and processing plant. The aggregate in these instances goes directly 
from the stockpiles into the concrete or asphalt ba tch plants. The 
fresh asphalt or concrete is then hauled to the local, nearby market. 
It is important to have the batch plants close to the market for 
several reasons. First, aggre gate can be hauled in larger containers 
than the end- product con crete or asphalt. The f inished products 
must be deli vered in manageable sizes so_ they can _be pr operly 
placed. The end products are more valuable than the aggregate on a 
unit basis. The time involved in delivering the f inished product 
(concrete or asphalt) must be considered. Wh en batched, concr ete 
has a limited time before it begins to hydrate and set. Asphalt must 
maintain a c ertain temperature for proper placement. If necessary, 
the aggregate can be hauled hundreds of miles, but not the batched 
end product. 

When there are no! ocal sources, the aggregate has to be 
brought in from remote locations. It has to be hauled to the concrete 
and asphalt plants that are located near the urban market. In these 
instances, the aggregate can be hauled by truck, rail, barge, or ship, 
depending on economics. 

AB is another matter, however, and because it is an end prod- 
uct ini tself and is not time-placement sensitive, itcan be used 
directly from the st ockpiles at the mine or processing site and 
hauled long distances before placement. 


Transportation 


The United States has an extensive network of federal, state, and 
local highways a nd roads , ane xtensive railr oad grid, and both 
inland a ndc oastal waterways. The choice between these three 
transport methods in volves tradeoffs between capital investment 
and o perating e xpense, e xtensive roadway systems versus more 
limited rail and water transport, and hi gh-volume versus limited 
tonnage shipments. Aggregate inventory stored in stockpiles 
becomes expensive, and the amount of land available for that stor- 
age may be limited. Conversely, when a cus tomer wants an aggre- 
gate product, it usually requires timely delivery. 

The basic modes of transporting aggregate are described in the 
following subsections. 


Truck 


Hauling aggregate by truck is usually the preferred, most flexible, 
and only method in most locations where the aggregate deposits are 
within 30 to 50 mi (48 to 80 km) of the market. The advantage of 
using trucks is that the y can go almost anywhere where there is a 
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road. The disadvantage of tru ck transport is the costo ver longer 
distances. Obviously, the haul costs per ton go down as the volume 
of material ina given load goes up. Most truck haulage is by trac- 
tor-trailer rig (“eighteen-wheelers”’). Most states regulate the truck- 
ing industry toa lar ge extent, limiting the allo wable loads fora 
given size and weight v ehicle or number of axles. In most states, 
this limits the trucks to a maximum of 20 to 25 st per load which is, 
generally, a single or double trailer. In some of the less populous 
states triple trailers are allowed; these can haul approximately 38 to 
40 st per load. 

During 2003, approximately 78% of aggregate produced was 
transported by truck (Bolen 2003; Tepordei 2003). Trucks can usu- 
ally easily access the finished product within aggregate operations 
and be loaded using various techniques. They can then deliver their 
payload via existing roads and can empty their loads relatively eas- 
ily without specialized equipment. Trucking usually can adjust the 
timing of delivery to meet cust omers’ needs. Trucking generally 
requires less initial capital outlay than fixed systems but commonly 
incurs higher operating costs. 

Freight rates for trucks are variable depending on the location, 
the time it takes to deliver the product, and the size of the truck. In 
tural areas, and on free ways where a higher speed can be main- 
tained, freight rates can range between $0.08 and $0.15 per short 
ton-mile. In urban areas where traffic is slow and congested, it can 
be as high as $0.20 per short ton-mile. Price often reflects the cost 
of living in certain metropolitan areas. 


Rail 

Rail transport is important in some of the more urbanized areas of 
the country where the distances from the aggre gate source to th e 
metropolitan areas are more than approximately 50 mi (80 km). 
Individual rail cars hau 1 approximately 100 to 112 st. Unit trains 
consisting of 50 to 100 cars can deliver up to 10,000 st of aggregate 
at one time. Rail rates are less costly than truck rates over long dis- 
tances; there are, however, disadvantages as well. 

The United States has about 149,000 mi (240,000 km) of main- 
line railroad routes, and during 2003, approximately 2.6% of aggre- 
gate production was transported by rail (Bolen 2003; Tepordei 2003). 
This is a fixed-route system that required considerable capital invest- 
ment. Rail transport i s economical when mo ving | arge volumes of 
aggregate distances not economical for trucks. In rail transport, how- 
ever, there must be access to the plant, a means to load and unload the 
rail cars at their dest ination, and, if the aggre gate is not used at their 
destination, a means for further distribution. Rail access to an aggre- 
gate operation potentially expands that aggregate’s market area. The 
distribution of rail lines, however, is f ar more limi ted than roads. 
Railroad schedules ande xtraneous conditions such asele vation 
climb, scheduling, and track usage v olumealsohelp determine 
whether rail is the preferred transport method or not. 

Rail rates can r ange between $0.02 to more than $0.05 per 
short ton-mile, depending on the abo ve-outlined conditions and 
circumstances. 


Water 


The United States has about 41,000 km of navigable inland chan- 
nels, exclusive of the Great Lakes. In 2003, about 4.0% of aggre- 
gate production was transported by barge (Bolen 200 3; Tepordei 
2003). Like railroads, this is also a fixed-route system that requires 
a substantial capital investment in ships or barges and also requires 
loading and off-loading facilities and equipment. Water transport 
can be the most economical way to ship aggregate on a per-tonnage 
basis if the market demands the material and if other sources and 
methods of transport are not available. 


Barges are used for long-distance haulage, i.e., distances gen- 
erally greater than 100 mi(160 km). Barges and ships are used 
along both coasts, in the Great Lakes, and along interior navigable 
waterways such as the Ohio and Mississippi rivers and their tribu- 
taries. Inland barges ply the interior rivers of the country and carry 
aggregate from sour ces located along ri vers in rur al areas and to 
urban areas also located along th e rivers. These barges commonly 
hold 1,500 st and can be gro uped into tows of 30 to 40 barges, 
depending on the width and depth of the waterway and the size of 
the towboat. Larger oceangoing barges can haul along the coasts. 
The disadvantages of using barges are that they are limited to navi- 
gable waterways and loading and unloading is mu ch more time- 
consuming than with trucking. 

Ship transport is primarily al ong the East and W est coasts, 
where transporting material hundred s of miles is the norm, prima- 
rily from sources outside the United States. On the West Coast, 
aggregate is shippe d in from B ritish Colum bia. T hese sh ips are 
60,000- to 70,000-st self-unloading ships and are relatively new to 
hauling aggregates. They have a se ries of bins and belts that can 
readily unload their aggre gate cargo without usin g shore-based 
equipment. On the East Coast, aggregate comes in on similar ships 
from Nova Scotia, and inthe Gulf of Mexico region they come 
from the Yucatan Peninsula. These self-unloading ships are approx- 
imately half the price of a barge on a per-short-ton-mile basis. 


Imports 


The imports briefly mentioned under ship transpo rt are driven by 
economics, the cheapest aggregate based on the cheapest transporta- 
tion. F or insta nce, a ggregate coming into the San Franc isco area 
from British Columbia tra vels approximately 1,000 mi (1,609 km) 

in 70,000-st ships. This material is more economical to use than Cal- 
ifornia aggregate mined in the S acramento area, which is le ss than 
100 mi (160 km) away. The Seattle, San Francisco Bay, and Los 
Angeles areas al ong the West Coast are s eeing increased im ports 
from British Columbia and Mexico as locally permitt ed aggregate 
resources are e xhausted and not replaced. At one time, aggregate 
came from Scotland by ship to select East and Gulf Coast cities; this 
has been supplanted by exports from both Nova Scotia and Yucatan. 


GOVERNMENT, ENVIRONMENTAL, 
AND HEALTH CONSIDERATIONS 


Mining, including aggregates, is f acing m any chal lenges. Issue s 
involving the finished product are noise and dust from trucks and 
plants, crystalline silica in the aggregate, truck tra ffic le ading to 
increased congestion and safety issues, and others. Permitting of 
plants and industrial zoning are as contentious as permitting a new 
mining operation. Reclamation plans may be applicable to the PCC 
and AC plants that are part of the mining operation. 

The aggregate industry is a highly regulated industry. At the 
mine, health and safety is regulated by the Federal Mine Safety and 
Health Act of 1977 and policed by the Mine Safety and Health 
Administration (MSHA). Section 30 of the Code of Federal Regu- 
lations (30 CFR) contains the rules under which the mine operates. 
At the batch plant, the industry is regulated by the Occupational 
Safety and Health Administration (OSHA). 

A more in-de pth discussion of go vernment, en vironmental, 
and health considerations for aggregate mining operations under 
the Construction Sand and Gra vel and Crushed Stone chapters in 
this volume. 


INDUSTRY TRENDS AND OPPORTUNITIES 


Aggregate resources in the United States are ine xhaustible from a 
purely geological standpoint, and despite environmental, zoning, 
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and re gulatory restri ctions no shortageson lar gescalear e 
expected in the future. Certain markets will have to import materi- 
als, however, and others will find many limitations on mining. The 
National Ston e, Sand & Gra vel Assoc iation (NSSGA), i n the ir 
announcement for issues to be discussed at their 2004 Annual Con- 
vention (NSSGA 2004), indicated that the state of the American 
aggregate industry at the dawn of the 21st century is faced with the 
following challenges: 

Complying with the ever-changing rules and regulations of 10 
federal agencies and their state counterparts, plus dealing with 
local governments and their zoning and permitting processes 
Battling antigrowth, anticonstruction factions who enjo y the 
benefits of aggre gates but do not appr ove of the process 
necessary to derive them 

Striving toramp up ef forts so that w orkers have safe and 
healthful environments in which to do their jobs 

Training the workforce to operate safely and productively 
Facing how the federal and state governments will continue to 
fund transportation infrastructure projects so critical to com - 
merce, jobs, and everyday life in our country 

Succeeding in b usiness during atime of national eco nomic 
volatility 

As land-use conflicts, N IMBY attitudes, and environmental 
pressures increase (resulting in the constantly changing regulatory 
climate), the ability to mine aggregate is becoming more difficult in 
the United States, andin mo st of the developed world as well. 
Competition fuels technological advancements, managerial evolu- 
tion, and other economical chan ges to improve productivity. Gov- 
ernment and job requirements de mand be tter qua lity. L ocal and 
regional government entities are recognizing the need for available 
construction aggregate. Combined, these pressures ha ve and ar e 
changing the industry. Some of these changes and adjustments are 
as follows: 


¢ Crushed-rock sources predominate. Crushed rock has become 
the primar y source for aggregate since the early 1970s 
because sand and gra vel is ge nerally found in terr ain more 
suitable for other uses (e.g., flat lands for development, scenic 
river corridors, wildlife habitat protection). 


Industry is consolidating. The aggregate industry continues to 
consolidate. The small operators are being acquir ed by th e 
larger operators. 


Operations are farther removed from their markets. Aggregate 
deposits move farther from their markets, necessitating trans- 
portation cost increases. Existing aggregate resources in urban 
areas are closing as permitted reserves are depleted an d new 
resources in urb an areas are difficult, if not imp ossible, to 
zone properly and permit. Robinson (2004), in a recent article 
on the availability of aggregate, points out that the number of 
aggregate operations declined since 1975, implying that trans- 
portation distances therefore increased. 
Those aggregate operations moving farther from their markets 
also have the following characteristics: 
¢ They are lar ge operations, sometimes referred to as me ga- 
quarries (10 Mstp y). These la rge operations economize in 
scale. By increasing production, they serve a lar ger market, 
resulting in fewer quarries. 
¢ They are located along major transportation arteries, whether 
that is freeway, rail, or waterway. 
¢ They limit their visibility. New quarries want to be out of sight 
as much as possible to limit visual impact to a generally unin- 
formed and unsympathetic public. 


¢ These outlying pits and quarries often have sales yards closer 
to the market where the aggregate is off-loaded and redistrib- 
uted as either raw material or final product. 


¢ Imports are expanding. Imports from off-shore dep osits are 
likely to continue to expand as land-use co nflicts along the 
coasts intensify. Water transport allows large tonnages to be 
shipped lo ng distances. I t shoul d be realized, ho wever, that 
land use, social, and environmental issues are not isolated to 
the United States. Recent environmental and social issues in 
Mexico curtailed sand imports into the San Die go area, and 
recent newspaper articles have highlighted some of the ne ga- 
tive aspects of coastal aggregate mining in British Columbia 
that exports material to the United States. 


Underground oper ations ar e mor e common . Under ground 
operations in urban areas ar e becoming more common, espe- 
cially in the centr al and eastern portion of the country where 
there is an abundance of | imestone. The USGS reported 83 

underground mines in 17 states in 2002, producing 60 Mtpy 
(Tepordei 2002). The advantages of go ing underground are 
becoming more apparent to producers. Problems that are usu- 
ally ubiquitous to surface mi ning such as en _- vironmental 
impacts and community ne gativity are signif icantly reduced 
by going underground. 


Public awareness and outreach are important. The industry is 
becoming more aware of the need fo r public outreach and of 
informing the general public about what aggre gates are and 
how important they are in the local community. The distinc- 
tion between operation of a qua rry and operation of a ready 
mix or asphalt plant sometimes does not matter, because often 
the plants are in the aggregate pits that furnish the raw mate- 
rial. Unlike most m ined co mmodities, aggre gate operations 
tend to be closer to the urban environment and much more vis- 
ible than most other commodities mined. The denser the pop- 
ulation, the more aggre gate pits and related plants necessary 
to provide materials for a growing lifestyle. 


Specifications are tightening. Specif ications continue to be 
tightened in the quest for better roads and more durable con- 
crete and asphalt products. Changing technologies are leading 
to new ty pes of concrete such as roll er-compacted concr ete 
(RCC) and “Superpave” designs for asphalt co ncrete. Most 
specification trends tend to be for better gradation control and 
fewer fines. 


Plant designs are improving. Production plants are improving 
by using more efficient equipment, instrumentation, and com- 
puterization to better control production and increase automa- 
tion. Producers are going to larger plants for economy of size. 
Information technolog y will lead to remote monito ring and 
better asset manageme nt systems. Additio nal emphasis is on 
preventive maintenance, better equipment utilization, and the 
use of the Internet for sales and purchases. 


Mining equipment is changing. Mining equipment is getting 
larger for economy of size. The mobile equipment trend is 
toward satellite global positioning systems (GPS) in real time, 
which would include optimizing production by using earth- 
moving system capabilities to replace conventional surveying. 


Mining is changing. Using 10 0% of the mined material in 
some aspect of the product is becoming more important for 
better prof its. An inc reased effort to ward mine design and 
planning will add to future efficiency, increased reserves, and 
longer mine life. Improved blasting techniques will increase 
productivity. 
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¢ Research is ongoing. Research has intensified how aggregates 
influence the end products. Using fines, usually considered a 
waste product, has become a goal. 

¢ Local, state, and federal governing bodies must be involved in 

resource identification and zoning . Another goal is getting 
local, state, and federal agencies to recognize the necessity of 
construction aggre gate resource availability into th e futur e 
and, therefore, to recognize the need for setting aside potential 
resource areas or zoning that recognizes aggregate extraction 
as an acceptable use. Requiring covenants with future de vel- 
opers in these areas that include recognizing the necessity for 
and acceptance of future resource development in these zones 
is important. 

California was in the forefron t of recognizing the need t o 
plan for future aggre gate resource availability. It is the nation’s 
leading producer and consumer of construction ag gregates. The 
California Surface Mining and Reclamation Act of 1975 required 
the state to classify land based on its known or inferred mineral 
resource potential. The primary goal of the land classification was 
to ensure that the mineral resource potential of land is recognized 
and considered in the land-use planning process. This land classi- 
fication has been going on for nearly three decades, wi th more 
than 30 individual reports throughout the state, usually in urban 
areas. The result has been positive in many respects b ut has not 
led to adequate resources for the future. The California Geologi- 
cal Survey (Kohler 2002) recently published a map and report on 
the availability of aggre gate in California. The main focus was a 
comparison of projected aggregate demand for the next 50 years 
with currentl y permitted aggre gate resources. The resul ts of the 
study indicated that, of an identified 34 aggregate consumption 
areas in 2001: 


¢ Seven areas ha ve less than 10 years of permitted resources 
remaining. 

¢ Five areas have less than 25% of permitted resources to meet 
the 50-year demand. 


¢ Seven areas have 25% to 50% of permitted resources to meet 
the 50-year demand. 
This i nformation was prepared t o assist land-use planners and 
future decision makers. 
* Concrete industry tr ends are vital. The read y mix concrete 
industry is dependent on agg regates because they make up to 
85% of the concrete mix. Trends in the concrete in dustry 
include higher strengths, different admixtures addressing end 
properties, and increased automation and computing. T rucks 
will be GPS guided with more sophisticated computer control 
and monitored loading to increase quality control. RCC tech- 
nology changes are leading to more applications. 


Asphalt industry trends are important. The asphalt industry is 
slowly changing to emphasize Perpetual Pavement, or longer 
lasting, more durable pavements. Recent research, referred to 
as Superpave design, is mo difying aggre gate specif ications, 
mainly gradation and lo wer fines content, to improve the life 
of pavements. 


Creative mining tec hniques ar e available . Crea tive mining 
techniques can allow mining wh ere otherwise it w ould not 
have been permitted. Such techniques include the following: 


— Going underground, as previously discussed, where there 
is less surface disturbance, visibility, and dust. In some 
cases, permitting is easier, especially if the end product is 
to be warehouse space and mining is essentially a w aste 
product of building that space. 


— Reclamation e nhancements with variable slo pes wit h 
more natural slope breaks and more natural looking 
obstructions. 


— Using the site for s omething beneficial at the end of t he 
mine life (i.e., parks, lakes with surrounding residential 
development, stormwater basins, golf courses, or indus- 
trial sites). Never leave a big hole. 


— Permitting as part ofade velopment. Partnering with a 
government or pri vate developer to impro ve the site for 
construction. 


Recycling will increase. Recycling will continue to increase, 
not only because of environmental pressures but also because 
of economic stimulat ion. In urban areas it mak es economic 
sense to recycle rather than landfill inert construction waste. 
Recycled, or by-product glass, can be used locally rather than 
shipping it to a distant glass manufacturer at a high transporta- 
tion cost. Glass cullet, where available, and other recognized 
industrial wastes can go into AB without negatively affecting 
performance (McCoy and K erwit 1999). Also, shingles and 

scrap tires can be used as lightweight fill in r oads or in hot 
mixed AC in residential paving. 


Sustainability must be clearly def ined. Sustainable de velop- 
mentisa recent ande volving concept en compassing ho w 
society might look at the future, guaranteeing a healthy econ- 
omy yet preserving quality of life, respecting the ecosystem, 
and recognizing the Ear th’s en vironmental limits. Its main 
premise is that today’ s act ions, alth ough p roviding for our 
own future, must not diminish the assets, resources, and capa- 
bilities available to our de scendants. With reference to aggre- 
gates, and other typ es of mi ning for that matter, def ining 
sustainability is el usive. Surely recycling and m ine reclama- 
tion are a part of sustainability, but the development of ne w 
resources bends the paradigm. Certainly th ere w ould be a 
threat to the economy if mining were to cease, yet some say 
there is a threat to the environment if it does not c ease. Con- 
tinued and new resources will be needed if our standard of liv- 
ing istore mainhigh and continue to impr ove. Because 
sustainability implies preserving our way of life and the envi- 
ronment, true sustainability could mean that aggregate (recog- 
nized as always being a high-volume commodity necessary 
for daily life) should continue to be developed as close as pos- 
sible to its end use to mitigate unnecessary fuel consumption, 
traffic, and highw ay wear and tear. It also means we should 
strive to use higher-quality aggregates that will impart longer 
life to the end products, concre te and asphalt, so their most- 
efficient-use life can be realized. The country’ s infrastructure 
is aging, and there is a question of whether it is being replaced 
at a sa tisfactory pace. Infrastructure includes roads , bridges, 
airports, seaports, waste-disposal facilities, water systems, and 
so forth. A tremendo us amount of aggregate will ha ve to be 
mined to rebuild these facilities. 

Recycling and the identification of other potential w aste 
products that could be substituted for natural mined aggre- 
gates should be considered. Essentially the bottom line is that 
aggregates and other mined mate rials will continue to be a 
necessary part of life on Earth. Sustainab ility will evolve to 
recognize this f act and the ind ustry will evolve to mitig ate 
adverse impacts by creative mining techniques, recycling, and 
substitution of possible other w aste prod ucts f or aggre gate 
usage. 


Health and safety issues are important. Crystal line silica is 
probably the most important health and safety issue that the 
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aggregate industry will face in the near future. Crystalline sil- 
ica has been demonstrated to be a carcinogen, yet silica is 
ubiquitous in the aggregate industry. The effect of future regu- 
lations is unknown. 


¢ The future ofa ggregate worldwide is strong. W orldwide 
demand for construction aggregates is projected to rise nearly 
5% annually through 2007 to near 22 billion t, valued at $128 
billion. China, which is al ready the largest national market, 
will record some of th e stronge st increases, with its rising 
demand for aggre gates reaching 6 billion t in 2007, accoun t- 
ing for nearly one quarter the global total. 


ADDITIONAL SOURCES OF INFORMATION 


Extensive references exist regarding natural aggregate. The A ggre- 
gate Handbook , publish ed by the National Stone Association 
(Barksdale 1991), is a comprehen sive discussion of the aggregate 
industry and is generally considered to be the most complete guide 
available. The NS SGA, whi ch resulted f rom the me rger of the 
National Aggregates Association and the Natio nal Stone Asso cia- 
tion in 2001 , is the principal nationwid e trade or ganization repre- 
senting the construction aggre gate industry in the Unit ed Sta tes. 
The association’ s roughly 900 me mbers represent approximately 
80% of the sand and gravel and crushed stone pro ducers in the 
country. The association conducts __ w orkshops, training cour ses, 
seminars, and meetings for its members on the entire spectrum of 
the construction aggregate business. 

The USGS compiles and annua Ily publishes comprehensive 
data on production and consumption of construction aggregate in 
the United States. They differentiate between sand and gra vel and 
crushed stone. USGS annual publications include Mineral Industry 
Surveys, Commodity Summaries ,and the Minerals Y earbooks. 
USGS also created the National A tlas of the United States, which 
shows, under minerals, the locations and certain infor mation on 
construction aggregate producers in the country. USGS directories 
list crushed stone and sand and gravel producers and their rankings 
nationally. Natural Aggregates of the Conterminous United States 
(Langer 1 988) discusses the geologic aspects of aggre gate 
resources. The US GS Minerals Yearbooks contain comprehensive 
statistics about aggregate resource production. 

Four comprehensi ve collections of ind ividual papers offer 
case histories of global issues related to aggregate resources: 


1. Aggregate Resou rces—A_ Global P erspective (Bobro wsky 
1998) 


2. Aggregates—Raw Materials Giant (Liittig 1994) 


3. Proceedings from the International Symposium on Aggregates 
(International Association of Engineering Geology 1984) 


4. Natural Resour ces in the 
1992) 


A study of reports in these volumes not only will provide an under- 
standing of the many different environmental impacts related to 
aggregate mining, but, because of a nearly 15-year time span, will 
also give a historical perspective of the issues. Aggregates (Smith 
and Collis 1993, 2001) and the chapter on “Coarse Aggregate” in 
Geology of Construction Materials (Prentice 1990), and Aggregates 
(Primel and Tourenq 2000), describe the industry fr om the Euro- 
pean viewpoint. 

The geology of aggregates is also occasionally covered in a 
variety of journals, including the individual state geological surveys 
and other nationally recog nized journals such as those put out by 
the Society for Mining, Metallurgy, and Expl oration (SME), the 
Association of Engineering Geol ogists (AEG), and the Industrial 


Geological En vironment (K elk 


Minerals Forum (IMF). No journal is dedicated specifically to the 
geology of aggregates or construction materials. 

Trade mag azines concerned p rimarily wi th the a ggregate 
industry are Rock Pr oducts; Pit and Quarry; Stone ,S and, and 
Gravel Review; and Aggregate Manager. 

The In ternational Center for Aggregates Research (ICAR), 
located at the University of Texas, is known for its research into the 
properties of aggregates, primarily as they relate to end pro ducts. 
ICAR publishes results of their many research programs. 

Most of the more populous states have aggregate associations 
representing the b usiness concerns of their aggre gate industry . 
Sometimes these associations are also part of a wider group of busi- 
ness interests who use aggregate, such as the road builders and con- 
crete producers. 

Each state has a department of transportation that often con- 
ducts aggregate and end-product rese arch with re gard to sp ecific 
issues in their individual states. 

There are other or ganizations which publish research on 
aggregates but who are more focused on the end product such as 
PCC or A C. The PCA, the ACI, andthe National Ready Mix ed 
Concrete Association stress PCC. The Asphalt Institute and the 
National Asphalt Pavement Association (NAPA) focus on AC. The 
ASTM ¢ overs m any d ifferent c onstruction materials, including 
aggregate. 
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INTRODUCTION 


This chapter uses the term cement in itis historical meaning of 
gray and white portland cement, a crystalline compound of cal- 
cium silicates and other calciu m co mpounds ha ving h ydraulic 
properties. Se veral other hydrauli c cements of si milar chem ical 
form exist and are produced in similar manner, but they have lim- 
ited and specialized markets. Much of this chapter applies to these 
cements as well, although they are not directly discussed. Portland 
cement is produced by intergrinding cement clinker and gypsum in 
an approximate ratio of 95:5. Ce ment clinker is a fuse d product 
consisting of principally dicalcium silicate, tricalcium silicate, tri- 
calcium aluminate, and t etracalcium a lumino ferrite formed by 
high-temperature reaction in arotary kiln of carefully proportioned 
and blended ratios of lime, silica, alumina, and iron oxide. The 
lime fraction is derived from lim estone in the calcining phase of 
production. White clinker is e xtremely low in iron oxide, which 
requires purer raw materials. Table 1 summarizes typical percent- 
ages of clinker compounds for the most common portland cement, 
Type I. 


MARKET 


A few large companies dominate the mark eting and production of 
cement. Widely distributed pl ants minimize transp ortation costs to 
customers. Although the volume of cement to be sold in the market- 
place can be considered inelast ic in the short run, a compan y’s sales 
effort makes a difference. In any given market, although cement sold 
by competitors must meet certain basic specifications to be consid- 

ered, other factors dominate, including delivered cost, qual ity, prod- 


Table 1. Probable clinker compounds in Type | portland cement 


uct consistency, technical assistance, and sales relationships with the 
user companies. Sales rel ationships ensure the cement compan y of 
consideration in the first place, they allow the settlement of questions 
surrounding the sale, and they offer the selling company a last “look” 
before sales commitments are made. Sales relationships are based on 
positive past relations, trust, and friendship. 

In the long run _, se veral f actors dri ve the consumption of 
cement in the marketplace, including economic growth, private and 
governmental capital investment, and population growth. Influenc- 
ing decision makers by promoting the architectural, economic, and 
durability advantages of concrete also drives the market, as d oes 
financial or other assistance to concrete suppliers. 

Cement companies often evaluate sales success as their con- 
tinued penetration of the local or regional market expressed as mar- 
ket share. Sometimes this devotion to market share evades the real 
corporate target of profitability. 

In the 19 60s the federal highway program w as a chief reason 
for cement plant expansion, along with the nation’s continued eco- 
nomic and population gro wth. At the same time, a new trend estab- 
lished distrib ution terminals to se Il cement to greater geographical 
markets accessi ble via w ater transportation or favorable rail rates. 
This trend increased competition and held down profits. From 1957 
to 1969 the inflation-adjusted price of cement declined significantly. 
In the 1970s, real prices began to increase but profits were diverted to 
meet ne w en vironmental requiremen ts rather than creating greater 
efficiency and capital. With a surge in building in coastal markets in 
the late 1970s, imports began to be a factor. When cement companies 
did not make the investment to increase capacity or import cement to 





Common Oxide Stoichiometric Approximate Content in Type | 
Compound Abbreviation Abbreviation Composition Composition Portland Cement, % 
Tricalcium silicate (alite) 3CS C38 (CaO)3SiO2 Ca3SiOs 45 
Dicalcium silicate (belite) 2CS C2S (CaOQ)2SiO2 CazSiO4 27 
Tricalcium aluminate 3CA C3A (CaO)3Al2O03 CazAlzO6 11 
Tetracalcium-aluminoferritet ACAF C4AF (CaO) 4(AlzO3) (Fe2O3) CasAloFe2O10 8 





Adapted from Clausen 1960. 


* Commercial cements contain 4%-6% gypsum or anhydrite (for regulation of the “setting time” of the concrete), approximately 0.5% each of alkali oxides (Na2O 


and K2O) and uncombined CaO, plus a few percent impurities, largely MgO. 


t This composition of the iron-containing phase is an approximation and may range from (CaO)2Fe2O3 to (CaO}6(Al2O3)2(Fe2O3). 
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meet construction needs, outside entrepreneurs did. These importers 
were not needed during the recessi on of the ear ly 1980s, and when 
sales went down, prices often went down and several left the market. 
Soon local cement producers took over most of the import terminals 
owned by tho se “ou tsiders.” In the sur ge of the lat e 198 Os and 
through today, most imported cement has been sold by the producing 
companies and basically used t o meet peak dem ands of the m arket 
and allow U.S. producers to maintain higher utilization of production 
facilities even in low-demand times. 

Imports of clinker and finished cement peaked at 29.351 Mt in 
1999, and 24.756 Mt of that was finished cement. Although clinker 
imports dropped in 2001 as new capacity came on stream, finished 
cement imports remained between 24 and 25 Mt. The drop in clin- 
ker imports reflected new capacity of domestic U.S. cement pro- 
ducers. Countries with the greatest exports to the United States in 
the peak year of 199 9 were Canada, Thailand, China, Greece, and 
Venezuela. In 1999, New Orleans was the lar gest port of entry for 
cement and clink er, followed by Houston and Detroit. The United 
States is not a significant exporter of cement. Ov er the ne xt few 
years, as new capacity comes on stream aided by the higher cost of 
imported cement, imports are expected to be flat or drop slightly, 
but not because of the increased production capacity. This anomaly 
is due to the re gional nature of the market, the high cost of truck 
and rail transportation, and imbalance between production capacity 
and demand in any given market. In 1997, with the Asian financial 
crisis, imports from Asian sources began to increase dramatically. 
In 2003, with Asian markets impro ving and ocean freight rates 
escalating rapidly, import sources to the U.S. market began to shift 
to South America and the Mediterr anean re gion as ocean f reight 
rates became agr eater cost compone nt. U.S.-le vied “dumping 
duties” curtailed imports from Japan, Mexico, and Venezuela. 

Within the United States, California, Texas, and Pennsylvania 
have the greatest cement grinding capacity, and Texas, California, 
and Florida are the top consuming states. Compound growth rates 
for cement consumption between 1971 and 2001 show Nevada to 
be the greatest gro wth state at 5.6% per year, followed by Utah at 
3.6% and Arizona at 3.3%. 

The re ady-mixed concrete industry domi nates U.S. ce ment 
consumption, accounting for nearly 75% of all cem ent consumed. 
Concrete produ cts account for another 12% to 1 3%, followed by 
direct sales of 6% to 8% to contractors on major projects. Building 
materials firms, which are the k ey sellers of sack cement, account 
for another 3% to 4%. Sales to governments, mining companies, 
waste handlers, and oil-well cementers normally fall in a range of 
1% to 2% of all cement consumed. Types I and II account for 88% 
to 90% of cement sold with a rising amount of Type V of 5% being 
sold in the last 3 years as T ype V becomes required on man y Cali- 
fornia projects. Blended cements run approximately 1% to 2% of 
sales in the United State s. Table 2 lists the American Soc iety for 
Testing and Mate rials (AST M) and the America n Association of 
State Highw ay and T ransportation Officials (AAS HTO) standards 
for the various types of cement. 

Table 3 summarizes production, shipments, and imports from 
1991 to 2003. The U.S. Geological Survey (USGS) maintains th e 
monthly shipments and import statistics (arithmetic mean) of the 
industry and also publishes an annual review. Not all importers 
report their shipments to customers to the USGS; the refore, the 
USGS monthly production and ship ments reports and the import 
statistics leave a gap of about 2%. 


PRODUCTS AND STANDARDS 


Table 2 lists the f ive types of portland cement and their standards 
for use in the United States. Although the prin cipal standards are 


the ASTM values, portland cement for highway construction is held 
to the AAS HTO standards. Masonry cement and v arious mark et- 
driven specialized forms of masonry cement produced in certain 
markets are typically not held to any standard specifications. Poz- 
zolanic cements and blended cements also must meet ASTM stan- 
dards, as must blast furnace slag asa por tland cement substitute. 
Blast furnace slag producers are able demonstrate good 28-day 
strengths comp arable to p ortland cement standards in addition to 
alkali reactivity benefits. Where consumers do not stipu late con- 
crete strength r equirements, ready-mix pro ducers sometimes sub- 
stitute fly ash for some of the portland cement. 


RAW MATERIALS 


Market competition, ongoing pressure on cement prices, and the 
resultant lower costs of production have changed the framework for 
locating new cement plants and the types of raw materials for pro- 
ducing cements at new and existing plants. Although the fundamen- 
tal ch emical co nstituents to pr oduce portland cement ha ve not 
changed, the choices of raw materials as sources of these chemical 
compounds have changed and are e xpected to continue changing. 
Abundant limestone a_ nd ar gillaceous reserv es exist throughout 
most of North America and many parts of the world, but accessibil- 
ity, quality, cost of extraction, and transportation increasingly affect 
cement production economics and ther efore the ability to e xtract 
these minerals. The increasing demand by governments to rec ycle 
materials and the changed economic structure of recycling are hav- 
ing a major impact on the cement industry. Additionally, the effect 
of more stringent en vironmental regulations and mark et forces on 
quality of cement, and modern preheater and pre-calciner produc- 
tion pro cesses, ha ve forced c hanges in whatraw materials are 
required for producing cement clinker and cement. The production 
of cement, however, is a chemical process requiring an accurate and 
consistent blend of the four key inorganic oxides and the limitation 
of several undesirable oxides and elements. 


Minerals Required 


The fundamental chemical com pounds for producing cement clin- 
ker—lime (CaO), silica (SiO 2), alumina (Al 203), and iron oxide 
(Fe203)—are now joined by the increasing need to reduce undesir- 
able chemical compounds such as sodium oxide (Na2O), potassium 
oxide (K 20), sulfur, chlorine, carbon, and or ganics. Additionally, 
the increasing use of additi ves with cement clinker to produce dif- 
ferent types of cement has affected the use of other materials such 
as fly ash, gypsum, sy nthetic gypsum, anhydrite, blast furnace and 
metallurgical slags, silica fume, limestone, volcanic ash, etc. Lime 
is not found in nature; it is created from calcium carbonate (CaCO3) 
in the production process or obtained from recycled materials. The 
other k ey chemical compounds are f ound naturally an d are also 

present in many recycled and waste materials. Table 4 summarizes 
the raw materials used in the production of cement clinker. 


Calcium Carbonate Resources and Mining Practices 


Limestone continues to be th e principal source of CaCO 3. A com- 
mon mineral on the earth’s surface, CaCO3 is principally found in 
nature as sedimentary deposits of marine origin. It is also fo und as 
marble (a metamor phosed form of limestone), chal k, marl, coral, 
aragonite, oyster and clam shells, tra vertine, tuff, and some other 
forms. In the United States, en vironmental regulations have essen- 
tially eliminated the use of a ragonite and oyster and clam shells, 
and travertine and tuff deposits are rare sources of CaCO3. Low- 
grade sources of CaCO3 such as calcareous fe ldspars and argilla- 
ceous limestone, which are upgraded by flotation, are also rare and 
not processed by North American plants. 
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Table 3. Annual production, shipments, and capacity of the cement industry of the United States and Puerto Rico, and average prices for 


cement sold in the United States, kt 


Year Shipments’ t Production’ Imports* Exports 
1991 68,999 67,193 7,893 633 
1992 69,203 69,585 6,166 746 
1993 74,079 73,807 7,060 625 
1994 85,934 77 9A8 9,072 633 
1995 86,561 76,906 11,473 759 
1996 92,600 78,600 10,700 750 
1997 96,801 82,582 14,523 791 
1998 103,696 85,931 19,878 743 
1999 110,673 87,777 29,351 694 
2000 111,711 89,510 28,683 738 
2001 115,002 90,450 25,861 746 
2002 110,661 91,266 24,169 834 
2003 114,786 95,833 23,741 483 


‘ Capacity 
No. of Active fod ersGe , PricesS 
Portland Cement _ Finish Grinding Clinker 
Plants Capacity Capacity Average Mill, USS/t 
19 90,194 74,342 55.54 
19 90,752 75,062 54.61 
18 90,301 75,091 56.36 
18 91,228 75,413 61.88 
18 91,499 76,335 68.46 
18 91,980 76,000 70.00 
18 95,678 76,652 73.49 
16 97,295 77,914 76.46 
19 100,458 80,162 76.45 
19 107,455 84,052 78.56 
17 113,491 89,245 76.50 
16 111,000 82,959 76.00 
17 113,754 90,360 76.00 





Adapted from USGS Mineral Surveys (to adjust for unreported shipments) and PCA 2000-2002. 
* Portland and masonry cement, and cement produced from imported clinker, for the 50 states and Puerto Rico. 


t Includes portland cement shipped by domestic producers and distributors. 


t Includes dinker. 


§ Annual prices are based on an average per-ton value of cement sales, f.o.b. plant, reported by producers to the USGS. 


In the cement industry ,lime stone isa generic term that 
includes calcium carbonate, magnesium carbonate (MgCO 3), and 
dolomite (CaMg(CO3)2). The geological definition of limestone is 
a sedimentary rock mostly contain ing calcite (CaCO3). Dolostone 
is a sedimentary rock mostly consisting of d olomite. Ma gnesia 
(MgO), derived in the clinker production process from MgCOs3, is 
highly undesirable in the formation of cement clink er compounds. 
Many limestone deposits are unusab le for portland cement clinker 
because of MgCO3 content. Normally, the upper limit in the lime- 
stone is 3%, although this can be less depending on magnesia con- 
tent in the other required raw materials. The many classifications of 
limestone are of little concern to a ceme nt producer because the 
principal factor in selecting a suitable limestone is the CaCO3 con- 
tent and the minimiza tion of the undesir able minerals. The ideal 
“cement rock” —77% to 78% CaCOs3, 14 % SiOz, 2.5% Al2O3, and 
1.75% Fe203, coupled with <3% MgCO3, <0.4% NazO, and 0.3% 
K,O— is rarely found but highly desirable. Limestone with lower 
levels of CaCO3 and higher levels of alkalis and magnesia requires 
blending with high-grade limestone. Limestone normally has to be 
blended with argillaceous material to adjust the chemistry of silica, 
alumina, and iron oxide. Limestone that is high in CaCO 3 presents 
cost and operating challenges to the cement producer because it 
requires | arge quant ities of a rgillaceous m inerals s uch as cl ay, 
which are usually more difficult to convey, store, and feed. 

Sedimentary limestone dep osits, the prepond erant source of 
CaCO3 for cemen t, are principally e xtracted by bench mining, in 
which 150-mm to 300-mm holes are drilled in 3- to 4-m pattern s to 
depths of 10 to 25 m, charged with ammonium nitrate and fuel oil 
(ANFO) explosive and blasted. Typical drill patterns and blasting 
techniques will fracture the rock to <300-mm size. The rock is exca- 
vated with front-end loaders, often of 10-m capacity, and loaded 
into 70- to 90-t haul trucks and transported to the primary crusher. 
Marl and chalk deposits are increasingly extracted with modern 
mining machines because they normally do not require drill ing and 
blasting. The typical modern mining machine includes the excava- 
tor, primary crusher, and a feeder that deposits the excavated and 


Table 4. Summary of raw material used in the manufacture of 
portland cement clinker in the United States 


Types of Raw Materials 


Sources of calcium carbonate Limestone, marl, chalk 


Clay, shale, sand, iron ore, mill scale, 
bauxite, diaspore, diatomite, staurolite, 
loess, silt, sandstone, volcanic ash 


Sources of argillaceous 
materials 


Waste material substitutes Fly ash, bottom ash, foundry sand, 


metallurgical slags 


crushed marl or chalk onto moveable belt conveyors for transport to 
storage and preblending facilities. A trend in the extraction process 
is to use in-pit, moveable, impactor-type primary crush ers and belt 
conveyors to transport the rock tof —_ixed secondary crusher and 
screening plants, thereby reducing the number of trucks and haulage 
distance. Load-haul-dump practices with front-end loaders are also 
employed with these in-pit moveable crushers. 

The increased emphasis on chemical uniformity and quality in 
the subsequent processing of the raw materials into cement clinker 
has caused the proliferation of various techniques of quality control 
in extracting the limestone and other raw materials. Ac ommon 
practice is samp ling and x-ray fluorescence (XRF) analysis of 
blast-hole drill cuttings to establ ish rock grade, quality, and alkali 
levels. Increasingly, plants are installing online prompt gamma neu- 
tron activation analyzers (PGNAAs) immediately after the crushing 
circuits to analyze the quarry run material and c ontrol subsequent 
blending operations to produce kiln feed. There is also an increas- 
ing use of x-ray dif fraction (XRD) in quality control of k iln feed 
and the produced clink er. XRF analysis has been the dominant 
method for the past 40 years. 

Underground mining of limestone deposits is not typical of the 
cement industry, althoughincom ing years this ise xpected to 
increase as economically accessible surface or near-surface sedimen- 
tary deposits play out, particularly at established plants constricted by 
urban encroachment. Currently, one U.S. plant obtains its limestone 
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Industrial Minerals and Rocks 


Table 5. Raw materials used in producing clinker and cement in the United States’ 


2000 

Raw Materials Clinker 
Calcareous 
Limestone (includes aragonite, marble, chalk, coral) 93,947 
Cement rock (includes marl) 21,820 
Cement kiln dust 351 
Lime 19 
Other 21 
Aluminous 
Clay 4,205 
Shale 3,743 
Other (includes staurolite, bauxite, aluminum dross, alumina, 400 
and other) 
Ferrous: iron ore, pyrites, millscale, other 1,310 
Siliceous 
Sand and calcium silicate 3,142 
Sandstone, quartzite soils, other 925 
Fly ash 1,679 
Other ash, including bottom ash 930 
Granulated blast furnace slag NR 
Other blast furnace slag 43 
Steel slag 805 
Other slag 12 
Natural ock ozzolans p NR 
Other pozzolans 38 
Other 
Gypsum and anhydrate NR 
Clinker imported NR 
Other, not elsewhere classified NR 

Total 133,400, 


Volumes Reported, kt 


2001 2002 
Cement Clinker Cement Clinker Cement 
1,263 95,600 1,600 107,000 1,330 
133 21,900 100 16,200 39 
155 600 100 688 164 
49 300 40 196 34 
225 20 20 5 18 
8 4,500 10 4,770 IN 
3 3,200 10 3,230 9 
NR 500 NR 540 NR 
NR 1,500 NR 1,260 NR 
NR 3,500 NR 2,960 NR 
NR 500 NR 692 NR 
88 1,600 70 1,960 64 
NR 800 NR 990 NR 
303 NR 300 60 369 
NR 200 NR 162 NR 
NR 500 NR 481 NR 
10 50 5 67 4 
40 NR 50 NR 28 
8 100 9 165 7 
4,655 NR 4,800 NR 4,740 
4,573 NR 5,030 NR 5,230 
46 AO 50 2) 52 
11,600 135,400 12,200 141,400 12,100 


Adapted from USGS Mineral Surveys (to adjust for unreported shipments) and PCA 2000-2002. 


* Includes Puerto Rico. 
t NR = not reported. 


from under ground op erations using the room-and-pillar mining 
method. Those plants located on navigable waterways may have the 
option of e xtracting limestone from surface deposits some distance 
from the plant and transporting the limestone by barge or ship. Cur- 
rently one U.S. cement plant obtains its limestone from the Domini- 
can Republic and two others receive limestone from Canada. Several 
U.S. and Canadian plants receive their limestone and other raw mate- 
rials by bar ge or ship from quarries separated from the plant. An 
increasing number of plants have installed overland belt conveyors to 
transport limestone to the plant over distances of more than 5 km. In 
several plants, such as those in Great Britain and Trinidad (but none 
in the United States), marl or chalk or limestone is ground and slur- 

ried and then pumped to the distant plant. Several wet-process plants 
have been replaced with flash-dryer-equipped, preheater calciner sys- 
tems that accept the slurried ra w material transported by pipeli ne. 
This method has allowed extraction of limestone deposits heretofore 
inaccessible or allowed continuation of production at plants that oth- 
erwise would have shut down. 


Argillaceous Mineral Resources and Mining Practices 


The typical practice is to use clay or shale and sand for the silica 
and alumina, and a source of iro n oxide such as mill scale or iron 


ore to adjust the chemistry to the desired composition, in add ition 
to the ash in the coal used to fire the kilns. Other natural sources of 
silica and al umina, such as lo ess, si It, sa ndstone, v olcanic ash, 
diaspore, diatomite, fuller ’s earth and bauxite, are used based on 
economics and cement quality. Many plants are using w aste or 
recycled materials for this purpose and sometimes are paid to take 
this material. Although the industry has used po wer plant fly ash 
and bottom ash for decades, alkali levels often limit the use of these 
materials. The v ariety of rec ycled and w aste materials containing 
silica, alumina, and iron oxide precludes aco mplete listing. The 
principal factor in the selection of the argillaceous component is 
economic. Often plants have to invest in addition al materials han- 
dling, feeding, and proportioning facilities to be able to use w aste 
materials, thus reducing the economic benef its. As a result of the 
economic pressures on the North American cement industry, many 
plants are using some waste materials in place of natural minerals. 
Table 5 summarizes the quantities of raw materials used in the pro- 
duction of cement. 

The typical methods of extracting clays, shales, and sand have 
changed little. These raw materials are typically surface deposits, 
often overburden of the limestone beds. Clay and shale are nor- 
mally extracted using front-end loaders and loaded into haul trucks. 
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Cement and Cement Raw Materials 


In some cases, the deposits are first ripped with large bulldozers. 
When the se raw materials are present as overburden, a common 
practice is to contract for the removal and stockpiling of the over- 
burden to e xpose sufficient limestone to run the plant for several 
months. The clay or shale is then reclaimed as required for the pro- 
cess over ensuing months. Increasingly, older plants must remove 
larger amounts of o verburden to expose the underlying limestone. 
The clays and shales not used in the process are often reused as fill 
and reclamation material in mined-out areas of the quarry because 
plants are required to return the mined-out land to a reusable state. 
Because most cement production facilities use the dry process, 
slurrying clay in w ash mills at the plant is rarely pra cticed. More 
typical is the conventional crushing of the cla y or shale in crushe rs 
designed for these materials and their characteristics. In some plants 
the clay is dried in a rotary dryer, a crusher-dryer, or a semi-autoge- 
nous mill before mixing it with limestone for further processing. 


Waste Materials as Substitutes 


Beginning in the early 1980s, environmental regulations and politi- 
cal factors in the United States combined with economics of cement 
production have created a significant incentive to use w astes con- 
taining silica, alumina, and iron oxides as raw materials. Some of 
these wastes contain minor fuel v alues, such as carbon in fly ash 
and coal in tailings, which potentially make them more valuable. 
Stack emission limits in some cases prevent or limit their use, but 
many plants now use these wastes. Only those plants permitted to 

use so-called hazardous wastes can use soils con taminated with 
organic wastes or other hazardous materials as ra w materials and 
then only as part of the f uel to the kiln. The subject of alternate 
fuels is discussed in the se ction on Fuel Firing Syste ms in this 
chapter. Sub stituting w aste cont aining lime, si lica, al umina, and 
iron oxide is a practice that is expected to grow and become preva- 
lent throughout the cement industry as environmental regulations 
spread and economic factors make such use attractive. 


Geology of Calcium Carbonates and Argillaceous Minerals 


Calcium ca rbonate originates from the biological deposition of 
shells and skeletons of plants and animals to form beds of limestone. 
Some of the beds or formations within a bed were formed by natural 
precipitation of calcium carbonate taken into sol ution by carbon 
dioxide in water, forming calcium bicarbonate. The p recipitation 
process occurs asa_ result of evaporation or temperature changes 
resulting in a saturated solution; this genesis, however, is rare. Most 
industrial quality limestone is of biological origin. Massive beds of 
limestone accumulated over the millions of years of geologic tim e. 
Much of the North American continent in Paleozoic time was under 
water, allowing the formation of limestone deposits. Typically, lime- 
stone resources in the Midwest and the eastern United States are of 
Ordovician, Devonian, and Mississippian ages. Westward they are 
often of the younger Cretaceous age. 

Most deposits are relatively unaltered with little faulting and 
folding e xcept those in the moun tainous West and the Appa _la- 
chians where alteration is typical. Steeply sloping or near-vertical 
beds wi th not iceable of fsets al ong f aults are the rulei nt hese 
regions. Along the Andes Mountains in South America, extensive 
alteration of limestone beds is the rule. The prevalence of volcanic 
action, often evident in the sulfur content of the limestone and the 
interbedding of volcanic deposits, limits the economic use of these 
limestones. 

Deposits of the argillaceous minerals are also of sedimentary 
origin. Shales, mudsto nes, and sandstones are often interbedded 
with the limestone. Shales, typically beds of clay altered by pres- 
sure, and sandstone, be ds of sand often ceme nted by precipitated 
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silica or calctum carbonate, were deposited as the v ast inland 
waters and oceans covered the land masses. Clays are typically sur- 
face deposits of more recent t imes; in som e cases from receding 
glaciers that covered much of the northern hemisphere. 


PRODUCTION PROCESSES 


The production o f cement b egins at the quarry with chemical 

assessment of the limestone and sources of ar gillaceous materials. 
The mining plan to extract these raw materials in today’s plants is 
carefully designed to meet the chemical quality objectives of the 
various types of clinker to be produced. The height of benches and 
the extraction plan of the various beds of limestone are dictated by 
their chemistry and how best to blend these beds to achieve the 
chemical targets and maximize re covery of reser ves. Sub sequent 
process steps continually focus on chemical uniformity of the raw 
materials and of the feed tothe kiln. Greater e mphasis is no w 
placed on quick analysis and frequent sampling of material streams 
including the practice of automated (robotic) sample preparation. 


Fundamental Processing Steps 


Modern plants, which are diagrammed in Figures 1 and 2, use the 
process steps described in the subsections that follow. 


Crushing and Screening 


Rigid rotor impactor-type crushers are favored in plants that use a 
vertical roller mill to grind the ra w materials. Scalping ahead of 
the crusher reduces the f ines and poten tial fo r clog ging the 
crusher. Plants that use ball mills to grind the raw materials favor 
a hammermill-type secondary crus her. Screening the rock from 
the secondary crusher is the preferred process, with the 0 versize 
conveyed back to the crusher in closed circuit. The practice of 
using gyratory or jaw crushers at the primary stage has given way 
to use of impactor crushers for cost reasons. Similarly, the use of 
cone or roll crushers as secondary crushers and a tertiary crushing 
stage has disappeared except in unusual conditions. 


Preblending 


Depending on limestone variability and process consid erations, 
preblending is now a common practice. It tak es two basic forms; 
either (1) the limestone is laid down in longitudinal or circular beds 
in ache vron pattern and reclaime d by me chanical rakes that cut 
across the layers to produce a more chemically uniform limestone 
or (2) th e various raw material componen ts are stockpiled and 
reclaimed with weigh feeders in set proportions and laid do wn in 
longitudinal or circular beds in a chevron pattern and reclaimed by 
mechanical rakes that cut across the layers to produce a reasonably 
chemically uniform feed to the subseq uent m illing st age. An 
increasing nu mber of plants use PGNAAs to a djust these we igh 
feeders to achieve superior ble nding and uniformity of mill feed. 
The method selected is dictated by factors such as the chemical and 
physical variability of the limestone, the moisture content of the 
raw materials, the physical characteristics (stickiness, particle size, 
etc.), the space available, number of raw material components, and 
capital cost. 


Raw Material Storage and Milling 


Storing raw materials ahead of the raw mill is usually limited to the 
preblend piles with minimal bin or silo storage. The capital cost of 
storing materials in silo s is significant, and the pressure to mini- 
mize capital cost usually dictates only a few hours of mill feed held 
in bins. Weigh fee ders withd raw the raw ma terials from their 
respective bins in th e desired proportion to achie ve the required 

chemical composition and depos it them ona be It conveyor that 
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Figure 1. Steps in the manufacture of portland cement by the dry processes using a four-stage preheater 
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Figure 2. Kiln system with five-stage preheater and calciner 


feeds the raw mill. A significant improvement in uniformity of mill 
feed and subsequent kiln feed is achieved by installing a PGNAA 
on either the mill feed conveyors or on the mill pro duct stream. 
Although ball mills are occasionally selected to dry grind the ra w 
materials, the preferred dry-grinding mill in the modern plant is the 
vertical roller mill. This type millis superiorin drying the raw 
materials usin g the hot w aste of f-gases from the kiln system and 
requires less power. For high raw material moistures (14% to 18%), 
the vertical roller mill uses ac ombination of waste kiln system 
gases and waste hot air from the clinker cooler to achieve a 0.5% to 
1.0% product moisture, which a ball mill is unable to do. As plant 
capacities ha ve increased, the vertical roller mill and its related 
structure and foundatio ns have gained a capital cost edge. These 
mills operate at significant pressure drop, necessitating large drives 
on the e xhaust fan and caref ul attention to the mill feed airlock. 
None of the types of airlock is problem free, each having their limi- 
tations, compromises, and cost consequences. Product f ineness 
from the raw mill has in creased in recent years from the 70% _ to 
75% passing a 200-mesh Tyler screen (74 um) acceptable 25 years 
ago to 82% to 86% in new plants. Wet- or semi-wet-process plants 
continue to use ball mills as the method of grinding the raw materi- 
als into a slurry. Either of two methods of classifying the slurry is in 
use: DSM screens or multiple cyclones. Each of these methods has 
its limitations, compromises, a nd consequences. Product fineness 
for the semi-wet-process applicat ions has increased to th e same 
level as_ that fo r dry-gr inding sy stems. Slur ry moisture content 
objectives for the older wet process and the new semi-dry processes 
have been reduced in continuing efforts to reduce fuel con sump- 
tion. Filtration to lower water content of slurry either with plate fil- 
ter presses or belt-type f ilters is encountered in v ery few older 
plants (none in the United States). 


Blending and Kiln Feed 


Blending systems for dry-process plants continue to e volve. The 
realization that large (50,000-t capacity) silos with a random multi- 

















OQ 


Air b> & & To Clinker Storage =p 


Clinker Cooler 


ple withdrawal system are costly and do not provide commensurate 
improvement in blending has focused attention on smaller silos 
(5,000- to 10,000-t capacity) w ith inverted cone and random or 
sequenced multiple withdrawal systems. The older small-capacity 
silos agitated by compressed air (2,000 to 2,500 t) are rarely applied 
in modern plants, although they are still used in older plants. Sepa- 
rate kiln feed silos or bins are typically not applied in new plants or 
found in older plants. Kiln feed systems have undergone significant 
changes inr ecent years. Belt-t ype weigh feeders, al ways having 
problems because of the c haracteristics of kiln feed, ha ve been 
replaced with f low meters coupled to weigh bins on lo ad cells or 
the Pfister feeder. These new methods are totally enclosed and spill 
free, and provide lower operating cost and improved accuracy and 
reliability without capital cost penalties. Wet-process blending and 
kiln feed systems are unch anged with tw o or more slurry _ tanks, 
traveling rakes, and compressed air agitation. The number of slurry 
basins has been reduced and significant improvement in kiln feed 
uniformity has been achie ved by using PGNAAs on the mill prod- 
uct stream to control weigh feeders. Flow and density meters con- 
tinue to be used on the kiln fe ed syst em; using adj ustable-speed 
drives on the kiln feed pumps, however, is the preferred method of 
adjusting flow rates in place of orifice-type control valves. 


Preheater and Precalciner Systems 


New plants typical ly adopt the ne west precalciner preheater sy s- 
tem. The pre heaters are the classic cyclones but now typically of 
low-pressure-drop (100-mm WC [water column]) design. If kiln 
feed moisture is af actor, the preheaters will have three or four 
stages; otherwise the norm isa _ five-stage pr cheater. Fe w ne w 
plants are fitted with six stages because the incremental efficiency 
does not justify the added capital and operating cost. A number of 
plants in the United States and Canada installed in the 1970s have 
only preheaters, and typically four stages. Sixty percent to 70% of 
the calcining is in the rotary kiln portion of the kiln system, and the 
balance is in the preheaters or in the duct between the rotary kiln 
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and the lower stage pre heater cyclone (riser duct). In most such 
systems, 15% to 20% of the fuel is introduced in the riser duct. 
Kiln ma nufacturers ha ve a chieved considerable de velopment in 
precalciner t echnology inre cent years. Depending on th eraw 
material characte ristics and emissions | imits (especi ally NOx), 
two-stage calciners and very tall calciners are used. Gas and kiln 
feed retention times are greater (8 to 10 sec), and various forms of 
staged combustion are the norm. The evolution of precalciners in 
the last 15 years has been significant and calcining rates of 90% to 
95% are an accepted norm. The t ypical fuel cons umption rate in 
these calciners is 55% to 60% of the total kiln system fuel. Com- 
bustion air for this fuel (tertiary air) is drawn from the clinker cool- 
ers thro ugh separate ducts at 70 O°C to 80 O°C. The term 
precalciner continues to confuse becau se effectively the indust ry 
has introduced a distinct step in the process to calcine the kiln feed 
before introduction into the rotary kiln. The rotary kiln’s sole pur- 
pose is to complete the calcining and cause the chemical reaction 
that forms the cl inker compounds. The result is smaller diameter 
and shorter rotary kilns turning at higher rates (240 revolutions per 
hour) to achieve any given capacity. A recent development has 
been the use of two support rotary kilns with these more efficient 
precalciners. This results in lower kiln shell stresses and, when off- 
set by thicker kiln shells, less ovality and greater refractory life. It 
is not uncommon for these pr operly designed two-support rotary 
kilns to operate for more than 12 months without refractory failure 
or replacement, a significant productivity improvement. Fuel effi- 
ciency im provements have also been achieved, al though the gap 
between normal operating fuel consumption and that demonstrated 
during initial performance acceptance tests remains. The kiln man- 
ufacturers continue to use net fuel calorific values in their perfor- 
mance guarantees, but producers must continue to deal in the real 
world in which fuel calorific values and pricing are quoted in gross 
values and the unwary encounter the 4% to 9% cost discrepancy in 
addition to the dif ference between performance guarantees and 
real-world operating fuel consumption. 


Semidry Kiln Systems 


A development of the last 10 years has been the commercialization 
of the f lash dry er to use preheater g ases to dry kiln feed slur ry. 
These systems are applied in special circumstances such as convert- 
ing wet-process kilns to achieve much higher production rates from 
an existing kiln and clinker cooler or transporting limestone to the 
plant as a slurry via overland pipeline. Typically a semidry system 
will double output and lower fuel consumption by about 15 % to 
20% of any given wet-process kiln. The preheaters are typically one 
stage and in some cases two stages. The flash dryer is a tall duct, 
often 100 m tall, in which preheater gases are fed into the bottom 
around a single-shaft, rigid-rotor crusher and the kiln feed slurry is 
injected into the hot gas stream. The mass of gas and kiln feed is 
drawn up the flash-dryer duct and separated in a cyclone. The kiln 
feed, now at very low moisture levels, is fed into the pr cheater 
cyclone for final drying. The kiln feed drops out from the preheater 
cyclone into either a calciner o ra second-stage preh eater cyclone 
and then the calciner. In these systems, the fuel consumption is 
greater in the calciner than in a typical dry-process precalciner sys- 
tem. Calcining rates typically are greater than 90% and overall fuel 
consumption is 35% to 50% greate r than af ive-stage dry-process 
precalciner system, but still less than a typical wet-process system. 
It is interesting to note that the most efficient wet-process systems, 
such as the Holcim plant in Clarksville, Missouri, have almost the 
same fuel consumption rate as a semidry system but not the rotary 
kiln refractory life and productivity. 
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Wet and Long Dry Kiln Processes 


The wet and long dry kiln processes are treated together because 
they are essentially obsolete. They are diagrammed in Figure 3. A 
significant number of plants in the United States and Canada con- 
tinue to operate with these types of kilns, their retirement being 
delayed by favorable economics of their use of waste fuels, relative 
newness, competiti ve location, di fficult en vironmental situa tion 
preventing new plants from locating in their mark et area, or other 
factors. Fue 1 efficiencies have not changed inthe last 20 years 
because there has been no significant improvement in chain sys- 
tems or other means. These kiln systems have benefited from the 
improvement in kiln feed uniformity achieved by using PGN AAs 
and from introducing car and truck tires as fuel into the kiln do wn- 
stream of the chain section (mid-kiln firing). 


Clinker Cooling 


A significant development of the grate cooler in the last 10 years has 
been the compact cooler with a deep clinker bed depth (800 mm to 
1,000 mm) and reduced undergrate airflow rates (<3 kg of air per kg 
clinker) at signif icantly hi gher pressure (1 000 mm WC). These 
coolers are norm ally fitted with se ven to nine sta tic rows of grates 
and cooling air introduced to the fixed and movable grates through 
chambers, not unde rgrate compartments. The smal ler grate areas 
and lower airflow rates result in a compromise in cl inker tempera- 
ture. The accepted norm of 80°C 25 years ago has given way to 120° 
to 125°C perfor mance, a f igure common 50 year s ago b ut consid- 
ered unacceptable in ensuing years. Newer plants are now dealing 
with the consequent problems in cement temperature and storing hot 
clinker. A percei ved benef it o f these modern clink er coolers is 
reduced exhaust airflow rates and higher tertiary air temperatures to 
the precalciner. 


Fuel Firing Systems 


Rotary kilns and precalciners are almost exclusively fired by coal or 
a combination of coal and petrol eum coke. Kiln startup and w arm- 
ing is typically either with natural gas or No. 2 fuel oil. The degree 
of substitution of coal with petroleum coke is dictated by the ability 
of the grinding mill to reduce the pet coke to a high fineness (90% 
to 96% —200-mesh Tyler,74 pm) and by sulfur dioxide permit 
emissions rates, because the sulfur content of petroleum coke is sig- 
nificantly greater (5% to 7%) than typical rates in coal (1% to 3%). 
Outside the Unit ed St ates and Canada, allo wable sulfur dioxide 
emission rates enable producers to use 100% petroleum coke to fire 
the rotary kiln when stable ope rating conditions pre vail with the 
high fineness. The comb ustion temperatures in the precalciner are 
relatively low (<1,100°C) compared to the rotary kiln, restricting 
the use of pet roleum coke. Direct grinding and firing of coal and 
petroleum coke has given way to indirect grinding and firing as a 
result of the need to fire two separate systems, the rotary kiln and 
the prec alciner. The re quirement t 0 re duce NO x emissions from 
existing kiln systems has also resulted in dir ect f iring being 
replaced with semidirect firing and ind irect grinding and firing to 
reduce primary air and allow the use of specially designed burners. 
A greater variety of coal (and petroleum coke) grinding mills is 
now found in U.S. and Canadian pl ants. The v ertical roller mill 
with its high-e fficiency inte rnal classifier is increasingly used. 
Replacing the static classif iers with dynamic classif iers in older 
ring-roller mills has gained acceptance, particularly with the need 
to grind petroleum co ke and coal to higher fineness. Man y pre- 
heater kilns are now burning tires, often aided by a small tipping 
fee. The normal practice is to intr oduce whole tires into the kiln 
through airlock ports in the riser duct of preheater kilns or into the 
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4. Clinker with gypsum is ground into portland cement and shipping. 


Figure 3. Steps in the manufacture of portland cement by the old processes 
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back end of precalciner kilns. Tires are in troduced into long wet 
and dry kilns thro ugh op enings in the shell downstream of the 
chain systems, a process covered by a mid-kiln firing patent issued 
to Benoit, Hansen, and Reese (1989). A few plants introduce tire 
chips; the economics, however, are not as attractive. Tires contain 
significant levels of sulfur and iron. Sulfur content limits substitu- 
tion rates to typica lly < 20% of total kiln fuel. The i ron content 
results in the need to adjust kiln feed chemistry and adds the com- 
plexity of a change in clinker che mistry when ti re feed rates 
change abruptly before kiln feed chemistry can be changed. Using 
waste fuels is increasin g, although using hazardous wastes as a 
fuel is sta tic because of the high cost of permitting and 0 ngoing 
permit compliance. Plants are seeking various combustible materi- 
als that ordinarily are wastes as substitutes for the normal coal or 
petroleum coke. 


Clinker Storage 


Environmental emission restrictions have made storin g clinker in 
enclosed structures the norm. The choice of silos or domed or lon- 
gitudinal storage buildings is typically dictated by economics. Silos 
(some as large as 50,000 t) offer 100% reclaim without mechanical 
reclaimers b ut typ ically cost m ore than US$15 O/t, inc luding the 
conveying systems. Domed or longitudinal structures requir e 
mechanical reclaimers or clinker must be reclaimed by a combina- 
tion of gravity to conveyors in tunnels and front-end loaders or bull- 
dozers. The capital cost of th ese systems ranges from US$100 to 
US$120/t of capacity but results in greater maintenance and higher 
operating costs. A significant trend in the industry is using pan- or 
bucket-type conveyors for conveying hot clinker. These units ar e 
favored when clinker must be elevated to the top of storage silos or 
circular or longitudin al stor age buildings. Although relatively 
expensive, their low maintenance cost, reliability, low dust em is- 
sion rates, and ability to convey red-hot clinker favor their use. 


Cement Grinding 


The industry continues to use the two-compartment bal] mill in 
closed circuit with the air separator type classifier as the principal 
means to grind clinker and gypsum into cement. Almost all grind- 
ing circuits also use heat exchangers to cool the cement before con- 
veying it to storage. There has be en extensive application of the 
high-efficiency air-swept separator in place of the older-technology 
air separators. In addition to some cooling of the cement, these sys- 
tems provide a better particle-size distribution, slight improvement 
in grinding efficiency, and typically improved cement strengths at a 
given fineness. The competitive conditions in the cement industry 
have resu Ited in mark eting cements with much greater 28-day 
strengths in the last 10 years. To achieve these strengths, tricalclum 
silicate levels have increased and fineness of grind has increased by 
about 500 Blaine points. 

There is con siderable int erest in using v_ertical ro ller mi Ils 
rather than ball mills for grinding clinker and gy psum. Although 
the trend is still not established, one plant came on line in 2002 in 
the United States with this type of mill, and one new plant is still 
in the permitting stage plans to install four of these types of 
mills. There are several applications of this type of mill outside 
North America. Se veral plants us ing balls mills have installed 
high-pressure roll presses to prefracture the clinker before grinding 
in the ball mill. This technology, which Germany introduced into 
North America in the mid-1980s, results in a significant total power 
reduction and impro ved pr oductivity of th e ball mill circuit. The 
major drawback to its application is the need to maintain an inven- 
tory of “pressed” clink er ahead of the ball mill to not compromise 
ball mill production, because a change in the ball charge of the first 
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compartment of the ball mill is required. The preferred method of 
conveying cement to storage is still the screw-type pump pneumatic 
conveyor. 


Cement Storage and Shipping 


Cement shi pments vary wi th the se ason, declining signif icantly 
during cold winter months and for short periods du ring severe hot 
spells or hurricane-type storms. Consequently, plants must maintain 
significant cement storage capacity either at the plant or in combi- 
nation with distribution te rminals and distant grinding plants. 
Those plants on the Great Lakes must also contend with closure of 
shipping because of ice, typically from mid- December to March. 
The ty pical practice of storing cement in silos has under gone an 
interesting change. The practice for many years was to carefully 
balance clinker storage with cement grinding capacity and cement 
storage. Until the mandated st orage of clinker in encl osed struc- 
tures for en vironmental reasons, cl inker stora ge w as less cost ly. 
Providing e xcess cement gri nding capacity w as economically 
sound in conjunction with limited cement silos. The recent trend is 
installing large dome structures to store greater quantities of cement 
because the cost is about the same as clinker storage. In new plants, 
cement grinding capacity is more closely matched to plant capacity. 
Storage sil os are st ill nee ded to al low ef ficient 1 oading of b ulk 
trucks and railcar s and to maintain an inventory of lo w-demand 
cements such as blended cements (Type IP), hig h early strength 
(Type III), and sulfate resistant (Type V). Very few plants oper ate 
bagging systems. In some cases, bagg ing cement has been con- 
tracted out; in other cases, baggi ng has been consolidated at one 
plant in a region. Southern Florida and southern California produce 
the highest levels of bagged cement. 


Special Plant Processes 


The production of cement is predo minantly of gray cement using 
conventional fuels to fire the kilns. Three plants in the United States 
and one in Canada, however, produce white cemen t—although 
imports of white cement have a significant market share. One small 
plant in Juarez, Mexico, and one in Virginia produce special propri- 
etary cements for the U.S. market. Colored cement is produced for 
decorative architectural purposes at several plants by carefully mix- 
ing dyes with gray or white portland or masonry cement. 


Automation and Process Control 


Considerable advances have been made in the last few years in auto- 
mation of process control and in motor cont rol. Distributed control 
systems ( DCSs) ty pically control mo dern p lants using f iber-optic 
cables as the data highway. Many older plants have been converted to 
DCSs but more commonly they are connected to programmable logic 
control (PLC) systems. Cost considerations and the unavailability of 
replacement parts have necessitated these con versions. The algo- 

rithms for process control have not changed signi ficantly in the last 
10 years, but the ability to provide quick response and finite control 
has improved kiln and mill operations. Additionally, the po werful 
data gathering and diagnostic capacity built into both the DCSs and 
the PLC systems has greatly impro ved the understanding of the pro- 
cesses, and has driven improvements in process control and improved 
compliance with emission limits. Virtually all plants now have a cen- 
tral control room from which the plant is operated, although a few 
plants still have two control rooms, one for the mills and one for the 
kilns and remainder of the plant. Commonly a single operator con- 

trols all processes from this room with an array of monitors using a 
trackball or touch screen for motor start and stop and a keyboard for 
process set-point adjustments. The lar ge modern plants al so have a 
process engineer at a nearby workst ation to pro vide guidance to the 
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operator and assist ance when oper ating parameters a re exceeded or 
systems malfunction. Mimic boards have been replaced with graph- 
ics on the monitors that offer more information and the fle xibility to 
make changes. The emission data gathered at some plant s are now 
sent electronically to environmental agencies at periodic intervals, a 
feature unavailable just a few years ago. 


CAPITAL COST OF MODERN PROCESS PLANTS 


The trend to construct large plants has continued as ol der plants are 
shut down. A typical modern plant has a capacity of 1.5 to 2.0 Mtpy, 
although a few plants have come on stream in the last 10 years with 
capacities in the 0.65- tol.0-Mtpy range. These smaller-capacity pro- 
duction lines ha ve replaced older , lower-capacity, le ss-efficient pro- 
cesses. The capital cost for construction of a modern 1.5- to 2.0-Mtpy 
plant at the site ofanoldersm aller-capacity plant is US$125 to 
US$175 per annual ton of capacity; and for the 0.65- to 1.0-Mtpy 
plant, the cost is US$150 to US$200 per annual ton. 

Construction cost of a “greenf ield” plant is very difficult to 
gauge because of the number of variables and the length of time it 
takes to permit and construct a new plant. Costs range from US$200 
per annual ton for a supersized p lant of more than 3.0 Mtpy to 
US$225 per annual ton for one of half that capacity. 


PRODUCTION COSTS 


Production costs in the industry vary depending on age of the plant, 
type of pr ocess, capacity, and u nique features. Cash costs rang e 
from US$27.50/t for a modern large-capacity plant to US$50/t for 
older wet-process plants. The elements of cash cost are supervision 
and labor, purchased ra w materials, fuel, power, maintenance and 
parts, operating consumables, local taxes, and miscellaneous costs. 
Capital recovery costs for a modern low-cost plant add US$15/t to 
cash costs. When corporate overhead and sales costs are added, the 
industry is left with very narrow margins over recent selling prices. 

Production costs can be classified as fixed or variable. Modern 
plants require significantly fewer people to operate and maintain, so 
labor and management are essentially f ixed costs. Purchased raw 
materials, fuel, po wer, main tenance an d operating supplies, and 
miscellaneous costs ar e essentially v ariable costs althoug h some 
have a small fixed-cost element. Local property tax es, insurance, 
and capital recovery are fixed costs. Most kilns are fired with coal, 
but petroleum coke is substituted when pricing is favorable. A mod- 
ern p lant o f 1.5-Mtp y capacity will typically operate at <0.2 
worker-hours per ton of cement, 3.2 MJ of fuel per ton of clinker, 
and 140 kW-hr of electrical power per ton of cement. 


EMISSION STANDARDS 


U.S. cement plants m ust mee t rest rictive emi ssion standards. 
Although federal regulations stipulate only a limit for particulates 
from the kiln and clinker cooler stacks, 0.3 Ib/st of kiln feed 
(0.15 kg/t) and 0.1 Ib/st (0.05 kg/t) of kiln feed, the reality is that 
plants have to meet much more stringent regulations, and these are 
multilayered and not ne cessarily codified as a uniform standard. 
The principal e mission limits are set by the re quirement to meet 
National Ambient Air Quality Standards (NAAQS) for particulates, 
sulfur dioxide, v olatile or ganic co mpounds (V OCs), and carbon 

monoxide. Building a ne w plant or replacing an e xisting process 
system requires demonstratin g that the plant will not “consume” 
more than the allowable increment of these pollutants in the area of 
impact. Additionally, these standards may be trumped b y the need 
to comply with a state implementation plan (SIP) that mandates a 
lower emission level. Many plants are required to meet NOx emis- 
sion limits in order for the state to meet SIP requ irements. Addi- 
tionally, plants are no wrequired to meet best available control 
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technology standards for certain pollutants such as particulates. The 
Clean Air Act Amendments of 1990 also imposed on cement plants 
the need to achieve the emission standards set to be the “Best 12%” 
of the plants. More recent emission standards require that cemen t 
plants meet dioxin and furan limits of 0.2 ng per dry standard cubic 
meter of stack gas. These multiple layers of regulations and emis- 
sion limits have made permitting new greenfield plants a costly and 
time-consuming process. Ev en obtaining permits for ne w produc- 
tion systems at existing plants, where there are “offsets” created by 
the new process emitting fewer pollutants than the existing process, 
takes considerable time despite typically avoiding the more time- 
consuming per mitting process of demonstrating compliance with 
Prevention of Sign ificant De terioration of Ambient Air Quality 
Standards (PSD Review) and the New Source Performance Stan- 
dards (NSPS Review). 

Table 6 presents the NAAQS that ne w cement plants must 
demonstrate the y m eet. This i s a comple x pro cess that requires 
mathematical modeling of the emissions from the various parts of 
the process. Table 7 presents the emission limits of certain hazard- 
ous pollutants that new cement plants must demonstrate they meet. 

The cement industry has also had to contend with more restric- 
tive emission limits, especially of NO x and S O» but also VOCs and 
trace amounts of metals. By definition, cement kilns are also major 
emitters of carbon dioxide, which is an unregulated gas but is a polit- 
ical issue. 

Those plants that b urn hazar dous w astes as kiln fuel must 
comply with federal regulations under the Resource Conservation 
and Recovery Act of 1976 (RCRA). These regulations are in addi- 
tion to those just d iscussed. Compliance with RCRA regulations 
imposes a signif icant cost, partly offsetting the economic benef its 
of this cost-saving measure. 

The U.S. cement industry has developed interesting emission 
control techniques to comply with permit requirements. To control 
SO emissions, lime slurry is added to the spray water in gas cool- 
ing towers. Although this technique works better with f abric filter 
air pollution control systems, it is applied on kilns with electrostatic 
precipitators. To meet NOx emission limits, the cement machinery 
manufacturers developed staged combustion systems in the calcin- 
ers that reverse the NO, formed in the rotary kiln. Modern calciner 
kilns emit <25% of the NO, of older long dry or wet kilns. Kiln 
burner manufacturers also developed burners that reduce NOx by up 
to 66%. To meet the dioxin-furan emission limits, kiln gases are 
now cooled to <200°C in gas cooling towers or in specially config- 
ured duct systems. Modern compressed air atomizing spray nozzle 
technology combined with gas cooling towers and duct systems 
designed using computational fluid dynamics allows gas cooling to 
120°C with no consequences such as wetting the dust, a remarkable 
achievement not possible 10 years ago. 

The need for reliability in meeting emission limits from clin- 
ker coolers has forced plants to install gas cooling systems ahead of 
the f abric f ilters which are the prefe rred particulate removal 
devices. Very few plants use electrostatic precipitators or gravel bed 
filters for this function. The preferred gas cooling system is an air - 
to-air heat exchanger, although these devices are not without their 
problems due to abrasion, therma | e xpansion, and contraction 
resulting in fugitive emissions. 


OUTLOOK, FUTURE TRENDS, AND 
DEVELOPMENTS IN THE INDUSTRY 


The U.S. cement industry continues to i nstall single | arge-capacity 
kiln and mill systems, a trend that began 50 years ago. In 1960, a very 
large kiln was 2,000 tpd of clinker. In 1967, the then-largest kiln in 
the world—4,000 tpd—w as installed in Cl arksville, Mi ssouri. By 
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Table 6. National Ambient Air Quality Standards 


Pollutant 


Carbon monoxide 


Primary Standards 
9 ppm (10 mg/m?) 
35 ppm (40 mg/m?) 


Averaging Times 


Quarterly average 
Annual (arithmetic mean) 


Annvalt (arithmetic mean) 


Secondary Standards 


None 
None 
Same as primary 
Same as primary 


Same as primary 


Lead 1.5 pg/m3 
Nitrogen dioxide 0.053 ppm (100 pg/m%) 
Particulate matter (PM10) 50 pg/m 
150 pg /m3 
Particulate matter (PM2.5) 15 pg/m3 
65 pg /m3 
Ozone 0.08 ppm 
0.12 ppm 


Sulfur oxides 0.03 ppm (78.5 pg/m’) 
0.14 ppm (366 pg/m3) 
No standard applies 
Source: CFR 2004a. 


* Not to be exceeded more than once per year. 


24 hr* 


Annual# (arithmetic mean) Same as primary 


24 hré 

8 hr** Same as primary 

1 hrtt Same as primary 
Annual (arithmetic mean) No standard applies 

24 hr” No standard applies 

3 hr* 0.5 ppm (1,300 pg /m) 


t To attain this standard, the expected annual arithmetic mean PMio concentration at each monitor within an area must not exceed 50 yg/m3. 
tTo attain this standard, the 3-year average of the annual arithmetic mean PMg 5 concentrations from single or multiple community-oriented monitors must not 


exceed 15 g/m. 


§ To attain this standard, the 3-year average of the 98th percentile of 24-hr concentrations at each population-oriented monitor within an area must not exceed 


65 Yg/m°?. 


** To attain this standard, the 3-year average of the fourth-highest daily maximum 8-hr average ozone concentrations measured at each monitor within an area 


over each year must not exceed 0.08 ppm. 


tt The standard is attained when the expected number of days per calendar year with maximum hourly average concentrations above 0.12 ppm is <1. The 1-hr 
NAAQS will no longer apply to an area 1 year after the effective date of the designation of that area for the 8-hr ozone NAAQS. The effective designation date 


for most areas is June 15, 2004. 


Table 7. Emission limits of hazardous pollutants and operating limits 


Pollutant or 
Affected Source Opacity 
All kilns and in-line kiln/raw mills at major sources PM 
(including alkali bypass) Opacity 


All kilns and in-line kiln/raw mills at major and area Dioxins/furans 


sources (including alkali bypass) 


New greenfield kilns and in-line kiln/raw mills at major THC 

and area sources 

All clinker coolers at major sources PM 
Opacity 

All raw mills and finish mills at major sources Opacity 

New greenfield raw material dryers at major and area THC 

sources 

All raw material dryers and material handling points at Opacity 


major sources 


Source: CFR 2004b. 


1990, a large kiln in the United States and Canada was considered to 
be 5,000 tpd, although larger ones were being installed in southeast 
Asia. Holcim is inthe permitting stage of a 12,000-tpd kiln to be 
installed at a greenfield plant near Bloomsdale, Missouri, on the Mis- 
sissippi River. Mills have followed a similar trend. Raw materials for 
a 6,000-tpd kiln system are ground ina single vertical roller mill. 


Emission and Operating Limit 


0.15 kg/Mg of feed (dry basis) 

20% 

0.20 ng TEQ/dscm or 0.40 ng TEQ/dscm when the average of the performance 
testrun average particulate matter control device (PMCD) inlet temperature is 


204°C or less. [Corrected to 7% oxygen]. Operate such that the 3-hr rolling 
average PMCD inlet temperature established at performance test. 


If activated carbon injection is used: Operate such that the 3-hr rolling average 
activated carbon injection rate is no less than rate established at performance 
test. Operate such that either the carrier gas flow rate or carrier gas pressure 
drop exceeds the value established at performance test. Inject carbon of 
equivalent specifications to that used at performance test. 


50 ppmvd, as propane, corrected to 7% oxygen 


0.050 kg/Mg of feed (dry basis) 

10% 

10% 

50 ppmvd, as propane, corrected to 7% oxygen 


10% 


Cement is ground in 6,000-kW ball mills, although t ypically t wo 
mills of this size are required to complement a 6,000-tpd kiln. 

This trend to increasingly larger production units is driven by 
economics. The labor force requirements for a 12,000-tpd plant are 
20% greater than those of one half that capacity. The most efficient 
modern large plants (5,000 to 6,000 tpd of clinker) operate with 
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100 hourly emplo yees and 30 salaried personnel. The number of 
items of eq uipment dictates maintenance personnel requirements. 
The number of operating personnel is essentially static because of 
the modern central contro | systems, the computer controlled pro- 
cess, and the st ability of preheater prec alciner kil ns. Quarryi ng 
operations require no more personnel because of the v ery large 
sizes of haulage and loading equipm ent, use of in-pit crushers, and 
belt conveyor transport systems. 

Perhaps the future trend in th e industry is described not in 
terms of major de velopments but in terms of continued de velop- 
ment of large kiln and mill systems and more efficient grinding sys- 
tems. The 10,000-12,000 kW ball m_ ills are on the w ay. Vertical 
roller mills of 12,000 kW are also just a matter of time. 

Considerable improvements in automation of process contr ol 
have evolved over the past 15 years using the modern powerful PCs 
in tandem with PLCs for motor control and rapid data gathering. A 
modern plant uses a fiber-optic data highway for rapid data trans- 
mission which, with DCS and “ smart PLCs,’ maintains far more 
accurate control of the pro cess. This trend is bound to continue as 
improvements in PCs and PLCs and the p rocess control softw are 
continue. 

Continued development of emission control systems, princi- 
pally for SOz and NO, reduction, can also be predicted. Some pro- 
ducers ha ve declared the intentio ntoreduce carbond _ ioxide 
emissions from kiln systems. To meet this objective, greater use of 
pozzolanic materials, both natural and synthetic, is likely. Alterna- 
tive sources of calciumo xide are also objectives, reducing the 
amount of limestone required. 

There has been considerab le consolidation in o wnership and 
number of plants in the last f ew years. This trend is likely to con- 
tinue as company managements see the need to lower operating and 
administrative costs and b uild fewer, lar ger-capacity plants. Older 
wet- and dry-process plants will continue to be replaced with larger 
plants. The North American cement industry is dominated by major 
multinationals. About 62% of the production capacity is concen- 
trated in six m ajori nternational c ement c ompanies—Holcim, 
Lafarge, CEM EX, Ita 1 Cim enti, Buzz i Unic em, and He idelberg 
Cement. All foreign companies combined control 80% of the clin- 
ker capacity and a greater percentage of cement sales. 
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ADDITIONAL RESOURCES 


A significant body of literature and information on portland cement 
and its producers e xists,not only inthe United States but also 
around the w orld. Numerous go vernment and Portland Cement 
Association (PCA) publications cover all aspects of the industry 
and its vital contribution to raising standards of living. This section 
lists just a few of the publications readers may wish to consult for 
more details. 
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Select Organizations, Web Sites, Trade Journals, 
and Other Publications 


American Association of State Highway and T ransportation Offi- 
cials (AASHTO), http://www.aashto.org. 

American Ceramic Society, Journal of the American Ceramic Soci- 
ety, http://www.ceramics.org. 

American Concrete Institute (ACID), Journal of the American Con- 
crete Inst itute, published month ly; ACI Manual of Concrete 
Practice (3 parts), current e dition, A CI Spec ial Publi cations, 
http://www.aci-int.org. 

Cement and Concrete Research, published bimonthly, http://www. 
elsevier.com. 

Cement International, published bimonthly, http://www.verlagbt. de. 

Concrete Construction , published monthly , ht tp://www.concrete- 
construction.net. 

Concrete Pr oducts, published monthly, ht tp://www.concreteprod- 
ucts.com. 

Engineering News Record, published weekly, http://www.enr.com. 

International Cement Review, published monthly, http://www.cem- 
net.co.uk. 

PCA, various publications, http://www.cement.org. 

Pit & Quarry, published monthly, http://www.pitandquarry.com. 

Rock Products and Cement Americas, published monthly , http:// 
www.rockproducts.com. 

SME, Mining Engineering , published monthly , http://www . 
smenet.org. 

U.S. Bureau of Re clamation, various publications; e.g., Concrete 
Manual (current edition), usually 600 to 700 pp., http://www. 
usbr. gov. 

U.S. Department of Defense, Army Corps of Engineers, v arious 
publications (e.g., Handbook for Concr ete and Cement, 1949, 
with loose-leaf revisions, 928 pp.), http://www.usace.army.mil. 

U.S. Geological Surv ey, MineralsI ndustry Survey (Cem ent 
Monthly); Minerals Yearbook (Annual Cement Chapter), http:// 
WWW.USES. ZOV. 

World Cement, published monthly, http://www.worldcement.com. 

Zement Kalk Gi ps International, published monthly, http://www. 
baudialog.de. 
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Flooring Materials 


Robert C. Freas and Chris Lombardo 


INTRODUCTION 


One of the f irst things a per son sees when entering a b uilding or 
room is the floor. It mak es no difference whether it is a personal 
residence, an office, a store, or even an airplane hanger— the floor 
surface makes a statement. Flooring can be both functional and aes- 
thetic, it ma kes an impression, and it def ines the purpose of the 
space. In the home, the flooring says something about the residents, 
their interests, and their priorities. In a commercial space, the floor 
treatment goes a long way in defining the purpose of the business 
and the space it occupies. 

The selection of a f loor treatment is b ased on the number of 
alternative choi ces available t ot he consum er and _ the i nterior 
designer and/or architect, as well as the functional purpose of the 
floor. Aesthetics will generally have a far greater impact on floor 
treatment selection in the home or office than will functio nal per- 
formance. Conversely, cost, functionality, and durability will likely 
have a greater impact on material selection than appearance in hos- 
pitals, schools, and other institutional space; government offices; 
and retail commercial space. 

This chapter presents a review of a variety of flooring materi- 
als, the dynamics of the U.S. flooring market, and the role of indus- 
trial minerals in v arious flooring options. It also look s at market 
trends and the impact on industrial minerals specif ications and 
usage. Although the mark et in formation focuses on the United 
States, the techno logy and mineral usage is similar to compar able 
flooring production in most global manufacturing enterprises. 


MARKET OVERVIEW 


Product Choices and Market Segmentation 


Within the floor ing indu stry, produ cts are usually def ined as (1) 
carpet and rugs; (2) resilient flooring, which includes both viny] tile 
and sheet goods; (3) ceramic tile; (4) wood; (5) laminates; and (6) 
specialty flooring. Table 1 shows the 5-year history, in sales dollars, 
for these groups during the period 1999— 2003. Table 2 p resents a 
comparison for the same period based onthe square footage of 
product sold. 

Soft surface flooring, which is the industry term for carpet and 
rugs, is t he largest se gment of the flooring materials market in 
terms of both sales dollars and square footage covered. When look- 
ing at the sales figures, however, it is apparent that market share for 
this segment has been declining despite rea] inc reases in ac tual 
annual sales. In fact, over the past 10 years, this segment’s share of 


Table 1. U.S. floor covering market sales, 5-year history, million $ 

















Product Sector 1999 2000 2001 2002 2003 
Carpet and rugs 12,248 12,911 12,868 13,200 13,230 
Hardwood flooring 1,533 1,634 1,731 1,871 1,983 
Ceramic tile 2,040 2,190 2,101 2,340 2,540 
Vinyl sheet and tile 1,747 1,803 1,776 1,840 1,786 
Laminate flooring 632 737 768 910 1,206 
Other 284 290 286 294 302 
Total 18,484 19,565 19,530 20,455 21,047 
Source: Statistical Report ‘03 (2004). 
Table 2. U.S. floor covering market sales, 5-year history, 
billion sq ft 
Product Sector 1999 2000 2001 2002 2003 
Carpet and rugs 17.17 17.92 17.00 17.50 17.38 
Hardwood flooring 0.84 0.83 0.83 0.82 0.84 
Ceramic tile 2.08 2.28 2.27 2.63 2.88 
Vinyl sheet and tile 3.35 3.27 3.76 3.58 3.55 
Laminate flooring 0.36 0.46 0.48 0.68 0.94 
Other 1.45 1.47 1.48 1.47 1.50 
Total 25.25 26.23 25.42 26.68 27.09 





Source: Statistical Report ‘03 (2004). 


the total floor covering market dropped from 66.8% in dollars and 
71.9% in square footage in 1992 to 63.4% and 67.7%, respectively, 
in 2003. 

Hard surface flooring has gained market share from soft sur- 
face, particularly in domestic mark ets where hard wood, lami- 
nates, and ceramic tile continue to make significant gains. Much 
of this is attributed to baby boomers and empty nesters who con- 
trol a signif icant portion of the disposable income in the United 
States. This gro up not only prefers alternate materials, b ut they 
are also purchasing better quality goods. 

Another factor driving the shift in market share is new home 
construction. Homes are not only increasing in square footage, but 
areas in which carpet and vinyl once were dominant—living rooms, 
dining rooms, kitchens, and baths—have seen an increased demand 
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for hard su rface products. Kitche ns, bathrooms, and entryw ays 
have been a significant factor in the gains made by ceramic tile, and 
hardwood and laminates are being sp ecified in place of carpet for 
living rooms, dining rooms, and occasionally bedrooms. 

Growth in market share for hardwood and laminates has been 
spurred by ne w product offerings designed for a di verse ran ge of 
applications. These products include specialized milling to f acili- 
tate ease of installation, and include both standard board widths and 
wide planks. Hardwood products are essentially engineered materi- 
als that allow for a variety of design and installation options. Long- 
strip glueless and soli d floors, pref inished flooring, and specialty 
design inlays are common o ptions available to the re sidential cus- 
tomer. Wood choices range from the standard ande ver popular 
maple, oak, and cherry to a num ber of exotic woods, and in clude 
such di verse materials as cork and bamboo. Engineered wood 
floors for high traffic and comm ercial space include products 
impregnated with acrylic. 

Laminate flooring is an engineered and m anufactured floor 
product that is lower in price than standard hardwood flooring. Lam- 
inate products have found wider acceptance over the last 3 to 5 years 
because the product has benefited by an increased array of products, 
improved product quality and durability, and an expanded distribu- 
tion network. The product line has also benefited from the increased 
availability of trained installers familiar with laminate products and 
innovations such as glueless mechanical locking floor systems. 

Ceramic tile also continues to grow in popularity in the United 
States. The T ile Council o f America reports that per capita usag e 
has increased from 5 sq ft per person in the 1980s to approximately 
9.0 sq ft per person in 2002. Unfortunately for U.S. manufacturers, 
in 1985 imports made up 55% of that usage, and today imports 
account for approximately 77%. Of the 2.88 billion square feet of 
ceramic tile sold in the Unit ed States in 2003, only 662 million 
square feet were produced domestically. 

The number of domestic ceramic tile producers has dropped 
dramatically as the trend toward a few large companies buying out 
smaller f amily-owned f actories continue s. Man y smaller family- 
owned factories have simply gone out of business because they have 
been unable to compete with the lo wer sales prices available from 
the larger mass producers. Glazed floor tile that sold for $0.80 per sq 
ft in 1990 sells for $0.65 today, despite an increased array of product 
choices and designs. European trends toward large-format porcelain 
floor tile have also made their way into the United States. In the late 
1980s and early 1990s, 8 x 8-in. glazed floor tile was most popular, 
followed by 12 x 12-in. glazed tile. Today, most U.S.-manufactured 
tile has trended toward large-format tile, up to 18 x 18-in. wall tile, 
while the majority of the 8 x 8 in. tile, along with n ew creative sur- 
face textures, is being imported. Principal tile-exporting countries to 
the United States are Italy, Spain, and Mexico. 

Vinyl flooring, including both tile and sheet, has lost market 
share to hardwood and laminate, a nd to a lesser extent to ceramic 
tile. Ma nufacturers h ave be en w orking h ard to maintain market 
share while maintaining a nearly constant price per square foot. 
New design motifs with tile look-alike patterns and surfaces have 
been critical to retaining market share. Nevertheless, the sales of 
vinyl high-end goods have been steadily declining in favor of lower 
priced vinyl products. Although vinyl once was second only to car- 
pet as a_ product of choice in re modeling, less than 22% of vinyl 
sales were to repair and replacement orders in 2003. At the same 
time, sales of less expensive vinyl products have increased 50% to 
70%, depending on geog raphic locati on, as durability an d price 
influence commercial and institutional purchase decisions. Schools, 
hospitals, and retail sp ace have accounted for a lar ge portion of 
these sales. 


Specialty flooring covers a wide array of products, including 
terrazzo, natural stone, commercial nonskid surfaces, and so forth. 
This product group has been nearly constant at a 4.4% market share 
over the past 5 years. Each of the products included in the specialty 
flooring category are normally chosen for either a specific architec- 
tural effect or a sp ecific func tional purp ose. These products are 
normally selected for specific projects, and as such are less subject 
to mark et swings associated w ith commodity-oriented a lternate 
materials. 


Sales and Distribution 


The sales and distribution of flooring materials have undergone sig- 
nificant changes in the past 10 years. These c hanges have been 
brought about by consolidation of the manuf acturing community 
within in dividual mark et se gments, consolidation between se_ g- 
ments, and the market influence of | arge national retail outlets. 
These r etail chains can influence pricing _ throug h their v olume 
requirements and the pressure they can exert on the manuf acturer. 
These macro changes have also resulted in substanti ve chan ges 
throughout the r est of the distribution chain, particularly at the 
locally owned flooring sales centers. 

Consolidation h as certainly be en e vident wi thin t he c arpet 
industry—Shaw Industries, M ohawk, and the Beau _ lieu Group, 
three of the lar gest U.S. carpet manufacturers—have al 1 gro wn 
through acquisition an d now dominate carpet manuf acturing in 
North America. T his consol idation has a fforded t hese firms cost 
efficiencies through reduced overhead and the ability to dedicate 
individual carpet mills to sp ecific brands an d/or quality levels of 
product with fewer changeovers and larger operating runs. In addi- 
tion, both Shaw and Moha wk have become more in dependent in 
their distrib ution an d b roader based in their product of ferings. 
Shaw has gone so f ar as to open its o wn showrooms and ind epen- 
dent sales centers, and both Shaw and Mohawk have broken away 
from the large industry shows (such as the annual “Surfaces”), and 
are doing their o wn trade shows that focus so lely on their product 
lines. 

Consolidation has also occurred in ceramic tile manufacturing. 
Two of the largest U.S. tile producers—Dal-Tile and Florida Tile— 
have been sold in the last 5 years. This included Mohawk’s acquisi- 
tion of Dal-T ile to create the largest flooring manu facturing com- 
pany in the United States. In a ddition, Marrazzi (Italy) and Roc a 
(Spain) have either acquired U.S. manufacturing capacity or b uilt 
plants of their own in the United States. As a result, the U.S. ceramic 
tile industry is, in lar ge part, dominated and controlled by foreign 
interests. 

On the distrib ution side, Ho me Depot and its Exp o Centers 
has become the largest outlet for flooring in the United States. The 
company’s purchasing power has put tremendous pressure on man- 
ufacturers to control cost and has had a ne gative impact on some 
independent dealers. The outcome has been increased focus by 
independent carpet and floor reta il stores on higher quality goods, 
custom pro ducts, and design assist ance. T his is particularly t rue 
with hardwood and ceramic tile, and the trend has been comple- 
mented by the compan y’s support and training of well-q ualified 
installers. Many of these stores also carry adhesive, grouts, and the 
requisite installation tools. 


Market Segments and Minerals Function 
Carpet and Rug 


Most wall-to-wall carpet is produced with a three-layer composite 
backing that includes a primary and secondary backing wit han 
intermediate adhesive latex binder. The primary backing is usually a 
polypropylene woven fabric into which the carpet yarns are tufted. 
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The secondary backing, which is in actual contact with the floor 
surface, is a woven synthetic fabric that is laminated to the back of 
the carpet with an adhesive binder. The binder will normally consist 
of sty rene butadiene rubber (SB R) latex in re sidential carpets or 
polyurethane foam for commercial and heavy-wear carpets. 

The binder is the only element in carpet construction that uses 
mineral materials. Ground calciu m carbonate (GCC) with 60% to 
70% passing a 200 mesh screen is generally the filler of choice in 
residential carpet. GCC is used to lower the cost of the binder, and 
to increase weight and stiffness. Commercial grades of carpet will 
frequently use alumina trihydrate (ATH) in place of the GCC. ATH 
is a mineral fire retardant and is used t 0 increase the UL rating of 
the carpet where more stringent fire regulations may apply. 


Resilient Flooring 


Resilient floor co vering util izes GCC, a nd occ asionally t itantum 
dioxide ( TiO) or talc. Some specif ic p roduct for mulations may 
require minor amounts of kaolin. With few exceptions, the GCC uti- 
lized by this industry will have a whiteness and brightness specifica- 
tion with a minimum Hu nterL value of 90 , and usually high er. 
Mineral filler has a distinct impact on the color of the vinyl flooring 
and must have lot-to-lot color consistency and be totally free of dark 
specks or contaminates. Graphite specks are particularly detrimental 
as they may contribute to secondary color rings analogous to petro- 
leum products in water. Depending on the desired color of the prod- 
uct, TiO2 may be used to adjust and/or stabilize the whiteness of the 
product. 

Talc and kaolin are minor fillers in resilient flooring; both are 
more commonly used in sheet goo ds than tile. When used, talc is 
normally used for color adjustment and as are placement for both 
GCC and TiO2. Kaolin may be used in specific commercial prod- 
ucts, particularly where durability and acid resistance are important 
functional features. 


Ceramic Tile 


Ceramic tile production can be distinguished by four uniquely dif- 
ferent tile categories, as discussed in the sections that follow. Each 
type has its o wn specific raw material requirements and signif i- 
cantly different firing characteristics. 

Wall tile is alo w-temperature, gla zed tile with weak fired 
strength and 15% to 18% w ater abso rption. F ormulas usually 
include talc and/or pyrophyllite and ball clay. This tile is used on 
walls and occasionally lo w-traffic and residential floors. Wall tile 
will not hold up in high-traffic areas. 

Ceramic mosaic tile is a porcelain tile no larger than 2 x 2 in. 
It is fired to water absorptions of 0.1% or lo wer, and formulas use 
feldspar or nepheline syen ite for a flux, and ball clay or kaolin for 
the clay fraction in the body. 

Glazed floor tile (Monocottura) is usually 8 x 8 in. or larger. It 
isfiredto 2%t0o3% wat er absorption. F ormula requirements 
include feldspar or a loc al flux, and ba ll clay that is used for the 
plastic fraction of the tile composition. Body color does not matter 
because this tile has a 100% glazed surface. 

Porcelain (Porcellanato) is a high-temperature floor tile fired 
to 0.1% water absorption or lower. Its high strength allows it to be 
used in the most demanding commercial applications. Body color is 
important because only a portion of the surface is decorated. This 
tile requires feldspar or nepheline syenite as a flux. Ball clay and 
kaolin normally are used in the plastic fraction in the body. 

Calcium carbonate is use d in some, but certainly not all, tile 
formulations. When used, the car bonate may be present in either 
the body or the glaze, o rin both. In the body , calcium carbonate 
helps control firing viscosity and reduces the temperature at which 


the tile will cure. In the glaze, carbonate tends to reduce the gloss or 
luster and is used to enhance the color of several pigments such as 
chromium. Calcium carbonate, ho wever, will increase brittleness 
and is normally restricted to wall tile. 


Specialty Flooring 


Terrazzo, nonskid ep oxy industrial floor paints, and r ubber are 
three flooring materials that use mineral products. Natural stone is 
cut or slabbed and is not really manufactured flooring. 

Terrazzo is a composite material poured in place or precast. It 
consists of mar ble, quartz, glass, or another suitable chip, and is 
poured with a binder. The terrazzo is cured, ground, and polished to 
a smooth surface or otherwise te xtured finished surface. Terrazzo 
chips may include calcar eous se rpentine, marble, on yx, and so 
forth, which take on a polish when ground. Chips of other materials 
such as granite, quartz, and silica pebbles may be used when the 
surface does not require a polish. 

Nonskid epoxy paints are used in av ariety of commercial 
applications ranging fr om airplane hangers to w arehouse floor s. 
These paints utilize fine sand particles that provide skid resistance 
without creating such arough te xture that the y impede oil and 
grease spill cleanup. 

Rubber flooring may be filled or unfilled. Rubber floor mats, 
runners, and stair treads may contain GCC to lower cost and impart 
stiffness. Barytes may also be us ed to increase weight, and ATH is 
used to provide fire retardance. 


Manufacturing Locations 


Of all se gments in the category of floor covering materials, carpet 
and rug manufacturing are by far the most geographically concen- 
trated. More than 75% of manufacturing capacity in this industry is 
concentrated in no rthern Geor gia, with the ma jority a t Dal ton, 
Georgia. Fifteen years ago, ther e we re ca rpet mil Is_ scattered 
through Alabama, the Carolinas, Georgia, and Tennessee, but today 
there are only two major carpet mills in the Carolinas, one in Ala- 
bama, and one in Tennessee. Conversely, there are 51 carpet mills 
and finishing houses in north Georgia that together consume more 
than 590,000 t of mineral filler annually. There are se veral small 
mills scattered about the eastern half of the United States, princi- 
pally in Pennsylvania and Virginia. The only area of major carpet 
production outside Georgia is in Southern California, where there 
are 12 mills using about 90,000 t of mineral filler annually. 

Resilient flooring manufacturing plants, unlike carpet plants, 
are scattered about the United States, located strategically to serve 
major population centers. There are a dozen plants producing tile or 
sheet goods in eastern Pennsylvania, New Jersey, and Ne w York. 
Plants are also located in California (5), | northern Ohio (3), and 
scattered throughout the southwest and south-central states of Okla- 
homa and Texas. Nevertheless, several plants have closed in the last 
3 to 5 years, and this trend is expected to continue as the indu stry 
consolidates production to reduce costs. 

Ceramic tile is produced in several states but is notably con- 
centrated in the states of Tennessee and Texas, where the plants are 
relatively close to the sources of one or more raw materials. New 
plant construction includes the e xpansion of Crossville Porcelain 
and the ne w GrantiFiandre plant, both located in Crossville, T en- 
nessee, and Dal-Tile’s new facility in Muskogee, Oklahoma. There 
are also several large ceramic tile plants in Mexico, although many 
of their raw materials are sourced in t he United States. As noted 
previously, nearly 78% of the ceramic tile sold in the United States, 
especially floor tile, is imported, with 35% of these imports coming 
from Italy, 18% from Spain, 13. 5% each from Me xico and Brazil, 
and the remainder from other countries. 
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Table 3. Raw material use by flooring industry segment, kt 





Product Sector ATH Ball Clay caeee Kaolin Silica Feldspar Talc Wollastonite 
Carpet 43 NA* 670 NA NA NA NA NA 
Ceramic tile NA 452 40 160 217 398 14 9 
Vinyl sheet and tile NA NA 714 20 NA NA 5 NA 
Hardwood NA NA NA NA NA NA NA NA 
Laminates NA NA NA NA NA NA NA NA 
Specialty flooring 24 NA 5 2 25 NA 4 NA 
Total “67 “A452 “7,429 “182 “242 “398 “23 “9 





* NA = not applicable. 


Raw Material Requirements 


The specifications for individual minerals used in the flooring indus- 
try vary greatly, both b yenduse and by manufacturer. Inman y 
instances, the minerals provided are engineered blends that satisfy 
specific performance parameters required by the manufacturer. 

Table 3 provides a general summary of the raw materials con- 
sumed by the various industry segments, including tile production 
in Mexico. It sh ould be noted that the raw materials figures for 
ceramic tile are very generalized because there are at least four dif- 
ferent primary tile types, including variations of each tile group. 
The same could be said of specialty flooring materials because so 
many different products and processes are included in the category. 

Ball clay producers benefit from the trend to ward porcelain 
tile. The consistent che mistry and p rocessing ch aracteristics of 
commercially produced ball clay are nec essary for porcelain tile, 
but engineered clay blends designed to meet specific customer for- 
mulations must be used . Thus, th e technical capabilities and sup- 
port available from the cl ay produc er has be come inc reasingly 
critical to sustaining customer relationships. 

Feldspar production from North Carolina has increased in vol- 
ume because of the trend to ward porcelain. The combined sodium 
and potassium content of 10%—15% makes this a good material to 
flux the body to below the required 0.50% water absorption. 

Nepheline syenite from Arkansas currently is being used for 
glazed floor tile and is being evaluated for porcelain. The higher 
iron content of the Arkansas nepheline syenite, 3% to 5%, will not 
produce a white porcelain; ho wever, Canadian nepheline syenite, 
with lower than 0.3% iro n content, is being investigated for white 
porcelain needs. 

Tables 4 and 5 sho w variations in the ra w materials require- 
ments of the different tile species. 


SUMMARY AND CONCLUSIONS 


A large volume of mineral materials is consumed by the floor co v- 
ering industry. The ch anging dynamics of this industr y, including 
major swi tches between m arket segments, consolidation among 
both consumers and producer s of mineral products, pricing p res- 
sures driven by changes in the distribution chain, and engineering 
and architectural design trends continue to impose changes on the 
mix of minerals supplied to flooring manufacturers. Although GCC 
is expected to continue to dominate mineral use in flooring, specifi- 
cation re visions and increasing functional per formance require- 
ments are having an impact on even this mineral staple. 

Particle packing, flowability, and controlled particle size dis- 
tribution are just some of the issues being raised by manufacturers. 
It is becoming even more critical, then, for the mineral supplier to 
be able to provide competent technical support to the end user. 


Table 4. Raw materials requirements for wall tile formulas 





Raw Material Composition Range, % 
Non-talc 
Sodium feldspar 17-14 
Silica 23-30 
Whiting (calcium carbonate) 9-10 
Ball clay 47-50 
Fast fire 
Clay Al 
Pyrophyllite 8 
Talc 24 
Scrap 12 
Wollastonite 15 
Other 
Pyrophyllite 0-35 
Talc 0-66 
Whiting 5-6.5 
Wollastonite 0-10 
Ball clay 28-43 
Silica 0-18 
Shrinkage 0.2-0.7 





Table 5. Raw materials requirements for floor tile 





Raw Material Porcelain (Fast Fire), % Monocottura (Glazed), % 
Ball clay 23 A5 

Shale flux 55 

Feldspar 52 

Kaolin 19 

Silica 5 

Tale ] 

Shrinkage 10 75 





As demands for mineral performance increase and more rigid 
specifications are imposed, pressures to eliminate or reduce unit 
prices for mineral products also increase. The emergence of the “big 
box” building materials stor es and their dominance in the sale of 
flooring products has placed enormous pressures on flooring manu- 
facturers and consequently on the mineral produ cer. Unfortunately, 
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this pressure also has led to a decline in product quality, particularly 
in imported porcelain floor tile. 

Two significant trends dominate the U.S. floor tile industr y: 
the trend toward porcelain tile and the trend toward only large com- 
panies being economically competitive. The sale price for ceramic 
tile continues to drop, which is forc ing companies to lower their 
production costs. In the case of por celain tile, this has forced pro- 
ducers to push th e limits of pro duction specifications as the y turn 
out thinner, lighter weight tile with high er water absorption and 
reduced strength. This favors large producers who can buy state-of- 
the-art produ ction facilities and spread their overhead costs o ver 
millions of square feet. 
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INTRODUCTION 

Gypsum is one of the most wid ely used and versatile minerals. In 
the United States, gypsum resources are considered inexhaustible. 
Most gypsum is used to make wallboard for homes, offices, and 
commercial buildings; a typical new American home contains more 
than 7 t of gypsum (Olsen 2001). Moreover, gypsum is used world- 
wide in cement and concrete ma nufacture for highw ays, bridges, 
buildings, and many other structures that are part of everyday life. 
Gypsum also is used extensively as a soil conditioner on large tracts 
of land in sub urban areas, as well as in agricultural regions. This 
chapter focuses mainly on the United States because it has the larg- 
est amount of gypsum in the world and because usage statistics are 
readily available through the U.S. Geological Survey (USGS) and 
organizations such as the Gypsum Association. 

Gypsum has a long history of usefulness to humans. The earli- 
est known use of gypsum plaster dates back some 8,000 years with 
the discovery of its use in Anatolia. Around 3700 BC, at the time of 
the phar aohs, Egyptians observ ed that gypsum rock broke down 
into a po wder when e xposed to fire, and that when it w as mixed 
with water, it would form a putty that could be plastered on rough 
mud brick or stone walls to make a smooth finish. Iranians, Babylo- 
nians, Greeks, and R omans were familiar with the art of g ypsum 
plastering as well. Examples of its use include the walls of Jericho, 
the pyramid of C heops, the p alace of Knosso s, and the decor ated 
interior walls of Pompeii. 

Although gypsum w as used in a limited way for ornamental 
purposes do wn thr ough th e centur ies, gypsum plaster didn ot 
achieve wide acceptance because its quick (25 to 30 min) setting, or 
hardening, time made it difficult to use. The first real understanding 
of gypsum chemistry was developed in France about 1760 and the 
gradual gro wth of its present utilization da tes fr om t hat ti me. 
Craftspeople firmly steeped in tr adition, ho wever, were slo w to 
accept scientific explanations of gypsum pr operties. As a_ result, 
gypsum manufacture has developed into a modern industry only in 
the last few decades. 

Gypsum refers to the dihydrate form of ca Icium sulfate. 
Anhydrite, the other principal calcium sulfate m ineral, has v ery 
limited use, to the point that separate statistics for it are not always 
kept but are usually included with those for gypsum. 

Although often foun d in close association, gy psum and anhy- 
drite have important chemical differences. Anhydrite is the anhy- 
drous form of calcium sulf ate (CaSO 4), wh ereas gypsum is the 
dihydrate (CaSO 4*2H2O) form. Two molecules of c ombined water 


result in signif icant differences in hardness, density , and solubility 
between the two minerals; however, the most important difference is 
their the rmal properties. Gypsum , following the application of a 
modest amount of heat, can be converted to the hemihydrate of cal- 
cium sulf ate (Ca SO4e'2H20; also kno wn as_ plaster of paris ), an 
intermediate product on which is based more than 90% of the value 
of all calcium sulfate end products. Anhydrite, on the other hand, is 
inert at these tempera tures, and its uses a re limited to those fe w 
cases where calcium sulfate in the anhydrous form has an advantage. 

The first known utilization of gypsum in the United States w as 
as a fine ground material for a soil conditioner at about the time of the 
American Revolution, in the late 1700s. Since that time, the term 
land plaster for ground gypsum has remained in use. Another cemen- 
titious material—lime or calcium oxide—was the preferred material 
for plastering, but by about 1870 a method for retarding gypsum plas- 
ter from setting quickly was discovered. Today gypsum has replaced 
lime almost completely as a plastering material. 

In recent years, gypsum products sold inthe United States 
reached a total valuation of approximately $2.7 billion per year, as 
illustrated in Table 1. 


STRUCTURE OF THE INDUSTRY 


The gypsum industry is well developed in technologically advanced 
countries such as th e United States, Canada, Western Europe, and 
Japan, where it is or ganized into large, well-financed, vertically 
integrated companies. In countries where gypsum usage is not as 
extensive, its pro duction usually is accomplished by sma Il opera- 
tors with limited objectives and capabilities. Several North Ameri- 
can and Western European compan ies operate on an in ternational 
basis through subsid iaries or ot her arrangements. W estern Eu ro- 
pean companies in particular ha ve significantly increased their 
international presence in recent years with the new global economy. 

In 2002, 25 companies operated 50 mines t hat mined and/or 
processed gypsum in the United States. These range in size from 
large, multiplant, multiproduct companies to small, one-plant, one- 
product companies serving local markets for portland cement (as a 
retarder) or for agricultural gypsum. More than 75% of the gypsum 
was mined by 6 companies at 30 mines. Eight companies have cal- 
cining and w allboard manufacturing facilities, and the remaining 
17 ship only uncalcined products. In 2 002, the United States h ad 
61 active calcining and manufacturing plants (Olsen 2002). 

The larger companies are completely integrated—from mining 
and processing to marketing and distributing the finished products. 
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Table 1. Gypsum products (made from domestic, imported, and synthetic gypsum) sold or used in the United States, 2000-2002, by use 








2000 2001 2002 
Use Quantity, kt Value, $1,000 Quantity, kt Value, $1,000 Quantity, kt Value, $1,000 
Uncalcined 
Portland cement 3,800 44,100 2,690 34,400 2,620 32,400 
Agriculture & other 1,920 28,100 844 22,000 985 23,300 
Total” ~ 5,720 ~~ 72,200 3,530. ~~ 56,400 3,600 ~~ 55,700 
Calcined 
Plasters 896 110,000 1,390 167,000 967 146,000 
Prefabricated productst 22,900 2,680,000 24,300 2,250,000 28,500 2,480,000 
Total calcinedt 23,800 2,790,000 25,700 2,410,000 29,500 2,630,000 
Grand totalt 29,500 2,860,000 29,200 2,470,000 33,100 2,690,000 





Source: Olson 2001, 2003. 
* Data may not add to totals shown because of independent rounding. 
tT Includes weight of paper, metal, or other materials. 


As the importance of wallboard has grown, some companies also 
have built paper mills to supply part or all their needs for f ace and 
back paper used on the board. This trend toward vertical integration 
has resulted in strong competition and the continuing need to control 
all phases of the business. As a consequence, there is practically no 
market for supplying crude gypsum rock to calcining—manufacturing 
companies. 


World Trade 


World trade in gypsum consists primarily in the movement of crude 
gypsum rock, althou gh, to a limited extent, certain man ufactured 
products do move across international boundaries. The United States 
is both the world’s largest producer and importer of gyp sum rock. 
Canada is the largest exporter of gypsum, almost all of it in the form 
of crude gypsum rock to the United States. In 2002, Canada was the 
third largest producer of gypsum rock. 

In Western Europe, Spain is b oth the lar gest producer and 
exporter of gypsum; the country’s exports are in the for m of crude 
gypsum rock. Germany, France, and the United Kingdom also pro- 
duce significant quantities. 

Iran w as the secon d largest producer of natural gypsum in 
2002 and accounted fo raround 90% of Middle Eastern output 
(Olsen 2002). 

The primary reason for the limited amount of w_ orld trade in 
gypsum or its products is the widespread occurrence of deposits 
and in the relati vely low ratio of manu facturing costs to product 
weight. Freight, therefore, is ama jor segment of deli very cost, a 
fact that discourages shipping gypsum long distances across inter- 
national boundaries. For further di scussion on the occurrence and 
place value, and for statistics on U.S. imports, the reader is referred 
to the Gypsum and Anhydrite chapter of this book. 


BASIC PROCESSING METHODS 


The processing of gypsum can be divided into three basic steps: (1) 
rock preparation, (2) calcining, and (3) formulating and manufactur- 
ing. This is illustrated graphically with the flow chart in Figure 1. 
The specifics of each step will vary with the quality o f the gypsum 
and with the type of final product. 


Rock Processing 


Primary crushing is accomplished by gyratory, jaw, roll, or im pact 
crushers, depending on the size of the mine-run rock, the de sired 
throughput, and th etype of subsequent processing. Secondary 
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Figure 1. Gypsum process flow block diagram 
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crushing is done with a variety of standard units, but hammer mills, 
roll-type, and cone-type crushers are most commonly utilized. Fine 
grinding of uncalcined gypsum is generally accomplished b y air - 
swept roller mills fitted with integral air separators for better particle 
size control, al though high-energy impact m ills with air classif iers 
also have been used. 

Both primary and secon dary crushing steps usually are con- 
ducted with vibrating screens in th e circuit, in part to maximize 
crushing efficiency and to reduce the production of u Itrafines, but 
also to recover portland cement rock, which is the first marketable 
product of gypsum processing. The particle size of portland cement 
rock will vary with the requirements of each individual cement 
plant, but in the United States, it most often falls within a range of 
38 to 51 mm top size by 6 to 13 mm bottom size. 

Drying (the removal of free moisture) may occur either before 
or after the secondary crushing stages, depending on the amount of 
free moisture in the mine-run rock. Because 5-mm crushed gypsum 
is difficult to handle, particularly if wet, drying often is required to 
ensure the free flow of material in subsequent steps. This is accom- 
plished most often in rotary dryers and must be carefully controlled 
so that the temperature of the rock does not exceed 49°C, the point 
at which dissociation of combined water begins to take place. 

In many cases, the purity or quality of mined gypsum is suffi- 
ciently high that it can be used without upgrading; however, benefi- 
ciation techniques are sometimes employed to m eet the required 
specifications. The most common form of benef iciation is simple 
classification by particle size with dry screening, air separation, or 
other means wherein a size fraction containing a significant portion 
of impurity is discar ded. In general, this method is used to re duce 
clay and/or sand (soil) impurities. In some cases, impurities, which 
are harder than gypsum and which tend to concentrate in coarser 
size fractions after crushing, also can be reduced by screening. 

Washing and/or wet screening is used in a few cases, particu- 
larly where the need for whiteness exists. The use of gravity separa- 
tion with high-density media for the removal of impurities currently 
is employed at two operations in Canada. In many cases, gypsum is 
amenable to other gravity methods of beneficiation, froth flotation, 
or to color sorting. Some laboratory work has been reported on 
these approaches (MacPherson 19 50; French 1967). Their r ela- 
tively high cost and the availability of high-quality deposits of natu- 
ral gypsum and sour ces of synt hetic gypsum, ho wever, usually 
eliminate the need for these types of beneficiation. 


Synthetic Gypsum 


Over the last 25 y ears, the use of synthetic gypsum has g ained in 
popularity. It often replaces natural gypsum and is used as feed- 
stock in gr eenfield p lants, particularly in industr ialized nations. 
Today, about 25% of the gypsum consumed for wallboard manufac- 
tureinthe United Statesis from synthetic sources. Its use is 
expected to con tinue to gro w over the n ext 10 to 15 year s. The 
availability of synthetic gypsum is lowering barriers for competing 
manufacturers entering new geographical markets. 

Synthetic gyp sum orig inates from se_ veral industrial pro- 
cesses. Mainly, it is a product resulting from industrial acid neutral- 
ization, or flue gas desulfurization (FGD), of fossil fuel combustion 
in power plants and can be as pure as 98% CaSO4*2H20. 

By far the lar gest amount of synthetic gypsum is obtained 
from the production of wet pho sphoric acid from phosphate rock. 
But high le vels of impurities and often low levels of radon render 
phosphogypsum useless or reduce it to insignificant levels. Other 
sources of synthetic gypsum include small quantities from the pro- 
duction of organic (e.g., citric, lactic, tartaric, and oxalic) and inor- 
ganic (e.g., boric) acids. 


Today, it is common to use synthetic gypsum from FGD for 
wallboard manufacture. Its ever-increasing availability is a result of 
environmental regulations such as the Clean Air Act Amendments 
of 1990. 

Synthetic gypsum usually is available in its granular form (30 to 
60 um), with moisture content varying from 6% to 15%. The product 
normally is dried by the consumer to less than 1% moisture cont ent 
prior to calcinin g and then hand led in the same manner as natural 
gypsum throughout the manufacturing process. The major advantage 
of using synthetic gypsum is its low cost, so it is a matter of econom- 
ics. The cost of transport ation is usually the determining f actor. As 
requirements for reducing sulfur dioxide emissions are implemented 
throughout the power-generating industry, the availability and use of 
synthetic gypsum are likely to increase in the foreseeable future. The 
Flue Gas Desulfurization chapter in this volume contains additional 
information. 


Calcining 


In the gypsum industry, calcining reduces the dihydrate of calcium 
sulfate (CaSO4*2H20) to the hemihydrate (CaSO4*2H20) or anhy- 
drous (CaSO4) forms. In the v ery early history of making gyp sum 
plaster, pieces of gypsum rock simply were heated in an open wood 
fire to brin g about dehydration. Then crude ovens were built, into 
which fist- or head-siz e particles of g ypsum were calcined, and, 
later, vertical kilns were used. The latter still may be found in less 
technically developed countries, operating with crude burners, and 
with little or no prior preparation of the rock. Where the utilization 
of calcined gypsum has developed on a broad scale, more sophisti- 
cated methods of calcination have evolved that require preparation 
of the gypsum as previously described. 


Hemihydrate 


Considerable research has been performed on the thermodynamic 
properties of the CaSO4*H20 system (Kelley, Southard, and Ander- 
son 1941; Riddell 1950), and therefore extensive literature exists in 
this regard. Four calcined products are manufactured on a commer- 
cial scale: the two forms of hemihydrate (alpha and beta); a soluble 
anhydrite; and an insoluble or dead-burned anh ydrite. Within the 
industry, all he mihydrates usual ly are called stucco re gardless of 
how they are processed, but this term should not be confused with 
the portland cement and sand mix ture used for exterior application 
on buildings. The term plaster of paris often is used f or hemihy- 
drate; its origin comes from the large deposits of gypsum that were 
mined from under and near the city of Paris. 

Hemihydrate is the only lower hydrate of calcium sulfate for 
which an identity has been established with any degree of certainty 
(Riddell 195 0). Although two forms of hemih ydrate—alpha and 
beta—have been identified, the beta form has a higher energy con- 
tent and a higher solu bility rate. The two forms can only be distin- 
guished by sophisticated analy tical methods. The alp ha form of 
hemihydrate is less reactive than the beta form and has a slower rate 
of strength development. These are disadvantages when used for 
stucco; nevertheless, rehydrated alpha hemihydrate makes a denser, 
stronger plaster, which is advantageous in other uses. Table 2 gives 
the principal characteristics of these two forms of hemihydrate. 

Alpha hemihydrate can be prepared by dissociation of g yp- 
sum in a water-saturated environment above a temperature of 97°C. 
This usually is accomplished at an elevated pressure in an auto- 
clave in the presence of steam. Beta hemih ydrate can be prepared 
by dissociation of gypsum in a vacuum at 100°C, but in practice it 
is done in an undersaturated environment at atmospheric pressure. 

The greatest use of calcined gypsum is in the manuf acture of 
wallboard and the formulation of plasters for b uilding mark ets. 
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Table 2. Characteristics of alpha and beta hemihydrates 





Average 
Setting TypicalSet | Compressive 
Normal Range, Expansion, Strength, kPa, 
Type Consistency’ —_ mint % Dry+ Reaction 
Alpha 30-45 15-25 0.30 38,000 Neutral 
Beta 64-76 10-20 0.20 14,000 Neutral 





* Parts water to 100 parts stucco by weight to make a pourable slurry. 
Tt Per ASTM C472-99(2004). 
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Figure 2. General sections of a calcining kiln 


Beta hemihydrate gypsum is suitable for construction applications 
where early high-strength development is necessary. Because alpha 
hemihydrate makes a denser, higher-strength cast, it is preferred for 
industrial uses where these characteristics are important. Other fac- 
tors considered in the utilization of these two forms are cost (beta is 
considerably le ss expensive to ma ke) and w ater de mand ( alpha 
requires less water, above that which is necessary for reh ydration, 
to make a slurry of equivalent consistency or viscosity). 

Although other methods of calc ining gypsum are gaining in 
popularity, the kettle is still the most commonly used vessel. Its 
basic design originated aro und 1870, and its general features are 
illustrated in Figure 2. In its simplest form, the kettle is a cylindrical 
steel vessel with a height greater than its diameter, and is enclosed 
ina refractory shell (Figure 3). Heat is introd uced in a firebox 
below the vessel and flo ws upward around it. To imp rove heat 
transfer to its pulverized gypsum contents, four or more horizontal 
cross-flues are installed. The gypsum is agitated by means of a ver- 
tical, rotating shaft with sweeps or rabble arms that stir the con- 





Figure 3. Exterior view of gypsum kettle 


tents. Normally operated in cont inuous mode, the k ettle is f illed 
from the top, and the overflow is directed through a side opening in 
the kettle. The kettle also is used in batch mode for plaster products, 
especially in the United States. 

For the production of stucco in wallboard manufacture, pul- 
verized gypsum (land plaster), with a fineness of about 90% of 
—100 mesh is metered into the kettle at a constant rate by a screw 
or rotary feeder supplied through a lar ge bin. Co ntinuous kettles 
discharge finished stucco through an overflow apparatus connected 
to the hot pit or pr oduct bin. As fresh, cool land plaster enters the 
kettle top, it sinks through the hot, less dense, calcining mass, forc- 
ing calcined stucco out through the overflow pipe as a result of this 
density displacement. Stucco typically is discharged from the con- 
tinuous kettle at 138 °C to 154°C. One variant on the continuous 
kettle is the use of submerged combustion where the process takes 
place inside the k ettle shell, resulting in better ener gy efficiency 
but producing a more violent calcination. 

A kettle is run ina batch mode to produce stucco with high 
plasticity, high strength, and high density—characteristics that are 
desirable for construction and industrial plaster. The full cycle from 
filling to dumping the batch requires 1.5 to 3 hr . Although kettles 
have been built for 1.8- to 27-t capacity, the normal size is 10 to 18 t. 
A normal cycle requires 25 to 40 min to fill the kettle and an addi- 
tional 90 to 120 min to bring the entire mass up to the desi red tem- 
perature after the kettle is filled. Dumping is usua lly accomplished 
in5 minorless, withthe finished stucco be ing fed by gra vity 
through the dump gate into the vented hot pit where it is held for up 
to 1 hr to allow as much of the entrapped steam as possible to escape 
before it is transferred to a storage bin at the point of use. 

During calcining, gypsum begins to lose its water of crystalli- 
zation when it reaches a temperature of 43°C to 49°C. During the 
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filling part of the cycle when gypsum is filling the kettle, the firing 
rate is cont rolled to keep the k ettle c ontents at a t emperature of 
about 100°C. When the k ettle is filled, the f iring rate is adjusted 
accordingly; different firing rates will produce different properties 
in the finished stucco. As the temperature of the mass rises, water 
of crystallization is released as steam, a nd at 116°C to 121°C the 
mass boils vigorously as the vapor pressure of the rel eased steam 
reaches atmospheric pressure. When boiling ceases and little or no 
steam is released , the contents of the k ettle settle to about 8 5% of 
its original volume. This quiet pe riod indicates that most of the 
gypsum particles are dehydrated to the hemihydrate form. Heating 
continues to dry the mass until its temperature reaches 149°C to 
166°C, at which point it is dumped into the hot pit and the cycle is 
complete. 

The product of the foregoing operation is known as first-settle 
stucco, and it contains from 5% to 6% combined w ater, compared 
with 20.9% contained in p ure gypsum; approximately 75% of the 
water of crystallization is dri ven off. Because this reaction takes 
place at atmosphe ric pressure in an undersaturated en vironment, 
most of the resulting hemihydrate is in the beta form. 

Aridized stucco refers to f irst-settle stucco to which a_ small 
amount of a soluble salt is added during the filling part of the cycle. 
In ge neral prac tice, appro ximately 0.6 8 kg of ca Icium ch loride 
(CaClz) is used per ton of stucco; the exact amount depends on the 
purity of the gypsum ro ck and wh at impurities are pr esent. This 
treatment increases the vapor pressure in the kettle, allowing the 
calcination to occur at a lower temperature. The resulting stucco is 
used in the formulation of many industrial plasters. 

Low-water-demand stucco also can be produ ced by adding 
water to the kettle after the batch calcination cycle is complete. The 
stucco is quen ched to about 93°C and then reheated to dri ve off 
excess water before dumping it into the hot pit. Alternatively, low- 
water-demand stucco can be made by adding a measured amount of 
water to the stucco after it has left the kettle. 

Other methods ha ve been utilized in the production of beta 
hemihydrate. Ja cketed holl ow-flight scre w con veyors ha ve seen 
limited use. The hollow-flight screw and jackets are filled with cir- 
culating heated liquids o r gases. In recent years, flash calcination 
techniques have gained in popularity, especially with the rising use 
of synthetic gypsum. Air-swept heated impact mills are becoming 
more commonly used for calcining, because they can readily accept 
fine and coarse rock or synthetic gypsum feedstock. Flash calciners 
that concurrently grind and calcine gypsum rock are becoming 
popular as well. 

Flash calcining in a hot air stream with subsequent separation 
in a cyclone or baghouse dust collector can be done either after or 
in conjunction with final grinding. High-temperature hammer mills 
or roller mills ha ve seen increas ed use as hot air -swept grinder- 
calciners for ef ficient stucco production. These mills typically are 
fed -50-mm gypsum rock. In some parts of th e world, the rotary 
kiln still is used for calcination, especially for construction plasters, 
but in the United States these have been replaced almost totally by 
kettle or flash calciners. 

Pressure c alcining in steam autoclaves, with or without the 
addition of a crystal modifier, is used to make high-strength plasters 
for certain in dustrial uses. The gypsum may be introduced into the 
vessel either as a crushed, sized rock or as a slurry; the stuccois 
dried as soon as calcination is completed. This method produces all 
alpha hemihydrate and is relatively expensive. Its use is limi ted to 
those pr oducts requiring high-str ength specialized plaster . Alpha 
hemihydrate also may be produced by dehydration of gypsum in 
hot, salty water. 


Soluble Anhydrite 


If desired, a second-sett le stucco can be ma de after reaching the 
first boil and first-settle stages. This is done by increasing the tem- 
perature to about 177°C, the point that gypsum again starts to boil 
and give off steam. This second boil is of shorter duration and less 
vigorous than the first, because there is a smaller percentage of 
water of crystallization to remove. The batch material is dumped at 
about 210°C, the point at which almost all the water of crystalliza- 
tion has been removed. The dumped material usually is referred to 
as soluble anhydrite. It differs from first-settle stucco in that it has 
less pl asticity, b ut af ter r ehydration ith as grea ter de nsity a nd 
strength. Also, it has a high affinity for moisture and is utilized as a 
desiccant. 


Insoluble Anhydrite 


Dead-burned gypsum, or insoluble an hydrite, is made in beehi ve 
kilns, rotary calciners, or flash calciners usin g high temperatures 
(up to 540°C). The result is anhydrous calcium sulfate that does not 
rehydrate at any appreciable rate; it is the least soluble form of cal- 
cium sulfate (Riddell 1950). The primary uses for dead-burned gyp- 
sum are to make Keenes cement (chemical accelerators are added 
to restore its setting pr operties) and to produce a mineral filler by 
fine grinding. 

Hydraulic gy psum refers to lump (25 mm) gypsum th at is 
heated to about 899°C, the temper ature at which calcium su Ifate 
begins to disso ciate, releasing sulfur as sulfu r dioxide (SO 2) gas. 
This inc reases the calcium oxide (CaO) content, re sulting in a 
material which, when mixed with water, is slow-setting compared 
to other plasters. It provides a very hard, dense product that is quite 
durable, sometimes referred to as Estrich gypsum (a German term). 
Although it has been used in Europe as flooring material, it has not 
found an application in the United States. 


Formulation and Manufacturing 


Calcined gypsum products commonly undergo additional process- 
ing such as cooling, grinding, mixing with additives, or rehydrat- 
ing and castin g into block or wallboard. Kettle stucco, the most 
common calcined material, is a mixture of cal cium sulfate parti- 
cles in v arying states of deh ydration ranging from dih ydrate to 
anhydrous forms; the forms vary according to the method of calci- 
nation. The amount of variation is minimized by carefully control- 
ling the calcining pr ocess, which may be a factor in the type of 
treatment subsequently applied to the stucco. 

The earliest attempt at formulating calcined gypsum to improve 
its utility probably was the addition of fibers and/or aggregates; how- 
ever, the single most important discovery was that the setti ng time 
could be either retarded or accelerat ed to very exact rates by adding 
certain materials to stucco (plaster of paris). When mixed with water, 
properly calcined gypsum will have a natural setting (hardening) time 
of 15 to 25 min, which is usually too fast for satisfactory application 
on walls or ceil ings. In the mid dle 1870s, a meth od was discovered 
that retarded the setting to 2 or 3 hr (or longer). This led to the manu- 
facture of “‘slow-set plaster,’ which was the key to the rapid growth of 
the use of gypsum in the U.S. building industry. Retarders are made 
from organic compounds from several dif ferent materi als. F or the 
most part, these are formulated and manufactured by the major gyp- 
sum companies for their own consumption. Accelerators can be natu- 
ral or synthetic salts, such as potassium sulfate, or gy psum itself. 
Finely ground raw gypsum is commonly used to accelerate the set of 
stucco for the manufacture of wallboard. 

With the correct proportions of these materials, gypsum plas- 
ter can be accelerated to set within 2 to 3 min, or be retarded so that 
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Figure 4. General process flow of a wallboard plant 


it does n ot set for se veral hours. Adjustment of the set can cause 
variations in other pro perties, especially strength, so care must be 
exercised when adding these materials. 

The type of stucco and the characteristics of the plaster being 
formulated are controlled by other additives mixed in precise pro- 
portions prior to bagging; these formulas are the result of extensive 
research. Plasters premixed with sand, expanded perlite or shredded 
polystyrene, and exfoliated vermiculite aggregates are available to 
the building trades; a wide range of plasters also are formulated for 
industrial use. 

Gypsum is often re ground after calcining to i mpart spe cial 
qualities to the stucco. The classic buhrstone mill once used for this 
purpose has been replaced by high-energy i mpact m ills. When 
stucco is used with aggregate (as for “sanded” or “perlited” w all 
plaster), a tube mill is used for regrinding. Roller mills operating in 
closed circuit with air separators often are used in conjunction with 
rotary kilns. 

One of the early uses of gypsum as a const ruction material 
was to cast it into blocks or tile. Continuous casting machines were 
developed for this purpose along with drying kilns to hasten the 
removal of excess moisture. Blocks are cast either as solid masses 
or as hollow tiles, an dcan be made in any desired dimension. 
Metal reinforcement is used in some products, and others are cast 
into a metal form to produce floor access panels. The addition of 
fiber for reinforcement is a common practice; the use of an accel- 
erator hastens the initial set of the stucco in the mold. 

The largest use for gypsum today isin the manufacture of 
wallboard; nearly 90% of the gy psum consumed in the United 
States is used for this purpose. In its simplest form, w allboard is a 
thin, flat slab of formulated gypsum made by casting a slurry of 
stucco and water in a pap er envelope; that is, a g ypsum core with 
specially prepared paper bonded to both sides and edges. This is a 
sophisticated prod uct, made on high-speed, highly automated 
machines to a wide range of precise specifications. 
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The bond between the paper and the g ypsum core in wall- 
board is produced by the growth of gypsum crystals into the fibrous 
pores of the paper as the stucco is rehydrated, and not by the use of 
adhesives. Although significant research has determined the formu- 
las for the gypsum slurry used in wallboard, it essentially consists 
of beta hemihyd rate, an accelerator, fibers, starch, and a foaming 
agent, with stucco making up at least 95% of the material used prior 
to mixing with water. Figure 4 shows a general process flow dia- 
gram of a wallboard plant. 

In the w allboard-manufacturing process, the dry co mponents 
are mixed with water in a high-energy mixer designed for a continu- 
ous flow-through of material. The resulting slurry is fed onto a mov- 
ing strip of paper, the edges of which are turned up to form a wide, 
shallow trough. This batch of slurry and paper then moves under a 
second strip of paper, and the roughly formed board moves between 
edge guides (Figure 5) and under a 610-mm-diameter roller called a 
master roll, or a stationary steel forming plate, that precisely imparts 
the specified width and thickness of the board. The edges of the bot- 
tom paper are turned over to form square or rounded corners, and an 
adhesive is added to bond the top paper to the lower paper along the 
edges. The thickness of the board can be adjusted by raising or low- 
ering the master roll or forming plate. The now fully formed board 
moves along on a flat conveyor b elt several hu ndred meters in 
length. 

The speed of the board line v __ aries with the design of the 
machine and the type of wallboard manufactured, but it usually 
ranges between 0.5 and 3.0 m/sec. The length of the board line is 
designed to provide sufficient time (2 to 5 min) for the stucco to set. 
At that point the moving strip is cut at specific intervals by a rotat- 
ing knife to produce individual boards for drying in order to remove 
excess fre e mo isture. T his is accomplished by m oving them 
through a continuous, multideck board kiln that is heated directly 
by hot air, or indirectly by steam coils. Drying is closely controlled 
to prevent recalcining the gypsum core. 
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After emerging from the board kiln, the board moves automat- 
ically through devices that smooth its ends and cut it into specified 
lengths. Usually, one su rface (“the face’’) is made with li ght col- 
ored, smooth textured paper that wi Il form the f inished (painted) 
wall surface. Two boards are placed with these surfaces toge ther 
(“face to face”) to protect them as they are bundled for shipping. If 
specified, the board can mo ve ontoa finishing machine where a 
special surf ace film is ad ded, such as vin yl or imitation w ood 
veneer paper, to make a predecorated panel. The most popular size 
of wallboard is 1.2 m x 2.4m x 12.7 mm thick, but a wide variety 
of sizes is made for specific markets. 

Gypsum sheathing is made in the same general manner except 
that asphalt-impre gnated paper is used. To improve its water resis- 
tance, an asphalt or wax emulsion also may be added to the core. 
Plasterboard is a 406-mm-wide board used as a base for plastered 
walls, instead of wood or met al lath, and is made on the same 
machine as wallboard. Shipment of the finished products is by truck 
or rail. Most wallboard plants have large warehouse space at the plant 
in order to store adequate stocks of various product types and sizes. 


Energy Considerations 


The gypsum industry is energy intensive, particularly regarding fuel 
used in rock drying and calcining operations, in manufacturing 
paper, and in drying excess moisture from wallboard. An a verage 
2.8 GJ is required per 100 m? of 12.7-mm-thick w allboard. The 
drying of both rock and wallboard usually is accomplished in direct 
fired k ilns (altho ugh steam coils can be used for wallboard) in 
which a clean- burning fuel (preferably natural gas) is required to 
prevent contamination of the product. The calcination step, particu- 
larly when carried out in a kettle, requires the ability to change the 
intensity of the heat quickly, and either natural gas or fuel oil is pre- 
ferred, although coal also can be used. 

The rise in energy costs over time encouraged the develop- 
ment and implementation of conservation methods, including the 
investigation of process technology to reduce energy requirements. 
As a result of increasing ener gy prices, fuel substitution may be 
necessary. 


Major Categories of End Uses 


Gypsum products are divided into several categories based on end 
uses and/or processing methods. Three major groups are generally 
recognized: (1) construction products used directly in construction 
or building material, (2) industrial products used in the manufacture 
or processing of other materials, and (3) agricultural products. The 
construction group utilizes about 75 % of the gypsum r ock used in 
the United States and produces approximately 95% of total product 
value. The industrial group uses about 17% of gypsum production 
but yields only 3% of the produ ctvalue. Agricultural gypsum 
accounts for the balance. 

The amount produced for each ma jor application varies con- 
siderably from country to country, and in many instances the on ly 
use of gypsum is in th e industr ial cate gory as portland cement 
retarder. In the following section, a few of the more important end 
uses will be reviewed. 


Construction Uses 


Gypsum products are used in the building and construction industry 
as co vering and finishing material s. They are not the st ructural 
components that provide the frame or support for a building, which 
are w ood, steel, concrete, concrete block, and brick (fired or 

adobe). It is in the covering of a structural frame (Figure 6), or in 
the finishing of masonry walls, that g ypsum products find their 
greatest utilization, and they com pete in the se a pplications wi th 





Figure 5. Forming section of wallboard machine showing stucco 
slurry feeding onto bottom paper at forming plate 











Figure 6. 


Installing gypsum wallboard partition using steel studs 


other co vering or f inishing materi als, such as w ood, plastics, or 
other c ementitious (c ement, 1 ime, or, in less-developed regions, 
even mud) products. 

The favorable characteristics of gypsum that give it value in the 
manufacture of construction materials are its fireproofing qualities, 
its versatility, which comes from being able to use it in many forms, 
and its low cost of appl ication. It is used entirely in its cal cined 
form, as formulated and/or manufactured stucco in plasters, block or 
tile, and wallboards. In recent years, approximately 96% of the 
gypsum used in the United States for construction materials w as in 
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Figure 7. Boom truck stocking a house with wallboard 





Figure 8. Veneer plaster application 


the manufacture of various sizes and types of wallboard, with a total 
surface area of some 2.8 million m? per year (Olsen 2002). 

Gypsum is noncombustible, making it one of the most effec- 
tive fireproofing materials known, a property owed to its combined 
water content. When the hemihydrate form of gypsum (stucco) is 
rehydrated to make a covering material, it reverts back to dihydrate, 
so that when heat from fire comes in contact with a plaster wall (or 
gypsum wallboard), it be gins to lose combi ned wat er as st eam, 
inhibiting the transmission o f he at. Extensive resear ch into gyp- 
sum’s fireproofing property has resulted in products with a high fire 
rating—an important reason for th e wide acceptance of gypsum 
products by the construction indus try, particularly when wood 
framing is used. 


The versatility of gypsum is al so a major adv antage. By the 
use of different calcining methods and additives, the physical prop- 
erties of pla ster, w allboard, a nd cast blocks and tiles can be 
adjusted to me et a wi de range of requirements. This versatility 
gives the architect and builder many choices in design and affords 
them maximum flexibility to produce a structure that meets the cus- 
tomer’s specifications. 

The economics in the application of building materials usu- 
ally is measured by the cost per square m eter of finished wall or 
floor space, or of cubic meters of material. It also is a function of 
the cost of delivering building material to the jobsite plus the cost 
of installation. 

The wide use of gypsum construction products is based on the 
industry’s ability to keep manufacturing and distribution costs low, 
and to minimize the amount of labor in product installation. For 
example, the boom truck (Figure 7) was developed to decrease the 
amount of manual handling and also to provide delivery of gypsum 
wallboard directly to the jobsite. 

Part of the low cost of processing gypsum during manufacture 
is because of its softness (2 on the Mohs scale of hardness), resulting 
in less abrasion. Energy costs also are kept low due to inherently low 
calcining temperatures. The wi de geographical distrib ution (high 
place value) of gypsum deposits and sources of synthetic gypsum 
results in low transportation costs. 

Although plastering walls and ceilings was widely practiced in 
the United States in the early 19 00s, this has gi ven way to drywall 
construction emplo ying gypsum w allboard. T oday, one-co at and 
two-coat veneer-type plasters (F igure 8) have been de veloped and 
applied over 1.2-m-wide plaster b ases; many plasters ar e now for- 
mulated for machine mixing right at the jobsite and pumped to the 
point of application. Plastering continues to be used whe re special 
effects are desired, and its flexibility provides wide latitude in finish- 
ing design. Outside the United States, plaster is still commonly used 
over block wall construction. 

Gypsum w allboard originally was de veloped in the Un ited 
States. Made in about 1890, the first wallboard product consisted of 
four sheets of f elt or pap er wi th thin lay ers of gypsum stucco 
between them. By 1914, the development of wallboard with only a 
top and bottom sheet of paper, and a single gypsum layer between, 
had been perfected. The use of this product received a big boost in 
the construction of buildings during World War I. After World War 
II, increases in hourly wages raised the cost of plastering walls, 
causing the rapid expansion of gypsum wallboard, which provided 
lower labor requirements than the traditional two-coat plaster wall. 

The present dominant position of wallboard stems not only 
from its economy of installation but also from the variety of appli- 
cations that the industry has developed. Examples include movable 
partitions, enclosures for elevator shafts in high-rise buildings, and 
sound-rated wallboard systems for multiple-unit housing. 

Other construction uses of gypsum include self-leveling floor 
underlayments, water-resistant sheathing, plaster baseboard, ceiling 
tiles, and fireproofing building steel. 


Industrial Uses 


Industrial gypsum can be divided into three broad categories: cal- 
cined, anhydrous, and uncalcined, each utilizing distinct properties 
of the mineral. 

Although the industrial se gment of the gypsum industr y is 
well developed in the United States, markets are widely scattered 
geographically. Many product lines tend to be specialized, and, 
with the exception of portland cement retarder rock, individual cus- 
tomers are likely to want tens or hundreds of tons of product, rather 
than thousands of tons. 
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Calcined Industrial Gypsum 


Perhaps the largest industrial use of calcined gypsum is for making 
molds for sanitary w are, pottery , metal casting, and decorati ve 
objects. 

Molding plaster is made _—_ from high-purity gypsum (95% 
CaSO,4*2H20 or greater) at select locations and is marketed on the 
basis of its water demand, strength, white color, setting time, and 
closely controlled e xpansion/shrinkage qualities. It may be made 
from either beta or alpha hemihydrate, or a combination of the two. 

High-density, high-strength plasters are used in the ma inte- 
nance of floors and for quick patching of high-use surfaces (such as 
highways) th at cannot be closed down for mo re conventional 
repairs. In this ap plication, gypsum plaster ma y be mix ed with 
other cementitious materials to obtain optimum results. 


Anhydrous Gypsum 


In addition to the hemihydrate industrial plasters already described, 
several products are made f rom calcium sulfate with no water of 
crystallization, which is from sec ond-settle stucco made when the 
calcining temperature has been raised to about 200°C. This material 
is often referred to as soluble anhydrite. 

When calcination proceeds to a temperature of 480°C, a dead- 
burned or insoluble anhydrite product is formed, which is used for 
the manufacture of Keenes cement. Dead-burning usually produces 
a whiter product and is preferred where color (that is, lack of color) 
is im portant. Keenes ce ment is a generic name for dead-b urned 
gypsum that, with the use of addi tives, can be made to set and 
harden after mixing with water. The usual set specifications fall in 
the range of 4 to 12 hr. Its major use is in wall plaster where extra 
density, strength, and hardness are desired. Keenes cement is made 
in only a few locations and only in small quantities. 


Uncalcined Industrial Gypsum 


This cate gory, sometimes referred to as raw gypsum, is used as a 
retarder in portland cement. By volume, this is the second largest use 
of gypsum out side of w allboard manufacturing. In 2002 (Table 1), 
2.6 million t, or 8% of all the gyps um used in the United States, was 
consumed by this market (Olsen 2002). 

It is well kno wn that calcium sulfate compounds control the 
setting time of portland cement—both the rate at which the cement 
paste develops strength and the shrinkage of portland cement prod- 
ucts during drying. The use of calcium sulfate compounds in por t- 
land cement has_ been the subject ofe xtensive research and is 
standardized by the American Society for T esting and Materials 
(ASTM). The amou nt of gypsum (or gyp sum—anhydrite [GA] 
blend) depends on: (1) the SO3 content of the gypsum, (2) the type 
of portland cement, and (3) the mix of raw materials used to make 
cement clinker. In practice, the amount of gypsum will vary from 
4% to 6%, averaging approximately 5% by weight of finished port- 
land cement. As itis fed into the gr inding mill, the gypsum is 
ground with clinker, and the two materials are mixed together. 

The setting and strengt h de velopment of portland cement is 
based on se veral comple x chemi cal reactions. As these are bett er 
understood, raw material specifications are tightened, with particular 
emphasis placed on the hom ogeneity of the constituents. A trend 
toward increasing t he amount of sulfur trioxide (SO3) per un it vol- 
ume of portland cement will increase the demand for a uniform grade 
of gypsum and anhydrite products for portland cement manufacture. 

The use of anhydrite in portland cement represents the largest 
market in the United States for this mineral; however, it is a highly 
fragmented mar ket because not all portland cement plants want 
anhydrite in their retarder component. 


Table 3. Average gypsum prices (2002) 





Gypsum Product Price, $/t 
Portland cement retarder 12.37 
Agricultural gypsum 23.65 
Plasters 150.98 
Wallboard, 12.7 mm 87.02 





Source: Olsen 2003. 
* Based on total quantities and value of these products as shown in Olsen 
2003. 


Where anhydrite is used, it generally is blended with gypsum; 
the usual blend contains 40% anhydrite. Because many plants pre- 
fer straight gypsum to a GA blend, any one cement plant might use 
only 4,500 to 9,000 tp y of anhydrite. It is estimated that p robably 
no more than 5% of the 3.9 million t of gypsum reportedly used for 
portland cement retarder in 1990 was the mineral anhydrite (Kebel 
1994). 


MINOR USES FOR CALCIUM SULFATE 


The use of anh ydrite to construct load -bearing packw alls and to 
provide support for longwall gate road steel arches in underground 
coal mines is practiced e xtensively in Germany and to a lesser 
degree in Great Britain and France. Anhydrite is crushed, sized, and 
then transported pneumatically underground to the application site. 
An accelerator consisting of potassium sulfate and ferrous sulfate is 
mixed into the crushed anhydrite, and the material is wetted during 
emplacement. This process produces a quick-setting, high compres- 
sive strength, monolithic material. 


Prices 


In Table 3, the a verage prices of four representative gypsum prod- 
ucts are shown for 2002 and are typical of the wide range in value 
among different products. These figures correspond to the amount of 
processing and beneficiation of the products: the greater the amount 
of processing, the greater the cost to consumers. These figures repre- 
sent mill net prices and are averages across the United States. Prices 
at any given location will vary widely from these a verages, and 
freight and other distribution costs must be added. Delivered costs, 
based on list prices, are quote d for se veral cities in Engineering 
News Record, which is consider ed an i ndustry standard source for 
this information. 

Table 4 sh ows the recent trend of gypsum prices. Gyp sum 
prices peaked in 1999 as U.S. housing construction gre w strongly 
and outstripped U.S. industry capacity. Additional wallboard capac- 
ity from traditional U.S. produc ers and ne w wallboard capacity 
from foreign-based companies entering the U.S. market be gan to 
come on-line in the late 1990s. Gypsum prices dropped correspond- 
ingly to moderately lower levels, reflecting the growth in industry 
capacity, while demand f or gypsum products remained high into 
the early 2000s (Figure 9). 


FUTURE TRENDS 


Gypsum will continue to be widely used for years to come. As the 
housing boom in the United States continues, demand for w all- 
board is e xpected to grow. U.S. wallboard sup pliers are mee ting 
this need by expanding existing manufacturing plants while building 
high-capacity greenfield manuf acturing pl ants as we ll. For some 
new plants, synthetic gypsum will be the normal feedstock. 

In wallboard manufacture, synthetic gypsum has become an 
important substitute for mined natural gypsum. In 2002, synthetic 
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Table 4. Gypsum products price index (1982 = 100)" 





Year Index Year Index 
1980 100.1 1992 99.9 
1981 100.1 1993 108.3 
1982 100.0 1994 136.1 
1983 T1L7 1995 154.5 
1984 135.4 1996 154.0 
1985 132.3 1997 170.8 
1986 137.0 1998 177.6 
1987 125.2 1999 208.0 
1988 112.9 2000 201.4 
1989 110.0 2001 156.4 
1990 105.2 2002 168.9 
1991 99.3 2003 171.5 








Source: U.S. Department of Labor 2004. 
* U.S. Bureau of Labor Yatistics: Producer Price Indexes, Series ID: WPU137. 
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Figure 9. Producer price index of gypsum products 


gypsum accou nted for 24% _ of the total U.S.do mestic supply 
(Olsen 2003). The use of synthe tic gypsum shoul d continue to 
increase and may very well account for up to 50% of the U.S. sup- 
ply within the next 10 years. 

Although the most popular size and type of w allboard will 
continue to be the 1.2 m x 2.4 m x 12.7 mm-thick paper-clad sheet, 
new types of gypsum wallboard are expected to grow in popularity. 
For example, fiber gypsum board, a nonpaper face and back board, 
incorporates a homo geneous blend of gypsum and paper fiber for 
abuse-resistant floor underlayment applications. Another example 


is a gypsum w allboard w ater-resistant shea thing ap plication that 
utilizes fiberglass scrim to replace the face and back paper. 
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Insulation 
Daniel R. Hack 


INTRODUCTION 

The numerous products on the market used for thermal and acousti- 
cal insulation consume substantial quantities of a variety of indus- 
trial minerals. 

Acoustics is the science of sound, and architectural acoustics 
deals with sound in buildings; most acoustical insulation, however, 
is manufactured for transportation vehicles. Sound is defined as the 
auditory sensation in the ear, or the disturbance in a medium which 
causes this sensation. Acoustical insulation is used to reduce or 
eliminate noise, which is defined as unwanted sound. Noise can be 
controlled by reducing sound radiation atthe so urce, by using 
sound-reducing construction methods such as stag gered studs and 
so forth to control sound transmission, or by using sound-absorbing 
material on walls, ceilings, and floors (Rossing 1985). 

Acoustical insulation absor bs the energy in sound w aves in a 
porous material. As the sound waves penetrate th e pores, con tact 
with the por e walls dissipates the sound w aves by reducing the 
amplitude of vibration of the air molecules, and the sound energy 
converts to heat ener gy. Acoustical insul ation is generally highly 
porous, 1.3 cm or greater in thickness, and has interconnected pores. 
Acoustical insulating materials include fibrous vegetable or mineral 
matter and cellular organic and inorganic material such as natural or 
manufactured foams (Sabine and Moulder 1979). Acoustical materi- 
als are m ost commonly porous boa rds and tiles, which are often 
composite materials with perforated facing. Roof insulation board 
and lightweight concrete also can contribute to noise absorption. 

Thermal insulation is defined as material used to control the 
flow of heat. It can be used for heat control from lo w cryogenic 
temperatures (belo w —100°C) to more than 2,200 °C for applica- 
tions such as ablative shields for spacecraft. Heat transfer occurs by 
conduction, convection, or radiation. Conduction is the tr ansfer of 
heat without the movement of the conducting medium, as through a 
metal. Heat convection through a liquid or gas takes place by move- 
ment of the medium. Forced convection is the basis for heating and 
cooling equip ment, using pumps or blowers to transfer the ther- 
mally conditioned fluid. Free or natural convection occurs because 
of density dif ferences in the flui d. Ra diation is the tra nsfer of 
energy in space (Eckert 1985). 

Insulating the body with fo ams, fibrous material, or small- 
celled granular material reduc es heat co nduction through a solid. 
Heat transfer through a g as (convection) is controlled by creating 
many small pores that inhibit movement of the fluid, substituting a 


gas of low thermal conductivity, or evacuating the space. Heat radi- 
ation can be r educed u sing m aterials t hat refl ect or abs orb t he 
energy (Glaser 1967). Thermal insula ting materials can be vegeta- 
ble or mineral fibers, organic or inorganic particles, or foams with 
small pores, generally used to form a low-density thermal barrier. 
They can be blocks, poured lightweight cementitious materials, and 
bricks, among others. 


RAW MATERIALS AND PRODUCTION 


Industrial min erals and rocks comm only used in aco ustical and 
thermal insulations are perlite, pumice, vermiculite, cl ays, silica, 
and diatomite (Coombs 1989). Thes e and other ra w materials are 
used to produce common insulation v arieties such as calcium sili- 

cate, glass fiber, rock wool, and refractory insulation. Other, less 
common varieties are ceramic fiber, foamed me tal, and ce menti- 
tious foam insulation. 


Calcium Silicate Insulation 


Calcium silicate insulations comprise industrial minerals, hydrated 
lime, and a silica source such as ground silica, diatomaceous earth, 
or perlite ore. These raw materials are discussed in mo re detail in 
this section. Small qua ntities of or ganic or inor ganic fibers are 
added as reinforcement. In 2003, there were 90 plants that produced 
lime in the United States (Mil ler 2004). The silica source for cal- 
cium silicate thermal insulations can be finely divided silica from 
sandstone, quartzite (i.e., quartzose rock used to make silica flour), 
perlite, or diatomite. 

Producing calcium silicate insulations is relatively st raight- 
forward. Hydra ted lim e, the silica source mat erial, reinforcing 
fibers, and water are mixed and reacted at an elevated temperature. 
The slurry is then pumped to molds an d pressed to de water and 
form the finished part. The product is then autoclaved for comple- 
tion of the chemical reaction and oven dried. 

Thermal insulating pr oducts made by this pro cess are pipe 
covering, blo cks for the in sulation of p ressure vessels, etc., and 
low-density structural sheets used for paneling on ships, chutes for 
the c onveyance of molten aluminum, and other specialty items. 
Calcium silicate insulations are classified as Type I for service tem- 
perature to 649°C and Type II for service to 871°C (ASTM 2004a). 
Service temperature is the maximum temperature at which a mate- 
rial can be used for the given application. Above this temperature, 
the material degrades rapidly. 
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Diatomite 

As previously noted, diatomite is used as a silica source in produc- 
ing calcium silicates. Diatomite can be more reactive in the hydro- 
thermal chemical reaction with lime than silica flour because of its 
high surface area and its amorphous nature. Other uses of diatomite 
as insulation include insulation in safes and f ireproof filing cabi- 
nets. It has been used as loose-fill insulation, but these applications 
now are limited becau se of lo ose diatomite’s dustiness and subse- 
quent health concerns. Details on diatomite are pr ovided in the 
Diatomite chapter in this book; a brief review of its origin and pro- 
duction is given here. 

Diatomite is a rock composed of siliceous skeletal remains of 
diatoms, which are algae that lived in salt or fresh water. It is usu- 
ally 85% or more amorpho us silica, with bound water, alumina, 
iron, and other minor constituents. It generally is mined by open-pit 
methods, and the production of natural (uncalcined) grades consists 
of crushing, drying, and classification by cyclones and separators. 
The United States is the largest producer and consumer of diatomite 
with domestic production estimated at 624,000 t (689,000 st). In 
2003, se ven companies were producing diatomite in four states 
with a tot al of 13 p rocessing f acilities. Ca lifornia a nd Ne vada 
accounted for 70% of U.S. production in 2003 (Dolley 2 004a). 
Between 2002 and 2003, production decreased by less than 1%, and 
its value increased by less than 1%. The ne xt lar gest producing 
countries in 2003 were (in decreasing o rder of production) China, 
Denmark, Jap an, the former Soviet Union, France, and Me xico. 
Insulation applications accounted for just less than 4% of domestic 
production in 2003, and insulation uses accounted for 17% of total 
global production. Average price per ton for insulation in 2003 was 
$35.71 (Dolley 2004b). The diatomite market should remain stable 
over the n ext several years, and the export market is e xpected to 
strengthen as mor e uses, particul arly as af iltration medium, ar e 
implemented. 


Industrial Sand 


The mineral quartz (SiOz) is the predominant component of indus- 
trial sand. The term PV contains two primary subsets of products: 
silica flour and ground silica. Ground silica is used as a functional 
filler and pigment extender in many industrial products and is also 
the major batch component in the production of continuous strand 
fiberglass. S ilica flour generally is sol d into lower-value markets, 
whereas ground silica is generally sold into higher -value markets. 
Details on industrial sand are pr ovided in the Industrial San d and 
Sandstone chapter in this book; a brief review of its origin and pro- 
duction is included here. 

The five lead ing producers of industrial sand in the United 
States are, in descending order, Unimin Corp.; U.S. Silica Co.; Fair- 
mont Miner als Ltd .; Oglebay No rton Industrial Sand s, Inc.; and 
Badger Mining Corp. Domestic production is dominated by W is- 
consin, Michigan, Indiana, and Ohio, with a combined production 
of 9.62 Mt in 2003. These four states comprise more than one third 
of domestic production (Dolley 2004c). This area is also where the 
highest quality industrial-sand deposits are located. These deposits 
usually contain less than 20% deleterious materials (Pettijohn, Pot- 
ter, and Sie ver 1987) and are c ontained within the Mid continent 
marine quartz arenites. Significant production also occurs in Cali- 
fornia, Texas, Oklahoma, Ne w Jersey, and North Car olina, though 
these sands are generally of lower quality than sands produced in 
the Midwest. In 2003, the average selling price in the United States 
for PV used in f iberglass was $37.37/t. The pro vinces of Quebec, 
Ontario, and Alberta are the primary producers of industrial sand in 
Canada (Dumont 2001). The leading recipients for U.S. exports in 
2003 were, in descending order, China, Canada, Mexico, and Japan. 


Leading global producers, after th e United States, were Slovenia, 
Germany, Belgium, France, and Spain. Because of recycling and 
substitution, the overall demand for industrial sand may decrease; 
the v alue of the p roduction may increase, ho wever, because of 
higher selling prices for value-added products such as PV. 

Economic i ndustrial sand de posits are market d riven, so 
physical exploration techniques vary, depending on site conditions 
and end use. The most important element of exploration is collect- 
ing clean, unoxidized samples. Industrial sand mining metho ds 
depend on the type of deposit. Some unconsolidated deposits are 
mined using front-end loaders, scrapers, or bulldozers; others are 
mined using dredges or draglines. At wel l-consolidated deposits, 
conventional drill-and-blast methods are used. Although uncom- 
mon, underground mining also can be used t 0 extract competent, 
well-lithified sandstone or qu artzite. Pr ocessing disting uishes 
industrial sand from common construction sand, and differentiates 
the various uses of industrial sand. Regardless of mark ets, sands 
are, at a minimum, washed, dried, and screened. Material for high- 
purity silica products is acid leached; PV is chemically treated for 
some applications. 

PV products also are used as the primary aggregate in both 
shape and monolithic-type refractories to provide high-temperature 
resistance to acid attack in industrial furnaces. Sur face-modified 
PV (chemically treated) and uncoated PV are used as functional 
filler to mod ify the physical properties of a prod uct (e.g., altering 
the thermal characteristics of a product). 

As with many other raw materials used in insulation manufac- 
ture, health considerations are expected to have a significant effect 
on the industrial sand business. Re gulatory agencies such as_ the 
U.S. Occupational Safety and He alth Administration (OSHA) are 
working to lower the personal exposure limit (PEL) for respira ble 
silica. This will have a significant effect on the building materials 
and recreation mark et se gments, where limesto ne could replace 
industrial sand. T 0 reduce or eliminate the amount of unreacted 
crystalline silica in the end product, finely divided (baghouse) per- 
lite ore is sometimes used as the silica source in producing calcium 
silicate insulations. 


Perlite Insulation 


Perlite is discussed in a separate chapter in this book, so aly a brief 
overview is given here. Perlite is a naturally occurring volcanic rhy- 
olite glass, most commonly found in domes and flows of Tertiary or 
Quaternary age. Perlitic volcanic glasses occur within hi gh-silica 
(71 to 75 wt % SiO2) volcanic domes, lava flows, and welded ash- 
flows. It is composed primarily of aluminum silicate, forms from 
the hydration of obsidian, and typically contains 2% to 5% water 
(Breese and Bark er 1994). Perlite deposits are widespread in the 
western United States. New Mexico is the leading producing state, 
with commercial production also in Arizona, California, Colorado, 
Idaho, Nevada, Oregon, and Utah. Major foreign producing coun- 
tries (in decreasing order) are Greece, Japan, Turkey, Hungary, and 
Mexico. The amountof domestic (U.S.) processed crude and 
expanded perlite produced and consumed decreased by about 5% 
from 2002 to 2003 (Bolen 2004). The decrease could be attributed 
to increasing imports coupled w ith weak demand from some con- 
struction mark ets. Perlite e xpanding pl ants most ly in t he ea stern 
United States continued to pur chase less e xpensive, imported per- 
lite. Consumption of perl ite for low-temperature and masonry/ 
cavity-fill insulation was 1.1% of total perlite usage in 2 003. In 
2003, the average value for low-temperature insulation was $429/t 
and $359/t for ca vity-fill insulati on, increases of 18% and 48%, 
respectively, over 2002 values. Domestic consumption of processed 
and expanded perlite is expected to exhibit slight growth. New mine 
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openings coupled with 
increases (Bolen 2004). 

Nearly all perlite is used in its expanded form, and finds use in 
a variety of thermal and acoustical insulation applications. The effi- 
ciency and degree to which perlite ore expands and the characteris- 
tics of the e xpanded material de termine whether the perlite is of 
commercial quality and its appr opriate markets. All mines except 
one in east-central Nevada are open pits. In some open-pit opera- 
tions, the perlite is hard and must be drilled and blasted. In others, 
the perlite breaks easily and can be e xtracted with scrapers. The 
milling pro cedure cons ists of crush ing, drying , and screenin g to 
produce closely sized ore grades, which are thermally expanded for 
various end-product uses. Some producers crush perlite at the mine 
whereas others crush at the plant. 

Perlite is c ustom-blended and shipped, usually by rail, but 
sometimes by truck, in bulk or bags to expanders near end-use sites. 
Some operations have expanders at or near the plant, but most move 
crude perlite to expanders in v arious parts of the country ( Austin 
and Barker 1995). The cost of shipping the low-density expanded 
perlite mandates that it be used close to the expansion facility. 

The commercial v alue of perlite derives from the f act that 
when flash-heated, the contained water converts to steam, expanding 
the viscous glass particle. Expansion is accomplished in vertical or 
horizontal furnaces at approximately 870°C. Density for roof insula- 
tion board is typically 4 Ib/ft?, 2 to 4 Ib/ft? for low-temperature insu- 
lation, and 6 Ib/ft? for cavity-fill insulation (Bolen 2004). 

Beyond the use of perlite for pr oducing calcium silicate insula- 
tions, another major market for perlite is in acoustical tile for residen- 
tial and commercial b uildings. Perlite can comprise approximatel y 
15% of the formulation. Formed cellulosic boards, which may con- 
tain as much as 70% perlite, are used for a the rmal insulating sub- 
strate fo r b uilt-up ro ofs in commercial and industrial b uildings. 
Another major mar ket for e xpanded perlite is block f ill. After a 
cement block or other ca vity-type masonry w all is constructed, 
loose per lite is simp ly poured in to the block ca vities for thermal 
insulation. Perlite fills the irre gular void spaces without bridging. 
The perlite usually is treated with silicone to reduce water absorp- 
tion (ASTM 2004 b). Perlite used in this manner can increase th e 
fire rating of a block wall from 2 to 4 hr. Competitive materials for 
this a pplication are vermiculite and e xpanded polystyrene beads 
and inse rts. Thermal-insulating block and pip e covering is made 
from e xpanded perlite and sodium _ si licate ora nother suit able 
binder (ASTM 2004c). 

Perlite is used as a lightweight aggregate in portland cement 
and gy psum p lasters fo re xterior an d inter ior applications, for 
encasement of structural steel members and placement on floor and 
roof assemblies, as a base for ceramic and masonry veneers and 
tiles, and in stucco formulations (Bodycomb and Stokowski 1994). 
These plasters serve as fire protection and contribute to thermal and 
acoustical insulation, depend ing on usage. As ana_ ggregate for 
lightweight concrete, perlite contributes sound- and heat-insulating 
properties when the concrete is used as a substrate for built-up roof- 
ing, floor fill, structural decks, and similar applications. Perlite con- 
crete is also used as a thermal insulating base for swimming pools, 
and as a permanent insu lation and structural support for under- 
ground piping. Another use for this material is to reline existing 
chimney flues to prevent damage to mortar. 

Small partic le size perlite e xpanded to a v ery low density is 
used as cryogenic insulation in storage tanks and vessels containing 
industrial gases such as liquid natural gas, hydrogen, oxygen, 
helium, and nitrogen, which are stored and transpo rted at very low 
temperature. The annular space in a dou ble-walled vessel is pneu- 
matically filled with perlite and then air is evacuated from the cavity 


increasing imports should r estrain p rice 


for thermal insulation. Portable expanders frequently are used at the 
jobsite to expand the perlite for cryogenic use. One of the few uses 
of perlite ore is as ladle topp ing in fo undries. Added to p ouring 
ladles, perlite acts as a slag coagulant and forms a crust on the sur- 
face of molten metal to maintain the melt temperature (Bodycomb 
and Stokowski 1994). 


Glass Fiber Insulation 


Fibrous glasses, or glass w ools, are used in a wide variety of ther- 
mal and acoustical insulating a pplications. The major industrial 
minerals used in the manufacture of fibrous glasses are silica sand, 
soda ash, and limestone (Bod ycomb and Stok owski 1994). Other 
raw materials are dolomite, feldspar, nepheline syenite, fluorspar, 
and various borates (borax, colemanite, ulexite, and szaibelyite). 

Glass wools are produced by one of two methods. In the less 
common pot- and-marble system, the co nstituents a re mixed, 
melted, and formed into marbles. These preforms are then remelted 
over platinum nozzles. The melt, passing throu gh the nozzle, is 
drawn into continuous filaments or fo rmed into discontinuous 
fibers by steam or , more commonly, by fl ame attenuation. Gener- 
ally, however, insulating glass wools are produced by melt-spinning 
or centrifugal spinning. The glass melt is introduced into a bowl, or 
inner centrifuge. The melt e xits through apertures in the bo wl and 
enters a second-stage centrifuge. Fiberization takes place when the 
material exits through holes in the second-stage centrifuge (Jarvela, 
Pohjonen, and Tormala 1990). The glass fibers bond with or ganic 
resin binders. Glass wool products are rated for use at temperatures 
as high as 538°C when phenolic bi nders are used, but most prod- 
ucts are designed for use at lower temperatures. 

Glass fiber products are tested exhaustively not only for ther- 
mal and acoustical insulating performance but also for fire resis- 
tance, flame sprea d,smo ke generation, corrosi vity, water 
absorption, resistance to fu ngus, physical strengths, and so forth. 
Table 1 gi ves some ap plicable te st method s, design ated by the 
American Society for T esting and Materials (ASTM). Numerous 
government, Underwriters Laboratory, and other testing laboratory 
specifications may apply. 

Fiberized glass is ubiquitous as a material in building applica- 
tions. Fiberglass batt, blankets, rolls, and loose-fill insulation (insu- 
lation produced as shre ds, granules, or nodules that typically are 
blown into building cavities using special equipment) find common 
application in insula ting buildings of all t ypes, for both thermal 
protection and sound control. Batting and rolls come with or with- 
out vapor-retarding facings, which resist the movement of moisture 
to cold surfaces where it could condense and cause water damage to 
the building. Ease of installation by semiskilled labor contributes to 
the use of glass fiber in new and retrofit residential construction. A 
recent development is to encapsul ate light-density batts in pla stic 
sheathing for a product that is easier to handle and has less associ- 
ated dust (K. Schaal, personal communication). Fiberized g lass is 
also imp ortant in air handling an d in H VAC systems, where duct 
board, duct wrap, and duct liners are used f or temp erature and 
acoustic c ontrol. Fiberglass blankets used in HVAC systems a re 
subject to requirements for corrosiveness, moisture vapor sorption, 
fungi resistan ce, temperature a nd erosion resistance, odor emis- 
sions, surface burn characteristics, thermal conductivity, and sound 
absorption coefficients. 

Other common application s are acoustical control for office 
cubicles, acoustical an d temperature control in household appli- 
ances, temperature control and flame resistance in aircraft, and var- 
ious th ermal and ac oustical appl ications in the automotive a nd 
marine industries. Newer applications are fiberglass blanket bonded 
with melamine resin used to insulate cryogenic tanks; a number of 
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Table 1. ASTM specifications and test methods applicable to glass 
fiber insulation 


Test No. Test Name 





C335 Standard Test Method for Steady-State Heat Transfer Properties of 
Horizontal Pipe Insulation 


Standard Test Method for Linear Shrinkage of Preformed High- 
Temperature Thermal Insulation Subjected to Soaking Heat 


C411 Standard Test Method for Hot-Surface Performance of High- 
Temperature Thermal Insulation 


C518 Standard Test Method for Steady-State Thermal Transmission 
Properties by Means of the Heat Flow Meter Apparatus 


C356 


C547 Standard Specification for Mineral Fiber Pipe Insulation 


C553 Standard Specification for Mineral Fiber Blanket Thermal Insulation 
for Commercial and Industrial Applications 


C585 Standard Practice for Inner and Outer Diameters of Rigid Thermal 
Insulation for Nominal Sizes of Pipe and Tubing (NPS System) 


C612 Standard Specification for Mineral Fiber Block and Board Thermal 
Insulation 


C795 Standard Specification for Thermal Insulation for Use in Contact 
with Austenitic Stainless Steel 


D-257 Standard Test Methods for DC Resistance or Conductance of 
Insulating Materials 


D-638 Standard Test Method for Tensile Properties of Plastics 


D-790 Standard Test Methods for Flexural Properties of Reinforced and 
Unreinforced Plastics and Electrical Insulating Materials 


D-792 Standard Test Methods for Density and Specific Gravity (Relative 
Density) of Plastics by Displacement 


D-828 Standard Test Method for Tensile Properties of Paper and 
Paperboard Using ConstantRate-of Elongation Apparatus 


D-3679 — Standard Specification for Rigid Poly Vinyl Chloride (PVC) Siding 

E84 Standard Test Method for Surface Burning Characteristics of 
Building Materials 

E-96 Standard Test Method for Water Vapor Transmission of Materials 


E-136 Standard Test Methods for Behavior of Materials in a Vertical Tube 
Furnace at 750°C 





filtration uses (liquid—g as separators, liquid—liquid coalescers, and 
oil and gas coalescing, among others); and microfibers (glass fibers 
having diameters ranging from less than 0.05 pm _ to 2.5 pm) in 
clean-room applications and for filtering blood particles (K. Schaal, 
personal communication). 


Mineral or Rock Wool Insulation 


Mineral, rock , and slag w ools are synthetic in organic insulating 
materials composed of vitreous glass fibers. The term mineral wool 
designates a silicate-glass—wool insulating material. They range in 
color from white or green to brown or black and have slag (gener- 
ally an iron bl ast furnace slag) as the primary raw material. Rock 
wools use naturally occurring rock as the raw material. Slag wool 
designates a product made from slag and is synonymous with the 
present usage of mineral wool. 

Historically, Illinois and Ohio dominated w oolrock produc- 
tion (Lamar et al. 1934) with additional production in Califor nia, 
Indiana, K entucky, Minnesota, Pennsylvania, W ashington, and 
Wisconsin (Thoenen 1938). The mined units generally were argilla- 
ceous limestones and d olomites, sometimes along with quartzites, 
shales, granites, and other rock types used as additives. Woolrocks 
also oc cur in A labama, the Carolinas, Kansas, Mississippi, West 
Virginia, and Virginia (Gonge 1931; Logan 1932; Plummer 193 7; 
Morse and McCutcheon 1945). 

Subwoolrocks, more common th an woolrocks, are carb onate 
rocks that are less argillaceous than woolrocks, but more shaley or 


sandy. They must be mix ed with a flux rock such as shale, sand- 
stone, limestone, or dolomite to produce a mixture with the proper 
chemical composition for wool production. Granites, w ollastonite, 
basalt, and peridotites also have been used as subwoolrocks or flux 
rocks. S lags also are used as the raw material. Iron bl ast-furnace 
slags are often used and are typica lly available in areas near their 
market. Copper, phosphate, and other slags are also suitable. 

The raw materials used in wool production must be capable of 
melting at the lowest possible temperature that will yield a liquid 
with the prop er viscosity for forming fibers. The fiber diameter is 
directly related to the acid/base ratio (on a m olecular basis) in the 
molten glass, with values less than 1.8 yielding satisfactory diame- 
ters. An empirical rule-of-thumb regarding woolrocks is that natu- 
ral rocks have the proper composition if they have 20% to 30% CO» 
(Lamar et al. 1934). The raw material must be 4 to 25 cm to fore- 
stall material from be ing blown out of the melting furnace and to 
maintain the proper draft. This is very significant to the raw materi- 
als producer, largely because of the possibility that a percentage of 
the smallest material will be wasted in the process. 

The pr oduction of both mineral and rock insul ating wool 
starts with melting it, generally in an unlined, water -jacketed, 
steel ki In. F or wool rocks, mel ting generally occurs at about 
1,400°C to 2,1 00°C; slags melt at 1,100°C. The ener gy savings 
that result from the lower temperature used in the latter is the pri- 
mary reason that many slags are currently used. S lags also have 
transportation and yi eld advantages because the y are essential ly 
free of volatiles such as CO , making transportat ion safer and 
hence more economical. 

Two processes can be used to produce the wool fibers. In one 
process, steam at 550,000 to 6 90,000 pascals is blo wn through a 
molten stream of glassy raw material. The steam creates globules 
with fibrous tails; it is from these fibrous tails that wool fibers are 
produced. In the other process, the molten stream of glass is poured 
onto a spinning, cast-iron disc, which centrifugally forms the mate- 
rial into thin fibers. The wool product consists of fibers and shot. 
The fibers are generally 2 to 10 pm in diameter and up to several 
centimeters long. The shot, small spherules or teardrops of glass, is 
about 50 pm in diameter. Manufacturers limit the amount of shot in 
the product during the processing operation. The collected mineral 
wool fibers are e ither used 1 oose or sha ped into b atts, bl ankets, 
sheets, or blocks with a resin (generally phenolic) binder. 

Recent developments include a softer, batt-type mineral prod- 
uct that is denser, fits more tightly into standard wall cavities, and is 
more resistant to air convection thermal losses than standard fiber- 
glass batt products. Its thermal resistance is comparable to sprayed 
cellulose insulation or high-de nsity f iberglass batts (N AIMA 
2004a). 


Refractory Insulation 


Refractories are heat-resistant materials that line high-temperature 
furnaces andr eactors and other processing units. In addition to 
being resista nt to the rmal stre ss and other physical phenomena 
induced by heat, refractories must also withstand physical wear and 
corrosion by chem ical agents. Refractories are m ore heat resistant 
than metals a ndare necessary for heating applications above 
538°C. Refractory products fall into two categories: brick or fired 
shapes, and specialties or monolithic refractor ies. Refractory lin- 

ings are made from these brick and shapes; from specialties such as 
plastics, castables, g unning mixes or ramming mixes; or fr om a 
combination of either cate gory. Many refractory products, in final 
shape, resemble a typ ical construction brick; there are, however, 
many different shapes and form s. Some refractory parts are small 
and possess a comple x and delica te geometry; oth ers are massi ve 
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and weigh several tons in the form of precast or fu sion cast blocks 
(The Refractories Institute 2004). Refractories contain and contr ol 
heat in myriad end-u se applications ran ging from re sidential fire- 
places to linings for h igh-temperature furnaces, kilns, ovens, and 
boilers ina wide variety of industries. A recen t trend is reduced 
installation costs, in part because of the increasing use of air-placed 
castable ma terials, which are composed of manuf actured aggre- 
gates and cementitious binders that are chemically inert. Portland 
cement cannot be used because of the highly corrosive nature of 
cooling flue gases (The Refractories Institute 2004). 

Approximately 70% of refractories are aluminosilicates, 15% 
are silica, and 15% are basic refractories (e.g., magnesite, dolomite, 
and chromite) (McMahon 2002). Alt hough certain refractories are 
designated as insulating products (e.g., lo w-density insulating 
brick), all refractory products are thermal insulators because they 
contain and control heat. 

Various raw materials are used in refractory products (Norton 
1967; The Refractories Instit ute 2004). _ Fireclay refractories, 
including firebrick, are made fr om plastic and flint kaolin clays 
(hydrous aluminum sili cates) fo rmed andf ired. High -alumina 
refractories, originally made from diaspore, are now primarily man- 
ufactured from bauxite and ha ve higher service temperatures than 
fireclay products. Silica brick is manufactured from quartzite. Basic 
refractory materials are magnesite brick (magnesite) an d chrome 
brick ( chromite). Insulatin g (f ireclay) brick haslo w density, 
achieved by adding an or ganic burnout material, perlite, v ermicu- 
lite, or expanded clay to achieve high porosity and reduce thermal 
conductivity. Zircon , an dalusite, sillimanite, and k yanite also ar e 
used in refractories (Crookston and Fitzpatrick 1983). 

Of the 383,000t of fireclay consumed in 2001 , 146,000 t 
(38%) was used for firebrick; the average price reported by domestic 
producers was $23.54/t. In 2002, 7 firms operated 44 pits in 7 states 
(Virta 2003a). Of the 4.38 Mt of Georgia kaolin produced in 2003, 
258,000 t (just under 6%) were for refracto ry uses with an average 
price of $28.57/t (Virta 2003a). Of the 9.97 Mt of bauxite consumed 
in 2002, 115,000 t (just over 1%) were for refractory uses (Plunkert 
2003). The refractory industry continues to consolidate to become 
more competitive and to address asbestos liability issues. As with 
most other insulation materials, health and safety issues dominate 
current innovations. 


Vermiculite Insulation 


Vermiculite is the min eralogical name genera lly applied to that 
group of minerals with micaceous morphology commonly formed 
by the alteration of biotite and iron-bearing phlogopite. A compre- 
hensive discussion of vermiculite is presented in a separate chapter 
in this book. When vermiculite particles are heated rapidly at high 
temperature, water molecules within the internal structure turn into 
steam and dramatically increase the volume: flat plates of vermicu- 
lite turn into elongated, concertina-like (vermiform) particles. The 
increase in volume caused by this thermal exfoliation is normally 
in the range of 10 to 20 times, with typical exfoliated densities up to 
90 to 110 kg/m? and as low as 50 kg/m, In its e xfoliated form, 
vermiculite has the low density and biological inertness compara- 
ble with expanded perlite, while maint aining a chemically active 
surface. Most of the vermiculite mined w orldwide ultimately is 
consumed in the thermally exfoliated form. 

Vermiculite currently is mined in at least nine countries. Over 
the last 1 5 years, p roducers outside the United States ha ve domi- 
nated th e U.S. mark et. South Africa, in particu lar, produced 
207,345 t in 2003. Other countries currently producing vermiculite 
are Australia, Brazil, China, Egypt, India, Japan, K enya, Russia, 
and Zimbabwe (Potter 2004). The decline in domestic production 


can primarily be attributed to the closure of the Zonolite operation 
in Libby, Montana, in 1990, which was the major source of vermic- 
ulite in the United States. Production in the United States currently 
is limited to South Carolina and Virginia. Two potential new ver- 
miculite sources are being developed in Ontario, Canada. 

Exploration for vermiculite de posits is straightforward 
because they are the products of surface and near-surface weather- 
ing. Unlike most ot her ores, the value of a v ermiculite ore depends 
on the distribution and efficient recovery of relatively large parti- 
cles. Vermiculite typically is mined by open-pit methods, and mill- 
ing/concentration consists of flotation using a variety of surfactants. 
The vermiculite concentrate is shipped to exfoliation plants near the 
end markets. 

Most vermiculite is consumed in thermally exfoliated form. In 
the United States, most exfoliation is accomplished using vertical 
furnaces. Whe n the concentrate is flash-h eated at approximately 
750°C to 800°C, bound water between the micaceous sheets explo- 
sively turns into steam, expanding the vermiculite particles. Addi- 
tional water may be liberated above approximately 870°C, resulting 
in a weak, powdery product. 

Vermiculite is used in a wide variety of thermal and acoustical 
insulations because of its lo w bulk density. Vermiculite and perlite 
share many similar applications. Treated with either asphalt emul- 
sion or silicone for w ater resistance, vermiculite is used as cavity 
fill for thermal insulation in cement block and other masonry struc- 
tures (ASTM 2004d). Coarser grades of vermiculite are used as 
loose fill in residential attics and walls, an inappropriate use for per- 
lite because of its dus tiness. These applicatio ns also contribute to 
acoustical insulation of buildings. 

Vermiculite is used in building boards of v arious typ es. 
Fine-sized, u ntreated v ermiculite concentrates are used in fire- 
resistant plasterboard (Tomand] 2002). As heat from a dwelling 
fire increases, the vermiculite particles expand, compensating for 
the shrinkage of the gypsum matrix and maintaining the structural 
integrity of the board. Pressed vermiculite board could be used as a 
replacement for gypsum plasterboa rd in man y applications. An 
important mark et for v ermiculite is in sp rayable fireproofing for 
structural steel members. Another use is in int umescent coatings: 
when heated, the material expands, forming a lo w-density thermal 
barrier. Vermiculite is used in refractory brick, castables, ramming 
mixes, and other articles for service temperatures up to 1,250°C. 
Vermiculite is used in portland cement and gypsum plasters, 
enhancing both thermal and acoustical insulating properties. It also 
is used in acoustical panels and ceiling tiles, but its dark color is a 
limiting factor in this market. 

Since most end uses of v ermiculite are associat ed with con- 
struction and industrial uses, the consumption of v ermiculite in the 
United States generally tracked the national economy until the Libby, 
Montana, mine closure in the early 1990s eliminated the only major 
U.S. source of coarse-sized concentrates. Typical current mark et 
prices for U.S. v ermiculite concen trates range from $60 to $ 170/t, 
depending on size an d gr ade. Im ported v ermiculite concentrates 
range from $127 to $2 40/t, f.0.b. (free on board) Gulf C oast ports 
(Moeller 2004). Current trends in the vermiculite industry are ne w 
products and their applications. By mid-2004, there were 23 pending 
USS. patent applications dealing directly with vermiculite. 


Lightweight Aggregate Insulations 


Lightweight concretes are widely u sed for the ir contribution to the 
thermal and acoustical insulation of a structure. Their low density 
derives from lightweight aggregates used in the formulation. Several 
categories of lightweight aggregates are used in insulation products. 
Lightweight aggre gates by their nature also enhance the insulating 
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and f ire resista nce of a structure when incorporated inc oncrete 
products. The air voids in a typical lightweight aggregate act as an 
insulator. Generally speaking, the lighter the weight, the better insu- 
lating and fire-resistant properties (refer to the Lightweight Aggre- 
gates chapter in this book). As wit h perlite and vermiculite, clays, 
shale, and slate are heated until they bloat. Of the four main catego- 
ries of lightweight aggre gates, three are used in insul ation. ASTM 
compiled specifications for usi ng v arious lightweight ager egate 
materials, and these standards s hould be consu Ited as required 
(ASTM 2004e). 


¢ Natural lightweight aggregates: These aggregates are prepared 
by crushing and sizing pumice, scoria, tuff, breccia, volcanic 
cinders, and other natural materials. 


¢ Manufactured structural lightweight aggregates: These are pre- 
pared by pyroprocessing shale, clay, or slate in rotary kilns or 
on traveling-grate sintering mach ines. A por ous but relatively 
impermeable te xture makes these mat erials not only light- 
weight but also both thermal and a coustic insulators; makes 
them desirable for bulk use in floor and roof f ill; and gives 
them an added advantage in saving weight in concrete. Insulat- 
ing concrete (nonload bearing), weighing as little as 15 Ib/ft?, 
can be made with these aggregates. Fire resistance is enhanced 
by the low probability of physical breakdown at temperatures 
below the melting point of the aggregates, by their low shrink- 
age characteristics, and by their minimum thermal expansion. 


¢ Manufactured insul ating ultral ightweight aggre gates: T hese 
are prepared by pyroprocessing ground vermiculite and per- 
lite to achie ve expansion. Very little use is made of the raw 
material in its u nexpanded form. The most used ultralight- 
weight materials are vermiculite and perlite, b ut le ss than 
25% is used as construction aggregate. In recent years, signif- 
icant price increases for expanded perlite and exfoliated ver- 
miculite gave them a la rge market share in te rms of value 
(approximately 32% in 2002), despite contrib uting only 
about 5% of the tonnage. 


Foamed Insulation 


Foam insulation products tend to be more e xpensive th an other 
more common types of insulation but are desirable when there are 
space limitations. Foam insulation can provide up to thre e times 
more resistance to heat flow per unit thickn ess than other types of 
insulation, and can more effectively control air infiltration if prop- 
erly installed. Three common varieties are foamed glass, foamed 
metals, and cementitious foam. 

Foamed glass insulation is used for pipes and vessels and also 
in walls and roofs. Service temperatures for some of these products 
are as high as 538°C. F oamed glass for ms when p owdered glass 
and a blowing agent are heated to form a plastic mass. Gas expan- 
sion from the blowing agent forms a closed-cell structure. Foamed 
metal insulation forms when aluminum and zinc are heated with 
blowing agents and is similar to foamed glass. Foamed aluminum is 
very stiff ata v ery low weight. In addition, it is f ireproof, com- 
pletely recyclable, and very effective in terms of acoustical absorp- 
tion, electromagne tic shield ing, and structural damp ing (Alulig ht 
International GmbH 2004). Cementitious foam, also called foamed 
portland cement, for ms when aluminum po wder and flak e ar e 
added to concrete and react with the high pH matrix to form hydro- 
gen gas, resulting in bubbles or cells in the material. It is pumped 
into closed cavities. The initial consistency of the foam is similar to 
shaving cream and after curing is similar to a thick pudd ing. It is 
easily damaged by water, but is nontoxic and flame resistant. 


Other Insulation Materials 


Many insulating products contain industrial minerals as a relatively 
minor constituent or ancillary us e; these products ha ve insulating 
properties as a secondar y attribute of their overall performance, or 
that represent a relatively small market or market segment. 


Refractory or Ceramic Fibers 


A wide v ariety of t hese materials are being produced, including 
those made fr om kaolin—alumin a, sili ca, zirconia, la nthanum 
chromite, and others. One rather exotic use is in ablative materials 
that operate in extremely high te mperature environments such as 
spacecraft heat shields. They act as heat sinks, and heat dissipation 
is accomplished by mass re moval. Refractory fibers are used as 
reinforcement in some of these products. Other uses ar e in the 

reinforcement of v arious resin syst ems. These materials ha ve 
found a number of new applications over the past decade. Ceramic 
fibers are used as_ high-temperature loose fill in expansion joint 
construction, furnace w alls, and packing ar ound har d refr actory 
furnace components. Older blends were typically kaolin based, but 
alumina-silica—zirconia a nd al umina—silica—chromia ble nds are 

gaining in popularity. 


Asbestos 


For health and environmental reasons, asbestos usage for insulation 
in the United States essentially is none xistent; in some countries, 
however, asbestos fiber is still used as reinforcement in calcium sil- 
icate insulation. In such products as insulating board, a sandwich 
construction of two sheets of asbestos cement with a core of insu- 
lating material is produced for both interior and e xterior use 
(ASTM 2004f). Asbestos is no longer mined in the United States. 
Most imports are from Canada. U.S. consumption declined from 
6,850 t in 2002 to 4,650 t in 2003 (Virta 2003b). For more detailed 
information, refer to the Asbestos and Asbestos Substitutes chap- 
ters in this volume. 


Ceiling Tile 

The production of acoustic ceiling tile is mentioned here as an 
example of an insulation product that consumes large quantities of 
industrial minerals and rocks in the United S tates. Currently, the 
most common composition is sp un mineral wool bou nd with 


starch. Another typical composit ion is 15% clay,55% mineral 
wool, 15% perlite, and 15% starch. 


Concrete Block Insulation 


Concrete block insulation comes in several varieties. In on e, the 
cores of concrete masonry units are filled with insulation, whether 
poured in, blown in, or foamed in, e xcept for those cells requiring 
structural steel reinforcing and concrete infill. In some applications, 
expanded polystyrene is mix ed with portland cement, sand, and 
chemical additives, and polystyrene inserts are placed in the block 
cores to inc rease the unit thermal resistance. Hollo w-core units 
made with a mix of concrete and wood chips are also a _ vailable. 
They are installed by stack ing the units without usin g mortar (dry 
stacking). Structural stability co mes from the c oncrete f ill a nd 
appropriate reinforcing rods throughout for structural walls. 

Solid, precast, autoclaved concrete masonry units, commonly 
used in Eu ropean construction since the late 1940s b ut recently 
available in the United States, have 10 times the insulating value of 
conventional concrete and are easily sawn, nailed, and shaped with 
ordinary tools. This t ype of concrete uses fly ash instead of high- 
silica sand as its distinguishing component. 
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Industry Trends 


In the past, innovations in the insulation industry tended to focus on 
improving energy efficiency; in the last decade, however, research 
focused on health issues. T oday a significant portion of in dustry 
promotional materials pertains to such topics as airborne dust, free 
respirable silica, and other health considerations. 

Glass fiber and other fibrous mineral insulation materials are 
of particular interest because of the link between asbestos and can- 
cer. In October 2 002, the International Agency for Research on 
Cancer removed glass, rock, and slag w ool fibers from its list of 
substances possibly carcinogenic to humans (NAIMA 2004b). 

Because the funda mental purpose of the rmal ins ulation is 
energy conservation and efficiency, these topics remain a key com- 
ponent in insulation industry research. Industry trade groups, most 
notably NAIMA, work closely with building code officials around 
the country through the National Association of State Energy Offi- 
cials to ensure that local, state, and federal regulations are in step 
with economical and realistic e xpectations for manufacturers. At 
the international scale, the focus has shifted from energy conserva- 
tion to climate ch ange. N AIMA, along with insulation in dustry 
trade groups from Europe, Austra lia, North America, and Asia, 
issued the 1997 Lisbon Declaration to the United Nations Interna- 
tional Fr amework Con vention on Climate Change. The Lisbon 
Declaration concurs with findings that space heating and cooling of 
buildings in the de veloped world is the major contributor to CO» 
emissions and hence greenhouse gases, and that the best method to 
reduce ener gy use is to use adequate thermal insu lation (NAIMA 
2004c). The declaration pr ojects decreases in CO 2 emissions that 
would result from increased use of building insulation. In the envi- 
ronmentally sensitive sociopolitical climate of the last two decades, 
the use of industrial minerals in insulation materials isa good 
example of how mining provides a clear benefit to the environment. 

Insulation is one of the few items in new or retrofit residential 
construction that can be shown to have af inite pay back period, 
actually saving money for the homeowner. As energy costs inevita- 
bly increase o ver the long term , insulation usage should increase 
based solely on economics. 

The producers of most mineral insulation materials must 
address the f act that their manufacturing processes are en ergy 
intensive. To remain competitive with ot her insulation materials, 
these produ cers should conduct ongoing research to reduce the 
energy required in these processes, lest the very factors that encour- 
age the increased use of insulation prohibitively increase their pro- 
duction costs. 

The use of mineral and mine _ral-containing in sulation will 
depend on the development and marketing of cost-effective prod- 
ucts of high q uality while stressing permanence, ease of installa- 
tion, safety, and performance over competitive products. 
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INTRODUCTION 


Pozzolans and supplementary cementitious mate rials (SCMs), 
either natural or artificial, are often used as a cement replacement 
or as an enhancement in concrete. Physical and chemical properties 
of a material determine their pozzolanic or cementitious properties. 
Table 1 li sts the se c haracteristics for the m ajor poz zolans a nd 
SCMs. Poz zolans re act wit h the c alcium h ydroxide lib erated as 
concrete hardens, forming compounds with cementitious properties 
(American Geological Institute 1997). The pozzolanic and cementi- 
tious properties along with other characteristics make these materi- 
als at tractive partial substitutes for portland cement in concrete 
applications or inter ground with portland cement clink er to create 
blended cements. Pozzolans can counteract adverse effects of unde- 
sirable aggre gates used in concre tes and help to create a concrete 
highly resistant to penetration and corrosion. 

For centuries, many of the natural pozzolans have been used 
in concrete or cement. With increasing fuel costs and environmental 
concerns over the carbon dioxide (CO 2) emissions associated with 
the production of portland cement clink er, several pozzolanic by- 
products of industrial processes are gaining acceptance as a dmix- 
tures to concrete products. Table 2 lists the major pozzolans and 
SCMs with production, consumption, and price, where available. 


CLASSIFICATION 


Pozzolans are siliceous or s iliceous and alu minous materials that 
alone possess little or no c ementitious value, but will, ina finely 
divided form and in the presence of water, chemically react with 
calcium hydroxide, such as found in cement at ordin ary tempera- 
tures, to form compounds possessing hydraulic cementitious prop- 
erties. SCMs are finely divided and noncrystalline o r poor ly 
crystalline m aterials simi lar to poz zolans th at po ssess la tent 
cementing properties that are activated in the presence of portland 
cement and w ater (Malhotra and Mehta 1996). Pozzolans and 
SCMs are mineral admixtures when added to concrete or blended 
cements. (For a complete discussion of cement, refer to the Cement 
and Cement Raw Materials chapter.) 


Pozzolans 


Pozzolans f all into tw o categories, e ither na tural or artificial, 
depending on their provenance. Natural pozzolans are either raw or 
calcined natural materials—such as volcanic ash, opaline chert, tuff, 
some sh ale, and some diatoma ceous earth—that ha ve pozzolanic 
properties (Am erican Concrete In stitute 2000). T he amount of 
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amorphous or unstructured material often determines the reactivity 
of the natural pozzola ns. There are three categories of natural poz- 
zolans: (1) v olcanic ash, called tuff when indurated, in which the 
amorphous constituent is a glass —_ produced by rapid cooling of 
magma; (2) those derived from rocks or earth in which the silica is 
mainly opal, and diatomaceous earth; and (3) some clays and shales. 
Volcanic glass has a disordered structure because of the relatively 
quick cooling time and tends to have a porous texture created by 
escaping gases. Hydrothermally altered volcanic glass can become 
zeolitic, and when finely ground, zeolitic tuffs become reactive with 
lime. De posits of trach yte tuff from a v olcanic eruption near the 
town of Poz zuoli (It aly) are the source eoftheterm  pozzolan. 
Romans used this material with lime to form cement for man y of 
their large building projects. Today, volcanic tuffs and pumicite are 
still used as pozzolans throughout the world and are often referred to 
as pozzolana in the literature. 

Moler is a Tertiary-age de posit of diatomaceo us ear th with 
significant amounts of clay. These deposits are on the island west of 
Limfjord, Denmark. Diatomaceou s earth is amorph ous hydrated 
silica derived from sk eletal remains of diatoms, which are tin y 
aquatic plants. High-p urity diatomaceous earth deposits are poz- 
zolanic, but often they contain large amounts of clays. Depending 
on the clay content of the deposit, calcination or grind ing may be 
necessary for use as a pozzolan (Flechsig 1990). Found in France, 
gaize is a soft, porous, highly siliceous sedimentary rock consisting 
mainly of opal. Bef ore gaize can be used as a pozzolan, it is cal- 
cined at 900°C (American Con crete Institute 2000). Gaize and 
moler are two examples of natural pozzolans used for their poz- 
zolanic properties. A typical use of moler and gaize is in cement 
subject to seawater attack. 

Although clay and shale ar e naturally occurring, calcination 
enhances their pozzolanic characteristics. Calcining is necessary to 
destroy existing crystal structure and to form an amorphous or dis- 
ordered alu minosilicate struc ture. Asa ne xample, me takaolin, 
derived from high-purity kao lin that undergoes lo w-temperature 
calcination and grinding to a fine particle size, is a highly reactive 
product having excellent pozzolanic properties. Not all clays and 
shales, however, are suitable as pozzolans, even when calcined. 


Artificial Pozzolans 


Artificial pozzolans used today are mostly f rom by-p roduct 
materials. Silica fume is a by- product of the reduction of high- 
purity quartz with coal in electric arc furnaces in the production 
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Table 1. Physical and chemical properties of pozzolans and SCMs 


Ground, Granulated 
Blast Furnace Slag 


Fly Ash (Class C 





Properties Silica Fume (GGBFS) and Class F) Calcined Clay, Shale Diatomite Rice Hull Ash 
Physical Very fine, tiny spheres Angular, ground to _‘Fine-grained, <45 ym rough texture Very fine-grained (1 pm). _ Highly cellular, 
(0.1 pm), high surface <45 pm spherical, <45 ym _ because of grinding Porous skeletal remains creating large surface 
area—acts as filler of single-cell plants area, >45 pm 
Chemical Amorphous silica Silicate glass, high — Aluminosilicate Aluminosilicate glass; | Amorphous silica Pure silica, 


in calcium 


may contain quartz, 
feldspar, mica 


noncrystalline 





Adapted from Malhotra and Mehta 1996; Lohtia and Joshi 1995. 


Table 2. Statistics for major pozzolans and SCMs in the United States as raw materials 


Consumed as Clinker 


Consumed as Blended 





Pozzolan or SCMs (2003),” kt Cement (2003), kt Price, US$ Production, kt 
Diatomite, and other microcrystalline silica (silica fume) 129 49 Diatomite,t 970/t Diatomite, 0.003 
Burned clays and shales, other natural pozzolans nat 25 na na 
Pumice and pumicite$ 27/t 42 

Fly ash 2,250 39 18-41/t 63,682 
Granulated blast furnace slag** 17 333 60/t (ground) 3,800Tt 


30/t (unground) 





Adapted from van Oss 2003a, 2003b, 2004; Bolen 2003; ACAA 2004a, 2004b. 


* Material used as raw feed; does not have pozzolanic or cementitious properties. 


t Includes absorbents and silicate admixtures (Dolley 2003). 

tna = not available. 

§ Use listed as concrete admixture and aggregate combined (Bolen 2003). 
** Includes both ground and unground material. 
tt van Oss estimates GGBFS sales 20% of total slag market (van Oss 2004). 


of ferrosilicon alloys and silicon metal. The silicon dioxide (SiO2) 
that vaporizes during this process condenses to v ery fine (0.1-um 
diameter) noncrystalline spheres (Malhotra and Mehta 1996). Use 

of these pozzolanic spher es in blended ce ment orasa mineral 
admixture produces a high-strength concrete. Rice hull (or husk) 

ash, when b urned in the producti on of electr icity or milling, pro- 
duces a high-silica ash. This ash has po tential as a poz zolanic 
admixture in concrete. 

Fly ash is a by-product of burning finely ground coal either for 
industrial application or in the production of electricity. The largest 
producers of fly ash are electricity-generating stations. The amount 
of fly ash available is greater than for any of the other by-product 
materials used in cement or concrete. The composition of fly ash is 
dependent on the composition of the coal feed and the efficiency of 
the combustion process. Most fly ash particles are spherical and 
glassy, and possess pozzolanic properties. 


Supplementary Cementitious Materials 


SCMs include ground, granulated blast furnace slag (GGBFS) and 
high-calcium fly ash. Blast furnace slag, a by-product of pig-iron 
production, when rapidly cooled yields a g ranulated product that 
is high in calcium content (35%-—40%; Malhotra and Mehta 1996). 
GGBFS mix ed with portland cement hash ydraulic prope rties, 
creating cement that will harden under water. 


Other Considerations 


With the exception of silica fume, natural pozzolans and industrial 
by-products generally cost less than portland cement. The cost sav- 
ings and beneficial properties of pozzolans andSCMsha_ ve 
increased the use of these products. Most natural rock material used 
as pozzolans under go some processing, either grinding or calcina- 
tion, to improve their reactivity. The percentage of amorphous 


Table 3. Natural and artificial pozzolans and SCMs classified by 
reactivity 
Material 


GGBFS (cementitious) 


High-calcium fly ash (cementitious and 
pozzolanic) 


Degree of Reactivity 





Cementitious and pozzolanic 


Highly active pozzolans Silica fume 


Rice hull (or husk) ash from electrical 
generation 


Normal pozzolans Low-calcium fly ash 


Natural pozzolans—clay, shale, 
diatomaceous earth, opaline cherts 


Weak to very weak pozzolans Slowly cooled blast furnace slag 
Bottom ash 
Boiler slag 


Field burnt rice hull ash 





Adapted from Malhotra and Mehta 1996. 


material in the pozzolan often determines the reactivity of a natural 
pozzolan. Many of the by-products of manufacturing or electrical 
generation have acquired pozzolanic or cementitious characteristics 
during these mechanized processes, and forafe w, grinding 
enhances these properties. The degree of pozzolanic reactivity can 
vary depending on the method of processing. Rice hulls burned in a 
furnace re ach higher te mperatures than those burned in the rice 
fields and yield a more reactive product. The quality of the original 
feed, or the combustion and cooling method, can also determine the 
pozzolanic or cementitious properties (Table 3). 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Pozzolans and Supplementary Cementitious Materials 


1163 





NATURAL POZZOLANS 
Industry Structure 


Cement companies or businesses specializing in mi neral adm ix- 
tures mine, process, and market natural pozzolans. Depending on 
the raw material, processing may include grinding, drying, purify- 
ing, and calcining. Many of the rocks or minerals used for their 
pozzolanic prop erties also ha ve other uses such as lightweight 
aggregate, soil amendments, filters, or fillers. The product sold as a 
pozzolan can be a minor fraction of the total end use. In the United 
States, using natural pozzolans is economic when locally available 
for bulk concrete construction or in the manuf acturing of concrete 
products. The use of natural pozzolans is mor e widespread in 
Europe and Asia _ than in th e United States (American Concrete 
Institute 2000); the four lar gest producers of natural pozzolans ar e 
Italy, Chile, Greece, and Camer oon (Table 4). Home constr uction 
techniques in Europe use less gypsum sheetrock and more stone 
and concrete than in North America. Prefabricated lightweight con- 
crete walls using pumice as a cement admixture are shipped to the 
construction site. Pumice as a lightweight pozzolan works well for 
the European style of construction (Bolen 2003). 


Raw Materials and Processing 


Natural pozzolans such as calcined siliceous clay and shale, diato- 
maceous earth or diatomite, and volcanic tuff can be used either as 
a mineral admixture in concrete or interground with clinker to cre- 
ate blended cements. Most of these raw materials have a variety of 
applications. The respe ctive c ommodity cha pters in thi s volume 
provide more detail on the mining and processing of these materi- 
als. Clay, shale, volcanic tuffs or pumicite, and diatomite are com- 
monly quarried with rippers, dozers, and fr ont-end loaders, and 
then transported to a processing plant. Most of the pumicite mined 
in the United States comes from western states, including Arizona, 
California, Idaho, Kansas, Ne vada, New Me xico, and Oregon 
(Bolen 2004). California and Nevada have large diatomite deposits. 
One location in Nevada is a combination of diatomaceous earth and 
a da citic pu micite. The diatomite or diatomaceous earth is pro- 
cessed near the mine site because of the expense of transporting a 
raw ma terial with hi gh w ater c ontent. Thi s ra w ma terial goes 
through a series of crush ing, drying, and comminution steps. Cal- 
cining in arotary kiln and classifying by particle size with heated 
air are common pr ocesses used to produce a pozzolanic material 
from diatomite (Dolley 2002). 

Water processing of kaolin removes impurities to lighten color 
and control particle size. Calcining the purified material at 600° to 
900°C results in dehyd roxylation and a disordered and essentially 
amorphous state. The product is then pulverized to 1—2-um diame- 
ter creating a highly reactive pozzolanic product called metakaolin. 
The use of metakaolin as amine ral admixture has been gro wing 
since the mid-1980s (American C oncrete Institute 2000). Heating 
other siliceous clays and shales at 700°-800°C makes them reactive 
by destroying the crystalline structure of the clays and other miner- 
als in shales. Heating increases the pozzolanic reactivity of zeolites 
as well (Virta 2002). 


Specifications 


The American Society for Testing and Materials (ASTM) C311-02 
(2003a) specifies the methods for testing raw or calcined n atural 
pozzolans and fly ash for use in portland cement concrete. ASTM 
C618-03 (2003b) outlines the specifications for use in concrete of 
natural pozzolans and fly ash, dividing these into Class N for natu- 
ral pozzolans an dClassC and F for fly ash. Comparing the 
requirements for natural pozzolans to the fly a sh classifications, 


Table 4. World production of pozzolan in 2003 





Country Commodity Production, kt 
Algeria Pozzolan 400.0 
Austria Trass 5.0 
Cameroon Pozzolan 600.0 
Cape Verde” Pozzolan 1.0 
Chile Pumice and pozzolan 830.0 
Ecuador Pozzolan 23.0 
France™ Pozzolan and lapilli 450.0 
Greece” Pozzolan 750.0 
Honduras Pozzolan 190.0 
ltaly* Pozzolan 4,000.0 
Saudi Arabia* Pozzolan 160.0 
Tanzania Pozzolanic materials 43.3 
Uganda Pozzolanic materials 12.4 
Total pozzolan productiont 6,180.0 





Adapted from Bolen 2003. 
* Estimated. 


ft Total is rounded; may not add to totals shown. Total is taken directly from 
Table 4 of Bolen 2003. 


there are few differences between low-calcium fly ash (Class F) 
and natural pozzolans (Class N). The major differences are (1) the 
maximum loss on ignition (LOD, or amount of unburned carbon, is 
greater for natural pozzolans; and (2) the maximum water require- 
ment is gr eater for natural pozzolans (see section on Fly Ash in 
this chapter for specifications table). ASTM specifications are not 
the only standards used in the United States or the world. Almost 
every country has a dif ferent set of specifications for po zzolans 
used in concrete. Within the United States, each state has its own 
specifications for use of pozzola ns in portland cement c oncrete 
for road construction. 


Finished Product Uses 


A major use of natural pozzolans is in mass concrete, such as 

dams, where there are large pours and the risk of thermal cracking 
from the heat produced from the chemical reactions during hydra- 
tion of portland cement minerals. For example, the Los Angeles 
Aqueduct (rhyolitic pumi cite), the Glen Can yon Dam (pumice; 

Figure 1), and Flaming Gor ge Dam were al | constructed using 
natural pozzolans (American Conc rete Institut e 2000). Adding 
natural pozzolans slo ws down the cementation process, reducing 
the temperature. Many of the natural pozzolans also improve the 
workability of the concrete pour , which is benef icial in massi ve 
concrete structures. Grouts and mortars are a nother mark et for 
natural pozzolans. 


Finished Product Marketing 


Markets for natural pozzolans are in blended cements, intergrinding 
the pozzolan with the portland ce ment clinker, and as a mineral 
admixture for concrete. Mining ade posit for a par ticular project 
that is nearby and closing the pit when the project is completed is a 
typical strategy for using natural pozzolans. Natural pozzolans that 
do n ot re quire c alcining are t he most a ttractive for ma rketing 
beyond a local market. Calcined clay and shale tend to be marketed 
for blended cements and therefore are used directly by the cement 
companies. Cement companies have a loc al market area, bec ause 
the transportation costs are a limiting factor. Companies mining and 
marketing diatomite a nd pumicites as pozzolans often sell these 
materials as mineral admixtures. 
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Photo by L. Greer Price. 
Figure 1. Glen Canyon Dam (concrete in dam was made with 
pumice from Arizona, used as pozzolan admixture) 


ARTIFICIAL POZZOLANS AND SCMS 
Industry Structure 


Prevalent use of by-products in the cement and concrete industries 
is arecent development, particularly in the United States. Using by- 
products reduces the need for portland cement and uses a product 
created from e xpending energy to create another produ ct or elec- 
tricity. When the by-products are not u sed, they must be disposed 
of, which has environmental implications as well. Market barriers 
for many of these by-products include the wide variety of state reg- 
ulations regarding their use. If a mark eter is transporting the mate- 
rial from one state to another , problems can arise because of the 
lack of standardization of regulations. 

For pozzolanic or cementitious materials such as GGBFS, sil- 
ica fume, and fly ash, the companies producing the iron or energy 
generally contract with a mineral admixture marketer or slag pro- 
cessor to handle their by-products. Trade associations such as th e 
Slag Cem ent Associ ation, the Silica Fume Association, and th e 
American Coal Ash Assoc iation (ACAA) represent marketers of 
these products. These associations promote the product by provid- 
ing information and technical reports to the buyers and marketers. 
A discussion for each of the major by-products being used today as 
a pozzolan or SCM follo ws. Included is a brief discussion of rice 
hull ash, although it is not mark eted to any extent in the United 
States. 


Silica Fume 


Silica fume is a by-product of producing silicon metal or ferrosili- 
con alloys by reduction of high-purity quartz with coal or coke and 
wood chips in an electric arc furnace (Figure 2). The silica fume is 
condensed from gases escaping from the furnace. During the pro- 
duction of sil icon metals and al loys, ba ghouse filters collect the 
silica fume from the furnace gases. The gas has a very high content 
of amorp hous SiO 2. D epending on the process, silica fu me is 
94%-98% SiO? from silicon production and 85%—90% SiOz from 
ferrosilicon production (Harben 2002 ). Silica fume is a v ery fine, 
gray po wder consisting of glassy spherical part icles int he size 
range of 0.1-0.2 um with sur face areas of 20-23 m2/g. As a com - 
parison, fly ash is typically less than 45 pm in diameter. The chemi- 
cal composition, size, and surface area of these particles create a 


Courtesy of Silica Fume Association. 
Figure 2. A silicon metal furnace 


Table 5. ASTM C1240-03 chemical and physical requirements for 
silica fume as a mineral admixture 


Chemical Requirements 











SiO2, minimum 85.0% 
Moisture content, maximum 3.0% 
LOI, maximum 6.0% 
Physical Requirements 

Oversize: 
Retained on 45-ym (325) sieve, maximum 10% 
Retained on 45-ym (325) sieve, maximum percentage 5% 
variation from average* 

Accelerated pozzolanic strength activity index:t 
With portland cement at 7 days, minimum percentage of 105% 
control 

Specific surface, minimum 15 m2/g 





Adapted, with permission, from the Annual Book of ASTM Standards, copyright 
ASTM International, 100 Barr Harbor Drive, West Conshohocken, PA 19428. 


* Average is determined by the average of 10 preceding tests or all preced- 
ing tests if less than 10. 

t A measure of the reactivity (not compressive strength) of given silica fume 
with a given cement and may vary with the source of both silica fume and 
cement. 


very reactive pozzolanic material. The limited availability of silica 
fume increases the cost of the finished concrete when added to port- 
land cement, limiting its use to projects where cost is not a primary 
consideration and the improved performance of silica fume, such as 
high compressive strength andin creased re sistance t os ulfate 
attack, are required in the concrete application. 

Specifications. ASTM C12 40-03 (2 003c) outlines the stan - 
dards for silica fume as a mineral admixture. Table 5 li sts the 
chemical and physi cal requirements for silica fume. A minimum 
85% SiO 2 is required witham  aximum of 6% LOI. Physica 1 
requirements are concerned with the size and strength when added 
to mortar. The ASTM requirements also include optional physical 
requirements for ai r-entrained concre te, rea ctivity wit h a Ikalies, 
and sulfate resistance expansion. 
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Silica fume is the one min eral admixture not considered a 
lower-cost partial replacement for portland cement in concrete; the 
cost of silica fumeis equal to or greater than portland cement. 
Using silica fume for its high reactivity creates a high-compressive- 
strength product that is very durable and can reduce the amount of 
reinforcing steel required in concrete applications. 

Finished Product Uses and Marketing. Concrete admixture 
suppliers mar ket silica fume. Silicafume in the United States 
comes from a few producers; the Silica Fume Association lists five 
member producers. Silica fume products include af ine powder 
(Figure 3), a densified form, a slurry for m with water, or a pellet- 
ized form for intergrinding with portland cement. The as-p roduced 
fine powder is dif ficult to hand le and is generally u sed in bagged 
products such as grouts or repair mortars (Silica Fume Association 
2004). Densified silica fume is in an agglomerated form created by 
aerating the as-prod uced ma terial an d cre ating a n el ectrostatic 
charge between the particles. Bulk tankers can transport densified 
silica fume to concrete batch plants. Unless densified, silica fume is 
difficult to intermix to form blended cement or to use with portland 
cement to make concrete, because it tends to float on the surface of 
the mixture (H.G. van Oss, personal communication). Bulk tankers 
transport silica fume slurry to storage tanks at construction sites. 
Often another level of regional supplier repackages the material for 
the end user in their area. Silica fume is a value-added product in 
the United States for making h igh-compressive-strength concrete 
used in high-rise buildings, parking structures, bridge decks, and 
girders. In Canada and Europe, silica fume is more ofte n inte r- 
ground with p ortland cement to create blended cements with high 
compressive strength, and the cost of the material is much less in 
this form (Kuennen 1996). Other uses of silica fume include shot- 
crete mixtures, grouts, concrete blocks, and bricks. 


Ground, Granulated Blast Furnace Slag 


The iro n-making process creates slag during a high-temperature 
reaction with carbon-reducing agents and fluxes. The impurities of 
the iron oxide ores and fluxing agents combine to form a liquid sili- 
cate melt, called slag, that floats on top of the liquid crude iron. The 
slag is removed or tapped from the blast furnaces separately. There 
are several methods of cooling the slag, but quickly quenching the 
slag in water creates sand-sized particles of glass, granulated blast 
furnace slag (GBFS; Figure 4), and grinding of this granulated slag 
increases the surface area and the reactivity of the GGBFS product. 

Raw Materials and Processing. The amount of slag produced 
from a blast furnace is dependent on the chemistry of the raw mate- 
rial, and the grade of the iron ore is the major factor. Ore feed of 
60%-66% grade iron in a blast furnace will yield about 0.25 to 0.3 t 
of blast furnace slag per ton of crude iron produced (van Oss 2003b). 
Lower grades of ore will yield greater amounts of slag. Blast furnace 
slags are typically composed of S i02 (33%-— 36%), CaO (calcium 
oxide, 37%—40%), Al203 (aluminum o xide, 7%—9%), Fe2O3 (iron 
oxide, 1%-10%), and MgO (periclase 10%-—11%). Of the by-prod- 
ucts, the chemical composition of slag is closest to t hat of portland 
cement; however, slag has a higher silica and lower calcium content 
(Lohtia and Joshi 1995). 

The qu enching or cooling pr ocess for the slag determines 
whether the material will be rea ctive. To form GBFS, the slag is 
removed from the furnace and rapidly quenched with w ater ina 
granulator. The result is glassy gr anules (Figure 5) that are then 
dried and ground or interground with portland c ement to c reate 
blended cement, or the GGBFS is marketed as a mineral admixture 
for concrete. GGBFS is ah ydraulic cement admixture that works 
with portland cement to create high-strength concrete (Slag Cement 
Association 2003). Quickly cooled slag using w ater or steam to 

















Courtesy of Silica Fume Association. 
Figure 3. Silica fume powder after collection and processing 








Courtesy of Slag Cement Association. 


Figure 4. Microscopic view of GBFS 





Courtesy of Slag Cement Association. 


Figure 5. Unground GBFS 
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Table 6. Physical and chemical requirements for GGBFS from ASTM 
€989-99 


Physical Requirements 

















Fineness: Amount retained when wet screened on a 20% 
45-um (325) sieve, maximum 
Air content of slag mortar, maximum 12% 
Slag activity index,” Average of Five Any Individual 
minimum Consecutive Samples, % Sample, % 
7-day index: 
Grade 80 Nvt NV 
Grade 100 75 70 
Grade 120 95 90 
28-day index: 
Grade 80 75 70 
Grade100 95 90 
Grade 120 115 110 
Chemical Requirements 
Sulfide sulfur (S), maximum 2.5% 
Sulfate ion reported as SO3, maximum 4.0% 





Adapted with permission, from the Annual Book of ASTM Standards, copyright 
ASTM International, 100 Barr Harbor Drive, West Conshohocken, PA 19428. 


* Slag activity is evaluated by determining the compressive strength of both 
portland cement mortars and corresponding mortars made with the same 
mass of 50-50 combinations of slag and portland cement. Slag activity in- 
dex is the strength activity index (SAI) determination of slag. 

t NV = no value given. 


form pelletized slag can be interground with portland cement but is 
often used as a lightweight aggregate. 

Specifications. ASTM C989 -99 (200 3d) classif ies GGBFS 
into three grades based on the sl ag activity index. This index mea- 
sures the compressive strength of the mortar prepared in accordance 
with test method ASTM C109 ( 2003e). Test mortars containing an 
equal weight of blast furnace slag to portland cement are compared 
to standard portland cement mortars. The slag activity index is mea- 
sured after the mortar has set 7 days and again at 28 days. Measure- 
ments are tak en on the a verage of five consecuti ve sa mples and 
individual samples (Table 6). Slag activity index grades are based on 
minimum percentages; most GGBFS marketed in the United States 
is 120 grade that has a 95% minimum slag activity index for 7 days 
and 115% for 28 days. ASTM C595-03 (2003f) states the specifica- 
tions for using GGBFS in blended hydraulic cement. 

Finished Product Uses. Iron-producing companies con _ tract 
with a processing business to handle the slag. The processor crushes 
or grinds the slag to me et market specifications, using screens and 
magnetic separators to rec over any metal. GGBFS is a value-added 
product selling for about $60/t that can be shipped greater distances. 
GGBEFS can replace from 25% to 50% of portland cement in con- 
crete (Slag Cement Association 2002) and is used in manufactured 
products such as block, segmental retaining wall units, and pavers. 
Mixed with hydrated lime, GGBFS can_ be used in flo wable back- 
fills. Spe cialized concretes can us e ac ombination of GGBFS, fly 
ash, and silica fume. GGBFS is v alued as an admixture in cement 
for its light color, resulting in a very light colored concrete. Adding 
GGBEFS to a cement mixture gives the concrete greater resistance to 
sulfate and alkali-silica attack, increased workability while pouring 
concrete, and durability of the finished product. 

Finished Product Marketing. GGBFS produ ction and sales 
are limited to the eastern United States, near iron and stee! manu- 





Figure 6. Secondary electron image of fly ash with glass spheres 
and masses. End product from Salt River Minerals Group, Cholla 
Generating Station, Arizona. Field of view = 42 pm. 


facturers or near ports where they can receive imported material to 
grind and market. More than a dozen grinding plants are operating, 
and the nu mber of blast furnaces in the United States is on the 
decline. Using existing slag piles, however, is an economical way to 
remove these piles from the landscape if the material meets specifi- 
cations (van Oss 2004). If weathered, the slag may not be accept- 
able for use as a mineral admixture to concrete but can be used as a 
fine-grained aggregate in cement. 


Fly Ash 


Fly ash is the major coal combustion by-product of electrical genera- 
tion from coal-burning power plants. The amount of coal combustion 
by-product produced at each po wer plant v aries, depending on the 
type of burners and pr ecipitators, and the perc entage of ash in the 

coal source. The ratio of fly ash to bottom ash produced by coal com- 
bustion depends on the type of burner and the type of boiler. Electri- 
calor mechanical precipitators collect fly ash from the flue-g as 
stream coming from the combustion chamber. This material is glassy, 
predominantly spherical, and less than 45 im in size (Figure 6). 

Raw Materials and Processing. Ash in coal consists of miner- 
als and rock particles deposited in the peat sw amp or introduced 
authigenically during the coalification process. Most (95%) of the 
mineral matter present is clay, pyrite, and calcite. Clay minerals con- 
stitute from 60% to 80% of the total mineral content of coal . The 
types of clay minerals depend on the chemical conditions of the dep- 
ositional environment. Clays can be detrital in origin or be second- 
ary precipitates from aqueous solutions. Kaolinite is the dominant 
clay mineral in coals developed in freshwater environments. Illite is 
dominant in coals o verlying marine sed iments, developing in mod- 
erately alkaline environments. Clays may be finely dispersed in the 
coal or concentrated in layers, such as tonsteins developed from vol- 
canic ash layers. The mining pr_ocess also introduc es minerals by 
mining small partings within a seam or from roof or floor material. 
This dilution adds to the total content of noncombustible material in 
the coal that ultimately becomes part of the ash by-product. 

Coal for ele ctricity generation is finely crushed, t ypically in 
ball or roll mills, and air-fed into a 1 ,037°—1,482°C combustion 
chamber where the carbon im mediately ignites. During coal com- 
bustion, the volatile matter vaporizes and carbon burns to heat the 
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boiler tubes. The inorganic material such as clays, quartz, and feld- 
spar becomes molten and re mains in the comb ustion chamber as 
slag on the boiler tubes, is carried away by the flue-gas stream as 
fly ash, or falls through to the bottom of the boiler as bottom ash. 
The molten material solidifies in the flue-gas stream leaving the 
combustion chamber, giving approximately 60% of the fly ash par- 
ticles a spherical shape. 

Air pollution control devices, commonly electrostatic precipi- 
tators (ESPs), collect the coarse fly ash (>44 pm) first. The finer 
material is collected later along th e air-stream path. ESPs ha ve an 
overall efficiency of 99%+ (Helmuth 1987). Mechanical precipita- 
tors are typically baghouses, c yclones, or v enturi scrubbers. Bag- 
houses use fabric filter-tubes or envelopes f or capturing fly ash 
from the flue gas. Baghouses are v ery efficient for all size ranges 
(0-44 pm), with ano verall efficiency of 99% + (Helmuth 1987). 
Several hoppers collect the fly ash particles by size along the length 
of the ESPs. The captured fly ash can be sent through an air classi- 
fier system to ensure consistent grain size. 

Depending on the sulfur content of the coal, flue-gas desulfur- 
ization (FGD) is necessary to remove sulfur dioxide (SO2) to meet 
the 1990 Clean Air Act Amendment standards. Dry scrubbers inject 
a very fine mist of lime into the unfiltered exhaust gas. The small 
amount of water used for injection evaporates in the hot e xhaust, 
leaving calcium sulfate (CaS O4), which is removed with the fly 
ash. Dry scrubbin g creates a fly ash high in sulfur trioxid e (SO3) 
that is not marketable for most fly ash applications and is disposed 
of in ponds. Wet scrubbers spray the filtered exhaust gas with a 
solution of lime, limestone, quicklime, or soda ash as a reactant 
with SOz. In the wet scrubber process, the fly ash is captured before 
the lime solution is added; therefore it has the potential for being 
marketed as a pozz olan. Saleable fly ash is loaded into pneumatic 
containers, either truck or rail, and the remaining fly ash_ goes to 
disposal ponds. 

Specifications. ASTM C 618-03 ( 2003b) defines fly ash as 
finely divided residue that results from the combustion of ground or 
powdered coal and is transported by flue gases. This definition does 
not include residue from burning municipal garbage or other refuse 
with c oal, injection of 1 ime directly i nto the b oiler for sulfur 
removal, or “incinerator ash,” the result of burning industrial or 
municipal garbage in incinerators. 

ASTM C311-02 (2003a) includes chemical analyses and phys- 
ical methods for testing fly ash used as a mineral admixture in port- 
land cement con crete, and ASTM C618-03 (20 03b) o utlines the 
physical and chemical requirements (Table 7). ASTM C6 18-03 has 
optional requirements that apply to air entrainment, effectiveness of 
alkali silica reaction, and sulfate resistance. For use in concrete, state 
departments of transportation, the Bureau of Reclamation, and the 
Army Corps of Engineers may ha ve further requirements; Canada 
and Europe have other standards for fly ash. 

In the United States, ASTM C618-03 (2003b) classifies fly 
ash into two categories (Class C and F) as an artificial pozzolan for 
use as a mineral admixture in portland cement concrete and Class N 
for all natural pozzolans (Table 7). Class C normally results fro m 
burning sub-bituminous coal or lignite and Class F from burning 
bituminous coals; however, there are exceptions to this g eneraliza- 
tion. As an example, lignite and sub- bituminous coal can produce 
either a Class F or a Class C fly ash. The type of fly ash depends on 
the depositional en vironment of th e peat sw amps from which th e 
coal developed. Classes C and F fl y ash differ significantly based 
on total SiOz + AlzO3 + Fe203 content; Class F has a minimum of 
70% and Class C has a minimum of 50%. Fly ash not fitting within 
these two classes may be well suited for other applications such as 
soil and waste stabilization but cannot be used in concrete or port- 


Table 7. Summary of chemical and physical requirements for fly 
ash and natural pozzolans defined in ASTM C618-03 





ClassN  ClassF Class C 
Chemical Requirements 
(SiO02+Al203+Fe2O3), minimum % 70.0 70.0 50.0 
SO3, maximum % 4.0 5.0 5.0 
Moisture content, maximum % 3.0 3.0 3.0 
LOI, maximum % 10.0 6.0 6.0 
Optional chemical requirements: 
Available alkalies, as Na2O, 15. 1.5 125 
maximum % 
Physical Requirements 
Fineness: Amount retained when wet-sieved 34 34 34 
on 45-um (325) sieve, maximum % 
SAI:” 
With portland cement at 7 days, 75 75 75 
minimum, % of control 
With portland cement at 28 days, 77 75 75 
minimum % of control 
Water requirement, maximum % of control 115 105 105 
Soundness: Autoclave expansion or 0.8 0.8 0.8 
contraction, maximum % 
Uniformity:t 
Density, maximum variation from 2 5 5 
average % 
Percent retained on 325 sieve, maximum 5 5 5 


variation, percentage points from average 





Adapted, with permission, from the Annual Book of ASTM Standards, copyright 
ASTM International, 100 Barr Harbor Drive, West Conshohocken, PA 19428. 


* The SAI comes from a control mixture of portland cement mortar and a test 
mixture of partland cement and test sample in accordance with ASTM C311- 
02 (2003a). SAI with portland cement is a measure of reactivity with a giv- 
en cement and can vary as to the source of both the fly ash or natural poz- 
zolan and the cement. 

t The density and fineness of individual samples must not vary from the aver- 
age established by the 10 preceding tests, or by all preceding tests if the 
number is less than 10. 


land cement. The intent of th ese mi nimum requi rements is to 
ensure that sufficient potentially reactive material is present. 

Class F fly ash with less than 10% CaO is considered low cal- 
cium and is not self-hard ening but exhibits pozzolanic properties. 
Often this type contains >3% LOI. Quartz, mullite (3Al203°2Si0O2), 
and hematite are major crystalline phases identified in North Amer- 
ican Class F fly ash (Lohtia and Joshi 1995). 

Class C fly ash containing more than 10% CaO is classified as 
high c alcium a ndisc ementitious. Class C fly ash typically is 
derived from sub-bituminous coal and some North Dakota and Gulf 
Coast lignite. Commonly , the hig her the CaO content, the greater 
the degree of self-hardening. Class C often has a v ery low LOI of 
less than 1%. Crystalline phases of the Class C fly ash often include 
anhydrite, tricalcium aluminate (C a3Al206 or 3CaO*A1 203), lime, 
quartz, MgO, m ullite, me rwinite (Ca 3Mg (Si 2Og)), a nd f errite 
(Lohtia and Joshi 1995). 

Physical characteristics of fly ash and natural pozzolans include 
size, mor phology, fineness, and sp ecific gravity. Fineness is deter- 
mined by the percentage of the ash retained on a 45-um (325-mesh) 
sieve. ASTM C618-03 (2003b) requires that no more than 34% of the 
fly ash be r etained on a 325-mesh screen. P article-size distribution 
can be quite variable, depending on the collection method and size, 
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and can differ within coal from the same mine. The coarser material 
tends to be less reactive as a pozzolan. 

Specific gravity of fly ash is related to chemical composition, 
color, and shape of the particles. The inconsistency of coal and its 
minerals makes this quite variable. Specific gravity is increased by 
opaque spherical magnetite or hematite particles if they are present 
in sufficient quantity. These materials, along with unburned carbon 
(% LOI), affect the color of the fly ash. Greater amounts of quartz 
and mul lite dec rease the spe cific gravity. Grinding fly ash may 
release some v olatiles trap ped inside the spheres, increasing th e 
specific gravity. Fly ash with a large fraction of lo w-density parti- 
cles is more reactive than fly ash with higher den sity particles, 
which have iron impurities. Pozzo lanic reactivity depends on the 
amount of low-specific-gravity glass present. 

Finished Product Uses. Concrete is a major use of fly ash. 
Class F f ly ash is used to prevent alkali-silica reaction (ASR) in 
concrete and is preferred in many south western st ates where the 
aggregate tends to have reactive material. Light-colored concrete is 
desirable in s ome markets, particularly California. A lo w percent- 
age of LOI results ina light-colored fly ash. LOI percentage can 
also be af actor in using fly as h in air-entrainment admixtures to 
counteract freeze-thaw cracking. The type and amount of unburned 
carbon material can be detrimental to these admixtures. Adding fly 
ash to a concrete mixture at 15%-—25% by weight is common prac- 
tice. Fly ash works as a fine-grained aggregate in concrete. Process- 
ing coal fly ash into pellets through a sintering process allows some 
systems to use any of the unburned carbon remaining in the fly ash 
for heat generation. 

Fly ash, particularly high-calcium fly ash, combined with lime 
improves soils for roadway construction. Fly ash can be mixed with 
recycled pavement to create a new base course, reducing the need for 
additional aggregate. Roller-compacted concrete (RCC), a very stiff 
concrete rolled out with asphalt paving equipment, requ ires lar ge 
amounts of fine aggregate that can be satisfied with fly ash. Fly ash’s 
pozzolanic properties increase the st rength of RC C, 1 owering t he 
cost. Because RCC is often used in large structures such as dams, 
lowering the heat of hydration by adding fly ash is very important to 
minimize cracking. The use of fly ash for these lar ge pours has 
greatly diminished the demand for Type IV portland cement. 

Backfill is low-strength concre te used for infilling trenches. 
For this use, fly ash is mixed with water and small amounts of sand 
and por tland cement, if necessary. Using Class Cf ly ash may 
require less portland cement to form a competent backfill. Fly ash 
backfill is gaining popularity because it can be poured in place and 
is le ss time-consuming than conventional bac kfilling with com - 
pacted soil (Bryggman and Nallick 1993). 

Finished Product Marketing. Marketing of fly ash is si milar 
to that of most industrial minerals; quality, consistency, and class of 
fly ash are very important in determining usage and market area. 
FGD gypsum con tamination by the type of scrubber system 
installed at a p ower plant restricts a signif icant amount of fly ash 
from use. LOI content can limi t usage becau se unburned carbons 
are detrimental to conc rete or color characteristics. Transportation 
infrastructure is important, and pneumatic or bottom-dump truck 
transport is preferred e xcept when large quantities can be shipped 
by rail and sold to distant mark ets. Storage facilities at different 
locations in the market area increase sales but are economically fea- 
sible only if the quality of the product is in demand. Fly ash can 
behave like a specialty mineral in that if the fly ash is of superior 
quality, distance from market is less of a factor. 

Most electrical utilities contract with ash marketers to handle 
and sell their fly ash as a poz zolanic admixture if it is suitable for 
concrete. There are more than 40 commercial ash-marketing firms 


throughout the United States. Most utilities also emplo y an ash 
market sp ecialist to monitor ash quality, use, or disposal and to 
interface with the ash mark eters under co ntract wi th the utility 
(U.S. Department of Transportation 2004). A few utilities have ded- 
icated in-house ash-marketing programs. Ash marketers supply the 
product to concrete or cement marketers in bulk. Many ash market- 
ers are divisions of concrete companies. In Europe and Asia, fly ash 
is more often blended in to portland cements; in the United States, 
fly ash typically is sold as an admixture to the concrete (Table 2). 

Ash marketers have load-out facilities and testing facilities at 
the generating station. The y samp le and test the fly ash coming 
from each unit to ensure consistency of the % LOI, fineness, and 
color (brightness) of the product. Some marketers also air-classify 
the fly ash they receive from the power plants to maintain consis- 
tency of particle size in their product. Marketers also maintain stor- 
age facilities in their market a reas to a bsorbe xcess fl y ash 
production and to maintain a steady flow of ma terial to their cus- 
tomers on short notice. In the Un ited States, fly ash prod uction is 
greater during certain months of the year when the electricity usage 
is high, such as summer months in the south and winter months in 
the north. These times may not coincide with the peak usage times 
of fly ash, so if the fly ash is highly marketable, storage units are 
feasible. 

Use-Specific Transportation. Concrete, concr ete pro ducts, 
and grout are the principal produc ts using fly ash (ACAA 2004a). 
Fly ash, like many of the other mineral admixtures to concrete, is 
shipped in pneumatic tanks, bot tom-dump trucks, or pneumatic 
railcars. Many fly ash marketers use trucks as their main mode of 
transportation if the plant is close to their markets, or if they do not 
have rail load-out facilities. Where the marketer does not sell large 
enough quantities of fly ash, rail transport may not be economically 
feasible. If sales are signif icant, fly ash is stor ed dry in silos in 
population centers to provide an on-demand source of material. 

Although today’s fly ash marketers analyze the fly ash coming 
from the collectors on a regular basis to keep their product consis- 
tent and maintain quality, this was not always the case, and some 
concrete producers are still sk eptical abo ut us ing fly ash in their 
product. Ensuring the quality of fly ash is critical to the growth of 
the in dustry, especially in portl and cement application (Schw artz 
2003). Environmental concerns about concentrations of trace ele- 
ments in the ash and the possible leaching of these elements also 
act as market barriers. These concerns are more of an issue in other 
uses of fly ash, such as structural fill, than in concrete where the fly 
ash is locked into the concrete matrix. Many of the trace elements 
have very low solubility in the ash (glass) matrix (D. Pflughoeft- 
Hassett, personal communication). Using fly ash in cementitious 
material can reduce the solubility of potentially toxic elements by 
both chemical and physical mechanisms and can prevent them from 
leaching into groundwater (Bryggman and Nallick 1993). 


Rice Hull Ash 


Rice is a primary staple crop in the world, and rice milling pro- 
duces more than 100 Mt of hulls annually (King 2000). The com- 
mon practice of b urning rice hulls in the field creates a pollution 
problem. The combustion of hulls to produce ener gy or burning 
hulls to complete the milling process creates ash. Collecting and 
grinding this ash creates a product similar to silica fume. The cost 
of installing an electric power plant in the United States using rice 
hulls as fuel is about $1 million/MW of electric power capacity and 
requires 1.5—-2t of hulls per MW-hr. In California, 20-25 MWe 
facilities use rice hulls as afu el source in the milling process 

(TropRice 2 003). California and Louisiana have rice hull po wer 
plants near rice-producing areas. Rice hull ashhas the greatest 
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Table 8. Effects of pozzolans and SCMs on the performance of concrete 
Fly Ash Calcined Clay, 

Property Silica Fume GGBFS (Class C and Class F) Shale Diatomite Rice Hull Ash 
Water demand Depends on mixture Decreases Generally Increases Incr eases because Increases 

decreases; with of microporosity 

higher % LOI and 

coarse ( >45 pm) 

particles, increases 
Workability Decreases, becomes _ Improves Improves Improves Unknown Improves 

sticky 

Flow of pour Decreases Increases Increases Unknown Unknown Unknown 


Compressive 
strength 


Durability 
Heat of hydration 


Air-entrainment 
agent 


ASR resistance 


Sulfate resistance 


Bleeding of 
hydrated lime, 
Ca(OH)2 


High compressive 
strength attained in 
same time as 
portland cement 


Increases 


Accelerates 


temperature rise in 
first 72 hours 


Increases demand 


Increases 


Increases because 
of refined pore 
structure 


Lower than normal; 
increases potential 
for cracking 


Lower during first 3— 
7 days. By 28 days, 
meets or exceeds 
strength of portland 
cement. 


Increases 

Lower 

Increase demand 
Increases 


Increases 


Generally lower 


Increases slower 
than normal; with 
time (+60 days), 
exceeds strength of 
portland cement. 


Increases 


Lower, except in 
high-calcium fly ash 


Higher % LOI, 
greater demand 


Increases 


Increases with 
Class F fly ash 


Generally lower 


Increases with time, 
slower than 
portland cement 


Increases 
Lower 

Unknown 
Increases 


Increases 


Lower than portland 
cement 


Increases with time, 
slower than 
portland cement 


Increases 
Lower 

Unknown 
Increases 


Increases 


Lower than portland 
cement 


Moderately high, 
greater than portland 
cement 


Increases 

Same as portland 
cement 

Increases demand 
Increases 


Increases 


Negligible difference 





Adapted from Malhotra and Mehta 1996; Lohtia and Joshi 1995. 


potential in major rice-producing countries such as China and 
India. The market for rice hull ash has not developed in the United 
States to the point of having specific marketers of the product. 


ADVANTAGES OF POZZOLANS AND SCMS 


Mineral admixtures ha ve man y advantages in portland cement 
applications where the y can improve the properties of concrete. 
Their poz zolanic 0 rce mentitious nature adds acompon ent by 
replacing part of the portland cement in concrete, in general reduc- 
ing cost. Of fsetting the use of portland cement by using mineral 
admixtures can save energy and lower CO? emissions from cement 
plants. 

The chemical and physical properties of the different mineral 
admixtures (Table 1) when added to concrete determine what prop- 
erties of the concrete are enhanced. Table 8 lists the effects of these 
admixtures on the performance and other attr ibutes of con crete. 
Characteristics of concrete in fluenced by adding pozzolans or 
SCMs are discussed in the following paragraphs. 

The very fine particle size of many of the mineral admixtures 
can be advantageous when the aggr egate is de ficient in sand-sized 
material (Lohtia and Jodhi 1995). The admixtures act as filler and 
are part of the cement paste, reducing the total surface area to be 
coated with cementitious material. Adding fine (1—20 um), spheri- 
cal particles such as fly ash can also refine the pore structure in the 
concrete, which reduces the amount of water needed to produce a 
concrete of certain c onsistency. Conversely, the angular shape and 
microporosity of some natural pozzolans in crease the w ater 
demand in the concr ete mixture. The percentage of LOI can also 
affect the amount of water needed to create the needed consistency 
of the concrete. 

Workability is the homogeneity and ease with which c oncrete 
can be mixed, transported, compacted, and finished (Ramachandran 


and Feldman 1995). The spherical shape of the fly ash, in particular, 
acts like ball bearings and increases workability of the concrete , 
decreasing the need for aggregate fines. Calcined shale and clay also 
improve the workability of a concrete pour; si lica fume, however, 
actually decreases workability because of its highly reactive nature. 

Strength and durability of concrete are impro ved by the f ine- 
grained nature of mineral admixtures, which decreas es the porosi ty 
of the concrete (Lohtia and Joshi 1995). Formation of cementitious 
compounds by pozzolanic reactio ncauses pore ref inement and 
reduces microcracking in the tran sition zone between the concrete 
and aggregate. This significantly improves the strength and durability 
of the concrete. Because of retarded heat of hydration, adding fly ash, 
GGBFS, or natural pozzo lan to concrete lo wers the earl y strength. 
Strength increases over time and eventually meets, and can e xceed, 
the strength of concrete made with portland cement al one. Silica 
fume is highly reacti ve, and concre te made with silica fume attains 
high compressive strength in the same time as portland cement con- 
crete and exceeds the norm in 3 days (Lohtia and Joshi 1995). 

Heat of hydration is an exothermic reaction during hydration 
of portl and cem ent. Poz zolanic reactions occura fter cement 
hydration be gins when Ca(OH2) becomes a vailable. Replacing a 
portion of the portland cement with fly ash or most natural poz- 
zolans retards rate of hydration and manifests pozzolanic reactions 
late in the aging process of the concrete. As ar ule of thumb, the 
percent reduction in heat liberati on at 7—28 days is about one half 
the per centage of mi neral a dmixture substitution for port land 
cement. Conversely, silica fume is highly reactive and accelerates 
the temperature rise in the first 72 hours (Loh tia and Joshi 1995). 
Heat of hy dration is slower for GGBFS than for portland cement, 
and the hydration products tend to be more gel-like than portland 
cement, filling v oids and increasing the ulti mate strength of the 
concrete. Reduced heat of hydration is particularly im portant in 
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massive structures where the temperature increase becomes signifi- 
cant and can lead to cracking because of thermal stresses induced in 
hardened portions of the concrete mass. 

Using air-entrainment admixtures (AEAs) in c ement or c on- 
crete enhances the freeze-thaw re sistance by increasing the void 
content of the concrete. The addi tion of most miner al admixtures 
increases the demand for AEA. Class C fly ash (high calcium) gen- 
erally requires less AEA than Class F. The key factor is the % LOI, 
which appe ars t o inc rease t he ne ed for AEA . T his i ncreased 
demand can influence the amount of w ater used in the mixture, 
depending on the type and amount of admixture added. 

The presence of reactive material in the aggregate, such as opal, 
chalcedony, siliceous shale, and schi st, causes ASRs in concret e. 
ASR occurs when si licate minerals react with alkali metal ions (as 
Na2O and K20) in portland cement paste, forming a gel. With mois- 
ture, the gel can swell and expand and crack the concrete around the 
individual aggre gate particles, causing po p-outs. Most min _ eral 
admixtures are effective in controlling ASRs. The available alkali in 
the mix is reduced by the amount of admixture added, as long as this 
material itself does not contain soluble alkalis. The size of the parti- 
cles (0-45 ym) improves the packing of cementitious materials and 
reduces the permeability of the concrete because of the pozzol anic 
action. This reduces the ion migration and available external mois- 
ture in the concrete, increasing the resistance to ASR. T he smaller 
particles of the pozzolans are preferentially attacked by alkaline solu- 
tions (sacrificial silica), forming a cal cium-silicate hydrate (C-S-H) 
that is more stable than the silica gel and protects the aggregate from 
ASR attack. Some high-calcium fly ash (Class C) cont aining large 
amounts of soluble alkali sulfates increases the al kali-silica reactiv- 
ity. For this reason, Class F fly as _h is preferre d to counteract ASR. 
Natural pozzolans, silica fume, and GGBFS are al so ef fective in 
dealing with alkali-silica reactivity. 

Concrete in certain applications must resist chemical attack by 
seawater, sulfate-bearing groundwater, or leaching by acidic waters. 
Sulfates such as gypsum react with hydration products of the trical- 
cium aluminate (C3A) phase of portland cement to form ettr ingite. 
This formation of ettringite can cause swelling and internal crack- 
ing, which ultimately weakens the concrete. Adding mineral admix- 
tures impro ves the re sistance of the concrete to these chemic al 
attacks throu gh lowering the amount of C3A by reducing the per- 
centage of portland cement. The pozzolanic reactions of the mineral 
admixtures help decrease the permeability of the concrete, making it 
harder for harmful chemicals to penetrate the concrete. 


GOVERNMENT, ENVIRONMENT, AND 
HEALTH CONSIDERATIONS 


The biggest challenges for natural pozzolans are en vironmental 
concerns of CO? reduction and con servation of natu ral resources. 
Mining the natural pozzolans also requires en ergy, and often the 
raw materials then undergo drying, grinding, and calcining, which 
uses significant energy and produces some COd2. Using industrial 
by-products recycles materials and reduces the depletion of natural 
resources. Although these by-products were created through indus- 
trial processes requiring energy that creates CO? emissions, little or 
no additional energy is needed to create a usable product, making 
by-products very attractive to the portland cement industries, com- 
peting directly with many of the natural pozzolans. As an example, 
COp2 emission sa vings for fly ash are almost a 1:1 e xchange by 
weight (B. Kepford, personal communication). 

Challenges lie ahead in the ut ilization of fly ash. The 1990 
Clean Air Act Am endments requires power plants to reduce nitro- 
gen o xide (NO x) emissio ns. Lo wering NO x emissions generally 
restricts oxy gen during the comb ustion process, resu Iting in more 


unburned carbon ( % LOD) in the fly ash. Unless the f ly ash goes 
through a w ashing process to remo ve the carbon, the fly ash __ is 
unsuitable for use in concrete, its largest market. Some NOx removal 
systems leave residual ammonia on the fly ash. Dep ending on the 
type of coal, the amount of ammonia adsorbed can differ. Although 
the ammonia does not have a detrimental effect on the performance 
of fly ash in concrete, ammonia fumes liberated in the concrete mix 
can be objectionable under certain working conditions (EPA 2003b). 
There is some concern of health problems related to the direct inha- 
lation of fly ash (EPRI 1998). Because fly ash partic les are spheri- 
cal, the y may b e less lik ely to lodge in lung _ tissue than angular 
particles from other sources. V ery small particles (< 10 pm), ho w- 
ever, can go deep into the lungs. Coa | ash does contain sma ll 
amounts of other materials, and there is the potential for irritation 
and inflammation of lung tissue. Personnel working in the ash col- 
lection process, as ash haulers and silo operators, ha ve the greatest 
potential for inhaling this material. An Electric Po wer Research 
Institute technical report (1993 ) concluded that routine operating 
activities did not produce hazardous exposure. 

On the positive side, the use of fly ash red uces greenhouse 
gases; for every ton of coal ash used, there is a 0.89-t reduction (this 
can vary) of greenhouse gas (Schwartz 2003) created in the produc- 
tion of portland cement. Using fly ash in co ncrete or in blended 
cement reduces land disposal requirements and reduces the use of 
raw materials in creating portland cement clinker. 

Silica fume is av_ ery fine-grained material and should be 
treated as any other respirable dust. Although silica fume is amor- 
phous silica, some small amo unts of crystalline silica are present 
below m easurable li mits. The presence of an y quartz re quires 
warnings on the material data safety sheets for silica fume. 


TRENDS AND OPPORTUNITIES 


Portland cement and concrete are major growth industries, and in 
the past 10 years, m ore portland cement manufacturers have real- 
ized the benef its of u sing pozzolans and SC Ms in their pr oduct. 
Pozzolans and SCMs add durability to the concrete, extending the 
life cycle of a project. Another industry trend is the increased use 
of by-products over calcined clay and shale. As part of implement- 
ing sustainable development, conservation of natural resources has 
added to the desirability of using SCMs deri ved from industrial 
by-products. Pr oduction of bl ended ce ment co ntaining n atural 
pozzolans decreased from 192,000 t in 2001 to 187,000 t in 2002 
in the United States. Fly ash is the leading by-product used in part 
because of the large volume produced—more than any of the other 
by-products—and its lower cost. Silica fume is a high-value prod- 
uct and only has certain applications. GGBFS use is limited in the 
United States by the decline in production from blast furnaces; 
sales of GGBFS have grown, however, and the need for GBFS is 
being met by importing material. Fly ash use in clinker and blended 
cement has inc reased o ver the past several years in the Un ited 
States, and clinker’s predominant use is as a partial substitute for 
portland cement. The U.S. cement industry’s 2003 consumption of 
fly ash for clinker was 2,250 kt and 39 kt for blend ed cement (van 
Oss 2003a). The concrete industry consumes a significantly larger 
volume of fly ash (11 .1 Mt) as a substitute for portland cement in 
concrete (ACAA 2004b). Primary co nsumption of GGBFS is for 
blended cement, which has decrea sed from 369 kt to3 33 kt for 
2002 and 2003, respectively (van Oss 2003a). van Oss hypothesizes 
that this decrease is bec ause of “lower sales volumes of sl ag-rich 
blends of concrete” or decreased use of slag as a grinding aid to 
make Type | portland cement. 

The demand for cement w orldwide is projected to rise 4.1% 
through 2006, with China as the largest market. Other developing 
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countries in Asia/P acific, Latin America, a nd Eastern Eu rope are 
expected to have greater demands for cement as well (Mining Engi- 
neering 2002). Alon g with this growth, the demand for blended 
cements and pozzolanic materials will increase. Blended cements 
are attractive because of the potential to lower carbon emissions by 
partial replacement of cement clin ker with industrial by-products 
and the superior performance of blended cements in certain appli- 
cations. Barriers to greater usage of blended cements depend on 
availability, transportation costs, building code standards, and other 
legislative requirements (Worrell et al. 2001). Potential for CO 2 
reduction varies by cou ntry, depending on current use of blended 
cements and the availability of blended materials. As an e xample, 
China’s use of coal for po wer generation and significant iron pro- 
duction make it a cand idate for using blended cements. Currently , 
China uses primarily portland ce ment. By using blended cements, 
China could significantly reduce its carbon emissions from clinker 
production (Worrell et al. 2001). 
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INTRODUCTION 


The roofing industry offers many opportunities for industrial min- 
erals and rocks suppliers to develop high-value, year-round markets 
for their products. This market opportunity is not widely kn own in 
the aggre gates industry, and few of the manufacturers of roofing 
materials have a good idea of the alternate materials available near 
their plan ts. Materials rou tinely prod uced for agg regate may be 
graded in relatively narrow size ranges, and offered as components 
for use in a wide variety of composite roofing types. 

Many natural and synthetic materials are used as roofing mate- 
rials around the w orld. The local choice is based on necessity, cus- 
tom, available materials, material cost, and the anticipated life of the 
structure. In underde veloped areas, lo w-cost and widely available 
materials such as brush, thatch, or palm fronds may be used. These 
may be enhanced with clay, mud, or even bitumen. Such o rganic 
materials are not expected to have a long life and must be renewed at 
regular interv als. The low wei ght of the roof system, ho wever, 
allows the homes to be constructed using minimal materials, which 
keeps costs to a minimum. 

With increasing urbanization, a desire formore permanent 
homes leads to the use of hea vier-weight materials. More rob ust 
homes are capable of supporting a heavier roof structure, and 
mined earth materials such as slat e or flagstone and tiles made of 
clay or concrete have commonly been employed. Roofing made of 
metal, w hich canrange fromi nexpensive corrug ated sheets to 
much more costly, coated modular steel systems, is also very popu- 
lar around the world. Increasingly, composite roofing materials fab- 
ricated of natural and synthetic materials are used because of their 
lower cost, ease of transport, and greater flexibility of application. 

This summary of roof ing materials focuses on the opportuni- 
ties for supplying industrial minerals and rocks to composite r oof- 
ing manufacturers in North America (as this is where the author has 
gained his experience). Many of the ideas in this chapter, however, 
are applicable to markets worldwide. 


ASPHALT SHINGLES 


Asphalt shingles are the most popular and least costly form of roof- 
ing in use today in th e United St ates. In res idential c onstruction, 
asphalt shingles account for nearly 85% of all roofing. Shingles are 
made to a high standard of quality and are available in a wide vari- 
ety of styles and weig hts. Ev en the least rob ust shingles ar e 


designed for a life of at least 20 years. Heavyweight, high-end shin- 
gles now offer warranties of 40 to 50 years. 

Although called asphalt shingles, this roofing material is a 
true composite with asphal t representing an important, altho ugh 
minor, component. By weight, shingles are more than 80% mineral 
and rock, and shingle manufacturers provide a broad target market 
for industrial min erals producers. Asphalt roof ing shingles are a 
heavyweight product, so roo fing plants are located throughout the 
United States to avoid high shipping costs. Mineral and rock supply 
to these individual plants is lar gely a regional business as well, for 
the same reason. Previous editions of this v olume have focu sed 
only on roofing granule production and su pply, but man y more 
opportunities for supply to asphalt roofing manufacturers exist, as 
described in this chapter. 

As manufactured in the United States, asphalt roofing shingles 
are produced in several broad categories. The largest percentage of 
production is of 3-tab shing les, which are considered the standard 
of low-cost dimensional roofing. An increasing percentage of p ro- 
duction is of what are called architectural or la minated shingles. 
These new-style shingles offer a dimensional look and are typically 
of a heavier weight. In addition, many roofing plants still manufac- 
ture rolled asphalt roofing and smaller interlocking shingles for use 
in high-wind areas. 

All of these products are ma nufactured int he sa me way, 
using the sam e bas ic ingredie nts. The di fferences are in the 
amounts of the ingredients and in the manner in which the shingles 
are cut at the end of the production line. Asphalt shingles are made 
in a continuous sheet, up to 60 in. wide. The sheet moves through 
the machine at speeds as high as 700 fpm, and in just seconds all 
the materials of the shingle must be applied to build the composite 
structure while the asphalt is still hot. Granules must be pressed 
into the asphalt-saturated mat before cooling begins. The sheet is 
then cooled rapidly and delivered to t he cutting machine, which 
cuts the sheet into standard-size tab shingles or builds a laminated 
structure for the architectural-style shingles. 

Figure 1 shows typical examples of both 3-tab and laminated 
shingles. At the heart of the shingle is a fiber mat, most commonly 
made of nonwoven fiberglass, although some shingles are still 
made with a pa per mat. The mat is saturated with mineral-filled 
asphalt coating, which is applied to both the top and bottom sur- 
faces of the mat. The greatest performance-enhancing differences 
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Figure 1. Three-tab and laminated shingle construction 


in all the shingles made are in the weight of the mat and in the 
thickness of the applied asphalt layers. While the asphalt-saturated 
mat is still very hot, granular rock materials are placed first on the 
topside of the sheet and later on the backside of the sheet. The gran- 
ular materials consist of rock granules coated with colored ceramic 
(prime granules), rock, or slag granules with a si milar gradation 
(headlap granules), and f iner silt-sized granules deposited on the 
backside (backdust). 

Top-surface granules give the shingle substantial weight, and 
prime granules also provide protection for the asphalt, which is the 
waterproof layer of the composite shingle. Because sunlight’s UV 
rays degrade asphalt, prime granules must be effectively opaque to 
UV light to shield the asphalt. Today prime granules are colored by 
a ceramic coating, and nearly a dozen colors are available. These 
are used either as single colors like white or bl ack, or more com- 
monly as blends of colors, placed on the shingle surface in complex 
patterns for vi sual ef fect. He adlap gr anules ser ve lit tle purpose 
other than to balance the sheet, although they do give weight and 
substance to the finished shingle. 

Because the re a re doz ens of r oofing pla nts inthe Unite d 
States and Canada, each requ iring significant year-round supply , 
huge potential opportunities exist for supplying all of these graded 
rock materials. The greatest oppo rtunity by weight is in supply of 
fine-grind mineral filler. Individual plants require a minimum of 
100,000 t of filler per year. Granules, both prime and headlap, are 
also used in high v olume by each plant, and represent the greatest 
expense of manufacturing shingles, particularly the ceramic-coated 
prime granules. Backdust material supply is a smaller opportunity, 
but can be a lucrative use for mineral fines from aggregate produc- 
tion. Each of these materials is considered in detail in the sections 
that follow. 


TOP-SURFACE GRANULES 


The coarse, graded aggregate that is applied to the top surface of 
asphalt sh ingles ser ves several purposes. Colored prime granules 

provide the distinctive colors and patterns of the finished roof and 
protect the asph alt layer fro m rapid de gradation by UV radiation. 

Headlap granules may provide some distinctive appearance in 3-tab 
shingles, but in laminated shingles these granules exist only to add 
weight to the shingle and coat th e asphalt of the top half of each 
shingle. Headlap granules of fer UV protection only in 3-tab shin- 

gles. In all other types of shingles, headlap granules are not exposed 
on the roof. The gro wing popularit y of laminated shing les has 


resulted in many new opportunities for granule supply to individual 
roofing plants. 

Prime and he adlap granul es share som e characteristics b ut 
have significant differences in performance requirements. Although 
in some plants, prime an d head lap granules may come from the 
same quatry, in most cases the two types of granules are likely to be 
quite different materials. Id eally both granule types should share 
the same gradation—a rather narrow size range (ASTM [American 
Society for Testing and Materials] #11)—which resembles coarse 
sand (12 x 40 mesh, U.S. Sieve Series). For production reasons it is 
important that both prime and headlap granules have a similar bulk 
density and roughly the same granule shape. Shingles are made in 
wide sheets, and these qualities ensure that the weight of app lied 
granules will be equal across the — sheet. Both types of gr anules 
should be durable and capable of bulk handling without breaking 
down into smaller pieces. The granules should also be able to with- 
stand multiple freeze-thaw cycles without decrepitation to give the 
roof a long life. 


Prime Granules 


Previous editions of this chapter in Industrial Minerals and Rocks 
(Kalyoncu 1994) focused on the potential business opportunity for 
colored prime gran ule production. Although the potential prof it 
margin of prime granu le production is great, the technical experi- 
ence and capital expense required to compete with existing granule 
suppliers is also very high. The days of supplying prime granules to 
only one or two roofing plants are gone, with most shingle manu- 
facturers no w supplying th eir produ cts nationally from man y 
regional plants. Their desire for uniform products across their man- 
ufacturing line precludes entry by startup granule suppliers. Today, 
most prime granules are pr oduced by only two suppliers, 3M Cor- 
poration and ISP Specialty Minerals. Both companies produce uni- 
form c olors of ce ramically coat ed granules at mul tiple pl ants 
strategically located across the country. 

Although a number of rock types are used as the base rock for 
coated granules, all are e ither igneous or metamo rphic. The base 
rock for prime granule production should be inher ently opaque to 
UV transmission and uniform in color. Fine-grained rocks are pre- 
ferred, and the best granules tend to be made from rocks that, when 
crushed, have a shape that is not dominated by a strong mineral 
cleavage. 

The shape and natural gradation of granules made fro many 
two rocks will be dif ferent and dependent on the type of crushing 
equipment employed, as well as on the natu re of the rock. In prac- 
tice, the best granules have been made from meta volcanic rocks, 
with fine grain size and a relati vely light color. These rocks crush 
uniformly to an approximately cubical shape and canbe color- 
coated thoroughly and consistently. Crushing and screening roofing 
granules requires considerable experience and care. The desired size 
distribution (ASTM #11) is narrow, and production of excess fines is 
undesirable. Waste from the screenings is nearly 50%, and existing 
granule producers struggle to find suitable uses for the fines. 

Color coatings are appliedtothe base granu les in lar ge 
batches, and the pigmented clay-rich coatings are fired in rota ry 
kilns. Producing con sistently coated granu les is difficult, and pro- 
cess and batch contro] are critical for color consistency. Existing 
prime granu le manu facturers empl oy elaborate stor age and ship- 
ping techniques to ensure that shingle plants receive consistent sup- 
plies of individual colors. The coating must be durable in material 
handling, as well as stable in application to the shingle. 

In humid climates, a sma Il percentage (10 % or less) of the 
prime granules may be replaced by sp ecial algae-resistant (AR) 
granules. These AR granules are made with a layer of copper oxide 
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beneath the colored ceramic coat ing. The copper leaches slo wly 
from the coating over the life of the shingle, acting as a biocide to 
inhibit the growth of algae on the shingles. 


Headlap Granules 


Traditionally, shingle manuf acturers ha ve f avored dark-colored 

granules, with high UV opacity, for shingle headlap. The materials 
used include both graded rock aggregate and various industrial by- 
products. Supply has been dominated by specialty companies mar- 
keting industrial slags, such as those produced as a by-pro duct of 
coal combustion in certain old-style power plants. These coal slag 
supplies ha ve become in creasingly scarce because mo dern coal- 
fired po wer plan ts do not produ ce a coarse glassy slag. | Conse- 
quently, the slags have become increasingly costly as many old 
waste areas have become depleted. At the same time, a shift in shin- 
gle style toward laminated shingles without exposed headlap areas 
has opened an excellent market niche for traditional rock aggregate 
producers. 

Headlap granules are produced to the same physical and gra- 
dation standards as prime granules but can be made from many dif- 
ferent cr ushed rocks, ande venf rom coar se sand and gra_ vel 
deposits. Opacity to UV tra nsmission is not a concern with lami- 
nated shingles, ande ven some carbonate rocks can yield good 
headlap granules. Consistency of bulk density and granule grada- 
tion is of greatest concern to the shingle maker, because the weight 
of granules per unit area, as applied to the shingle sheet, must be 
held nearly constant for reliable shingle machine operation. 

Granules are typically produced to the rather narrow size 
range of the ASTM #11 grad ation standard (12 x 40 mesh, U.S. 
Sieve Series). Tolerance for fines in the product is low. Production 
of such a fines-free sand product from crushed rock can result in 
significant waste material. A beneficial use for the fines from gran- 
ule production can mean the difference between a successful opera- 
tion and a failure. Fines may be added back into a more traditional 
manufactured sand product or they may be further screened to yield 
backdusting granules, as describe d in the following section. Ev en 
without a beneficial use of the fines from headlap production, the 
relatively high cost of headlap can result in a prof itable specialty 
product for a trad itional rock aggre gate quarry. To compete in th e 
headlap market, a supplier must b e able to pro vide granules at a 
delivered cost of $35 to $45 per t on. Individual roofing plants use 
upward of 50,000 t of headlap per year, and the largest plants in the 
United States require 3 to 4 times this quantity. 


BACKDUST GRANULES 


In asphalt shingles, backdust is used primarily as a parting agent on 
the bottom or backside of the shin gle. Backdust typically consists 
of fine, sand-sized rock granules that are liberally applied to the hot 
asphalt coa ting just prior to th e cool ing sec tion of t he shingl e 
machine. The backdust works to isolate the hot asphalt from the 
cooling and guide rolls, and also prevents shingles from sticking 
together when packaged. 

Backdust materials are widely varied, both in size range and 
material pr operties—ranging from f inely crushed talc to cr ushed 
carbonate, igneous and metamorphi c rock fines, and e ven crushed 
glass and slag. Naturally sorted sedimentary silica sand has been 
the backdust of choice for many years because of its easy handling, 
ready availability, and low cost. Asphalt shingles have a wide toler- 
ance for these diverse materials, although each shingle process has 
been optimized for the material in use. 

Some backdust materials perform by coating or blanketing the 
sheet. This is typical with talc or some of the crush ed carbon ate 
backdusts, which have a higher percentage of fines. Other backdusts 


Table 1. Mohs mineral hardness scale’ 





Mohs Number Mineral Name Common Tool Hardness 
1 Tale 
2 Gypsum Fingernail: 2.5 
3 Calcite Penny: 3.5 
4 Fluorite 
5 Apatite Glass plate: 5.0-5.5 
6 Orthoclase Knife: 5.5-6.0 
7 Quartz Steel file: 6.5-7.0 
8 Topaz 
9 Corundum 
10 Diamond 





* Softest =1, hardest = 10 


perform by holding the shingle away from the adjacent sheet or roll. 
Median grain size of these coarser granular materials will be critical 
as shingle manufacturers alter the amount of _ backco ating on the 
shingle. Thicker backcoating requires a coarser bac kdust to isolate 
the sheet, particularly from the cooling section. 

Although the shingle process has a wide tolerance for material 
differences, as wit hf iller, co nsistency of the back dust is v ery 
important to system performance. Suppliers must strive to produce 
consistently sized materials wi thc onsistent b ulk d ensity and 
flowability. This is relatively simple with sand products that are not 
crushed but produced from loose se diment or disaggregated sedi- 
mentary rock. Often these products will not vary much because of 
the nature of the mined materials. The supplier must tightly control 
crushed products, such as talc, car bonate, slag or glass, to ensure 
consistent properties. 

One of the high-maintenance areas of shingle manuf acture is 
in the shingle cutting machine. Here the sheet is cut into individual 
shingles and unique shingle patte rms are cut and la minations are 
assembled. Backdust properties seem to have a considerable effect 
on the li fe of m aterials u sed in cutting kni vesinthe — shingle 
machines. The difference inthe Mohs hardness (Table 1) of the 
minerals used for shingle backdusts, relative to the hardness of the 
steel used for the cutting knives, appears to be a major contro Iling 
factor. Many shingle lines use silica sand as their backdust, and this 
material is considerably more resistant to wear than steel. Simply 
changing to backdust material made from a softer mineral has been 
shown to result in significantly less wear and lower operating costs. 
Talc and carbonate backdusts are considerably softer than steel, but 
even backdusts made from slag or glass offer a hardness advantage 
over silica sand. 

The grad ation of backdust sand emplo yed is highly varied 
throughout the roofing industry. The granule gradation is chosen for 
its performance as applied to the shingle, and individual plants may 
make several different specification shingles. Typically the grada- 
tions have been fine—a relic of the migration away from using talc 
and the readily available sand supp lies of the coastal plains and 
river systems of the continent. W ith thin backco ating on lighter 
weight shingles, fine-size distributions have worked well; however, 
heavier-weight shingles require thicker backcoating and acon _ se- 
quent shift to coarser gradations to protect the equipment and pre- 
vent sticking of the shingles inthe package. The sand must be 
appropriately sized for the process in which it will be used. Shingle 
manufacturers may use multiple sands to accommodate the needs 
of a diverse product line. 

The most dif ficult aspect of p roducing backdust sand from a 
crushed rock is obtaining a suf ficiently fine sand size withou t 
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significant fines (less than 5% to 10% —200 mesh). A target gradation 
is typically 50 x 200 mesh (U.S. Sieve Series). A dedicated process is 
needed to produce such a restricted size range consistently. Material 
removed from the crushed rock at the top end of the sand gradation 
can be made into a shingle headlap. Headlap granules (10 x 40 mesh) 
have not traditionally been carbonate rock, but with the production of 
laminated shingles, carbonate headla p is practical. An ef fective air 
classification process should be us ed to control the tail end of the 
backdust gradation. Excess fines produced by sand gradation can be 
added to agricultural lime or landscape pellets. 


Backdust Materials 
Talc 


Talc was more widely used in the past but is now used in only a few 
plants nationwide. Although talc is the most expensive backdust in 
use today, less material is needed for each shingle because of the 
platy nature and f ine size of the talc dust. Because talc applies to 
the shingle sparsely, however, the resulting shingles have a lower 
weight of backdust and require an increased amount of filled coat- 
ing. This increases the material cost of the shingle. Concerns about 
the mineralogical association of talc with asbestos also limit talc’s 
desirability. The low Mohs hardness of talc is a plus; the mineral 
has no impact on the wear of cutting knives. 


Carbonate 


Carbonate refers to backdust made from crushed limestone, dolo- 
mite, and marble, with mineralogy ha ving little, if an y, impact on 
the performance of the backdust. High-quality backdust can be pro- 
duced from any hard crystalline carbonate rock, such as those pro- 
duced by aggregate suppliers for constructi on and road b uilding. 
Carbonate backdust is made from crushed rock, and because fines 
must be controlled, it is fairly expensive to make and somewhat dif- 
ficult for a supplier to control. The material is dusty and may result 
in backdust transfer issues, both in manufacturing and in later mate- 
rial handling of the sh ingles. In certain areas of the country where 
crushed limestone prices are low, there are distinct advantages to 
using carbonate backdust, and this material can be very effective in 
a backdust system. Because the Mohs hardness is significantly less 
than that of steel, the backdust has considerable less wear potential 
than silica sand, resulting in greatly reduced knife wear. 


Silica Sand 


A majority of U.S. roofing plants use silica sand as a backdust. The 
size distribution and mineralo gy of this sandis dependent on the 
source and some what varied. All are predominantly silica (quartz) 
and inherently hard. Typical minor minerals are feldspar and mica. 
Although most silica-sand backdusts are from naturally graded sedi- 
mentary deposits, these backdusts also have the potential to contain 
fine, respirable, crystalline silica, which has been identified as a car- 
cinogen. Because all of the silica sands were deposited as sediments, 
they tend to have rounded grains and great flowability. 


Slag 


Only a fe w sh ingle manuf acturers use industrial slag backdust 
(glass from a refractory process) today, althou gh the use of fairly 
coarse coal slag sandisin creasing and sho ws good po tential 
because of lo w material costs. A number of e xisting slag headlap 
suppliers could potentially supply useful sand-size slag fines. 


Glass Sand 


Specialized equipment can crush glass sand fro m postconsumer - 
waste bottles to subangular particles. Glass sand can be tailored to a 
useful gradation, and , in application, compares favorably to silica 


sand. Because of the lower Mohs hardness of glass (Table 1), man- 
ufactured glass sand o ffers the potential fo r significantly reduced 
wear to the cutting knives of shingle machines. As with carbonate 
sand, fines in the backdust must be minimized. Pro ducing sand 
backdust from postconsumer glass is a benef icial reuse for glass, 
particularly the brok en tricolored waste that is typic ally landfilled 
today. Many glass recyclers that produce cullet have considerable 
stockpiles of broken tricolor glass too fine for separation. Cullet for 
remelting must be of a higher quality than that required for shingle 
backdust. 


Backdust Value 


The delivered cost of backdust sand ranges from about $20/t to a 
high of nearly $40/t. Talc is an exception and may cost as much as 
$85/t. Talc, however, behaves differently in application than other 
materials, and a ton goes mu ch further. Typical sand applicatio n 
rates are about 6 to 101 b/square of shingles, so individual plants 
will require upward of 15,000 tpy. It is important to understand the 
price of competing materials in each market because price depends 
on available materials an d proximity of supply to the end user. 
Most sand supplies are delivered by truck, with a typical supply of 
2 to 3 days on hand at the shingle plant. 


MINERAL FILLER 


Fillers or e xtenders ha ve lon g been used in the fabrication of 
asphaltic roll roo fing and roof ing shi ngles. Ini tially the m otives 
were pro bably purely econ omic, to incorporate a w aste ma terial 
(roofing granule fines) into the asphalt, extending the filled-coating 
asphalt and thereby reducing the o verall cost of saturating asp halt 
per unit of roo fing. Reducing the co st of saturating asphalt is still 
the primary motivation for the use of fillers, but the addition of 
filler material enhan ces certain performance characteristics of a 
roofing product, altering the rheological properties of the filled 
coating and enhancing its resistance to weathering by sunlight. 

Early shingles used felt or cellulose for the mat of the shingle, 
and saturating asphalt had to be nearly pure to infiltrate the mat. 
Too much (or too coar se) filler was unable to be pressed into the 
mat, and saturation was incomplete. With the introduction of fiber- 
glass mat (more p orous b ut also str onger) in sheet roofing, an 
increase in filler pe rcentage was possible, allo wing for greatly 
reduced filled-coating costs. Shingles are made today with f illed 
coating that contains as much as 67 to 68 wt % filler. 

When roofing was made primarily at the same location as the 
surfacing granules, there was little incentive to use any filler other 
than the ro ck fines that resulted from crushing and grading rock 
granules. With the pro liferation of roofing plants and the recogni- 
tion by granule makers that they could profit more from selling col- 
ored granules from a small number of large plants, roofing plants 
sprouted closer to the end-user markets, away from most of the raw 
material suppliers. This opened the doo r for manufacturers to try 
alternate filler materials. Fine-grind carbonate rock is the filler of 
choice today. 

Although dolomite has been ef fectively used as asphalt filler 
for roof ing, today most manufacturers prefer high-calcium li me- 
stone (grea ter than 91 to92 wt % ca __Icium carbonate [Ca CO3)]). 
High-calcium filler is believed to result in shingles with highe r tear 
strength, although the mechanism underlying this resu It is not fully 
understood. Dolomite is a slightly harder mineral than calcite, and it 
is likely that the higher-strength shingles result from the interaction 
of slightly soft er filler and the f iberglass mat . Re gardless of an 
explanation for the interaction, manufacturers have come to demand 
high CaCO3 content, and consistency of filler chemistry, gradation, 
and moisture is critical for manufacture of consistent shingles. 
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Many limestone deposits are quite varied in chemistry, requir- 
ing selective mining of the higher-grade, calcium-rich layers. Other 
variables that may negatively affect filler performance include sil- 
ica (commonly present as minor chert), silicates that may be intro- 
duced in to the ground limestone from in cluded soil, ande ven 
insoluble organic material in the limestone. 

Carbonate fillers are produced from many different rocks, 
ranging from marl to marble. Fe w roofing plants share a filler sup- 
ply, and many rock and crusher combinations are employed effec- 
tively throughout the industry. The best fillers in use are th ose that 
are produced as a primary product of crushing, rather than as a by- 
product of some other crushed stone produ ct. Crushing systems 
work most efficiently when the mill receives a consistent feed sup- 
ply, and the resultant filler is likely to have a consistent gradation 
and che mistry. Material quality control requires routine sampling 
and testing. 

No single filler gradation has been established by the industry. 
Typically, filler is made to a standard of 60% to 65% passing a 
200-mesh screen; however, many roofing plants use finer filler (up 
to 80% passing 200). Each rock and crusher combination will yield 
a slightly different size distribution in the gro und rock. T ypically, 
roofing plants have learned to work with the material available at a 
low price and within a reasonable distance of their plant. Filled- 
coating systems ha ve been ad apted to accommodate the a vailable 
material. Consistency of the material is probably as critical to main- 
taining a long-term supp ly contract as the chemical consistency of 
the limestone. 

In general with finer gradations of filler, more m aterial han- 
dling dif ficulties ma y be en countered in shipment, tr ansloading, 
and in-plant handling of the filler. Filler must be tr ansferred from 
trucks or ra ilcars into plant storage silos, which may ho Id 300 or 
more tons. The filler must then transfer freely through a filler heater 
before being combined with the hot aspha It. If the f iller has an 
abundance of superfine particles, or even excess moisture content, 
it may not flow well through the system and can cause production 
problems in the shingle plant. 

Today mineral filler is the lar gest component of roofing shin- 
gles (by weight or by v olume), and having a timel y and ef ficient 
transportation system in placeisa key part of f iller supply. Pl ants 
require nearly constant supply to their systems, and the most attrac- 
tive portion of a sup ply contract may be on the transportation and 
delivery side. It is common for plants to require 10 to 15 trucks per 
day, every day of the year . Delivery of f iller by rail, which allo ws 
material to be sourced at agreater distance from the plant, st ill 
requires 400 or more train cars per year. The price that the rock sup- 
plier receives for the material and labor typically reflects only about 
one half of the delivered cost of the product. Here is the biggest prob- 
lem with filler supply; roofing plants expect high-quality control and 
consistent mate rial propert ies, but the y w ant to ha ve rock-bott om 
pricing. As the demand for more calcium-rich filler continues, t he 
price of filler should increase b ecause of competing dema nd for the 
high-calcium stone in flue-gas desulfurization, animal feeds, and 
other chemical applications. 


SUMMARY AND FUTURE TRENDS 
IN ROOFING MATERIALS 


Specialty roofing, such as clay and concrete tiles, metal, and fiber- 
reinforced tiles of plastic and cement, are typically high-end prod- 
ucts with limited or regional markets; however, the market for these 
traditional and innovative roofing materials is growing. Also, tradi- 
tional materials such as slate and wood shingles remain in demand 
in certain areas of the United States. Because of the high initial cost 


of installing these specialty roofing materials, however, the demand 
for asphalt shingles remains strong. The market for asphalt roofing 
shingles is expected to grow at an annual rate of 2% to 3% for the 
next several years. This includes both shingles for new construction 
and re-roofing of existing homes. The industry has seen much con- 
solidation in the last two decades, and there has been a trend toward 
national markets and less regional supply of shingles. Manu factur- 
ing pl ants have been increasing their ca pacity, and su ppliers of 
materials have grown to keep up with demand. Inno vation in shin- 
gle materials and design, along with a continual desire to reduce 
material costs, offers excellent opportunities for aggregate suppliers 
to broaden their product lines to include headlap and backdust sur- 
facing granules. Backdust can also help rock crushers to utilize 
some of their waste rock fines. 

Breaking into the supply chain for asphalt shingle manufac- 
turing can be difficult because th e industry is conserv ative and 
change can temporarily interrupt a high-speed manuf acturing pro- 
cess, adding to short-term costs. But the opportunity for both the 
supplier and the manufacturer is great. Industria] minerals and 
rocks suppliers should assess the potential market in their areas and 
consider whether these narrow-specification products can be made 
with minimal capital a dditions to their plants. Ne xt, they should 
find out what manufacturers are located in the region and explore 
their current supply situations. Production managers should be con- 
sulted to see if they are open to change, and if a new material might 
help them reduce th e cost of production or enhance the perf or- 
mance of the process and pro duct. Some readers of this cha pter 
may, ho wever, be coming from the shingle manuf acturing side. 
Manufacturing managers may not be aware of local and regional 
industrial minerals supply and should take some time to learn what 
natural rock materials are available locally. Freight costs can easily 
be as g reat as materi al expenses in granule and filler supply, so 
innovative supply scenarios can cut material costs significantly. 

If industrial minerals and rocks suppliers can identify a cost- 
effective market for their materials and meet the rigid specifications 
for consistency and quality control needed for roofing material sup- 
ply, asphalt shingle supply can pr ovide a stable, year-round outlet 
for high-v alue, mined-r ock pro ducts. Brea king i nto the ma rket 
might be difficult, but opportunities for success are great. 


USEFUL WEB SITES 


The following Web sites co ntain more information about roof ing 
materials: 


National Roof ing Contractor s Ass ociation (NRCA): www . 
nrca.net 


Monthly publication of the NRCA: www.professionalroofing. 
net 


A listing of roofing manufacturers: www.roofhelp.com 


Asphalt Ro ofing Manufacturers Ass ociation: www .asphalt- 
roofing.org 


National Stone, Sand & Gravel Association: www.nssga.org 


PERTINENT ASTM STANDARDS 
The following ASTM standards pertain to roofing materials: 
¢ ASTM Standard D225-04, Standard Specification for Asphalt 
Shingles (Organic Felt) Surfaced with Mineral Granules 
« ASTM Standard D4 51-91, Stand ard Test Method for Sie ve 
Analysis of Granular Mineral Surf acing for Asphalt Roofing 
Products 
¢ ASTM Standard D4 52-91, Stand ard Test Method for Sie ve 
Analysis of Surfacing for Asphalt Roofing Products 
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Structural Clay Products 


Denis A. Brosnan and J. Gregg Borchelt 


INTRODUCTION 


Structural clay products are semi vitreous clay ce ramic, prismatic- 
shaped units used in masonry construction and pavements. These 
products are made by forming moist, earthen raw materials into the 
desired shape, drying to remove free water, and heating or “firing” 
to temperatures in the “red heat” range (i.e., temperatures greater 
than 950°C). Exposure to these te mperatures partially f uses the 
mass so that the bricks, when c ooled, are composed of residual 
minerals bonded with a vitreous or glass phase. It is the vitreous 
nature of structural clay products that produces their well-kno wn 
strength and durability. 

Other types of masonry units are also used. Concrete masonry 
units consist of aggregates bonded by h ydrated calcium silicate 
cement (portland cement). Calcium silicate (sand lime) bricks, con- 
sisting of siliceous aggregates and sand bonded by lime in a hydro- 
thermal (autoclaving) process, are available in many parts of the 
world. Adobe bricks are unfired earthen units that are sun-dried and 
used as such; some adobe bricks are made with portland cement or 
asphalt admixtures to slightly improve their resistance to rain. (The 
reader is referred to the chapter on adobe and eart hen construction 
in this volume.) None of these units is heated or processed to high 
temperatures. Concrete masonry units, calcium silicate bricks, and 
adobe bricks are thereby differentiated from structural clay prod- 
ucts by their lack of a vitreous bond. 

Structural clay products (herea fter restr icted to and called 
brick) have been produced for at least 8,000 years, and fired bricks 
have been manufactured for at least 3,500 years. Brickmakers in the 
Roman Empire wer e particularly proficient in the f iring process, 
and 1,000-year-old Roman buildings still survive in excellent con- 
dition. It w as the Roman tradition that led to loa d-bearing design 
for brick walls in Eur opean buildings—with stucco-covered clay 
structural (o rload -bearing) brick predominating in southern 
Europe. 

Clay facing bricks have been used with clay structural bricks 
innorthern Europe after the Roman tradition. The use o f facing 
bricks and structural bricks was the predominant form of construc- 
tion in North America until World War II. Thereafter, brick became 
a popular f acing material b acked by concrete masonry units (i.e., 
veneer cladding), or br ick veneer is used 0 ver wood or steel stud 
walls in re sidential or commercial construction (F igure 1). Bric k 
veneer is also used 0 ver concrete masonry, concrete, or steel stud 
backing (the last on framed buildings). In veneer applications, the 
brick serves as an e xterior cladding attached to the backing with a 
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Figure 1. Bricks are used extensively as facing material for buildings 


series of steel anchors. Since 1 980, clay paving bricks have gained 
a large market share in North America. 


BRICK PRODUCTION IN THE UNITED STATES 


Brick production in the United States rose steadily in the late 1990s 
toa level of mo re than 9.2 bi Ilion standard bric k equivalents by 
2004. The brick industry uses the term standard brick equivalent, or 
SBE, as a basis for comparison. An SBE has dimensions of 7°/s in. 
(length) x 21/4 in. (height) x 35/s in. (thickness). It corresponds to a 
nominal modular size brick. 

Brick production roughly follows residential ho using starts. 
Nearly 80% of bricks produced are consumed in _ the residential 
market. Since 1992, the average number of bricks consumed per 
housing start has been relatively constant at about 5,000 bricks. 

In 2003 there were 75 b usinesses operating at 180 locations 
(with more than 420 indi vidual kilns) to manufacture clay bricks. 
They employed 14,199 workers with a payroll exceeding $430 mil- 
lion. Firms with 500 or more em _ ployees represented 8% of the 
brick manufacturers, and these firms operated 52% of all the brick 
plants. More information is available from the U.S. Census Bureau 
(http://www.census.gov) and the Br ick Industry Association (BIA; 
http://www. gobrick.com). 
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Figure 2. Bricks exhibit ranges in colors and can be blended for an 
overall visual effect 


In the Unit ed St ates, the South Atlantic re gion (Delaware, 
Maryland, Distric tof Columbia, Virginia, West Virginia, Nor th 
Carolina, South Carolina, Georgia, and Florida) predominates in 
brick production, accounting for 39.0% of the total manuf actured 
while consuming 33.7% of all br icks produced in 2002. Th e East 
South-Central region (Kentucky, Tennessee, Alabama, and Missis- 
sippi) ranks second in importance in brick manufacturing. This area 
produced 19.0% of all U.S. brick an dconsumed 15.5% of th e 
bricks produced. Althou gh virtually all brick manufacturers sh ip 
into many states and re gions, the geogr aphic distrib ution v aries 
depending on the size of the producer compan y. Larger firms are 
more likely to ship their produc ts throughout the United States, 
whereas smaller firms tend to ship only to adjacent states or neigh- 
boring regions. 

The market share for bricks in residential construction in the 
United States is about 20 % for ne w single-f amily h ouses. This 
share has declined since the early 1970s, but it has held steady since 
the late 1990s. Bricks ar e sold di rectly by producers as well as 
through brick distributors. Current pricing is available from individ- 
ual producers. 

More than 20 brick sizes are available, with modular bri ck 
(35/8 in. wide x 21/4 in. high x 75/s in. long) accounting for just less 
than 50% of production. The next most p opular size, accounting 
for 18% of production, is “king size” (3 in. wide x 25/s in. high x 
95/s in. long). Thousands of uniqu ely colored and te xtured bricks 
are available from producers, al lowing consumers to create a 
unique, personalized appearance for their residences (e.g., Figure 
2). The demand for brick is based on the image it creates. Bricks 
with an antique look ha_ ve gained in popularity in recent years. 
Brick remains the preferred facing material on upper end residential 
structures. 


STANDARDS FOR BRICK IN THE UNITED STATES 


Brick pro ducts must meet standards published by the Amer ican 
Society for Testing and Materials (ASTM, http://www.astm.org) if 
the m anufacturer either v oluntarily or contr actually (in the sale) 
represents that the product complies with a particular product stan- 
dard. Several standards relate directly to requirements for bricks: 
¢ ASTM C216, Standard Specification for Facing Brick (Solid 
Masonry Units Made from Clay or Shale) 


¢ ASTM C652, Standard Specification for Hollow Bric k (Hol- 
low Masonry Units Made from Clay or Shale) 
¢ ASTM C902, Standard Specification for Pedestrian and Light 
Traffic Paving Brick 
¢ ASTM C127 2, Standard Specification for Heavy V ehicular 
Paving Brick 
ASTM C67, Standard Test Methods for Sampling and Testing 
Brick and Structur al Clay T ile, gives testing pr ocedures for brick 
products. Information on the content of these standards is found in 
the section titled Key Physical Properties of Brick in this chapter. 
ASTM standards fo r br ick ar e included in b_ uilding co des 
adopted by governmental agencies to pro vide minimum standards 
for construction . Building codes also provide req uirements for 
masonry construction, and local codes should be consulted for spe- 
cific requirements. 
The Technical Notes on Brick Construction series (BIA, vari- 
ous dates) gives design, construction, and maintenance information 
on brick products. 


BRICK MANUFACTURING 
Raw Materials 


To make brick products, earthen materials o btained by open-pit 
mining methods are used. These materials must, when processed, 
contribute plasticity (cohesion) when mix ed with water and must 
exhibit an acceptably broad range of vitrification so that firing may 
be accomplished in con tinuous “tunnel” kilns. The plasticity 
requirement ensures that bricks can be formed and handled for sub- 
sequent drying and firing operations. 

Raw ma terials used i n bric k manuf acturing generally are 
called clays, although the y may contain only a limited amount of 
substances considered clay mine rals. Clays can vary in chemical 
composition and mineral origin. Typical raw materials are shale, 
alluvial clay, and mixtures thereof. Clay minerals usually are mem- 
bers of the kaolin, illite, and smectite mineral groups. Fired brick 
usually exhibit a chemical analysis of 10% to 20% Al 203; 0.5% to 
6.0% Fe203; and 50% to 60% SiOz. Most of the silica is chemically 
combined with the residual clay or located in the vitreous phase 
(1.e., it is not a free or available entity). 

The color of f ired bricks origin ates in the int rinsic content of 
transition metal elements such as_ iron. Oxidized fo rms of iron gi ve 
bricks their typical red color (from hematite, or Fe2O3 crystals, held 
in the vitreous phase). Bricks _ produced b y r eduction f iring, also 
called “flashing,” ha ve a character istic bl ue-black color from the 
transformation of hematite into magnetite, or Fe3O4, and the reaction 
of FeO with silica to form an iron silicate called fayalite (FeSi03). 

Many brick plants mix clays from different sources to produce 
unique fired colors. Colorant oxides such as iron oxide and manga- 
nese oxide may be added to clays to provide uniform “through body” 
colors. Many bricks have surface-applied colorants (colorant applied 
as powdered pigments) or surf ace-applied slurries of cl ay and pig- 
ments. Glazes containing pigments can be applied to obtain an 
impervious surface. The surface of bricks can be deformed to provide 
an antique appearance, and sand can be applied to the surface of the 
bricks to produce either temporary or permanent textures or colors. 

The cha pter on comm on cla ys and shale provides a more 
detailed discussion of the clay used in brick manufacture. 


Clay Processing and Brick Forming 

Clay from the mine is cru shed and ground to the required particle 
size. Many plants stockpile or store raw materials to avoid the need 
to dry the clay during rainy weather. The clay moves through the 
primary and secondary crushing operations and is screened or 
“scalped” to about 8 mesh (2.46 mm) and finer sizes. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Structural Clay Products 1181 





Forming, Drying, and Firing 

Bricks are formed by machines using either extrusion or molding 
processes. In extrusion, augers push the wet clay mass through an 
orifice to produce a continuous clay column, which is cut into indi- 
vidual brick units. In molding, a wet clay mass is forced into individ- 
ual ca vities (molds) and subseque ntly demol ded. When producing 
many molded bricks, sand or water applied to the mold surface pre- 
vents the clay from sticking to the wood or metal mold. These bricks 
are referred to as sand-struck and water-struck brick, respect ively. 
Few manufacturers make traditional hand-molded bricks. 

The dry pressing method is used for a minority of clay brick 
production; the primary meth od of forming brick is the extrusion 
method, used for 91.4% of brick shipments in 2002. The machine- 
molded method is used f or 6.8%, and dry pressing accounts for 
1.8% of brick production from the reporting companies. 

Bricks are dried in continuously fed tunnel dryers, with bricks 
stacked or loaded on wheeled cars. Kiln cars transport stacked set- 
tings of bricks through the kilns. Most bricks are fired in tunnel 
kilns (Figure 3), where the bricks are exposed to an increasing tem- 
perature to a maximum or “soak” temperature condition. More than 
90% of the kilns are fired with natural gas. The bricks are then 
cooled to room temperature for packaging and transport (Figure 4). 
Waste heat from the cooling section of the tunnel kiln is used in the 
dryers to maximize thermal efficiency. Some brick plants use peri- 
odic kilns: the bricks are loaded in the kiln and remain in a station- 
ary position for the entire firing process. The fired bricks are then 
packaged “cubed” and strapped for delivery. 


Key Physical Properties of Brick 


ASTM C216 (for facing brick) and ASTM C652 (for hollow brick) 
address the follo wing ph ysical properties: compressi ve strength, 

boiling water absorption, saturation coefficient, and initial rate of 
absorption. 


Compressive Strength 


Compressive st rength is the maximum compressive stress th e 
bricks can withstand when loaded on the bed surfaces. Bricks qual- 
ifying as Grade SW (severe weathering) must e xhibit an average 
compressive strength of 3,000 lb/in. 7 (20.7 MP a [or 211 kg/cm 7]) 
for five test specimens, with an y individual test result no less than 
2,500 Ib/in.? (17.2 MPa). Bricks qualifying as Grade MW (moder- 
ate weathering) must exhibit an average compressive strength of 
2,500 Ib/in.? (17.2 MPa) for five test specimens, with any individual 
test result no less than 2,200 Ib/in.? (15.2 MPa). 

Bricks usua lly me et the co mpressive strength req uirement 
with considerable margin to spare. For example, the average com- 
pressive strength of extruded face brick manufactured in the United 
States exceeds 11,000 Ib/in.” (75.6 MPa). Compressive strength is 
attributed primarily to the quantity of fired bond created in the vitri- 
fication process. 


Boiling Water Absorption 


When b ricks are submer ged co mpletely under boiling w ater at 
atmospheric pressure for 5 hours, they increase in weig ht (com- 
pared to their dry weight) because of water absorption in their pores 
(small c apillaries re maining in the fired prod uct). Boiling w ater 
absorption is the percentage increase in weight. For Grade SW 
bricks, the maximum allo wed average boiling water absorption is 
17.0% for five test specimens, and any test result on an individual 
brick specimen must be no gr_ eater than 20.0% . For Grade MW 
brick, the maximum allowed average boi ling w ater absorption is 
22.0% for five test specimens, and any test result on an individual 
brick specimen must be no greater than 25.0%. 





Figure 4. Many brick plants use robots in manufacturing 


Saturation Coefficient 

The saturation coefficient is the ratio of cold water absorption (i.e., 
the weight percent of absorbed water in bricks immersed in water at 
room temperature for 24 hours) divided by the boiling water absorp- 
tion. The average saturation coefficient for five test specimens must 
be no greater than 0.78 for Grade SW brick and 0.88 for Grade MW 
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brick, with minimum indi vidual values no greater than 0.80 and 
0.90, respectively. 

The water absorption and the saturation coefficient reflect the 
pore quantity and the pore structure, respectively, in the brick after 
firing. These are in fluential in giving resistance to f reezing and 
thawing of bricks in cold weather climates. If brick walls become 
partially saturated with water and then freeze, ice will form within 
the brick’s pore structure behind the f ace of the brick. When th e 
absorbed water expands on freezing, pressure is exerted behind the 
face of the brick. Part of this pressure is relieved if ice can expand 
into larger pores; ice trapped in smaller pores (typically those less 
than about 2 um), however, may cause cracks to develop. 

Repeated freezing and th awing may result in a fatigue-like 
failure of the brick, causing spalling or the loss of layers of material 
more or less parallel to the original face of the brick. The tendency 
for bricks to fail from freeze-thaw is exacerbated by a high degree 
of water penetration or the lack of protection on horizontal brick 
surfaces from pooling water, as in parapet walls, on window sills, 
on chimneys, on garden walls with inadequate water protection on 
the face of brick against earth fill, on exposed steps, and so forth. 

Bricks qualify as Grade SW in two ways even though the y 
may fail to meet the saturation coefficient criterion. Bricks with an 
average cold water absorption of 8% or less for five specimens fully 
qualify as Grade SW under an “ Alternate.” In addition, bricks pass- 
ing the freezing and thawing test described in ASTM C67 qualify as 
Grade SW under the Freezing and Thawing Alternate regardless of 
the water absorption characteristic. 

Criteria for the compressive strength, boiling w ater absorp- 
tion, and saturation coefficients were established following exten- 
sive empirical research to assure consumers that the brick is durable 
under freeze-thaw conditions. The criteria do not guar antee that 
freeze-thaw damage will not be seen in bricks, because many other 
factors ultimately influence resistance to freezing and thawing. It is 
also important to note that the freezing and tha wing qualification 
for brick is applied at the point of sale. T esting bricks for freezing 
and thawing is beyond the scope of the standard after the sale of the 
product, for e xample, after remo ving bricks from a w all or after 
ambient weather storage. 


Initial Rate of Absorption 

A brick’s initial rate of absorption, or IRA, is the weight gained 
after the dry brick is laid bedf ace down to a constant immersion 
depth of !/s in. (3.2 mm) of water for 1 minute. The weight gain is 
expressed in grams per square inch of surface area and the results 
are placed on a common basis of grams of water absorption per 
30 in. ? of surf ace area (g/30 in.?-min). IRA is not a specif ied 
property for bricks by ASTM st andards. The I RA ran ges from 
values of less than 1 g/30 in.2 to more than 60 2/30 in.2, 

Research has demonstrat ed that the IRA of bricks may be 
matched to mortar type used in masonry construction to provide 
the maximum possible flexural bond strength and minimal poten- 
tial for water penetration (leakage) through the w all. The ASTM 
standards for facing brick, ASTM C216, and hollow brick, ASTM 
C652, contain advisory notes that bricks with an IRA greater than 
30 g/30 in.?-min should be prewet with water to have their IRA 
reduced before co nstruction (i.e., bef ore layin g bricks). Mo del 
building codes for masonry also have this requirement. Additional 
research has further indicated that strong and watertight joints can 
be obtained for brick of any practical IRA range. 


Other Criteria for Brick in ASTM Standards 


Specifications fo r br ick in AST M standards include sect ions on 
efflorescence (discussed in the section on Infrequent Problems Seen 


with Brick Masonry in this chapter), materials and finish, sizes and 
tolerances, and cor ing and frogging (voids with in u nits). Un der 
materials and finish, limits for cracking and chippage are specified, 
with a specific viewing distance to observe cracks. The standards 
also give provisions for sampling and testing. Appearance c riteria 
are determined through the definition of types of bricks. Type FBS 
for facing bricks and Type HBS for hollow bricks are considered the 
standard for U.S. production. T ighter limits on di mensional t oler- 
ances, chippage, and crac ks are applied to types FBX and HBX, 
respectively, than to other types as defined in the ASTM standards. 
Bricks with appearance requirements more liberal than the FBS or 
HBS designations are identified as Type FBA for ASTM C216 and 
Type HBA for ASTM C652. 


Quality Control in Brick Manufacturing 


Quality control consists of measuring size, measuring physical prop- 
erties, and judging appearance us ing methods inthe appropriate 
ASTM st andard for the type of product. Brick col or typically is 
judged at brick plants by comparison of daily production with a stan- 
dard color panel assembly of bricks. Architects may require contrac- 
tors to assem ble a field-acceptance panel at the job site to compare 
the delivered product to that speci fied. Judging compliance to color 
of field acceptance panels should be done in natural light. 


Recycling and Reclamation 


Brick plants use essent ially all the ra w materials brought into the 
plant. Oversize materials in grinding are reprocessed and used. 
Extrusion scrap (sha ved material) is re turned t 0 the e xtrusion 
machine. Fired brick scrap is used as grog, or it is crushed and sold 
as landscaping cover material. Waste products from other sources 
are sometimes added to the brick body to improve the processing of 
the clay. Sawdust and bottom ash (the latter from coal f iring) are 
frequently used for this purpose. 

Clay pits are usually reclaimed for agricultural use or restored 
and designated as wetlands or wildlife habitats. Open-pit clay min- 
ing usually produces a shallo w pit, in contrast to the deeper pits 
from stone quarrying operations. 


USES OF BRICK 
Factors Affecting the Quality of Brick Masonry Construction 


Bricks are rugged and durable products of commerce, and they are 
one of the components of a building’s wall. The total functionality 
of the wall system is obtain ed through the responsibilities detailed 
as follows: 


1. The designer of the wall, typically the architect, must provide 
design details according to recommended practices, including 
means for supp orting the w all, anchoring the wall to the 
structure, draining the wall system, placing vapor barriers and 
flashing, and other details as required by building codes. The 
BIA’s Technical No tes series contains recommendations for 
these components. Failure to provide proper design details can 
result in performance problems for the wall. 


2. The masons wh oco nstruct th e brick maso nry h ave many 
responsibilities at the job site (Figure 5). The masons and their 
helpers mix mortar materials according to specifications for the 
job; the y inspect bricks on receipt; they build the w all using 
wall ties, flashing, weep holes, and so forth, as necessary; they 
blend bricks (col ors) during assembly of the w all; and t hey 
strike or tool mortar joints. Failure to perform pr oficiently in 
any aspect at the job sit e can re sult in an inferior quality w all, 
creating problems for the building owner, which may include a 
wall that is not aesthetically pleasing. 
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3. Laborers who clean brick masonry, typically the contractor’ s 
work forc e, mus t clean t he bri cks ac cording to the bri ck 
manufacturer’s recommendati ons. Impr oper cleaning, with 
acids, for example, can cause efflorescence or metal staining 
of br icks. Pr essure w ashing, if performed impro_perly, can 
damage surface coatings or the brick itself. 

4. The brick manufacturer must en sure that bricks meet ASTM 
specifications as agreed to by the manufacturer and building 
owner. 


Infrequent Problems Seen with Brick Masonry 
Water Penetration 


Brick v eneer w alls are technically c lassified a s drai nage w alls, 
where water is channeled to the back surface of the veneer. Water 
that penetrates the v eneer flo ws downward and away from th e 
building th rough weep holes o ver flashing at suppo rt locations. 
Water may penetrate the brick units by normal capillary processes. 
Such penetration results in a short-term increase in relative humid- 
ity in the cavity, or void space between the bricks and the sheathing 
attached to the building frame. Brick cavities are designed to pro- 
mote air circulation to maintain average humidity at a level compat- 
ible with ambient weather conditions. 

Most cases of excessive water penetration of the veneer are the 
result of inadequate filling of head joints (vertical joints) with mor- 
tar. Small cracks may develop between the brick and mortar because 
of a mismatch between brick and mortar properties (e.g. , failure to 
prewet high-IRA brick) or moving the brick after contact with mor- 
tar. These conditions ma y result in w ater damage to the inner por- 
tions of the w alls if the a ir space between the bricks and their 
backing is not clear, if there is inadequate flashing, or if weep holes 
are not used in the wall system. 


Freezing and Thawing Durability Failures 


Loss of portions of the exposed brick su rface, commonly called 
spalling, may occur from repeated cycles of freezing and tha wing. 
Such failures usually are found in locations where a high exposure 
to water occurs—such as in chimneys, window sills, garden walls, 
steps, or high places on tall buildings. Freezing and thawing dura- 
bility failures do not necessarily indicate that the bricks lacked suf- 
ficient resistance to freezing and thawing as provided under ASTM 
standards. Lack of proper chimney caps, lack of flashing on parapet 
walls, allowance of pooling of w ater, and other desig n faults may 
be the underlying causes of these _ failures. In adequate expansion 
allowance in the wall may result in similar spalling. 


Efflorescence 


Efflorescence is the deposition of water-soluble mineral salt crys- 
tals on a brick surface. Although all bricks contain a very small pro- 
portion of soluble salts, only afe w containa concentration 
sufficient to form visible efflorescence. The process of e fflores- 
cence is well known. Water penetration begins the process, dissolv- 
ing soluble material in th e brick over time. Through evaporation 
and drying, the salts are left on the outer surface of the brick. Dry- 
ing removes the water from the outer surface and the salt is depos- 
ited following evaporation. 

The efflorescence test desc ribed in ASTM standards is not 
required for br ickstomeet the ASTM spec _ ification unle ss 
requested by the purchaser. This te st exposes bricks to w ater fol- 
lowed by a drying period to show if the brick units develop efflores- 
cence. T he test pro videsa_ rating of“notef floresced” or 
“effloresced.” 

Efflorescence frequently is associated with water used in the 
construction of a building, and it is not recurring as the structure ages. 








Figure 5. Masons lay brick using age-old techniques. 


When recurring efflorescence is observed, it should be removed by 
cleaning the surface of the bricks by methods recommended by the 
manufacturer. Chemical cleaners are used only after thorough satura- 
tion of the bricks with w ater and by strictly following directions for 
use of that cleaner .Lack ofa dherence to prewetting an d oth er 
requirements of the cleaning process cancause anef florescence 
problem of increasing severity. 

Not a ll e fflorescence is ca used by sal ts within the bricks. 
Efflorescence may be related to the mortar used in masonry con- 
struction. The primary efflorescing species in mortar are calcium 
compounds that dissolve in water during wetting periods and move 
through the bricks during drying periods. This type of efflorescence 
may be white. Saturation of a brick wall with muriatic acid (HCl) is 
a well-kno wn cause of “m ortar efflorescence.” Other sources of 
efflorescence, particularly with brick pavements, are soluble mate- 
rials in underlayment or substrate materials, impingement of irriga- 
tion water sprays, use of deicing salts, and impingement of fertilizer 
or herbicide products. 


Chippage 


Chippage is the loss of small pieces from the edges or corners of 
bricks. Manufacturers have made major advances in p ackaging in 
recent years to limit chippage during delivery to the job site. At the 
job site, masons should discard bricks exhibiting excessive chip- 
page. ASTM standards for bricks, fore xample, allo w 100% of 
bricks shipped to a job site to contain chippage to a limited extent. 
Chippage, ho wever, should not de ter from the appearance of the 
wall. After the wall is built, the manufacturer is not responsible for 
chippage of the brick units. 


Face Cracks 


Bricks infrequently exhibit minor cracks across their face, and it is 
known that these do not reduce the perfor mance of a veneer. To 
evaluate the presence of “significant” face cracks, ASTM specifica- 
tions for bricks specify a viewing distance where, if face cracks are 
visible, the crack may detract from the appearance and functional- 
ity of the wall. 


Color Variation in Bricks and Mortar Discoloration 


Because of the natural variation inc lay chemistry and the tech- 
niques of brick production, bricks exhibit a natural range in shades 
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and tones of color. It is the job of the mason to follow the brick 
manufacturer’s instructions for bl ending different colored bricks at 
the job site to produce a wall of normal color variation. After con- 
struction, bricks may be staine d by skilled comm ercial personnel 
using inor ganic pigment solutions; staining is a widely accepted 
practice to correct color of bricks in a wall. Staining is usually guar- 
anteed for the life of the structure or 100 years. 

A number of f actors affect the appearance of mortar. Skilled 
masons know that mort ar joints must be finished, or “struck ,” 
within a defined time range after assembly of the masonry, or color 
variation in the joints may result. Mortars colored with inorganic 
pigments may exhibit color variations if the concentration of colo- 
rant varies from batch to batch of mortar mixed at the job site. 
Improper cleaning can r emove portions of the cement paste and 
alter the resulting color in the mortar joints. Mortar joints can be 
stained by skilled personnel to correct color variations. 


ENVIRONMENTAL CONSIDERATIONS 
Brick Manufacturing 


Brick manufacturing emits small quantities of pollutant species into 
the environment, primarily particul ate matter consisting of natural 
clay dust and dilute acids. The dilute acids ar e hydrogen fluoride, 
sulfuric acid, and hydrogen chloride, and their concentration is typ- 
ically far below the threshold for any type of human health effect. 
Bricks have been manufactured for thousands of years, and brick 
plant workers exhibit no greater incidence of disease than the gen- 
eral population. 

In 2003, brick plants in the United States became regulated 
under the provisions of the National Emission Standards for Haz- 
ardous Air Pollutants (NESHAP) promulgated by the U.S. Envi- 
ronmental Protection Agency. Even before that time, a num ber of 
brick plants had air pollution control devices o r “scru bbers” 
installed to li mit emissions from t heir kiln exhaust. These scrub- 
bers remove acid species from the kiln exhaust. With the imple- 
mentation of the brick NESHAP, many larger brick pl ants a re 
likely to use scrubbers. 


Brick Products 


Extensive studies of brick pr oducts show that th ey do n ot release 
hazardous species into groundwater during service. Bricks are con- 
sidered “green” products that support sustainable construction. The 
latter is attributed to the long life of brick masonry buildings and to 
the fact that bricks are rec yclable and may be used for other pur- 
poses. More information is available from the BIA. 


FUTURE TRENDS 


The br ick industry in North Am _ erica has under gone signif icant 
expansion over the last decade; most new plants use automation. 
One result is greater uniformity in the physical properties of bricks. 
Increasing cost pressure on fuel prices represents an important chal- 
lenge to the industry from a manufacturing perspective. 

Brick production will continue to shift to thinner bricks with a 
greater percentage of void area. These thinner, lighter bricks will 
provide the appearance and perfo rmance attributes of st andard 
bricks but offer savings of materials and energy. 

In the marketplace, the trend to use bricks in more expensive 
residences may continue. The brick industry has recently employed 
extensive advertising to make the consumer more informed of their 
choices for residential cladding. Use of brick in governmental, busi- 
ness, and ind ustrial buildings is expected to continue de spite the 
recent availability of numerous competitive materials. Using mix- 
tures of clad ding materials for decorative purposes may expand. 
Growth in the use of brick paving is anticipated. 


RESOURCES ON BRICK PRODUCTS 


The following organizations offer information on brick pro ducts, 
their production, and their use: 


¢ Brick I ndustry Association, 11490 Commerce P ark Drive, 
Reston, VA 20191; 703-620-0010; http://www.gobrick.com. 


The mission of the BIA is to p romote clay bricks in or der to 
increase its market s hare and t o sa feguard t he clay bri ck 
industry. It accomplishes this by serving the united interests of 
the brick in dustry, primarily to promote the sale and use of 
clay bricks; to be the authority on brick construction; to render 
technical assistance to designers and others; to provide educa- 
tion and assistance for the brick industry; to further good rela- 
tions among br ick distributors, manufacturers, and suppliers; 
to monitor and positively influence governmental actions; to 
assist in the long-term availability of bricklayers; and to p ro- 
vide member services. 

Regional brick associations ma y be a vailable in cer tain 
areas, and these are listed on the BIA Web site. 


The National Brick Research Center, 100 Clemson Research 
Boulevard, Anderson, SC 29625; 864-656-1094; http://www. 
brickandtile.org. 


The mission statement of the National Brick Research Center 
states that the center will advance the technology of clay brick 
materials and products, augment the education of ceramic and 
materials engineering students, and educate and serve individ- 
uals in the brick industry with aresultant increase and 
improved use of structural clay b uilding prod ucts. The 
National Brick Research Center is a component of Clemson 
University, Clemson, South Carolina. 
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Peter A. Ciullo 


INTRODUCTION 


Relatively few minerals are used in cosmetics, and their level of use 
is generally too low to warrant separate statistical consideration 
compared to major co nsuming indus tries. Sales to the cosmetics 
industry generally are relegated to the category of “Other.” Although 
tonnage may ber elatively small, their use isn evertheless wide- 
spread. Talc, kaolin, calcium carbonate, mica, or smectite clay is 
used in nearly every type of personal care product intended to make 
the skin look or feel better. The smectite clays and their organoclay 
derivatives contrib ute e mulsion stabiliz ation, suspension stabiliza- 
tion, and thick ening and binding pr operties, and are used in most 
product forms of fered by the cosmetics industr y. Talc, kaolin, and 
calcium carbonate are used for their inherent physicochemical prop- 
erties, mainly in decorative cosmetics, whereas the micas, both mus- 
covite and sericite, are also used for their optical properties. Table 1 
summarizes the functions and applications of these minerals. 

The most common v ehicle in th e cosmetics i ndustry is th e 
emulsion, which brings water, oils, fats, waxes, and active ingredi- 
ents to the skin in an effective, homogeneous form. As creams and 
lotions, emulsions impro ve the condition of the skin. Functional 
additives adapt them for specific uses: UV absorbers in sunscreens, 
alpha hydroxy acids in keratolytics, melanin inhibitors in skin light- 
eners, and mild abrasives in exfoliants. Emulsions decorate with the 
addition of pigments and minerals. Decorative or color cosmetics 
also are made without water (e.g., face powders and nail lacquers), 
but seldom without minerals. The most mineral-intensive products, 
clay masks, are based more on what they remove from the skin— 
oils and impurities—than what they leave behind. 


INDUSTRY STRUCTURE 


Although the word cosmetics is commonly inferred to mean decora- 
tive products such as foundation and nail enamel, this chapter adopts 
the common indu stry understanding, which includes skincare , hair 
care, and personalh ygiene products as well. On __ that b asis, the 
worldwide cosmetics industry can claim sales of $230.5 billion in 

2004, fully half of which is accounted for by only 10 companies 

(Briney 2005). Although six of these are U.S. corpo rations, North 
American sales are 22% of the total, third in] ine after Western 
Europe at 3 1% and Asia/Pacific at 2 5% (Briney 2005). Multina- 
tional producers dominate the global cosmetics industry, but private 
label companies, prod ucing products for themselves and oth ers 
under various brand names, are re gionally significant. It is also an 


Table 1. Minerals in cosmetics: Functions and use 





Mineral Function Typical Application 
Talc Lubricity, skin adhesion, Foundation 
water resistance 
Absorption Foundation 
Fragrance retention Foundation, dusting powder 
Kaolin Absorption Foundation, masks 
Matting Foundation 
Calcium Absorption Foundation, masks 
carbonate Matting Foundation 
Opacification Foundation 
Mica Pigmentation Foundation, lip colorants, nail 
enamels 
Sericite Lubricity Foundation 
Sheen Foundation 


Thickener/stabilizer Emulsions, liquid foundation, 


nail enamels (organoclay) 
Masks 


Smectite clay 


Absorption 





industry with a relati vely low cost of entry . Nearly an yone with a 
sales pitch c an enter the business and succeed depending on their 
marketing savvy and the value of their products. Two of the largest 
U.S. cosmetics companies, A von and Mary Kay, started as “mom 
and pop” ventures. Today, aspiring cosmetics moguls take advantage 
of relatively low cost—low risk exposure provided by the Internet and 
the somewhat more expensive, but potentially more responsive, tele- 
vision infomercials and shopping channels. 


EMULSIONS 


The primary function of creams and lotions is to make the skin soft 
and supple. This is accomplished by inhibiting the loss of moisture 
already in the skin and by applying additional moisture to the skin. 
Applying water and then petrolatum or refined oil would work ade- 
quately, safely, and inexpensively, but without aesthetic appeal; the 
emulsion form makes skin care both effective and pleasing. 

To formulate an emulsion, two immiscible liquids are brought 
together with sufficient energy so that one becomes finely dispersed 
in the other. One liquid is aqueous and the other is “oil.” This oil can 
be any mixture of liquid, molten semisolid, and molten waxy ingredi- 
ents. The emulsion consists of both an external or continuous phase 
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Figure 1. Smectite hydration mechanism 


and ani nternal or dispersed ph ase. Macroemulsions contain  dis- 
persed phase particles ranging from 0.1 to 50 um. They are opaque, 
are thermodynamically unstable, and tend to separate. Microemul - 
sions contain dispersed phase particles less t han 0.05 pm. The y are 
translucent and thermodynamically stable. They also are limited in 
the choice of accept able ingredie nts and product rheology. Most 
creams and lotions sold for topical use are macroemulsions, the bulk 
of which are oil-in-water (O/W) with an aqueous external phase. 

The first considerations in designing a cosmetic emulsion are 
its intended function and its required “feel” properties. For exam- 
ple, a hand lotion should spread without drag, feel silky, and rub in 
or be absorbed quickly. An O/W emulsion with lo w oil content is 
preferred. High w ater content pro vides m oisture and f acilitates 
quick rub-in. As the water evaporates, the oil phase coalesces into a 
thin, nongreasy film. Conversely, consumers prefer a heavier resid- 
ual film from a facial night cream, equating this with increased effi- 
cacy. An em ulsion of w ater-in-oil (W/O) can provide this richer 
residual feel while still providing moisture to the skin. 

Requirements fo r an y gi ven product and its performance 
include ease o f prep aration, rheology, stability , and economics. 
These are particularly important when decid ing between an O/W 
and W/O system. O/W emulsions generally penetrate more quickly 
and are less greasy, less emollient, faster drying, and less expensive 
to produce. The y are chosen when f airly little f atty material is 
required or when the emulsion is used as a vehicle to deliver water- 
soluble ac tive ingredients. W/O systems are associated with high 
emollience or with solv ent action (e.g., cleansing creams). The y 
also can be used as alternatives to anhydrous products such as oint- 
ments and sticks so that the cost s of raw materials can be reduced , 
and their moisturizing potential can be increased by adding water 
(Ciullo 1980). Judicious selection of ingredients controls and modi- 
fies the actual feel and efficacy of emulsions. The choice of ingredi- 
ents to provide specific desirable effects represents the merging of 
science and art by a skillful formulator. 


The Water Phase 


The water phase contains pred ominantly water, as e xpected. The 
water is preferably deionized, and has low bacteria content. W ater 
is the vehicle for many functional ingredients in topical emulsions. 
These include emu lsifiers (disc ussed later), water-soluble b otani- 
cals, vi tamins, k eratolytics, and proteins. Most commono f the 
water-phase additives are the humectants, which ser ve a tw ofold 
purpose: (1) they inhibit surface desiccation in the container when 
an O/W product is left un covered, and (2) they deposit a film that 
attracts moisture from the air to the skin, or conversely retards the 
rate of moisture loss from the skin to the air. Glycerin, butylene gly- 
col, and propylene glycol are the humectants used most often in 
topical emulsions. Sod ium pyrrolidone carbox ylate and sodiu m 
hyaluronate are generally more effective, but because they are more 
expensive they are less commonly used. 













































































Hydrophilic colloids are used in the water phase to thicken or 
stabilize the emulsion, especially at elevated temperatures where 
the oil phase liquefies. They form a colloidal structure that inhibits 
mobility and coalescence of the dispersed phase. They also partici- 
pate in the interfacial film that coats dispersed oil-phase particles, 
providing char ge or steric inhibition of coalescence (_ Lochhead 
1994). In practice, hydrophilic colloids often are used as stabilizers 
to overcome deficiencies in emulsifier performance. They also are 
used to tailor viscosity, dispensing properties, and application prop- 
erties of O/W emulsions. A variety of organic colloids, both natural 
and synthetic, are used in topical products, including xanthan gum, 
carboxyvinyl polymers, cellulose derivatives, alginates, carrageen- 
ans, and various acrylates. 

The most wide ly used in organic colloid is sm ectite c lay, 
whichis soldu nder the Int ernational Nome nclature Cosmetic 
Ingredient (INCI) name of bentonite or magnesium aluminum sili- 
cate and as sodium magnesium silicate in its synthetic form. INCI 
names are standardized generic designations applied to e very raw 
material used in cosmetic products. The label of every product has a 
list of ingredients according to their respective INCI names. Smec- 
tite clay is used as an O/W emulsion stabilizer because of its unique 
colloidal structure. A m acroscopic particle of smectite clay com - 
prises man y thou sands of stack ed or 0 verlapped submicro scopic 
platelets appro ximately 1 na nometer thick by several hundred 
nanometers across. Platelet faces carry a negative charge from lat- 
tice substitutions, whereas edges have a slight positive charge from 
broken bonds and catio n adsorption. Exchangeable sodium ions 
balance the overall negative charge. 

When the clay is hydrated (i.e., mixed into water), water pene- 
trates the area bet ween the pl atelets, forcing themf arther apart. 
Exchange ions then begin to diffuse away from platelet faces. Further 
penetration of w ater then proceeds in an osmotic manner until the 
platelets are completely separated. The speed with which platelet 
delamination occurs is related directly to the amount of energy intro- 
duced during hydration. Greater mechanical energy from mixer shear 
and thermal energy from heated water accelerate delamination. Once 
delaminating energy is removed, faces and edges of adjacent platelets 
are attracted ionically, forming a cohesive three-dimensional colloi- 
dal structure. Figure 1 ill ustrates the mechanism of clay hydration 
and colloidal structure b uilding. The coll oidal structure physical ly 
inhibits the mo vement and contact of the dispersed phase. The dis- 
persed phase, stabilized in this manner , can be lipophilic as in an 
emulsion, solid as in a suspension, or gaseous as in a foam. 

Although smectite clay is routinely classed as a thickener, it is 
relatively ine fficient at t his task compared to most of the organic 
hydrocolloids noted. It s utility in topical personal care products 
derives mainly from its stabilizing properties. By volume, its most 
common use is as an emulsion stabilizer in treatment, moisturizing, 
and sunscreen creams and lotions. It also has a long histor y in liq- 
uid foundations where it stabilizes the suspension of pigments and 
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Functions 





Hydrocarbons 
Mineral oils 
Petrolatum 
Paraffin wax 
Microcrystalline wax 
Squalane 
Fatty Alcohols 
Cetyl alcohol 
Stearyl alcohol 
Cetearyl alcohol 
Fatty Acids 
Stearic acid (stearic/palmitic) 
Esters 
Isopropyl myristate 
Isopropyl palmitate 
Octyl octanoate 
Glyceryl stearate 
Glycol/PEG" stearates 
Glycerides 
Caprylic/capric triglyceride 
Wheat germ glycerides 
Palm kernel glycerides 
Nut and Vegetable Oils 


Almond, corn, coconut, jojoba, olive, 
rapeseed, safflower, sesame, sunflower, 
wheat germ 


Lanolin Derivatives 

Lanolin 

Lanolin alcohols 

Lanolin oil 

Acetylated lanolin alcohols 
Silicone 

Dimethicone 


Alkyl dimethicone 


Major vehicle in most products as emollient, as solvent, or as a diluent for fatty materials; oily feel 
Occlusive emollient; oilphase thickener; sticky residual feel 

Occlusive emollient; oil phase thixotrope; poor oil absorption; sticky/waxy residual feel 
Oil-phase thickener; high oil absorption; promotes occlusive, nongreasy residual films 


Oily emollient, nontacky skin lubricant 


Emulsion stabilizers; emollients; promote occlusive nongreasy residual films 


Soap emulsifier; oil-phase thickener; promotes nongreasy, residual films 


Relatively nongreasy liquid vehicles; can promote penetration to reduce oiliness/greasiness of residual films 


Emulsifiers; emollient waxes; oil-phase thickeners; semi-occlusive to occlusive 


Bland emollients; promote spreading 


Bland emollients; some prone to rancidity 


Occlusive emollient; W/Ot emulsifier; tacky residual feel 
Occlusive emollient; more hydrophilic than lanolin; W/O emulsifiers; O/W+ emulsion stabilizers 
Occlusive emollient; W/O emulsifier; much less tacky than lanolin; greater solubility in hydrocarbons than lanolin 


Highly hydrophobic emollient; poor emulsifier; less allergenic potential for lanolin-sensitive skin 


Highly hydrophobic emollient; defoamer; barrier agent; somewhat oily residual feel 


Less oily feel; better hydrocarbon compatibility 





* PEG = polyethylene glycol. 
tW/O = water-in-oil. 
+O/W = al-in-water. 


minerals (in additio n to stabilizing the emu Ision base), and in 
mechanical e xfoliants wher e i t suspen ds_ the abr asive pa rticles. 
Using syner gistic combinations of smectite clay withor ganic 
hydrocolloids, particularly carboxyvinyl polymers, is popular for 
optimum control of stabilization and rheology. 

The water phase usually contains the emulsion’s preservative 
system, although some partitioni ng between w ater and oil phases 
will occur. Bacteria propag ate preferentially in th e aqueous envi- 
ronment, so that water quality and the nature of water-phase ingre- 
dients di ctate the typ ea ndle vel of preserv atives required 
(Romanowski and Schueller 1995). Commonly used preservatives 
are methyl paraben, propyl paraben, phenoxye thanol, imidazolidi- 
nyl urea, diazolidin yl urea, DMDM hydantoin, quaternary ammo- 
nium compounds, and isothiazolinones. 


The Oil Phase 


The oil phase provides emollience, imparting softness and flexibility 
to the skin while depositing a lipophilic film that inhibits water loss. 


The oil phase also can be used for its solvent properties as in cleans- 
ing creams, for its protecti ve properties as in barrier lotions, or to 
carry the acti ves as in vi tamin creams. Organoclay—smectite clay 
that has be en made oleophilic by re action with a fatty quaternary 
ammonium compound—is used on occasion to stabilize and thicken 
W/O emulsions in a manner analogous to that of unmodified clay in 
O/W emulsions. The cohesion of the coll oidal structure formed by 
delaminated or ganoclay is based on hydrogen bo nding rather than 
ionic attraction. Table 2 is a very basic listing of common oil-phase 
ingredients and their primary fu nctions and properties. The current 
selection of cosmetic-grade lipophiles is conside rably more e xten- 
sive, O Wing in great part tothe proliferation of polyalk oxylated 
derivatives (PEG and polypropylene glycol) designed to nuance ole- 
ophilic and organoleptic properties. 


The Emulsifier System 


The ease with which the tw o phases can be e mulsified is almost 
entirely a function of the interfacial tension between the two liquids. 
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Figure 2. Stabilizing interfacial film in O/W emulsion 


Those having low interfacial tension will emulsify easily; those with 
high interfacial tension will emulsify with dif ficulty, if at all, and 
then only with the ap plication of considerable mechanical energy. 
Introducing emulsifiers into either or both phases alters interfacial 
tension. Emulsif iers usually con tain a polar group attached to a 
hydrocarbon chain, thus showing both hydrophilic and hydrophobic 
characteristics. The emulsif iers migrate to the oil—w ater interface, 
reduce the interf acial tension, and produce mechanically stable 

interfacial films. The p olar groups are oriented to ward the w ater 
phase and the hydrocarbon portion is oriented toward the oil phase. 
Since both oil and water wet the film of emulsifier, a difference in 
surface tension exists on the two sides of the film, causing it to bend. 
The side with the higher surface tension assumes a concave shape, 
and the emulsifier film bends until it completely envelops the parti- 
cles of the dispersed phase. The na ture of the envelope that fo rms 
determines whether the emulsion will be oil-in-water or water-in-oil. 

Cosmetic emulsifiers are drawn from all four ionic classes of 
surfactants: an ionic, cation ic, ampholytic, and nonion ic. Of the 
anionic emulsifiers, historically the most widely used are triethano- 
lamine stearate soaps, the orthophosphate esters of polyethoxylated 
fatty alcohols, and sodium cetyl sulfate. Stearate soaps generally are 
formed in si tu, the f atty acid in the oil phase reacting with the 
organic base or alkali in the water phase. Anionic emulsifiers inhibit 
coalescence of the oil phase through a combination of charge repul- 
sion and steric hindrance. The latter often is supplemented by incor- 
poration of an oil-so luble po lar compound such as cetyl alcohol. 
This results in a mixed interfacial film with greater rigidity and sta- 
bility than that of asi mple film, as illust rated in Figure 2. The 
anionic emulsifiers as a class, and especially soaps, tend to be unsta- 
ble under conditions of 1 ow pH and in the presence of polyvalent 
cations or cationic surface-active agents. 

Of the cationic emulsifiers, only quaternary ammonium com- 
pounds are used in cosmetic em ulsions. Man y qu aternaries also 
possess bactericidal properties and adhere to skin and hair, forming 
lipophilic films. Incorporating a pol ar hydrocarbon such as cetyl 
alcohol is usually necessary to obtain a stable sy stem. In general, 
quaternaries pr oduce O/W emulsions , b ut various oil-dispersible 
compounds such as distearyld imethylammonium chloride can be 
used to produce W/O emulsions. Some quaternary compounds may 
be skin irritants. As a class, quaternaries are unstable under alkaline 
conditions. Surface activity and emulsifying power of ampholytic 
surfactants depend on pH. These compounds are anionic at high 


pH, cationic at low pH, and have an isoelectric point at approxi- 
mately neutral pH, at which they behave as nonionics. At this point 
their solubility, surface activity, and emulsifying po wer are mini- 
mal. The use of amphol ytic and cationic emulsifiers in cosmetic 
emulsions is not widespread. 

In nonionic emulsifiers, the hydrophobic portion, which may 
be alkyl, alkylaryl, or a silicone, is linked to the hydrophilic portion 
of the molecule, which can be asimple alcohol group, a polyol such 
as glycerol or sorbitan, an amino glycol such as diethanolamine, or 
a polyglycol such as polyethylene glycol or poly propylene glycol. 
Nonionic emulsifiers range from primarily oil-soluble compounds 
suitable for producing W/O emulsions to primarily w ater-soluble 
compounds for producing O/W emul sions. It is common to use 
both a hydrophilic and a lipophilic nonionic in an emulsion system 
for a more rigid interf acial film, therefore achie ving the greatest 
stability. Nonionic emulsifiers inhibit coalescence of the disper sed 
phase in O/W emulsions primarily by steric hindrance. 


Emulsifier Selection 


Once the required properties of an emulsion are determined and oil- 
and w ater-phase components have been selected accord ingly, the 
most difficult task is to id entify em ulsifiers that pro vide ease of 
emulsification and product stability at minimum cost. 

The first and most popular or ganized approach to emulsifier 
selection was the HLB method. The term HLB is derived from the 
expression “h ydrophile—lipophile balance.” An y surf ace-active 
agent (more strictly nonionics) can be assigned an HLB number 
that denotes the relative balance of hydrophilic and lipophilic char- 
acteristics, thus defining its behavior at an oil—water interface. The 
HLB number is a direct fun ction of the relative amount of the 
hydrophilic portion of the molecule, solo w values imply p oor 
water solubility but good oil solubility, and vice versa for high val- 
ues. In general, emulsifiers having HLB v alues of 3 to 6 will be 
suitable for W/O emulsions, whereas materials ha ving values of 7 
to 18 will produce O/W emulsions. The individual values of given 
emulsifiers are algebraically additive, so HLB values for mixtures 
of compatible emulsifiers can be calculated. A shortcut in emulsi- 
fier selection is the use of prep ared blends of lo w- and high-HLB 
emulsifiers and emulsion stabilizers (e.g., glyceryl stearate and 
PEG-100 stearate). Many are available and serve as a convenience 
in emulsion formulation. Despite its value as a gui de to effective 
emulsion selection, the HLB method does not necessarily predict 
which emulsifier system will provide the optimum long-term stabil- 
ity under all anticipated sto rage conditions. This may explain the 
widespread use of sm ectite clay and the organic hydrophilic col- 
loids to ensure product stability. 


Emulsion Production 


Physically preparing an emulsi on in volves tw o basic consider- 
ations. The first is the order of addition of the two phases. For W/O 
emulsions it is preferable to add the water phase to the agitated oil 
phase. For O/W products the analogous method of adding oil to the 
water phase is commonly employed, but an in version method is 
sometimes preferred. The latter involves adding the water phase to 
the oil phase slowly, creating a W/O emulsion initially. At a certain 
water-phase volume, the emulsion will in vert to O/W and the 
remaining water phase can be a dded rapidly. Emulsions made by 
this method are usually more stable. It is possible to use less emul- 
sifier, making the technique more economically attractive. 

The second consideration is the temperature of the tw o 
phases. In typical emulsions, containing waxy or semisolid material 
in the oil phase, heat is ma ndatory. Both phases are heated to at 
least 5°C above the melting temperature of the ingredient with the 
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highest melting point. The phase that will be added to the oth er is 
heated an additional 2° to 3°C to allow for cooling during addition. 

Emulsions usually are prepared in jacketed tanks so that they 
can be cooled rap idly with cold water. For lotions, mixing com- 
monly takes place while cooling to about room temperature. For 
creams, mixing much belo w the ge lation or solidification point of 
the oil phase is impractical because of the increase in product vis- 
cosity and the increased tendenc y toward aeration. When cooled 
without agitation, however, the rate of cooling from the center to 
the edges of the processing tank ca n vary considerably. Resultant 
differences of size and aggregation of oil-phase crystallites or drop- 
lets can produ ce large variations in physical properties within the 
tank. When this happens, the ba tchis made uniform by p assing 
through a homogenizer after cooling. 


COLOR COSMETICS 


Color cosmetics encompass foundations, blushes, eye-area cosmet- 
ics, lip colorants, and nail enamels. Table 3 summarizes the forms in 
which these products are produced and the minerals commonly used 
therein. Minerals used by the cosmetics industry, including the smec- 
tite clays and organoclays used as_ stabilizers and thick eners, must 
meet particular standards of mineralogical, chemical, and bacterial 
purity. Levels of bioavailable (acid-soluble) heavy metals are strictly 
controlled, typically no more than 3 ppm As and 12 to 15 ppm Pb. 
Bacteria counts are generally restricted to less than 1,000/g, but much 
lower levels often are mandated by purchasers. These lower limits 
are achieved, when necessary, by using bulk sterilizing treatments 
such as g amma irradiation. High mineral whiteness or brig htness 
generally is required. 


Colorants 


Several forms of colorant are used incolorc osmetics. Dyes are 
organic compounds that are soluble in the medium to which they are 
added. They are used sparingly in color cosmetics, other than lip 
products, to avoid staining skin or nails. Pigments are insoluble in 
the medium to which they are added. They may be organic or inor- 
ganic. Toners are organic pigments made by precipitating water-sol- 
uble dyes as insoluble meta | salts. Lakes are composite pigments 
made by precipitating the metal salt of a dye onto the surf ace of an 
insoluble or ganic (e.g., rosin, aluminum benzoate), inorganic (e.g., 
alumina, blanc fixe, titanium dioxide [TiOz], zinc oxide), or mineral 
(e.g., calcium carbonate, kaolin, talc) substrate. Or ganic pigmen ts 
generally pro vide clean brigh t co lors; unlike inor ganic pigments, 
however, they have overall poorer chemical stability , lightfastness, 
and bleed resistance. Pu re inor ganic pigmen ts ten dto be more 
opaque and subdued, imparting a creamy, rather than sharp, color 
effect. Those used most commonly in cosmetics are TiO2 for white- 
ness and iron oxides (e.g., Fe 203) for earth tones. Nacreous pig- 
ments, and powdered alumin um and bronze, often are u sed for 
purely decorative effect in nail and eye-area cosmetics. 

Nacreous or pearlescent pigments are thin, transparent plate- 
lets of high refractive inde x that partially tra nsmit and partially 
reflect light. The pearlescent effect is due to specular reflection 
from the broad surfaces of transparent platelets and the near-paral- 
lel orientation of o verlapping platelets. Light tr ansmitted through 
upper platelets is partially reflected by lower platelets. Pearly luster 
results from the dependence of reflection on viewing angle and the 
sense of depth created by reflection from successive layers. 

The original pearl pigmen t was derived from fish scales as 
platy crystals of guanine and hypoxanthine. This pigment remained 
unrivaled in luster for approximately 300 years, until the refinement 
of crystallization processes for pl aty basic lead carbonate in th e 
1950s. Bismuth oxy chloride was developed as a nontox ic alterna- 


Table 3. Color cosmetics 





Cosmetic Common Product Form Mineral Used 
Foundation Emulsion, pressed powder Smectite, talc, kaolin, mica 
Blush Pressed powder Talc, kaolin, mica 
Eye shadow Pressed powder, anhydrous Talc, kaolin, mica, 
cream organoclay 
Mascara Emulsion, solvent suspension Smectite, organoclay 
Eyeliner Aqueous suspension Smectite 
Lip colorant Wax-based stick, ointment Organoclay, mica 
Nail enamel Solvent solution Organoclay 
Pencils Wax-based stick Talc, mica 





tive to lead carbonate and is still used in color cosmetics, although 
its relatively poor light stability may require the inclusion of a UV 
absorber. Bismuth oxychloride provides a silv ery-gray pearles- 

cence, varying from a soft luster to a bright sparkle depending on 
crystal size. For pearlescent and metallic effects in a range of col- 
ors, nacreous pigments are used. These colorants take advantage of 
the lamellar shape and optical clarity of mica. 

White nacreous pigments are made by forming a uniform coat- 
ing of TiO2 on mica platelets. Mica serv es as a transparent template 
so that the high refractive index of TiO2 assumes the required platy 
shape. Pearlescence is optimal wh en pigment optical thickness 
(platelet thickness multip lied by refracti ve index) is in the 100 nm 
(blue white) to 140 nm (yellow white) range. Use of thicker platelets 
produces interference colors; the interaction of refl ections from 
upper and lower surfaces of the platelets creates light interference. A 
maximum reflection occurs when the wavelengths of light from these 
two reflections are in phase. A reflection minimum occurs when the 
wavelengths are exactly out of phase, canceling out each other. 

Nacreous pigments provide atw o-tone metallic effect. The 
reflected (specular) color is seen as a highlight. The background 
color at nonspecular angles is created by the diffuse reflection of the 
transmission color. The complementary reflection—transmission col- 
ors as a function of pigment optical thickness range in a continuous 
spectrum from blue/white at 100 nm to magenta/green at 250 nm to 
green/red at 370 nm. 

Color effects of nacreous pigments are supplemented by over- 
coating TiO2-mica platelets with a_ thin transpa rent film of light- 
absorbing colorant, for example, iron oxide for yellow, ferric ferro- 
cyanide for blue, chromium oxide for green, and carmine forr ed. 
The combination pigments thus produced can have matched ref lec- 
tance and absorption color or they can be two different colors. When 
colors match, one color is seen at all vie wing angles, with metallic 
highlights at sp ecular an gles. A two-color effect is achie ved with 
different colors. Combination i nterference—absorption pigments are 
made in the gold to red range by coating Fe2O3 directly onto mica. 


Minerals 


In fou ndations, skin te xture a nd general aesthe tic appe al are 
improved principally by mineral additives, which serve se veral 
important functions: 


¢ Provide a smooth surface 
¢ Facilitate even pigment coverage and adherence to the skin 


¢ Absorb skin oils an d moisture to con trol sheen and pre vent 
caking of pigments 
¢ Provide a uniform optical base for pigments 


¢ Ensure uniform pigmentation 
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Table 4. Treatments for minerals and pigments 


Treatments 


Function 





Physical Adherents 
Micrometer, submicrometer spheres: silica, nylon, polymethylmethacrylate 
Surface Coatings 
Silicone oils (dimethicone) 
Waxes 
Surface Precipitates 
Amino acids (N-acyl amino acids, N-lauroyl lysine) 
Metal soaps (Zn, Mg, Al; stearates, myristates) 
Lecithins 
Surface Reactants 
Silicon-based (methicone, alkyl silanes) 
Titanate esters 


Fluorochemicals (perfluoroalkyl phosphate, polyperfluoroethoxymethoxy 
PEG-2 phosphate) 


Improved lubricity, light diffusion 


Improved oil dispersibility, color development 


Improved oil dispersibility, lubricity, powder compressibility 


Improved skin adhesion, lubricity, powder compressibility 
Improved skin adhesion, lubricity, powder compressibility 


Silky skin feel, improved powder compressibility 


Improved oil dispersibility 
Improved oil dispersibility 


Surfaces are both hydrophobic and lipophobic, resistant to water, 
perspiration, sebum 





Table 5. Composition of O/W liquid foundation 





Composition by Phase Wt % 
Water Phase 
Water 62.0 
Magnesium aluminum silicate 1:2 
Cellulose gum 0.2 
Butylene glycol 8.0 
Polyalkylene glycol laurate 5.0 
Potassium cetyl phosphate 1.5 
Preservative 0.4 
Pigment Phase 
Talc 5.0 
Kaolin 1.3 
Titanium dioxide 6.5 
Yellow iron oxide 0.5 
Red iron oxide 0.3 
Black iron oxide 0.1 
Oil Phase 
Isostearyl neopentanoate 2.5 
Cyclomethicone 2.5 
Cetyl alcohol 2.0 
Steareth-2 1.0 





Only three mineral s are routinely us ed in this way: talc, kaolin, 
and mica. Talc is, by volume, the most commonly used mineral. It 
is typically the major component of face powders, blushes, and 
eye shadows. Talc is naturally oleophilic-hydrophobic and so aids 
in skin adhesion and water repellency. Cosmetic-grade talc must 
be pure and white, and itis usually relatively coarse (nominally 
200 mesh) so that its characteristic slip and lubricity are palpable. 
Fragrance re tention is also a desirable attribute for anh ydrous 
preparations. Some talcs are bette r than others in absorbing and 

holding unchanged the fragrances that are used to add appeal and 
mask characteristic odors of ot her i ngredients. W ater-washed 
kaolin imparts and maintains a smooth, matte appearance. It pre- 
vents shine and pigment caking by absorbing skin oils and perspi- 
ration. It also eliminates the slight sheen imparted by some talcs. 


Calcium carbonate also provides absorption and a matt e finish, 
along with greater opacification. Milled muscovite mica is used in 
color cosmetics, but much more in treated form as a pigment than 
as a functional mineral. Sericite, a naturally fine-grained form of 
muscovite, is used for its combination of talc-like properties and 
silky shine. 

Cosmetic-grade pigments and minerals are available with a 
variety of surface tre atments (Table 4) that benefit prop erties in 
both processing and the finished product (Hollenberg 2002). Treat- 
ments generally impart or enhance hydrophobicity, which improves 
dispersion in nonaqueous vehicles and pressability in pressed pow- 
ders. In the cosmetic product, the treatments improve lubricity and 
feel, uniformity of co verage, skin adhesion, optical ap pearance, 
water repellency, and wear properties. 


Foundation 


The functional use of foundation (liquid or powder) is to visu ally 
improve skin ap pearance by co vering surf ace imperfections and 
uneven coloration. The goal is to provide visually smooth skin with 
even, but natural-looking skin tone. Its decorative use adds color to 
either highlight or subdue facial features or contours, or simply to 
decorate. 

Liquid foundations are emulsions, as previously described, in 
which the pigment phase (pigments and minerals) is suspended uni- 
formly. Se lected w ater- an d oil- phase ingredients pro vide emol- 
lience; de liver a ctive ing redients as_ required (e.g., sunscreens, 
botanicals, antioxidants) ; and f acilitate smooth and even applica- 
tion, uniform coverage, skin adhesion, and long wear. W/O emul- 
sions are used for greater emollience and w ater re sistance, b ut 
foundation emulsions are u sually O/W, most of ten using anionic 
emulsifiers for optimum pigment di spersion, skin feel, spreading, 
and blending. These prod ucts are made by dispersing the pigmen t 
phase, often preblend ed and mille d, into the water phase b efore 
emulsification. Smectite c lay traditionally is used a sa stabilizer 
because it ensures stable and uni form suspension of both the pig- 
ment phase and the oil phase. Table 5 gives an example of the com- 
position of an O/W emulsion foundation. 

In the past, foundation powders were mostly talc, with just 
enough pigmentation, and application and adhesion pr omoters to 
achieve the desired effect. In most cases, these have been replaced 
by pressed powders, in which b inders, te xturizers, emo llients, 
and other additi ves provide a co nvenient form with good storage 
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and application pro perties. Table 6 summarizes the additives and 
their functions. Itis apparent from this ta ble that some materials 
used as binders serve other functions as well. Most pressed powders 
are applied with a dry puff or cosmetic sponge. So-called two-way 
pressed po wders are applied either dry or with a wet cosmetic 
sponge. These are formu lated with surface-treated pigments and 
minerals, a s ne cessary, to pre vent w ater from penetrating th e 
pressed cake. Pressed powder blushes are similar in composition to 
pressed powder foundation products, but with a wider range of col- 
ors. These are normally ap plied with a brush, so binders and other 
additives are adjusted accordingly for proper application. Although 
foundations are u sed to make the skin appear as smooth and un i- 
formly colored as possible, blushes are used for more specific opti- 
cal e ffects. Bl ushes harmonize the impact of lipstick and e ye 
shadow and change the apparent contours of the face by highlight- 
ing the cheekbones. Pressed powder eye shadows are also similar in 
composition to foundations, but with more emphasis on color and 
pearlescence. Pigmentation highlights or subdues e ye depth and 
color. Pearlescent and nacreous pigments are used more often than 
in other pressed powders. This places added demands on the formu- 
lation, because even coverage and durable skin adhesion are essen- 
tial toa void creasing on thee yelid. Table 7 gives e xamples of 
pressed powder formulations. 


Other Decorative Cosmetics 


Other than mica-derived nacreous pigments, the only minerals rou- 
tinely used in other decorative cosmetics are smectite clays and their 
organoclay derivatives. Eyeliners are usually aqueous pigment sus- 
pensions used to frame the eye, accentuate eye shadow, and change 
the apparent shape and size of the eyes. In addition to wetting agents 
and humectants, they contain smectite clay or an organic gum for 
suspension stability and a polymeric film former sucha s poly- 
vinylpyrrolidone (PVP) or polyvinyl alcohol (PVA) to hold the pig- 
mentin place aftera pplication a nd drying. So me w aterproof 
eyeliners are pigment suspensions in a hydrocarbon solvent. These 
are stabilized with an organoclay and contain a solvent-soluble film 
former. Mascara is used primarily to give the appearance of thicker 
and longer eyelashes. The most durable and smudge-proof products 
are typically O/W emulsions stabilized by a smectite clay or organic 
gum made water resistant with an acrylic, polyvinyl acetate, or poly- 
urethane emulsion polymer . W/O ma scaras a re of fered as w ater- 
proof products, as are solvent-based suspension products. The latter 
are similar to solvent eyeliners, which are stabilized by organoclay, 
but generally with higher wax content. Because of their proximity to 
the eye, eyeliners and mascaras must contain suitable preservatives. 

Lipstick and lip gloss are esse ntially pigmented oily su spen- 
sions thickened with waxes. Organoclays sometimes are included 
to ensure uniform pigment suspension during manufacture while 
the product is in a fluid molten state. Most nail lacquers are based 
on solvent solutions of nitrocellulose and amino or ep oxy resin. 
Nitrocellulose provides the film, and the resin and plasticizers opti- 
mize film adhesion, hardness, flexibility, and gloss. Or ganoclay, in 
particular stearalkonium hectorite, often is used in these products to 
suspend pigments and to improve rheology so that the lacquer 
applies easily and uniformly wi thout r unning or lea ving brush 
marks. The “lead” in cosmetic pencils is basically a rigid, pig- 
mented, wa x stick with waxy ingredients tha t thic ken em ollient 
oils. “Japan wax” is a common ingredient because of its adhesi ve 
properties. An or ganoclay may be used in the same capacity as in 
lipsticks. Mica and talc are included in some products to adjust pay- 
out onto, and adhesion to, the skin. Cosmetic sticks are produced 
with colors suitable for eye and lip areas and as alternatives to pow- 
der blushes. 


Table 6. Additives in pressed powders 


Additive Function 





Impart water repellency, improve skin 
adhesion and smoothness 


Metal stearate (most often Zn or Mg) 


Magnesium carbonate Fragrance absorbent/carrier 


Improve application properties, skin 
feel and texture 


Texturizer (polymer powders: nylon, 
polytetrafluoroethylene, acrylates, 
silicone; boron nitride, starches, 
surface-treated minerals) 


Prevent bacterial growth from skin 
moisture or water introduced from 
applicator 


Antibacterial (preservative powders: 
parabens, imidazolidinyl urea, etc.) 


Mask subtle odors from other 
ingredients, impart pleasant odor 


Fragrance 


Improve application properties, skin 
feel and texture, skin adhesion, skin 
suppleness and smoothness; impart 
water repellency 


Emollient (oils, fats, waxes) 


Aid ingredient compression and 
adhesion, enhance pigmentation, 
allow smooth pickup by applicator, 
allow smooth transfer to skin, add 
water resistance 


Binder (kaolin, micronized smectite, 
fats, waxes, polymer powders) 





Table 7. Composition of pressed powders, wit % 


Pressed Powder Type 











Ingredients Foundation Eye Shadow 
Powder Phase 
Talc 63.4 None 
Sericite 15.0 10.0 
Calcium aluminum borosilicate 10.0 None 
Zinc stearate 50. 6.0 
Polytetrafluoroethylene powder None 3.0 
Yellow iron oxide 0.6 None 
Red iron oxide 0.7 None 
Black iron oxide 0.4 None 
Nacreous gold (mica/TiO2/red None 40.0 
iron oxide) 
Bismuth oxychloride None 10.0 
Ultramarine blue None 10.0 
Chromium oxide green None 9.0 
Preservative 0.4 0.4 
Binder Phase 
Sorbitan sesquoleate 0.5 None 
lsoeicosane 4.0 ie 
Polyisobutene None 3.5 
Masks 


The most mineral-intensive cosmetic compositions are masks. The 
conventional mask product is the “mud” mask used to cleanse facial 
skin by means of the absorpti ve capacity of clays. These products 
are heavy clay pastes that are coated onto the face and allowed to 
dry to a mask-like covering. Dirt and oils are absorbed into the clay, 
which is subsequently r insed off. A mask of this type provides a 
tightening effect on the skin (from the contraction of the dried clay 
film) that the consumer associates with effectiveness. In addition to 
this tightening sensation and to the actual cleansing, the mask is 
expected to apply easily, to dry quickly after application, to rinse or 
wash off without much effort, and to not irritate. Kaolin clay is pre- 
ferred because it provides good absorption and it has a mild acidic 
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Table 8. Composition of facial masks, wt % 





Ingredient Clay Mask Peelable Mask 
Water 53 66 
Butylene glycol 8 10 
Kaolin 30 10 
Bentonite 5 2 
Oat flour 2 none 
Sodium lauroyl sacosinate ] 2 
Aloe vera ] none 
PVA none 10 
Preservative qs” qs 





* qs = quantity sufficient. 


pH, which is skin compatible. Although it has a higher absorptive 
capacity, bentonite typically is used tos upplement kaolin rather 
than serving as the primary absorbent. Bentonite is alkaline, which 
may c ause ski n irri tation, a nd its swel ling properties g enerally 
restrict the amount that can be introduced in to water before th e 
composition becomes too viscous to mix. Bentonite is useful, how- 
ever, in preventing separation of water from the paste. Talc is some- 
times usedinre atively sma Il am ounts to improve sprea ding 
properties while reducing the tendency of the dried mask to f lake. 
Film-forming polymers also are used for this purpose. 

The fundamental ingred ients for a clay mask ar e clay and 
water, which alone w ould provide an effective but inelegant prod- 
uct. In practice, any number of additives are employed. Humectants 
contribute plasticity to the dried clay film so that it does not easily 
crumble off the face. They also facilitate rewetting the film for easy 
removal. Small amounts of surfactant improve cleansing effective- 
ness and ease of remo val. Botanicals, vitamins, pr oteins, medica- 
ments, and emollients may be added to improve skin condition. 

Liquid or peel-off masks were developed for neatness and as a 
more con venient al ternative to mud m asks. T hese a re bas ed on 
film-forming latexes or polymers such as PVA or PVP that provide 
a sensation of skin tightening after the mask dries and the po lymer 
film contracts. Only limited amounts of clay can be used in these 
preparations so as not to diminish the integrity of the polymer film. 
Absorptive cleansing therefore is minimized, although it can be 
supplemented by surfactants. 

Mask products are now common for other areas of the body so 
that the term mask is used more conceptually—a product left on the 
skin (or hair) for at least se veral mi nutes to p rovide t reatment, 
cleansing, or regenerative functions before its removal. These prod- 
ucts are typically moisturizing or treatment emulsions that may or 
may not contain absorptive clay. Table 8 lists e xamples of f acial 
mask compositions. 


REGULATORY CONSIDERATIONS 


Regulation of cosmetics production and sales in major global mar- 
kets directs or guide s nearly all aspects of product composition, 
manufacture, and sale. Purity is the primary issue for raw materials. 
Considerations are chemical purity and absence of unacceptable 
residual solvents or by-produ cts, control of hea vy metals content, 
and control of bacteria content. As with all raw materials and all 
finished products, control of bacteria associated with min erals is 
paramount. Because minerals do not readily support bacterial prop- 
agation, reduction in natural bacteria levels is, if necessary, rela- 
tively straightforw ard andus_ ually isac complished by heat 
treatment while milling or with sterilants such as ethylene oxide or 


gamma irradiation. A histo rical requirement is to ha ve fewer than 
1,000 or ganisms/g or mL and the absence of certain staph, Can- 
dida, pseudomonas, and other gram-negative and enterobacteria in 
both raw materials and finished product. Raw materials used in cos- 
metics for the eye area, infant care, and intimate hygiene products 
must be limited to 100 organisms/g or mL. Cosmetics manufactur- 
ers must contend with requirement sto improve bacteria c ontrol 
with the smallest possible amount of a limited number of preserva- 
tives that are available. The trend is to require raw material suppli- 
ers to improve bacteria control to as lo w as (or lower if possible) 
100 organisms/g or mL for all uses. 

Although silica is a general concern for most consumers of 
mineral raw materials, it is not a major consideration in the cosmet- 
ics industry because the minerals used by cosmetics manufacturers 
must conform toa level of purit y that minimizes or el iminates 
residual crystalline silica. In addition, these minerals are not used in 
compositions that liberate respirable particles. 

The use of talc in cosmetics continues to be inhibited to a cer- 
tain extent by the perception that it is linked in some way to asbes- 
tos or asbestiform minerals, | which may cause lung cancer if 
inhaled. Although purity standards for talc preclude the presence of 
asbestiform particles, the use of talc in dusting powders is not com- 
mon today. Although un substantiated and tech nically refuted, talc 
is likewise subject to a persistent association with ovarian cancer. 


TRENDS AND OPPORTUNITIES 


Consumer interest in “natural” products continues to in crease, 
especially for those used in personal care. Minerals used in cosmet- 
ics are fundamentally natural and will continue to be e xploited as 
such. It may be ironic that consumer interest in using minerals that 
are ar guably less natural (i.e., affixed with surface treatments for 
enhanced aesthetic effects) also continues to increase. 

Conventional uses fo r cosm etic-grade minerals continue to 
grow along with their major a _ pplication—emulsion pro ducts. 
Growth in sales of creams and lotio ns tends to exceed that of other 
product categories. Opportunities for future growth lie in providing 
additional functionality and value, as with surface treatments, and 
more significantly, in the rapid] y expanding cosmetics mark ets in 
developing economies in Latin Am _ erica, Eastern Europe, and 
China. 
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In this c hapter, m inerals f or el ectronic a nd op tical uses ar e 
described in two sections—quartz, and minerals other than quartz. 
Quartz has been used for radio communications since the beginning 
of the 20th centu ry. Its first major use was in frequenc y control. 
With increased interest and study, the physical properties of quartz 
were exploited in electronics: dielectric, piezoelectricity, and pyro- 
electricity. Quartz is transparent in both the infrared and ultraviolet 
ranges of the spectrum. Its high optical activity makes quartz useful 
in optical instruments. High-quality quartz deposits were eagerly 
sought; however, when artificial synthesis of quartz cry stallization 
was discovered, an entire new industry emerged. 

Contributions made in the fields of electronics and optics by 
minerals other than quartz also are covered in this chapter. These 
minerals and their applications are many and gi ven on ly bri ef 
mention here; the reader is referred to the commoditi es chapters 
of particular minerals for specific uses in these fields. 


QUARTZ 


The properties of quartz crystal that make it useful for radio com- 
munications were discovered in 1918. Since that time, an in dustry 
for mining and _ processing natural quartz crystal has grown, 
matured, an d been replaced al most entirely by ne w technolo gy. 
Quartz crystal is still involved, but it is grown rather than mined. 

An economic summary of the commercial growing of quartz 
crystals has a place in a book for the mineral engineering industry 
because quartz crystals ha ve long been an important commercial 
mineral. In addition, natural quartz is still the raw material for cul- 
tured quartz; that is, quartz crystals grown artificially. 

In the first half of the 20th century, nearly all natural quartz 
crystals used for electronics an d optics came from Brazil. The 
larger pieces that met rigorous standards of quality were used for 
electronic and, toalessere xtent, optical component s. Small er 
pieces and fragments were used for vitreous silica. The need for 
high-quality material in relatively large quantity led the U.S. gov- 
ernment to sponsor related research, including e xploration pro- 
grams, in the 1940s. No deposits were found that met the v ery 
rigid requirements for electronic-grade quartz, but related projects 
resulted in the de velopment of a process for the manuf acture of 
beautiful crystals of prescribed shape, size, and quality. Domestic 
deposits of appropriate quality were identified for use asra w 
materials in processing cultured quartz. 


Development of the cultured quartz crystal illustrates ho w 
successfully technology can adapt a mined co mmodity to increas- 
ingly sophisticated uses. This success was foreshado wed by the 
experiments of Gior gio Spezia (1908), an I talian geologist who 
studied the relative effects of temperature and alkalinity on the sol- 
ubility of quartz. 

Frequency co ntrol in modern radio equipment is achieved 
most often by the presence in the circuit of a separately added crys- 
tal. The initial disco very in 1918 was responsible for the existence 
and growth of the quartz industry. The quartz is a carefully oriented 
and prepared slice from a crystal, not a crystal as recog nized by a 
rock hound or seen in a museum. 

Quartz belongs to aclass of materials called dielectrics: sub- 
stances that do not conduct an _ electric current b ut permit electric 
fields to exist and act across them. Quartz shows the piezoelectric 
effect, which mea ns that when a quar tz pla te is me chanically 
deformed against its natural stiffness, one of its surf aces becomes 
negatively charged and the other becomes positively charged. When 
the plate is released quickly from the stress, the charges disappear 
as the plate re gains its original shape, but bec ause of me chanical 
momentum, the plate deforms in the opposite direction (to a lesser 
amount) and the su rfaces correspondingly become char ged in the 
opposite direction. Thinly coating the two surfaces with metal and 
attaching flexible wires brings these charges into an electronic cir- 
cuit. If the surfaces are suddenly electrically charged by movement 
of current through _ the wires, th e con verse piez oelectric ef fect 
occurs and the plated eforms. An alternating current flo wing 
through the wires responds to this mechanical oscillation. Control- 
ling the thickness of the plate v aries its mechanical vibration fre - 
quency througha wide range. Cady (1 964) and Mason (19 64) 
discuss in greater detail how quartz operates to control frequencies. 

One type of quartz plate, the AT-cut, has a precise or ientation 
with respect to the crystallographic axes of the crystal and vibrates 
on a microscopic scale much as a book would deform when placed 
flat on a table and the top co ver is moved parallel back and forth 
with the hand. At least 17 other orientations have been studied, some 
of which have preferred uses in various applications (Cady 1964). 

The quartz crystal industry has three main segments (exclud- 
ing fused quartz and quartz used for optical purposes): 


1. Natural electr onic-grade quartz crystals are mined quartz 
crystals suitable for fabrication into piezoelectric units. Zlobik 
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Table 1. Chronology of quartz crystal industry development 





Date Comment 
1918 Discovery of the piezoelectric effects of quartz crystal 
1921 Application of the piezoelectric effects of quartz crystal in the 


circuitry of radios 


1948 Establishment of a quartz crystal commodity stockpile by the 
U.S. government 


1952 U.S. consumption of natural quartz crystal at an alltime high of 
228 t 

1958 First commercial production of cultured quartz crystal 

1970 Cultured quartz crystal production exceeds imports of natural 


quartz crystal 


1971 Cultured quartz crystal consumption surpasses natural quartz 
crystal consumption 





1976 Surge in the use of quartz crystal, both natural and cultured, 
because of citizens band radio sales and later decline because 
of change in technology in citizens band radio circuitry 


1977-1990 Continued replacement of natural quartz crystal by cultured 
quartz crystal to the point that virtually no natural crystal is 
used in electronic and optical applications. New developments 
in the use of quartz crystals in all kinds of electronic devices, 
from watches to microprocessors in automobiles, toys, cellular 
phones, etc. 


1997 Termination of natural quartz crystal mining in the United States 


2000 U.S. Geological Survey (USGS) discontinues reporting U.S. 
cultured quartz crystal production to avoid disclosing company 
proprietary information 


2003 Only two U.S. manufacturers of synthetic quartz crystals 
continue to operate 





(1981) e stimated ther atioo f suit able commercial-grade 
quartz c rystalto total e xcavated ma terial to rang e fro m 
1:1,000 to 1:1,000,000, depending on the deposit. 

2. Lascas is mined quartz usable as feedstock in the production 
of cultured quar tz. Approxi mately 0.63 kg of __ lascas is 
required to produce 0.45 kg of cultured quartz. 


3. Cultured quartz is pro ducedf rom lascas feedstock in a 
process in which cr ystals are growninan autoclave under 
controlled conditions o f heat , p ressure, and time. It is 
estimated that 0.45 kg of cultured quartz is equivalent to 1.4 to 
4.5 kg of natural quartz crystal in yield of commercial quartz 
suitable for slicing into piezo-electric units. 


The chronology of the de velopment o f the quar tz crystal 
industry, both natural and cultured, is given in Table 1. 


Production and Consumption 


Lascas mining ended in Arkans as by the end of 1997. In 2004 no 
companies reported the production of cultured quartz in the United 
States, a trend that began in 2001; companies co nsidered produc- 
tion figures to be proprietary information. The capacity f or the 
manufacture of cultured quartz still exists in the United States; feed 
material, however, consists of imported and stockpiled lascas. The 
year 2000 w as the last time that U.S. manufacturers reported cul- 
tured quartz production statistics to the USGS. Producers reported 
fabricating 189 t of cultured quartz crystal in the United States in 
2000. Fourteen out of 26 companies responded to a USGS surv_ ey 
intended to monitor cultured quar tz cry stal in 2003; the USGS 
withheld these statistics, however, to avoid disclosing company pro- 
prietary data. The last time that the USGS repo rted apparent con- 
sumption for cultured quartz w as 2000, when operators reported 
using 146 t to fabricate quartz crystal devices (Dolley 2003). 

As of September 30, 2004, the uncommitted inventory—that 
is, the quantity of mineral material held in the Nat ional Defense 


Stockpile (NDS)—of natural quartz crystal was 7 t. The amount of 
committed inventory (materials sold or traded from t he stockpile, 
either inf iscal year [FY] 2004 or inprior years, b utnoty et 
removed from stockpile facilities as of September 30, 2004) is 43 t 
of natural quartz crystal (Dolley 2005). There are 7 t of natural 
quartz crystal authorized for disposal from the NDS. This refers to 
quantities that are in excess of the stockpile goal for a material and 
for which Congress has authorized disposal over the lon g term at 
rates designed to maximize revenue but avoid undue disruption of 
the usual markets and financial loss to the United States. The dis- 
posal plan for FY 2004 accounted for 68 t of natural quartz crystal 
in the NDS, indi cating the t otal amount of a material in the NDS 
that the U.S. Department of De fense was permitted to sell under 
the Annual Mate rials Pl an appr oved by Congress for FY 2004 
(from October 1, 2003, through September 30, 2004). For mineral 
commodities that have a disposal plan greater than the in ventory, 
actual quantity is limited to remaining disposal authority or inven- 
tory. Finally, disposals for FY 2 004 amounted to 5 4 t o f natural 
quartz crystal, and refer to material sold or traded from the NDS in 
FY 2004 (Dolley 2003). 

Most quartz crystal is used in piezoelectric and optical appli- 
cations s uch as quart z resonators in ae rospace, c ommercial, and 
military bandpass filter applications requiring high selectivity and 
very high stability. For many applications requiring only moderate 
stability, quar tz resonators of fer a combination of high perfor- 
mance, small size, and low cost. Quartz resonators also are used for 
less-demanding applications such as timing signals for electronic 
circuits in automotive, consumer, and industrial products (Dolley 
2003). 


Exports and Imports 


The United States is completely reliant on imports of quartz lascas 
primarily from Asia followed by Brazil, Germany, and Madagascar; 
Canada is increasin gly becoming an important source fo r natural 
quartz crystal. Production of cultured quartz has come increasingly 
from are as outside the United St ates, part icularly from China , 
Japan, and Russia, as well as Belgium, Brazil, Bulgaria, England, 
France, Germany, and South Afr ica ( Dolley 2003, 2005 ). The 
United States and Japan ha ve been the major importers and con- 
sumers of lascas as well as major producer s, consu mers, and 
exporters of cultured quartz crystals. Little is known of the cultured 
quartz operations in China, Ea stern Europe, and the Common- 
wealth of Independent States (CIS). 


Prices and Trends 


Prices of quart z material vary considerably; lascas typically sells 
well below the price of cultured quartz. The USGS (Dolle y 2003) 
reported an average value for as-grown cultured quartz estimated at 
about $8 1/kg in 2003. Also, the reported average value of lumbered 
quartz, which is as-grown quartz that has been processed by sawing 
and grinding, was estimated at about $176/kg. 

The electronic-grade quartz cr ystal industry ran ges from the 
fully inte grated produ cer/consumer (in volving base-mineral pro- 
duction, cutting of blanks for piezoelectric units, and fabrication 
into finished electronic units) to companies that are involved only 
in segments of the industry. Pricing in the industry reflects this seg- 
mented or capti ve structure depending on where the transfer, or 
sale, of the mineral takes place. 

Demand for quartz cry stal devices should con tinue to grow, 
and as aresult the deman d for quartz crystal also should remain 
strong long into the future. The consumer electronics industry, par- 
ticularly in the industrialized nations, will continue to foster pro- 
duction on a global scale. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Electronic and Optical Materials 


1195 





Production of Cultured Quartz 

The early history of producing large, high-quality quartz crystals in 
the laboratory and factory, and the general manuf acturing process, 
was described by Waesche (1960). 

Today four operators in the United States have the capacity to 
produce cultured quartz crystal; one reported in 2003, however, that 
it was no longer in production, and another reported that it w as no 
longer in business. The production statistics for the remaining two 
manufacturers were withheld for proprietary reasons. Other coun- 
tries pro ducing cultured quartz cr ystal are Belgium, Brazil, Bul- 
garia, China, England, France, Germany, Japan, Russia, and South 
Africa. 

The ma nufacturing process involves hyd rothermal gro wth 
using an aqueous solution at ele vated temperature. The process is 
similar to the hydrothermal action that de velops ore bo dies and 
crystal formations in the earth’s crust. A vertical steel vessel with 
suitable internal fittings and pressure gage, safety blow-off valve, 
thermocouples, and a sourc e of e lectrical heating is cha rged with 
(1) nutrient material (lascas) to about one quarter of its volume; (2) 
dilute alkaline solution to about th ree quarters; and (3) an array of 
seed plates. The vessel is closed, its con tents brought to abo ut 
350°C, and a high pressure is produced. The heat source is adjusted 
to provide a temperature differential between the area of dissolution 
and the area of deposition and growth. Conditions of constant tem- 
perature and pressure are maintained fora periodo f weeks or 
longer. The status of the gr owing crystals is monitored u sing radi- 
ography with cobalt-60. 

Vessels up to 254 mm I D (inside diameter), and capable of 
operating at up to 275.8 MPa, are in use. Figure 1 shows manmade 
quartz crystals in an autoclave or reaction vessel. 

Table 2 compares the growth conditions used in the past by two 
major U.S. producers (S awyer Technical Materials, LLC [formerly 
Sawyer Research Products, Inc.] and Thermo Dynamics, Inc.). 

Although no deposits have been mined for natural electronic- 
grade quartz in the United States (Waesche 1960), high-purity U.S. 
quartzite (lascas) has been used successfully in producing cultured 
quartz. 


Seed 


The earliest seed plate that had co nsiderable attention was a thin 
plate cut parallel to the minor rhombohedral face, often identified 
as r or as {0111} by Bravais symbols, a face that makes an angle of 
38°13' with the c axis. This seems a reasonable choice because the 
plate should grow parallel to itself. The AT-cut plate (Cady 1964), 
whose surface makes an angle of 35°15' with the c axis, is perhaps 
the most used for frequency-control oscillators. This choice of seed 
orientation was patented (Fried man and T uttle 1951 ) particular ly 
for promoting rapid crystallin e growth. The patent states that this 
orientation grows “much more rapidly than seed plates cut at other 
angles.” It turns out, ho wever, that in the alkaline mediu ms used, 
growth of the minor rhombohed ral f ace ter minates prematurely . 
The major rhombohedral face grows much slower, the prism faces 
grow at a negligibly slow rate, and the crystal ultimately becomes a 
more or less square bar (depending on how the seed was supported) 
elongated in the c direction, lengthening slowly. 

In 1954, a ne wer seed ty pe called the Y -bar seed (Jaf fe and 
Turobinski 1960) was invented: an elongated quartz crystal seed bar 
with its length extending substantially perpendicular to a crystallo- 
graphic x axis and substantially perpendicular to the z axis of the 
crystal; the seed bar is small in cross-sectional dimension perpen- 
dicular to its length. In piezoelectric engineering, the x, y, and z 
axes are mutually perpendicular, the x axis is one of the a axes, and 
the zaxisis the c axis inthe he xagonal system to which qu artz 





Courtesy of Motorola Inc. 
Figure 1. Racks of seed crystals are inserted into autoclaves. At the 
end of the growing cycle, 30 to 45 days later, they are removed. 


Table 2. Comparison of growth conditions of two major U.S. 
producers 





Sawyer Technical Thermo 
Growth Condition Materials, LLC Dynamics, Inc. 
Solution 0.83 molar NazCO3 1.0 molar NaOH 
Percentage of fills, %* 76 80-82 
Growing temperature, °C 350 354.5 
Dissolving temperature D, °C +5-20 +26.7-37.8 
Pressure, MPa 82.7 158.6 
Time, days 42 28-30 





Source: Ober 1994. 
* Percentage of the internal volume of the vessel not occupied by solid sub- 
stances when it is being charged. 


belongs. This seed type became so successful that it is now the 
standard seed in the cultured quartz industry. 

Growth takes place rapidly in the c direction on this seed (eas- 
ily growing 1 mm/day under good conditions) and less rapidly in 
the a direction at right angles. The gro wth in the c direction does 
not yield a flat face, but rather a surface composed of many rounded 
small mounds, occasionally showing growth spirals. The c face or 
basal face {0001} is sometimes seen on the tiny crystals studied as 
micromounts, but it is not a plane. 

Growth on a Y-bar seed proceeds in both the c direction and 
the a direction. Studies have shown that the highest quality is the c 
direction growth; hence a modified Y-bar is often chosen as a seed, 
being long in the direction perpendicular to an a axis and of moder- 
ate dimensions parallel to the a axis (Figure 2). 

Growth in the c direction is highly satisf actory for producing 
crystals destined for the relatively small AT-cut oscillator plates and 
various other units, b ut the need for longer length s for frequency 
filters led to t he successful use of r elatively large see ds oriented 
parallel to the minor rhombohedr al face {0111}, a cyclic sweep to 
the early seed (Lias and Rudd 1969). Figure 3 shows representative 
man-made quartz crystals. 


The Q of Quartz 


How does one judge the quality of a find of quartz crystal? A mate- 
rial that has a subtle use may require a subtle test of its useful value. 
The Q of quartz, a dimensionless quotient, is the mark of electronic 
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Figure 2. Drawing of cultured quartz crystal slightly modified from 
standard Y-bar, the seed being cut at 85° to the c axis, as shown, 
instead of 90° to the c axis. The drawing shows elevation and plan 
views. 





Courtesy of Motorola Inc. 
Figure 3. Synthetic quartz crystals are produced in a variety of sizes, 
then cut to specification dependent on final end use requirements. 


quality. It often is called mechanical Q. It is highest when en ergy 
loss 1s lo west in a quart z oscillator because of in ternal friction. 
Given a resonator vibrating at resonance frequency while connected 
to a source of alternating current of that frequency, the instant the 
current is stopped, the vibration amplitude decays. The Q expresses 
the slowness of the decay. The diminishing sound of a struck bell is 
a close analogy. A bell with a long tintinnabulation might have a Q 
of 250,000; a good quartz resonator has a Q of about 1 million. 
Practically, the Q of a resonator can be determined as a ratio, 


OQ =2nfLIR , 


where quantities are measured for the equivalent electrical circuit (a 
resonating electronic circuit of the same frequency), f being the res- 
onance frequency, L the inductance, and R the resistance (Heising 
1946). 

A direct meth od for ob serving Q displays the decay ofthe 
amplitude of a specially made 5-MH z oscillator on the screen of a 
cathode-ray tube (King 1959). Still another method involves examin- 
ing the graph of resistance as a function of frequency (Adams, 
Kusters, and Benjaminson 1968). 

The Q of the best natural quartz (measured at room tempera- 
ture) lies in the range 1.0 x 10° to 3.0 x 10°, and the usual good 
cultured quartz is about 1/10 of this range. In the early days of 
quartz-growth study, Q was much lower, and although the crystals 


withdrawn from the pressure vessels were clear and sparkling in 
their beauty, it was discouraging that the artificially produced 
crystals could not improve on nature. 

At Western E lectric Co. (aformer quartz crysta1 produc er), 
quartz finally attained a coveted high Q value with the use of lithium 
nitrite (LiNOz2), as an additive to the growth solution (Ballman, Lau- 
dise, and Rudd 1966). Li thium as lithium fluoride (LiF) improved 
the Q, perhaps by decreasing the infrared ab sorption at 2.86 um (or 
the wave number 3,500 cm!) (King, Ballman, and Laudise 1962). 
Adding the nitrite raised the Q, at slow growth rate, into the re gion 
of natural quartz values. The anion may be adsorbed onto the grow- 
ing crystal, decreasing the presence of hydroxy] ion in the quartz. 

Sawyer Technical Materials LLC developed ways of growing 
what it labeled Premium Q Cultured Quartz through slow growth in 
sodium carbonate solution that, in general, yielded a slower rate than 
sodium h ydroxide solutions (Rudd, Houghton, an d Carroll 1966; 
Sawyer 1972). Sawyer tightened qu ality control on all pertinent 
aspects of the growth process, gaining a series of runs that produced 
5-MHz 5th overtone Qs consistently higher than those yielded by 
natural quartz. 

Compared to glass, quartz has a considerably widened spec- 
tral window, hence the use of vitreous silica for optical components 
and the use of quartz crystal in spectrometer prisms. Quartz, how- 
ever, shows a number of absorption peaks in the infrared, certain of 
which have been identified with impurities—elements and radicals. 
In particular, hydrogen, which is present in great quantity in the 
hydroxyl ion in alkaline gro wth solutions as well as in aqueous 
solutions in the Earth’s crust, is known to be responsible for a char- 
acteristic high absorption peak in the wave-number region 3,000 to 
3,700 cm™! (Katz 1962). 

A re lationship was de termined e xperimentally between the 
infrared absorption at 3,500 cm™! and the mechanical Q (Cady 1964). 
Use of this information led Western Electric (Rudd and Lia s 1967) 
and Sawyer (1972), to inspect their production of crystals for Q by 
measuring this absorption with an infrared spect rophotometer. This 
simple and rapid method has made it easier to monit or programs 
researching improved Q and to ensure quality control. 


Defects in Quartz 


Quartz destined f or pie zoelectric oscillators must be reasonably 
free from various types of defects affecting the crystalline structure. 
Defects include twinning, structural imperfections such as slip and 
screw dislocations, impurity ions, and microscopic inclusions. For a 
review of defects affecting the quality of quartz for electron ic and 
optical use, see Waesche (1960). For a more general mineralogical 
view, refer to Frondel (1961). 

Quartz may show two types of twinning: electrical or Dau- 
phiné twinning and optical or Brazil twinning. These are displayed 
beautifully under reflec ted light on slices et ched in h ydrofluoric 
acid, a standard method for checking the quality of natural quartz 
during oscillator manufacture (resonator plates must not show twin 
boundaries). Twinning is very rarely seen in the seed, whichis care- 
fully chosen in cultured quartz. 

When pressure vessel, solution, and seeds are heated at the 
start of the crystal-growing process, the alkaline solution is likely to 
dissolve holes and tubes along dislocation lines so that when crystal 
growth begins, these openings are covered and microscopic bubbles 
(fluid inclusions) result. If the vessel is cooled and opened after the 
start of the crystal g rowing proc ess, the se ed plates wil 1 sho w 
etched pits of characteristic shapes suggesting the density of the 
defects. 

Studies using a special double-crystal x-ray spectrometer 
technique have disclo sed much information on structure defe cts. 
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The technique produces a topography of the internal structure and 
assists in relating defects in structure to other defects such as substi- 
tutional impurities (Lang 1967). 

When considering growth on the basal plane that yields a cob- 
ble texture, the basic mechanism of growth seems to be along screw 
dislocations; this often results in a spiral pattern visible to the eye or 
under the microscope. Examination by light interference has pro- 
duced pictures of great interest and beauty (Joshi and Vagh 1964). 

Quartz often darkens in certain areas when irradiated with 
x-rays, high-voltage electrons, or gamma rays from cobalt-60. This 
phenomenon was traced to the presence of Al 3+ substituting for 
some of the Si**. The charge compensation for the trivalent alumi- 
num generally is pro vided by Na*, H*, or Lit if the last has been 
added intentionally as an impur ity (B allman, L audise, and Rudd 
1966). A broad study of h ydrogen in quartz has made some of this 
behavior evident (Katz 1962). 

A powerful meth od of studying a v ariety of defects such as 
substitutional, interstitial, and structural defects is to place a quartz 
block between metal electrodes, heat the assembly, and apply a 
direct-current voltage for a period of time. Pfenninger (1961) made a 
detailed study using electrodes of silver, gold, copper, and platinum; 
voltages as high as 670; and te mperatures to 800°C. Meth ods of 
observation included using the microscope, the electron microscope, 
and infrared spectrometry . A b eautiful set of ph otographs sh ows 
veils of defects entering quartz, leaving it, and decorating lines of 
structural dislocations. 

Regretfully, this investigation did not include cultured quartz. 
For preparing quartz, however, especially stable in a radiation envi- 
ronment, cultured blocks are now free from v arious defects as a 
result of this general procedure. 

A def ect occasio nally seen —mostly in ea rlier, less wel 1- 
controlled gro wing operations—i s microscopic wh ite particles 
identified as clumps of acmite (NaFeSi2Og) crystals. 


Developments in Quartz Growth and Technology 
Low Optical Transmission Loss 


Cultured quartz has been e xamined as a ma terial for transmitting 
infrared laser light of 1.06 um w avelength (from the neodymium- 
doped yttrium aluminum garnet [Nd:YAG] laser). Growth in a sil- 
ver tube to diminish iron contamination yields quartz equivalent in 
low optical loss to the be st commercial vitreous silica (Lias and 
Rudd 1969). An interesting correlation was found between H* con- 
centration in the quartz and the absorption at 1.06 pm: hydrogen 
ions seemingly provided charge-compensation for the Fe* or other 
divalent ion impurities associated with absorption in that region. 


Growth Rate on Basal {0001} Plane 


Stemming from an eagerness to gro w crystals faster (an economic 
advantage if characteristics can be maintained), growth studies at 
374°C and a pressure of about 275.8 MPa led to ar ate of about 
2.6 mm/day and a Q of about 1.4 x 10° (Lias et al. 1973). The high 
growth rate caused by higher expected solubility was anticipated; 
the excellent Q was a bonus and showed that at the higher tempera- 
ture, H* goes less readily into the growing crystal. 


Measurement of Viscoelastic Materials 


A de vice used to study the sh ear modulus of viscou s materials 
employs a delay line of a suitable mechanically rigid material (e.g., 
vitreous silica or aluminum) mounted on the end a piezoelectric 

transducer to generate shear w aves. This is typ ically quartz with 
frequencies in the range of 1 to 7 MHz, but it also may be a piezo- 
electric ceramic. The delay line is inserted in the sample and the 
system is brought to constant temperature to within 0.005°C. Pulses 


of waves are sent down the delay line and the echoes are measured 
for their attenuation and phase shift, from which an accurate calcu- 
lation can be made of the shear modulus (Hunston et al. 1972). 

An ultrasonic impedometer can measure the dynamic 
mechanical properties of viscoelastic materials (adhesives, paints). 
It employs Y -cut, s hear-wave resonators of 5- MHz frequency 
attached to the ends of a 10-cm bar of vitreous silica. At its ends the 
bar is cut at 79°, producing a shape suggesting a bathtub. The bulk 
shear wave is reflected off the bar’s top surface where the material 
to be studied is spread. The reflected wave returns to the transmit- 
ting transducer and an oscillosc ope displays the amplified signal. 
The impedance of the film of material can be monitored while the 
film is drying (Myers and Schultz 1962). Bradfield (1970) gives 
further general information on ultrasonics. 


Pressure Transducer 


Because quartz is piezoelectri c—that is, a material that produces an 
electric field as a response to stre ss—can it be made into a useful 
pressure gage? A gage ha ving a range of 0 to 69 MPa and an accu- 
racy of about 0.07 kPa is made usin g a periphery-stressed resonator 
as a pressure transducer. The transducer unit is a circular 5-MHz res- 
onator whose ed ge is integral with a surrounding cylinder of quartz, 
the axis of the c ylinder being iden tical with the normal through the 
resonator center. The cylinder and resonator are fashioned from a sin- 
gle crystal of quartz using grinding techniques. The resonator can be 
either an A T-cut or some ot her cut to ensure t hat the temperature 
coefficient of fre quency at zero pressure is zero at a gi ven tempera- 
ture in the range of 0° to 100°C (Karrer and Leach 1969). 


Pressure Gage for High-Impact Conditions 


A stud y, lar gely performed at Sandia National Laboratories in 

Albuquerque, New Mexico, produced a gage technique for studying 
stresses resulting from shock-wave loading of pressures as high as 
6 x 689 MPa (Ingram and Graham 1972). Based on the piezoelec- 
tricity of quartz, the device has been used to study the behavior of 
quartz and other solids under great impact. A valuable use of this 
technique is the measurement of forces produced in under ground 
nuclear explosions. 

Although stresses of 4 GPa are routinely measured, a tungsten 
facing on the quartz disk extends the upper stress limit of the exper- 
iment to 12 GPa. Ordinarily the stress in an oscillating quartz reso- 
nator is probably about 600 kPa. 

A projectile in ac ylinder is faced with ad isk of quartz and 
another disk is provided at the closed end of the cylinder. In this 
Sandia quartz gage for impact experiments, the cylinder is a 27-m 
compressed gas gun that can accelerate the projectile to 510 m/sec. 
The impact velocity can be measured to 0.01%. 

Disks of X-cut (the face of the disk perpendicular to an a axis) 
cultured quartz are used, which can be 126 mm in diam eter and 
6.3 mm thick—these dimensio ns yield about one quar ter of an 
ampere of piezoelectric current at a stress of 1 GPa. 

During the stu dy of strains up to 4.3 x 10~* in these experi- 
ments, the data analysis revealed unusually accurate values for lin- 
ear and nonlinear piezoelectric st ress constants, and lon gitudinal 
elastic constants up to the fourth order (Graham 1972). 


Quartz Thermometer 


A quartz resonator with resonanc e frequency unvarying with tem- 
perature has not been made, but the behavior with temperature has 
been thoroughly studied so that, for a gi ven temperature rang e, a 
resonator with a reasonab ly low, and accurately known, variation 
could be made. Ad vantage has been taken of this property to mea- 
sure temperature differences (Smith and Spencer 1963). A 5 Y-cut 
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(Cady 1964), operating at 5 MHz, has a temperature—freq uency 
coefficient of about 80 ppm/°C and responds to a temperature devi- 
ation of 3.8 x 10-6 °C, indicating a very sensitive device. 

Commercial development of the quartz thermometer led suc- 
cessfully, through an analysis of plate orientations, to one yielding a 
linear fr equency—temperature r elationship. The a vailable instru- 
ment has a range of —80° to 250° C with a maximum resolution of 
0.0001°C. A digital readout is used, and with optional amp lifiers 
the sen sory probe can be asf aras 1,372 m from th e measuring 
equipment (Hammond, Adams, and Schmidt 1965). 


Quartz Microbalance 


A quartz resonator can be brought to a slightly lower frequency by 
loading it with a little extra mass, say, from evaporated metal. Hence 
the change in frequenc y on loa ding makes the re sonator a mass- 

measuring device. This idea led to the construction of microbalances 
reading to about 10~!* g for certain unusual applications; for exam- 
ple, the me asurement of ga ses that c an be adsorbed i n a layer of 
material coating the reson ator, such as a_ hydrophilic substance for 
weighing water vapor. The frequency change is directly proportional 
to the change in mass. A 5-mm -diameter, 15-MHz resonator has a 

mass sensitivity of 2,600 Hz change per microgram. The resonator is 
usually an AT-cut. The frequency is also a function of temperature. 
In one method, a zigzag str ip of nickel (to serve as heater, thermo- 
couple, and radio-frequency electrode) is e vaporated onto one side 
of the resonator (an A T-cut cr ystal) (Saub rey 1964; Stockbridge 

1966; King 1969). 


Surface Waves on Quariz 


Elastic solids can display bulk waves or surface waves. Bulk waves 
are found in quartz oscillators th emselves and in buffer rods or 
other attachments used for conveying a vibration from an oscillator 
along a length of rigid elastic solid. A use of bulk waves in such a 
delay line is described in the section on Measurement of Viscoelas- 
tic Materials in this chapter. Bulk waves in quartz have also been 
used to modulate light. 

Surface w aves—such as the Lord Ra _yleigh w aves that no w 
find standard application in earthquake study—can be produced on 
various crystalline solids (Viktorov 1968; White 1970). They can be 
launched in the x direction (i.e., along an a@ axis) on a quartz bar by 
means of electric impulses applied to the surface through two evapo- 
rated electrodes having the appearance of two interleaved combs or 
the illustrative diagram of a multiplate capacitor. Similar electrodes 
at the far end of the bar can receive the waves and convert them into 
electrical signals. The bar or plate of quartz can be cut parallel to a 
plane containing an a axis and the c axis—the Y-cut of the piezo- 
electric engineer. In one applica tion, the bar is 25 4 mm long . The 
interesting advantage of using elastic waves in certain electronic cir- 
cuits is the slowness with which they move: about 1.5 x 10? to 15 x 
10° m/sec instead of 3 x 108 m/sec, which is the velocity of electric 
signals and light. Surf ace w aves move in the lower third of that 
range. A further advantage of surface waves is that they can be sam- 
pled or modif ied. If the y are accompanied by e lectric or ma gnetic 
fields (when they are produced in piez oelectric or magnetic materi- 
als), the passage of the wave and its characteristics can be picked up 
by a sensing device not in contact with the surface. 

Another synthetic crystal of mu ch interest in surf ace w ave 
applications is lithium niobate. 


Miscellaneous Uses 


Further uses of quartz resonators have appeared in recent years in 
color television circuits and in w atches. The resonator used ina 
watch design is not the f ace-shear mode mo st used for high fre- 


quency, 0.5 to 50 MHz, but a flexural, or wave-shaped, mode oper- 
ating in the range of 2 to 20 kHz (Cady 1964). 


MINERALS OTHER THAN QUARTZ 


Crystals large enough to hold in the palm of one’s hand are of enor- 
mous interest because of the astonishing things that the y can be 
made to do. Naturally occurring crystals ar e not among these, nor 
are they likely to be; a modern laboratory, however, can create a 
material with f avorable properties through crystal-growing p ro- 
cesses that the solid-state physicist can use for el ectronic, optical, 
magnetic, or any combination of circuitry. 

Few minerals are found with su fficiently high quality to be 
employed directly. One special exception is calcite; optical calcite 
is becoming so difficult to f ind in sizes that are in demand that 
investigations are under way to synthesize it. 

Natural quartz is becoming less important in the frequenc y- 
control oscil lator industry; mi ca and selenite are used in very 
small amounts in making light-r etardation plates as microscope 
accessories. 

If a mineral is 0 bserved to have a useful property, the crystal 
grower can probably reproduce it in animpro ved crystal that is 
larger, freer of optical flaws, purer, or conversely, doped with impu- 
rities (in either case, to give it an effective property). 

Synthetic crystals are, in an y case, deri ved from mined ores 
that undergo various refining and purifying processes—some rather 
sophisticated—which leads to growing, cutting, and polishing the 
crystals into usable shapes. 

Many of the currently e xploited properties of light and crys- 
tals ha ve been kn own since early in the 18th century. Recently, 
development techniques using in tense light beams, high optical 
quality crystals, or sensitive measuring equ ipment ha ve been 
needed to study and apply them. The technology in optical commu- 
nication is now on the edge of such an expansion as radio and tele- 
vision experienced in the 1940s. The freq uency-control resonator, 
the diode, and the transistor were among those early achievements. 
Radio frequencies ha ve gi ven w ay, along the g rowing front of 
research, to ultrahigh frequencies close to and within the vi sible 
range of the spectrum. 


Minerals of Technological Interest 


Table 3 is an alphabetical listing of minerals studied earlier, or in 
current com mercial us e. Others are not listed, some are only of 
casual past interest, and some have been overlooked unintention- 
ally. The mineral name is preceded by the Dana identifying number. 
The chemical formula and the crystal system are given. It should be 
noted that this is the system for the crystal at ordinary temperature; 
at lower temperatures a crystal may move into a less symmetric sys- 
tem, and vice v ersa. Where appropriate, related or replacin g crys- 
tals are mentioned; the latter have enh anced ne w and exciting 
properties. 

The useful mineral, property, application, and device are not 
easily differentiated in every case, depending on the state of the art. 
Examples follow: 


Mineral Useful Property Application Device 
Quartz Piezoelectricity Frequency control — Oscillator or 

crystal 
Ruby Fluorescence Light amplification Laser 


Some of the listed properties are obtained in enhanced v alue 
from water-soluble crystals that are not minerals. Whe reas hal ite 
and sylvite, for example, are minerals soluble in water, the crystal 
most phenomenal for ferroelectric and piezoelectric use is Rochelle 
salt, a rather complex and very soluble or ganic compound. Other 
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important synthetic crystals also not found as minerals are germa- 
nium and silicon, the single crystal chemical elements used to make 
diodes, transistors, integrated microcircuits, or computer chips. 

Almandine ga met is li sted as the precursor of y ttrium iron 
garnet and yttrium aluminum garnet. Perovskite is so listed for the 
much-valued barium titanate and lead zirconium titanate. Colum - 
bite is listed for the family of niobates. Growers and users of optical 
crystals have been using niobium instead of columbium for the ele- 
ment of atomic number 41. 
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GLOSSARY 


The following list contains some of the terms that apply to the use 
of minerals and various synthetic crystals in electronic and optical 
technology. Optics texts are mentioned in the references for further 
coverage of that limited field. 


Absorbance: T he v alue of t he e xpression, | n(Ip/I), where I 9/I is 
known as the abs orbance and is a numerical st atement of t he 
absorption of radiant energy by a transparent material: the ratio 
of the intensity (W/m7) of the incident light to the intensity leav- 
ing. The constitutive equation is 


IT=Ihe 4, 


where © is the absorption coefficient and d is the length of light 
path in the material. 

Acousto-optic: A light-mo dulating device in which an acoustic 
wave, ultrasonic in frequency, passing through a suitable crystal 
plate sets up strained layers w ith its w ave fronts such that an 
entrant light be am is de flected. Ideally the deflection can b e 
controlled through a critical angle, which can be varied at fre- 
quencies into the megahertz range. 

Beam splitter: A thin sheet of glass or clear plastic with its surface 
treated to reflect about half the light incident to it at approxi- 
mately 45° to the surface. Ina more advanced type, two right- 
angle prisms are cemented along th e hypotenuse faces with a 
material having selected reflection properties to control the ratio 
of transmitted to reflected light or proportion of color. 

Delay line: A device used to delay an electrical signal for a short 
time, usually milliseconds. In one method, a piezoelectric trans- 
ducer is mounted on an elongated piece of rigi d material, for 
example, vitreous silica or aluminum. A signal is introduced by 
the transducer and recei ved on reflection or by another trans- 
ducer at its far end. 

Dielectric: A substance th at acts as an electrical insulator , a non- 
conductor of electricity, or a substance with electric conductiv- 
ity less than 1 x10~ mho. The term may refer to a vacuum and 
many g ases and liquids. Man y so lid die lectrics, mi neral a nd 
nonmineral, are opaque or absorb all nonreflected light in a very 
thin layer. Dielectrics useful in optical technology are transpar- 
ent in the visible or near-visible range of radiation. 

Ferroelectric crystal: A crystal that has the ability to become natu- 
rally electrically polarized in a restricted temperature range and 
exhibits hysteresis between polarization and an applied electric 
field. If the crystal is heated to the transition temperature (Curie 
point), the crystal becomes nonpolar. (Piezoelectric crystals 
become el ectrically polarized when subjected to a deforming 
stress.) 

Fluorescence: The emission of r adiation from a su bstance that is 
absorbing radiation of high er ener gy and shorter wavelength. 
(There are, however, interesting cases of the [appar ent] reverse 
energy relationship.) Often, large crystal size is not important 
and powdered fluorescent and luminescent crystals, called phos- 
phors, are used in cathode-ray tubes, television kinescopes, and 
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fluorescent lamps. On the contrary, a la rge fluorescent crystal 
bar (i.e., ruby , scheelite, or fluo rite), is used in the solid-state 
laser. Crystals do not have the property o f fluorescence if they 
are strictly pure, and the variation in amount and type of impu- 
rity yields useful variations in behavior. 

Harmonic generation: The combining of two sets of wave motions 
having different—but not far removed—frequencies, producing 
an ongoing wave whose frequency is a multiple or submultiple 
of the inp ut frequency. Long known in radio technolog y, this 
effect in optics uses crystals as the medium in which the action 
occurs. For further information with only slight mention of min- 
erals, see Schlossberg and Kelley (1972). 

Holography: A method of prod —_ucing whole thre e-dimensional 
images of objects by means of recorded light wave patterns, 
often on photographic film. Holograp hy in volves d ividing a 
laser beam (a coheren t light source, or o ne that is of a single 
wavelength or frequenc y and with all waves in phase ) with a 
beam splitter so t hat the continuing beam strikes the film; the 
reflected beam strikes an object and is refl ected back onto the 
film. The two beams, direct and twice reflected, meet, interfere, 
and record their interference pattern on the film. A three-dimen- 
sional view of the object can be seen on the processed film illu- 
minated by monochromatic light. Remarkable features are that 
no lens is used; the view is not simply two dimensional; a piece 
of the film will display the same view as the whole; and a large 
amount of information is stored on the film. A crystal of lithium 
niobate has been used as the recording medium. 

Laser: A device that emits an in tense, narrow beam of coherent, 
monochromatic li ght as a re sult of light amplif ication by the 
stimulated emission of radiation (Maiman 1960). Originally the 
laser comprised a ruby rod ener gized by an intense source of 
light nearby ; after years of in vestigations, lasers can no w be 
made of glass, liquid, dye solu tion, or g as. The light from the 
tuby, at 9,63 0 A, is at the infra red edge of visio n; lasers no w 
produce radiatio nof both! onger and shorter w avelengths. 
Through modulation at the source and demodulation at a receiv- 
ing station, the laser can transmit as many as 10 !° channels, 
each 10 kHz wide (Nassau 1965; Laudise 1968). 

Magneto-optic: In certain crystals through which a beam of polar- 
ized light is passing, applying a magnetic field with its lines of 
force parallel to the beam causes a rotation of the plane of polar- 
ization: the F araday effect. T his m agneto-optic ef fect can be 
used to modulate a light beam. 

Modulation: The process and ef fect of adding information to a 
radio carrier wave or to a light beam. In radio, AM and FM are 
well kno wn. A ligh t beam canbe modulated by alterin g its 
amplitude, frequency, phase, or plane of polarization. The mod- 
ulation can take a digital form, transmitting simply 0 and 1, or 
an analog form that includes voice and music. The amplitude (or 
intensity) of a light beam ca n be modulated, for example, by 
applying a varying electric field to an electro-optic crystal carry- 
ing the beam. The crystal is sandwiched between crossed polar- 
izers to provide the rest of the optical requirement. 

Nonlinear: Behavior that does not follow a straight line or propor- 
tionality relationship when one variable is altered and a depen- 
dent v ariable is observ ed. In electronics, fore xample, the 
behavior of current through a diode with respect to applied volt- 
age is nonlinear. The optical pr operties of a medium ar e linear 
when the intensity of the transmitted light is low, as is normally 
the case. Nonlinear refers to changes in the optical properties as 
the intensity of tra nsmitted light is grea tly increased, or when 
two or more strong light beams ar e combined in the medium. 
The study o f nonlinear phenomena is the basis of progress in 
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electronic and optical technology: solar power, transistor, laser, 
and holography (Schlossberg and Kelley 1972). 


Piezoelectric effect: An electric reaction or charge resulting from 


applying a physical stress (compression, bending, or twisting) to 
a subst ance (e lement, crystal, e tc.). T he con verse ef fect al so 
applies—the element tends to defo rm when an electric field or 
charge is applied. Actual motion or strain is usually involved. 
The substance, commonly a macrocrystal, can be an assemblage 
of microcrystals as in a piezoelectric ceramic. That the crystal 
has no center of symmetry is a necessary crystallographic condi- 
tion. Application s h ave in cluded f requency-control resonators 
of quartz and phonograph pickups of Rochelle salt (no t a min- 
eral) and of lead zirconium titanate (related to perovskite). 


Property: Relat es to an y of the principal characteristics of a sub- 


stance, especially as determined by the senses but also determined 
by any variety of sophisticated sensing equipment, for example, 
infrared transparency, laser capability, or semiconduction. 


Pyroelectric: The property of a crystal such that electric c harges 


appear on certain faces when it is heated or cooled. Strontium 
niobate, a synthetic crystal related to col umbite, shows such a 
strong effect that it can serve as a practical infrared detector. 


Q-switch, or Q-spoiler: A fast-acting light valve used with lasers to 


arbitrarily hold back light emission and let it burst forth at the 
flick of the switch in a high-energy flash. Electro-optic crystals 
and the Kerr cell using nitrobenzene and a high-voltage pulse 
have been used for such shutters and require the presence of 
polarizers on each side ina crossed position. Acousto -optic 
crystals and solutions of certain dyes also are used. 
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Resonator: A de vice or system in which a characteristic vibration 


can occur involving a continuous exchange between potential 

and kinetic energy. Examples follow: 

¢ A piezoelectric resonator is a rectangular plate (sometimes a 
disk or bar) of piezoelectric material, commonly quartz, that 
will vib rate c haracteristically when pl aced in an alternating 
voltage f ield t hat has the sa me frequ ency as the nat ural 
mechanical frequency of the plate. The motion can assume 
various types or mo des: compression, shear , or fle xural. 
Piezoelectric resonators of quartz for frequency control cover 
the range of about 1 kHz to 55 MHz. A piezoelectric plate can 
be driven at frequencies dif ferent from the resonance fre- 
quency. 


Ane xample of an acoustic ener gy cavity r esonator is the 
organ pipe. In micro wave technology, a resonator is a metal 
box or cavity in which electro magnetic energy can be stored; 
the resonance frequency is determined by the geometry of the 
enclosure. 


An example of an optical resonator is the Fabry-Perot resona- 
tor or interferometer; two parallel, partially reflecting mirrors 
cause the light entering in one direction to osc illate before 
exiting. In acommon application, light is passed throu gh a 
converging lens to for m an interference figure of highly con- 
trasting fringes on a screen. The laser may be called a F abry- 
Perot resonator. 
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Acid Neutralization 


Ben Koopman 


INTRODUCTION 


Because e xtreme pH values in w ater are harmful to hum ans and 
aquatic life, the pH of drinking waters and treated wastewater efflu- 
ents is regulated. Extreme pH is also corrosive to water piping sys- 
tems. The allo wable pH range o f wastewater effluents that are 
discharged to receiving waters is typically 6 to 9 or 6.5 to 9. 

Reagents used for neutralizing acids are derived from chemi- 
cal processes su ch as the electrolysis of brine to p roduce caustic 
soda and from minerals suchas limestone, which can be used 
directly for neutralization or can be processed into various forms of 
lime. Alkaline industrial wastes and metallic iron are also important 
reagents. 

Some of the reagents employed for acid neutralization are also 
used to remove acid-forming components from flue gases, to purify 
and soften water, and to pasteuri ze wastewater sludge. The quanti- 
ties involved are significant to the minerals industries. For example, 
almost 1.0 Mt of lime were used in treating water for municipal and 
industrial su pplies in 2001 (National Lime As sociation, un dated 
[a]). In fact, lime is the most-used chemical in the water treatment 
industry. 

This chapter first describes the commonly used acid neutral- 
ization reagents, including chemical nature and primary routes of 
production, and also mentions some was te-derived materials t hat 


have shown promise. Production and consumption statistics are dis- 
cussed and trends are noted, and properties and prices of the com- 
monly use d rea gents are com pared. T he m ajor en vironmental 
applications of these materials are then described. 


ACID NEUTRALIZATION REAGENTS 


The most common reagents for neutrali zation are caustic soda and 
various forms of lime. Other chemicals with important uses include 
soda ash, magnesium h ydroxide, and anh ydrous ammonia. So me 
waste materials, notably the combustion products of coal, have also 
been suggested as materials for neutralization. Because the common 
or commercial names for many of the reagents differ from their 

chemical names, a list of the reagents is presented in Table 1. Repre- 
sentative chemical formulas are also given in the table. Commercial 
reagent formulations may vary from the pure chemical formula. 


Limestone 


The term limestone has been widely applied to mean rock that is 
principally composed of calcium carbonate. Many limestones were 
formed 100 to 500 million years ago from com pressed layers of 
calcareous mar ine deposits. Ot her t ypes of 1 imestone in clude 
chalk, which is a soft sedimentary de posit of marine calcareous 
fossils, and marble, which is hard metamorphic rock formed from 


Table 1. Common names, chemical names, and representative chemical formulas of acid neutralization reagents 


Common name Representative Chemical Formula 


Chemical Name 


Other Common Names 





Ammonia NH3 

Caustic soda NaOH 

Dolomitic limestone CaCO3*eMgCO3 
Dolomitic quicklime CaO#MgO 
Half-burnt dolomite CaCO3°MgO 
High-calcium hydrated lime Ca(OH) 
High-calcium quicklime CaO 
High-calcium limestone CaCO3 
Magnesia MgO 
Magnesium hydroxide Mg(OH}2 
Normal dolomitic hydrated lime Ca(OH)2*MgO 
Pressure dolomitic hydrated lime Ca(OH)2®Mg(OH}2 
Soda ash Na2CO3 


Ammonia 

Sodium hydroxide 

Calcium carbonate/magnesium carbonate 
Calcium oxide/magnesium oxide 

Calcium carbonate/magnesium oxide 
Calcium hydroxide 

Calcium oxide 

Calcium carbonate 


Magnesium oxide 


Calcium hydroxide/magnesium oxide 
Calcium hydroxide/magnesium hydroxide 


Sodium carbonate 


Anhydrous ammonia 


Slaked lime 


Burnt lime, oxide lime 


Dolomitic hydrate type N 
Dolomitic hydrate type S 
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sedimentary material. Calcite is the predominant crystalline form of 
calcium carb onate f ound in lime stones. Sediment ary deposits of 
recent origin may contain arag onite, a me tastable crystalline form 
that is gradually converted to calcite over geological time. 


Dolomitic and Magnesium Limestones 


Some limestone deposits contain both calcium and magnesium car- 
bonates. The mineral dolomite (CaCO3*MgCOs) contains equimo- 
lar amounts of calcium carbonate and magnesium carbonate. The 
chemical composition of dolo mite by weight is 54% calcium car- 
bonate and 46% magnesium carb onate. According to the National 
Lime Association, the term dolomitic limestone is applied to lime- 
stones co ntaining more than 35% magnesium carbonate. Lime- 
stones with intermediate contents of magnesium carbonate (5% to 
35%) are classified as magnesium limestones. 


High-Calcium Limestone 


Limestone with a high content of calcium carbonate (and thus a low 
content of magnesium carbonate) is referred to as high-calciu m 
limestone. The magnesium carbonate for this classification is 5% or 
less. 


Production and Use 


In 2002, 978 Mt of limestone and 97 Mt of dolomite were produced 
inthe United States. The leading states for limestone prod uction 
were Texas, Florida, Missouri, Ohio, and Pennsylvania; their com- 
bined production was 40% of the total. Illinois, New York, Pennsyl- 
vania, Ohio, and Indiana led in production of dolomite, together 
producing 65% of the U.S. total. Removal of sulfur dioxide (SO2) 
from flue gases consumed 3.0 Mt of limestone. Another 0.17 Mt 
were used for mine dusting or acid water treatment (Tepordei et al. 
2002). 

Over the 5-y ear period from 199 8 through 2002, the yearly 
U.S. production of lime stone and dolomite was relatively flat. Use 
of limestone for sulfur dioxide remo val almost doubled d uring the 
period, starting at 1.7 Mt and ending at 3.0 Mt. In contrast, app lica- 
tion of limestone in mine dusting or acid water neutralization exhib- 
ited a slight decreasing trend . A continuing trend to ward more 
stringent U.S. Environmental Protection Agency (EPA) limitations 
on SO2 emissions should pro vide growth opportunities in the lime- 
stone flue gas desulfurization (FGD) market. 


Lime 

Both calcium oxide and calcium hydroxide are commonly referred 
to as lime. These compo unds are also distinguished by the terms 
quicklime and hydrated lime , respectively. Other terms for quick- 
lime are burnt lime and burnt limestone. 


Quicklime 


Quicklime is manufactured by heating (calci ning) limestone at 
temperatures in the rang e of 900 °C to 1 ,300°C (Moro poulou, 
Bakolas, and Aggelakopoulou 20 01; Geor gallis et al. 2002) to 
drive off carbon dioxide (CO2), leaving calcium oxide, as shown 
in Equation (1). 


Heat 


CaCO3 CaO + CO2 (1) 


Quicklime is classified che mically according to the calcium 
carbonate content of the limestone from which it is made. High- 
calcium quicklime is derived from high-calcium limestone, magne- 
sium quicklime from magnesium limestone, and dolomitic quick- 
lime from dolomitic limestone. 


Because the heat o f decomposition of CaCO 3 is higher than 
that of MgCO3, the temperature required to drive off the CO2 from 
calcium carbonate is also sufficient to drive off the CO2 from mag- 
nesium carb onate. Calcining do lomitic limestone at this tempera- 
ture yields a product that contains only the oxides of calcium and 
magnesium—CaOeMgoO. This reagen t is referred to as dolomitic 
quicklime. Calcining dolomitic limestone at a somewhat lower tem- 
perature drives off only the CO? associated with ma gnesium, pro- 
ducing a mixture of calcium carbonate and magnesium oxide (e.g., 
CaCO3*Mg0O). This reagent is referred to as half-burnt dolomite. 


Hydrated Lime 


Hydrated lime is a dry powder produced by reacting quicklime with 
sufficient water to form calcium hydroxide, Ca(OH)2, as shown in 
Equation (2). 


CaO +H2O —» Ca(OH) + heat (2) 


It is worth noting that the reaction is exothermic and should be 
carried out with equip ment that can saf ely conduct a way the 
released heat energy. 

The chemical composition of hydrated lime d epends on the 
composition of the quicklime from which it is made, the hydrating 
conditions, and the quantity of water used. High-calcium hydrated 
lime is produced from high-calcium quicklime and generally con- 
tains between 72% and 74% calcium oxide and 26% to 28% chem- 
ically bound water. 

When hydrated under normal (atmospheric) conditions, only 
the c alcium oxi de fraction of do lomitic qui cklime re acts wit h 
water: 


CaO*-MgO +H2xO0 —+ Ca(OH)2*MgO (3) 


The normal dolo mitic hydrated lime resu Iting from Equation 
(3) is composed of 49% calcium oxide, 35% magnesium oxide, and 
16% chemically bo und w ater by we ight. Commercial grades of 
dolomitic hydrated lime will vary in composition. 

Hydrating dolomitic quicklime under pressure (and ele vated 
temperature) causes all of the magnesium carbonate, as well as the 
calcium carbonate, to react with water, as shown in Equation (4). 


Pressure 
———————— we, 


CaOeMgO + 2H20 Ca(OH)2*Mg(OH)2 (4) 


The pressure dolomitic hydrated lime resulting from Equation 
(4) contains 43% calcium oxide, 30% magnesium oxide, and 27% 
chemically bound water by weight. Commercial grades of pressure 
dolomitic hydrated lime will vary in composition. 


Production and Use 


U.S. production of lime in 2003 w as 19 Mt, compar ed to an esti- 
mated w orldwide total of 120 Mt (Miller, Mill er, and Wallace 
2003). The lar gest producers were China (23 Mt), the Un ited 
States, Russia (8 Mt), Japan (7. 5 Mt), and German y (7 Mt). The 
amount of lime consu med for en vironmental applications in the 
United States in 2003 was 5.3 Mt. Most of this was for FGD (65%), 
followed by drinking water treatment (17%), wastewater treatment 
(7%), sludge treatment (6% ), acid mine drainage mitigation (2%), 
and miscellaneous applications (2%). 

Worldwide lime production has generally trended up ward in 
the past 5 years, increasing from 116 to 120 Mt during this period. 
U.S. production and consumption rates for environmental applica- 
tions, however, have been relatively flat. EPA’s new interstate air 
quality rule requires that deep cuts in SO2 emissions be achieved in 
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the coming decade. More FGD scrubbers must be installed to com- 
ply with the rule, b ut the im plementation schedule couldb e 
stretched out as electrical utilities cash in allowance credits banked 
under the Acid Rain Phase II Program (Miller, Miller, and Wallace 
2003). Besides the interstate air qu ality rule, the acid rain program 
already in place, incinerator regulations, and upcoming EPA stan- 
dards for control of industrial hazardous air pollutants are providing 
growth opportunities in lime’s FGD market. 


Caustic Soda 


Caustic soda (NaOH) is formed along with chlorine from the elec- 
trolysis of brine solution. The mo st common commercial grade is 
50% NaOH by weight. Solution of this strength begins to freeze at 
temperatures below 18°C, so some users prefer more dilute concen- 
trations that freeze at lower temperatures. For example, 20% NaOH 
freezes at around —10°C (Jones-Hamilton Co. 2004). 

In 2001, the U.S. demand for caustic soda w as 11 Mt ( Kir- 
schner 2003), compared to a global demand of 46 Mt (Shamel and 
Udis-Kessler 2001). Consumption of caustic soda for water treat- 
ment is about 5% of the U.S. demand. The trend in U.S. demand 
was downward in the 5-year period from 1998 through 2002. 


Soda Ash and Sodium Hydrogen Carbonate 


Soda ash (sodium carbo nate) and sod iumh ydrogen carbonate 
(sodium bicarbonate) are produced by refining the minerals tron a 
(Na2CO3*NaHCO3eH20) and nahcolite ( NaHCO3) or sodium-car- 
bonate bearing brines (K ostick, Milano vich, and Coleman 2003). 
Soda ash can also be pro duced synthetically by one of se veral 
chemical methods. One of these is the Solvay process, which uses 
limestone, salt, and ammonia as the raw materials. Disadv antages 
of synthetic soda ash are its higher cost of production and environ- 
mentally deleterious wastes. 

The United States and China are the largest producers of soda 
ash, together accounting for more than half of w orldwide produc- 
tion in 2003. Applications of soda ash for FGD and water treatment 
were equal to 1.2% an d 0.7%, respectively, of the 2003 U.S. pro- 
duction of 19 Mt (Kostick, Milanovich, and Coleman 2003). 

The trends in so da ash production from 1999 thr ough 2003 
were consistently positive in both the United States and around the 
world. In contrast, soda ash consumption for water treatment during 
the sam e period was re latively flat, and co nsumption for FGD 
exhibited a downward trend. 


Magnesia and Magnesium Hydroxide 


Naturally occurring materials such as ma gnesite (magnesium car- 
bonate), brucite, dolomite, olivine, brines rich in magnesium chlo- 
ride, and sea water are used to produce magnesia (magnesiu m 
oxide). Conversion of magnesium carbonate to magnesium oxide is 
accomplished through heating (calcination), which liberates CO2: 


MgCO3 Heat 





MgO + CO? (5) 


The temperature of the calcining process influences the prop- 
erties of the magnesium oxide product. A temperature from 700°C 
to 1,000°C yields a high-surf ace-area, reactive material known as 
light-burned or caustic-calcined magnesium oxide. This is the prod- 
uct that is useful in acid neutralization. Higher calcination tempera- 
tures yield materials with lower surface areas and, hence, lower 
reactivities. Water can be added to produce the hydrate (magnesium 
hydroxide). 

The conversion process for brines or seawater rich in magne- 
sium chloride typically in volves adding lime or dolomitic quick- 
lime. The ensuing reaction forms magnesium hydroxide particles in 


a solution of calcium chloride. When dolomitic quicklime is added, 
the reaction is (Martin Marietta Materials 2003) 


CaCh +MgCh+ | oMg(OH))+2CaCh +20. (6) 
(CaO*MgO) + 3H20 

The magnesium hydroxide particles are collected by gravity 
sedimentation and w ashed to re move resi dual ca Icium c hloride. 
The magnesium hydroxide can be calcined to produce magnesium 
oxide. 

The U.S. consumption of caust ic-calcined magnesia in 200 3 
was 30 0k t, compa red to a pr oduction le vel of 154 kt ( Kramer, 
Inestroza, and Wallace 2003). Net imports, mostly from China, thus 
satisfied almost half of the U.S. demand. W ater treatment and stack 
gas scrubbing together accounted for 45% of the causti _c-calcined 
magnesia consumption in the United States. Domestic production of 
magnesium hydroxide was 217 kt in 2003, slightly greater than the 
demand of 209 kt. Most of this chemical was used in water treatment. 

The trend in U.S. production of caustic calcined magnesia was 
generally downward from 1999 through 2003, corresponding with 
expansion of magnesia processing capacity in China. A sharp 
upturn occurred between 2002 and 2003, h owever, corresponding 
to increased environmental applications. The trend of U.S. magne- 
sium hydroxide production from 1999 through 2003 was relatively 
flat. Use of magnesia and magnesium hydroxide in water treatment 
is growing as these compounds are increasingly accepted as alter- 
natives to caustic soda. More stringent air pollution re gulations 
should lead to expansion of applications for stack gas scrubbing. As 
a result, an increasing trend in environmental applications should 
be expected in the future. 


Ammonia 


Ammonia (NH3) is a n alkaline, colorless chemical t hat dissolves 
readily in w ater, forming ammonium hydroxide. Steam reforming 
of natural gas or other light hydrocarbons is the most important pro- 
cess for synthesis o f anhydrous ammonia, accounting for 85% of 
ammonia production worldwide (Appl 1999). Additional ammonia 
is produced by partial oxidation of heavy fuel or vacuum residue. 
About 77% of world ammonia capacity is currently based on natu- 
ral gas, with this feedstock expected to remain dominant over the 
next half century (EFMA 2000). 

World production of ammonia is estimated at 100 Mt yearly, 
with U.S. production pe gged at 14 to 16 Mt yearly (Fee 2003). 
Most (80%) of the manufactured ammonia is used in agriculture. 
Of the remaining 20 %, wastewater neutralization is the f ifth most 
important application. 


Novel Materials 


Novel materials for neutralization include alkaline waste materials 
from industrial processes and zero -valent iron. In dustrial wastes 
that contain high contents of alkaline chemicals can be reacted with 
acids in a cidic w aste st reams to a ccomplish ne utralization, thus 
functioning in similar f ashion to the conventional acid neutraliza- 
tion reagents. Zero-valent iron pr omotes alk alinity-forming redox 
reactions in the environment. 


Alkaline Industrial Wastes 


Alkaline w astes considered fo r acid neutraliza tion include coal 
combustion by -products (CC Bs), steelmaking slag residues, and 
sludge from bauxite processing vi athe Bayer process (kno wn as 
red mud). Some 100 Mt of CCBs are generated annually in the 
United States, of which 25 Mtp y are applied for such beneficial 
uses as concr ete produc ts, structural f ill, waste stabilization, and 
road grade construction. The remaining 75% must be disposed of, 
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with landfills being the most likely repository (EPA 2000). Types of 
CCBs include fly ash , bottom ash , fluidized bed ash, boiler slag, 
FGD ash, and others. These dif ferent residu es dif fer in the ir 
physicochemical properties. CCBs with high alkaline contents and 
low exchangeable toxic constituents are suitable for neutralization 

of acid wastes (Canty and Everett 2001). 

Slags from the basic oxygen steelmaking (BOS) process con- 
tain lar ge amounts of lime an d calcium silicates (Ca2SiO4 and 
Ca3SiO3). The alkaline nature of these materials makes such slags 
possible candid ates for acid w aste neutralization (Bodu rtha and 
Brassard 2000). Limited amounts of BOS slags are currently used 
as liming agents in agriculture and as soil conditioners (Lopez et al. 
1995). 

Red mud is a f ine-textured residue from bauxite refining that 
is currently dumped in holding ponds, which require large areas of 
land. The principal components of red mud are oxides of iron (Fe), 
aluminum (Al), and tita nium (Ti), which give it high surface reac- 
tivity. The liquid phase is primarily a weak solution of sodium alu- 
minate. Its texture and composition confer a high surface reactivity 
on red mud. It has a high pH (typically 10), is highly alkaline, and 
forms stable suspensions in w ater (Altundogan and Tumen 2003; 
Hanahan et al. 2004). 

The potential of alkaline waste materials for ac id waste neu- 
tralization is accompanied by concerns about the variability in their 
composition and the contaminants they may contain, particularly 
heavy metals. Thus, — waste-derived acid neutralization agents 
should be thoroughly characterized as part of the decision-making 
process in evaluating specific applications. 


Zero-Valent Iron 


Finely divided metallic iron or, more simply, ground-up scrap iron, 
has been demonstrated for trea tment of halogenated hydrocarbons 
and heavy metals in groundwater (Matheson and Tratnyek 199 4; 
Shokes and Moller 1999). Iron also exerts a neutralizing ef fect by 
promoting chemical and biochemical reduction reactions (e.g., con- 
version of sulfate to sulfide) that produce alkaline compounds as a 
by-product (Wilkin and McNeil 2003). Zero-valent iron is attractive 
because it reacts relatively quickly, has high reduction p otential, is 
nontoxic, and can be obtained from scrap. 


ENVIRONMENTAL APPLICATIONS 


Acid neutralizing reagents are widely used in the treatment of water 
for municipal and industrial supplies, purification of municipal and 
industrial wastewaters, and remediation of acid mine drainage. Sig- 
nificant quantities are also used for the stabilization and dewatering 
of municipal biosolids and industrial sludges and for FGD. These 
applications are described in the following sections. 


Neutralization of Acidic Wastewaters 


The most popular reagents for neut ralization of acidic wastewaters 
are caustic soda and various forms of lime. Ammonium hydroxide 
is occasionally us ed for neutralization of industrial wastewaters, 
and magnesium hydroxide has rece ived attention (Hairston 1996). 
Factors that should be con sidered in cho osing the o ptimal reagent 
include cost, neutralization capacity, reaction rate, storage and feed 
rate, and neutralization products. 


Cost and Basicity 


Selected acid neutralization rea gents are com pared in T able 2i n 
terms of cost, basicity, and cost per metric ton of basicity. Magnesia 
is the most expensive reagent, followed by ammonia, caustic soda, 
soda ash, hydrated lime, quicklime, and limestone. The basicity of 
the reagents also varies. Basicity is a measure of the alkali available 


Table 2. Cost and basicity of selected acid neutralization reagents 





Basicity,” 

Price, metric tons equivalent CaO Cost, 
Reagent $/dry + per metric ton dry reagent $/t basicity 
Caustic soda 317t 0.69 459 
Magnesia 538+ 1.31 A412 
Soda ash 169T 0.51 331 
Ammonia 4118 1.65** 249 
Hydrated lime 102t 0.71 144 
Quicklime 6it 0.94 65 
Limestone j2tt 0.49 24 





* Basicity as reported by Hoak (1950). 
t 2003 cost from Chemical Market Reporter (2003) for truck or railroad-car 
quantities. 
$2003 cost from Kramer, Inestroza, and Wallace 2003. 
§ 2003 cost from Fee (2003). 
** Calculated basicity, metric tons equivalent CaO per metric ton anhydrous 
reagent. 
tt 2002 cost from Tepordei et al. (2002) for crushed stone applied in mine 
dusting or acid water treatment. 


for neutralization, relative to pure calcium oxide. This parameter 
ranges from 1.65 for ammonia to 0.49 for limestone. Caustic soda 
has a relatively low basicity (0.69) compared to m agnesia (1.31) 
and ammonia (1.65) a nd thus is the most e xpensive reagent on a 
cost per metric ton of basicity basis. The least e xpensive reagent, 
both in terms of chemical cost and cost per metric ton of basicity is 
limestone. 

Price volatility is also a factor to consider in reagent selection. 
As Figure 1 sho ws, prices for soda ash and magnesium hydroxide 
powder were very stable from 1999 to 2003, whereas high-calcium 
quicklime and limestone showed slight increasing trends. Each of 
these reagents is d erived from abundant mineral deposits, which 
helps to explain their price stabil ity. In contrast, anhydrous ammo- 
nia and caustic soda prices _—_— have experienced se vere v olatility. 
Because ammonia syn thesisis highly ener gy intensive, pr ice 
swings in this commodity directly reflect energy prices, particularly 
that of natural gas, whichis one of the primary raw materials for 
ammonia synthesis. Prices of caustic soda tend to mirror those of 
chlorine, its co-p roduct. Lar ge-magnitude flu ctuations in w orld- 
wide demand for chlorine in organic chemical synthesis thus lead to 
wide swings in the price of caustic soda. 


Reaction Time, Maximum pH, Sludge Characteristics, 
and Effect on Total Dissolved Solids 


Caustic soda, soda ash, and lime are compared in Table 3 in terms 
of reaction time, maximum pH, sludge characteristics, and effect 
on total dissolv ed solids. Caustic soda re acts almost instanta- 
neously with acids; soda ash and lime are somewhat slower acting. 
The m aximum p H (at 2 5°C) that could be o btained b y ad ding 
caustic soda to water is 14, compared to 12.4 with lime and around 
11 with soda ash. Sludges produced by neutralization with caustic 
soda or soda ash tend to be voluminous and difficult to dewater if 
heavy metals are present. Lime neutralization produces a lower 
volume, denser sludge t hat has bett er dewatering characteristics, 
even with hea vy metals present. Both caustic so da and so da ash 
produce soluble end products, increasing the total dissolved solids 
of the treated effluent. Lime produces insoluble calcium salts and 
can thus decrease the effluent total dissolved solids. 

Despite being relatively expensive, caustic soda is widely used 
because of its uniformity, ease of storage and feeding, rapid reaction 
rate, and solubility of end pr oducts. Soda ash is less reacti ve than 
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Figure 1. Relative prices of selected acid neutralization reagents 
between 1999 and 2003 


Table 3. Comparison of common neutralization reagents 





Maximum __ Relative Nature 
pH at Reaction Sludge of Salts 
Reagent 25°C Rate Characteristics Produced 
Caustic soda 14 Nearly High volume; Soluble sodium 
instantaneous — geHike if heavy __ salts 
metals present 
Soda ash >11 Moderately High volume; Soluble sodium 
fast acting gel-like if heavy salts 
metals present 
Quicklime or 12.4 Moderately Dense, low Insoluble 
hydrated lime fast acting volume; good calcium salts 


dewaterability, 
even if heavy 
metals present 





Adapted from National Lime Association 2000. 


caustic soda and can pro duce frothing problems caused by the 
release of CO2. Quicklime and hydrated lime are attractive because 
they are low in cost but still possess moderately high reactivity. Han- 
dling of these particulate solids is complex, however. Dry lime tends 
to bulk and bridge in storage, so equipment such as agitators must be 
installed on silos to ensure re liable deli very. Quic klime must be 
hydrated on-site, using slaking equipment, before f eeding to the 
neutralization reactor. Lanouette (1977) sugg ested that h ydrated 
lime could be fed directly from storage to the neutralization reactor, 
whereas Conway and Ross (1980) recommend ed that it be fed as a 
slurry with 15% contained CaO. Slurry feeding of hydrated lime 
increases reaction rate bec ause the time required for dissolution of 
reagent in the reactor is eliminated. 


Table 4. Reagent requirements for neutralization of waste acids 


Kilograms Required 
per 100 kg Waste Acid 





Reagent H2SO,4 HCl HNO3 
Liquid caustic soda (50% NaOH) 164 220 127 
Soda ash 119 160 93 
High-calcium limestone 110 148 86 
Dolomitic limestone 94 127 73 
High-calcium hydrated lime 79 107 62 
Dolomitic hydrated lime 65 87 51 
High-calcium quicklime 60 80 46 
Dolomitic vicklimeg 54 73 A2 





Adapted from Patterson 1985. 


Limestone is most ec onomical in terms of reag ent cost, but it 
has the least reactivity. Pulverizing limestone increases its reaction 
rate but approximately doubles the reagent cost (Conway and Ross 
1980). Limestone- packed beds ha ve pro ven to be a feasible 
approach to low-cost neutralization. They are capable of achieving 
effluentpH5 .0to6.5 atappr  opriate hyd raulic loading rates 
(Bisogni and Vaillancourt 1980). Reaction of limestone with acidic 
wastewater produces bicarbonates and CO. Aeration of limestone 
reactors or packed beds may be needed to strip out CO? so that 
effluent pH canbe raised abo ve 4.3 (Krylenk 0 1976 ; Oh sawa 
1976). The bicarbonates exert a buffering effect that is capab le of 
achieving near -neutral effluent pH without automa tic pH contro | 
systems (Pilot 1974). Head loss through packed bed reactors is a 
major design consideration. Operation of limestone beds in upflow 
mode has been reco mmended to flush ou t fine suspended matter 
that could blind the bed, as well as to flush out CO2 (Mezey 1979). 

Substantial quantities of sludge can be prod uced when lime is 
employed to neutralize sulfuric ac id wastes. This results from the 
formation of insoluble calcium sulfate (gypsum). Use of dolomitic 
lime can ameliorate this problem, because of the increased solubility 
of magnesium sulfate relative to calcium sulfate. Because dolomitic 
limes are less reactive than high- calcium limes, longer reaction 
times would be required for their application. Neutralization of sul- 
furic acid wastes with limestone beds can lead to formation of gyp- 
sum scale on lim estone parti cle surf aces, reducing the rate of 
neutralization and increasing head loss. An acid concentration of 5% 
and surface loading of 12 m per hr were given as upper loading lim- 
its for lime stone beds trea ting sulfuric acid w aste (Ne merow and 
Dasgupta 1991). 


Reagent Quantities 


Quantities of reagent required for the neutralization of sulfuric acid, 
hydrochloric acid, and nitric acid wastes are shown in Table 4. Use 
of liquid caustic soda (50% NaOH) requires the most reagent, fol- 
lowed by soda ash, li mestones, hyd rated limes, and quicklimes. 
Dolomitic limestone, hydrated lime, and quicklime require some- 
what less rea gent than the c orresponding hig h-calcium forms 
because of the lighter atomic weight of magnesium in comparison 
to calcium. 

Ferrous iron salts in acidic wastewaters tend to be oxidized 
and then fo rm hydroxide precipitates when the pH isr aised, for 
example: 


Fe2+ __ 02 Ae3+ (7) 


Fe3+ + 3HCOz — Fe(OH)3 + 3CO (8) 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


1210 


Industrial Minerals and Rocks 





As sho wn in Equation (8), p recipitation of ferric h ydroxide 
consumes alkalinity from the water. Consequently, neutralization of 
wastewaters from metal plating and ferrous industries can consume 
several times the amount of base that would be required to neutral- 
ize si milar wastewaters not co ntaining iron salts (Mac Dougall 
1954; Anon. 1968). 

Several alkaline wastes have been considered for neut raliza- 
tion of acidic wastewaters. Polat et al. (2002) evaluated coal fly ash 
as a neutralization/fixation agent for used engine oils. They noted 
that trace elements and or ganic components were efficiently fixed 
within fly ash particles. The neutralization capacity of steelmaking 
slag residues w as examined by batch titration with sulfuric acid 
(Bodurtha and Br assard 2000 ). Neu tralization prof iles r evealed 
two-phased kinetics, in which the free lime, magnesium and silicon 
oxides, and dicalcium ferrite dissolved almost completely within a 
few days, whereas weakly bound lime and magnesium oxides dis- 
solved over a period of 10 to 80 days. Although the slag possessed 
the sam e neutralizing ca pacity as limestone, its slo w dissolution 
kinetics and high cost of crushing decrease its attractiveness. 


Neutralization of Acid Mine Drainage 


The drainage from mines is often rich in sulfide minerals, which are 
oxidized on exposure to air. Acid resulting from the oxidation can 
lower the pH of the drainage w _aters to 2.0 or less (Mill 1972). In 
addition to high acidity, acid mine drainage typically contains high 
concentrations of s ulfate, susp ended solids, and heavy metals. 
These components are harmful to a quatic life and must be elimi- 
nated bef ore dr ainage w aters ar er eleased tot he e nvironment 
(Kuyucak 1998). Reagents and processes used for treatment of acid 
mine drainage are discussed in the following sections. 


Lime 

Neutralization with lime is widely used for tre atment of acid mine 
drainage. This technology ef fectively decreases d issolved hea vy 
metal concentrations to below regulated limits. Large quantities of 
sludge are produced, resulting fro m the precipitation of c alctum 
sulfate and metal hydroxides and the removal of suspended solids. 


The sludges tend to have poor dewatering characteristics and often 
contain less than 5% solids by weight (Zinck and Aube 2000). 


Limestone 


A denser sludge is obtained with limestone, but this reagent is not 
effective above pH 6.5 because of its slo w reactivity at pH v alues 
approaching neutrality. Cox (1998) evaluated the effectiveness of 
in situ limestone treatment of acid mine drainage. The buffering 
potential increased as aggre gate size decreased, b ut decreased on 
repeat exposure to drainage. Cox concluded that limestone aggre- 
gate may be a control measure for acid mine drainage produced in 
spoil piles, tailing ponds, and other surficial settings. Ziemkiewicz 
et al. (1997) e valuated open limest one channels as a low-mainte- 
nance system for acid mine drainage. They found that limestone, 
after being coated with metal hydroxides (armored), was up to 90% 
as effective in neutralizing hydrochloric acid solution as unarmored 
limestone. Li mestone channels we re consid ered promising for 
watershed restoration projects and abandoned mine land reclama- 
tion projects that do not ha ve to meet specific water quality goals. 
Anoxic limestone drains have been used for increasing the alkalin- 
ity of groundwater affected by acid mine drainage (Kuyucak 1998). 
Plastic and clay-soil covers are used to exclude air from seepage 
interception trenches that have been backfilled with crushed lime- 
stone. Because armoring of limest one is associated with oxidation 
of Fe 2+ and formation of ferric oxyh ydroxides, exclusion o f air 
from limestone drains should im __ prove their effectiveness and 


extend their life. Precipitation of iron and other contaminants is 
usually achieved in a downstream wetland. 


Ammonia 


Anhydrous ammonia (NH3) is a gas at ambient temperatures and is 
compressed a nd st ored as a_ liquid. It di ssolves readily when 

released into water, behaving as a strong base with peak b uffering 
capacity at pH 9.2. Because of its high reactivity, ammonia may be 
considered as an alternative to caustic soda (Skousen et al. 1998). 

Several disadvantages are attendant to the use of ammo _ nia, how- 
ever. First, it is a hazardous material to han dle. Second, because 
ammonia is toxic to aquatic biota, downstream concentrations must 
be carefully monitored. Third, oxidation of ammonia to nitrate pro- 
duces acid and thus can cau se pH problems do wnstream of the 
injection point. Finally, ammonia is a plant nutrient, both in its orig- 
inal form or as nitrate, and can promote eutrophication in do wn- 
stream reservoirs or lakes or, ultimately, in the coastal ocean. 


Biological Processes 


Biological processes for treatmen t of acid mine drainage d epend 
largely on sulfate-reducing bacteria to produce sulfides that precip- 
itate heavy metals. Net consumption of protons in the reduction 
reactions tends to raise pH, leading to further precipitation of heavy 
metal oxyhydroxides and imp roving the bacterial gro wth environ- 
ment. Or ganic matter r equired by the sulfate-reducing bacteria is 
provided by the decay of aquatic plants growing in the wetlands. 
Additional organic materials (e.g., straw, sawdust, wood shavings, 
and manure) may be added _ to supply nutrients to the bacteria, as 
well as supplemental organic matter (Kuyucak 1998). Passive reac- 
tive barr iers for treatment of acid mine dr ainage may d epend 
wholly or p artially on sulfate-reducing bacteria. The key parame- 
ters of biological systems for treatment of acidmine drainage 
include temperature, availability of organic matter, loading, and pH. 
Biological activity depends strongl y on temperature; for this rea- 
son, the design loading of these systems must take the local climate 
and seasonal temperature variations into account. 


Alkaline Industrial Wastes 


Co-mingling of cement kiln dust and red m ud with acid-generating 
tailings was evaluated by Duchesne and Doye (2003). Static and col- 
umn te sts sho wed that near-neutral conditions were maintained in 
the fine material layers of mixtures containing 5% or 10% cement 
kiln dust or 10% of a combination of the tw o wastes. This signifi- 
cantly decreased concentrations of Al, Fe, Cu, Zn, and SOx, relative 
to tailings only. Numbers of viable sulfide-oxidizing bacteria were 
also decreased. 


Coal Combustion By-products 


CCBs from processes that add lime or limestone for SO? control are 
good candidates for neutralization of acid mine drainage or mining 

wastes. Canty and Everett (2001) evaluated the suitab ility of CCB s 
for alkaline injection technology. FGD ash and fluidized bed ash had 
the highest contents of available alkalinity, whereas pulverized coal 
burner fly ash contained sub stantially less alkal inity. Toxic heavy 
metals were associated with all the CCBs. They were most difficult 
to leach from fluidized bed ash and least difficult to leach from the 
fly ash. Po zzolanic character is undesirable because it leads to for- 

mation of cementitious masses. Fluidized bed ash ha d the lowest 
pozzolanic character; fly ash had the highest. Thus, fluid ized bed 
ash was c onsidered most suitable for mine injection. Vondruska, 
Bednarik, and Sild (20 01) used fluidized bed ash f or the stabiliza- 
tion/solidification of ferrous sulfate waste generated from produc- 

tion of titanium dioxide. The pH of the waste was initially 1.9. After 
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mixing equal po rtions of waste and fluidized bed ash, the pH was 
raised to 6.5. Heavy metal concentrations in leachate from mixtures 
that were allowed to harden for 28 days were below detection limits. 
Zoumis, Calmano, and Forstner (2000) compared the neutralization 
and heavy metal removal capacity of fly ash, red mud, zeolite, cal- 
cium-bentonite, scale arrears, a nd pine bark. Fly ash and red mud 
had the highest ac id neutralization capa cities and gave the best 
heavy metal removals. 


Zero-Valent Iron 


Metallic (zero-v alent) ironisa_ re ducing agent relati ve to man y 
redox-labile substances, including hydrogen ions, carbonate, sulfate, 
nitrate, and oxygen. Metallic anions and cations are reduced by iron 
in the absence of oxygen (Blowes et al. 2000). Net proton consump- 
tion is associa ted with the redox reacti ons. W ilkin and McNeil 
(2003) e xposed hea vy metalions from salts of As(V), Ni, Cd, 
CudD, Hg(ID, Mn (IV), and Zn to f inely divided iron metal under 
oxygen-free conditions. The y noted th at the pH of synthetic acid 
mine drainage containing the heavy metal ions and zero-valent iron 
increased from initial values of 2.3-4.5 to final values of 5.5—10.0 in 
the first 24 hours of reaction. Between 1.4 and 225 pmol H*/L was 
consumed. Signif icant decreases in he avy metal concentrati ons, 
with the exception of Mn, para Ileled acid neutralization. Remobili- 
zation of metals, if it occurred, w as associated with exhaustion of 
acid-neutralization c apacity of the iron. Monitoring da__ ta froma 
demonstration-scale permeable reactive barrier containing zero- 
valent iron showed that the pH of gr oundwater underwent a sharp 
increase in pH, from 5.5—6.5 to 9.5—11.0, when flowing through the 
barrier (Blowes et al. 2000). This was paralleled by an 8 mg per L 
decrease in Cr(VI) and a 15 to 120 mg per L decrease in SOq. The 
relative magn itudes of th ese concentration changes suggest that 
most of the proton consumption resulted from SO, reduction (Mayer 
1999). Shokes and Moller (1999) noted that colloidal iron was more 
effective th an granular ironin achieving pH incr ease and metal 
removal and further noted that sulfate-reducing bacterial populations 
benefited from the pH incr ease and contributed to meta | remo val 
through production of sulfides. 


Acid Rain Mitigation 


Combustion of sulfur-containing fuels such as coal and fuel oils 
produces SO2 and lesser amounts of sulfur tr ioxide (SO3), which 
are acidic g ases (DOE 1999). Hydroc hloric acid (HCl) is another 
product of combustion. SO» and HCl are eye and respiratory irri- 
tants and contrib ute to fo rmation of acid rain. Acid neutralization 
reagents play an important role in decreasing emissions of SO2 and 
other acidic gases by FGD. Application of alkaline materials to 
affected catchment basins is a promising approach to mitigating the 
effects of acid precipitation. 

Calcium- or sodium-based so rbents are commonly employed 
to control acidic gases from combustion. These materials react with 
SO, and SO3 to form sulfite and sulfate salts and neutralize HCI to 
sodium chloride and water. The sorbents can be injected in either 
dry or wet states. In dry sorbent injection , the dr y sorbent is 
injected directly into the furnace or flue gas duct. There, the dry 
particles react with the acidic gases and are subsequently removed 
by particulate control devices. In wet FGD, the sorbent is dissolved 
in or slurried with water. The flue gas contacts the solution or slurry 
in a scrubber. Because of their low cost, limestone and lime are the 
most frequently used so rbents, accounting for more than 90% of 
U.S. FGD system capacity (DePriest and Gaikwad 2003). 

Newton et al. (1996) reported the application of limestone on 
two tributary catchments to a small lake in the western Adirondack 
region of New York. Acid neutralizing capacity of the streams was 


immediately increased as the result of the dissolution of calcite that 
fell directly into the stream channels and adjace nt wetlands. C on- 
tinued acid neutralization capacity over the next year was attributed 
to surface runoff and interf low from soil that had recei ved lime- 
stone. Better results in one stream than in the other apparently 
resulted from more extensive wetlands. Sakamoto et al. (2001) con- 
sidered the ash of coal-biomass briquettes as a source of alkalinity 
for mitigating the effect of acid rain on soils in the Chongqing City 
region of China. These briquettes are made using hydrated lime as a 
binder, and their ash is highly alkaline. Amending soil with 5% ash 
raised the pH of leachate from 5 toa range of 6.5—7.6. Leachate 
concentrations of copper were below the environmental standard 
for irri gation water, b ut chrom ium concentrations e xceeded the 
standard during part of the experimental period. 


Water and Water Treatment 
Water Softening 


High concentrations of calcium and magnesium ions in w ater can 
be troublesome. These ion s tend to combine with so aps or deter- 
gents, forming an insoluble scum that stains laundered clothes. Cal- 
cium can precipitate with carbonate ions in water, forming deposits 
of hard scale inside of pipes that reduce flow capacity. 

Removal of calcium and magnesium ions from water is called 
softening. One of the pop ular, large-scale me thods for softening 
water is to add quicklime (after slaking) or hydrated lime. The lime 
is mixed with water to form a slurry, which is added to the water in 
a mixed reactor. Hydroxy] ions from the lime increase the hydroxyl 
ion activity (i.e., raise the pH) of the water. This converts bicarbon- 
ate ions in the water to carbonate ions, which precipitate with cal- 
cium. The overall reaction is 


Ca(OH) + Ca(HCO3)2 —+ 2CaCO3s) + H20 (9) 


This re action is limited by the concentration of bicarbon ate 
ions in the water. In some cases, sodium carbonate is added along 
with lime to act as an additional source of carbonate ions. Sodium 
carbonate is also used as a water softener in laundry detergents. 


Coagulant Aid for Removal of Clay Particles 


Micrometer-sized clay particles that are washed into surface waters 
by runoff are difficult to remo ve directly by separation processes 
such as sedimentation or granul ar media f iltration. Hydrolyzing 
salts of aluminum or iron react in water to form aluminum or iron 
hydroxide complexes and precipitates that coagulate the clays. The 
resulting flocs set tle much faster than the individual clay particles 
and can be economically removed from water by sedimentation. 

Using the addition of ferric iron to water as ane xample, as 
shown previously in Equation (8), itis apparent that bicarbonate 
ions are consumed and COz is produced by the hydrolysis of this 
metal in water. The same is true of trivalent aluminum. Decreasing 
the bicarbonate ion concentration and increasing the CO 2 concen- 
tration both tend to depress pH, particularly in surface waters hav- 
ing low initial alkalinity. Feeding of re agents such as li me along 
with the coagulant is therefore commonly required to maintain an 
appropriate pH range for the coagulation process. 


Phosphorus Removal 


Phosphorus, which occurs in the form of phosphates in natural sys- 
tems, is an essential plant nutri ent. Excessive phosphorus co ncen- 
trations can stimulate the growth of microalgae and aquatic plants 
in surface waters, a process called eutrophication. In watersheds 
that are sensiti ve to phosphorus, wastewater dischargers may be 
required to remove phosphates from their treated effluents. 
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One of the methods used for removing phosphates from water 
is lime addition. This raises the pH of the water, converting H2PO4" 
and HPO,?" ions to PO 4>-.The phosphate ions, in turn, precipitate 
with calcium and hydroxyl ions, forming solid hydroxylapatite, 


5Ca2+ +HPOZ +Hz0 —» CasOH(POg)) +4H* (10) 


that can be collected as sludge. This reaction occurs simultaneously 
with the precip itation of calcium carbonate. Because calcium ions 

are typically present in much larger concentrations than phosphate 
ions, most of the sludge produced will consist of calcium carbonate. 


Alkaline Stabilization of Municipal Wastewater Sludges (Biosolids) 


Biosolids result from the treatment of municipal wastewater sludge 
to substantially decrease vector attraction potential and microbial 
pathogen content. Rec ycling of biosolids through land application 
is widely practiced in the United States and other parts of the world. 
One of the most popular methods for sludge treatment is lime addi- 
tion. Addition of hydrated lime to sludge can create pH levels up to 
12.4, which destroy harmful microbes and provide a vector attrac- 
tion barrier. Use of quicklime, in addition to raising pH, also dehy- 
drates the sludge and el evates its temperature, incr easing the level 
of disinfection. 

EPA regulations (2005) create two classes of biosolids, A and 
B. Class B biosolids contain pathogen levels that are low enough 
for application to agricultural land, providing that public access is 
restricted. Class B requirements can be met with lime by raising the 
pH of the bioso lids to more than 12 for 2 hr and then maintaining 
the pH at 11.5 orhigher for another 22 hr. Class A biosolids contain 
pathogen concentrations that are low enough to allow use with few 
restrictions. Examples include household gardens and nurseries, as 
well as agricultural land. To meet Class A requirements using lime, 
the Class B elevated pH requirements are combined with elevated 
temperatures (e.g., 70°C for 30 mi n) or other EP A-approved time/ 
temperature processes. 

Advantages of lime sludge stab ilization are lo w capital costs 
and flexibility to produce either Class A or B biosolids. This tr eat- 
ment approach also effectively destroys odors caused by sulfur spe- 
cies such as sulfides and mercaptans (National Lime Association 
2000). Ammonia, however, is volatilized through pH elevation, cre- 
ating ammonia odors that must be controlled. The total quantity of 
solids for disposal is increased through alkaline stabilization (Ole- 
szkiewicz and Mavinic 2001). 


SUMMARY 


The commonly used acid neutralization re agents in clude c austic 
soda, soda ash, lime, limestone, magnesia and magnesium hy drox- 
ide, and ammonia. In addition to their applications for neutralizing 
acidic wast ewaters, including acid mine drainage, these reagents 
are also em ployed to softe n water, clarify water and wastewater, 
remove phosphorus from effluents, condition and disinfect munici- 
pal w astewater sludges, and remove SO 2 and other acidic g ases 
from com bustion flue g ases. No vel ma terials such as alkaline 
industrial wastes and zero-valent iron have been useful in passive 
systems for acid mine drainage control. Expanded consumption of 
the acid neutralization reagents will be needed to achieve environ- 
mental quality goals in the future. 
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INTRODUCTION 


Asbestos su bstitutes are materials that have properties similar to 
those of asbestos and are used to replace asbestos in manufactured 
products. Substitutes were used first in quantity in the 1970s when 
concerns first arose about adverse health effects of asbesto s. To 
replace asbestos, a wide variety of substitutes have been developed 
that can be fibrous or nonfibrous, organic or inorganic, and natural 
or synthetic; each has its own unique physical and chemical proper- 
ties. Lists of asbestos substitutes are given in Table 1 (fibrous and 
nonfibrous asbestos substitutes) and Table 2 (mineral an d organic 
asbestos substitutes). In most pr oducts, asbestos substitutes ha ve 
been used for a sufficiently long period of time so that they are now 
considered an inte gral part of the product and the term asbestos 
substitute is almost outdated. 

Differing from asbestos substi tutes, alternative pr oducts 
replace an entire asbesto s-containing product rather than just th e 
asbestos used within the product. For example, cast-iron and poly- 
vinyl-chloride (PVC) pipes are alternative products that are used in 
place of asbestos-cement pipe. 


HISTORY 


Serious interest in asbestos substitutes developed during World War 
II because of possible disruptions of asbestos supplies for strategic 
wartime applications. In the United States, research focused prima- 
rily on using glass fiber and mineral wool. Because supply lines 
were not disrupted, the use of substitutes did not become critical to 
national security. T he Germ ans, having been isolated from all 
asbestos sources d uring the war, expanded their investigations to 
include cellulose, glass wool, iron wir e, plastics, steel w ool, syn- 
thetic rubber, and treated paper as potential substitutes for asbestos 
(Bowles 1959). Serious interest in sub stitutes waned after W orld 
War II because of the large demand for asbestos-based construction 
materials in postwar Asia and Europe and the stockpiling of strate- 
gic grades of asbestos by the U. S. government in the late 1940s 
(Bowles 1959; Virta 2003). 

After a 20-year hiatus, in terest 1 n ma rketing ma terials as 
asbestos substitutes returned in the 1970s. By this time, researchers 
had established a positi ve correlation between w orker exposure to 
asbestos f ibers and respiratory ca ncer diseases (Selik off, Chu rg, 
and Hammond 19 64; WHO 19 86; Murray 1990). Companies that 
mined asbestos, manuf actured asbestos pr oducts, and e ventually 
installed or used asbestos products be gan to face an increasing 


Table 1. Asbestos substitutes 


Acicular to Fibrous Morphology’ Nonfibrous Morphology 





Aramid fibert 
Carbon fiber 


Cellulose fiber 


Biotite 
Calcium carbonate 
Calcium silicate 


Ceramic fiber Diatomite 


Fiberglass Fibrillated polypropylene (PP) 
Mineral wool Graphite 

Nylon fiber Muscovite 

Palygorskite (attapulgite) Perlite 

Polyacrylonitrile (PAN) fiber Serpentine 
Polybenzimidazole (PBI) fiber Silica 

Polyethylene (PE) fiber Tale 

PP fiber Vermiculite 


Polytetrafluoroethylene (PTFE) fiber 
Polyvinyl alcohol (PVA) fiber 
Potassium titanate fiber 

Sepiolite 

Steel fiber 

Wollastonite 

Wool 


Source: EPA 1980, 1988; Hodgson 1985, 1989; Harrison et al. 1999. 
* Dependent on material; for example, wollastonite is acicular, palygorskite 





(attapulgite) is fibrous, and PTFE can be manufactured in nonfibrous or fiber 
shapes. 
t Materials in bold type are more commonly used asbestos substitutes. 


number of class-action lawsuits (Butler 2002; White 2002). Public 
opposition to the use of asbestos also hastened the removal of 
asbestos from commercial products. As a result, there was a sharp 
decline in asbestos use, beginning in the 1970s, that was balanced 
by research for an d an increasing use of asbestos substitutes or 
alternative products (Virta 2003). 


PRODUCTION AND MARKETS 


U.S. Production 


Data on the production and consumption of asbestos substitutes are 
not a vailable. Substitute materials, such as ce llulose, fiberglass, 
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Table 2. Mineral and organic asbestos substitutes 





Mineral Organic 
Biotite Aramid 
Calcium carbonate Cellulose 
Diatomite Nylon 
Graphite PAN 
Muscovite PBI 
Palygorskite (attapulgite) PE 
Perlite PP 
Sepiolite PTFE 
Serpentine PVA 
Silica Wool 
Tale 

Vermiculite 


Wollastonite 





Source: EPA 1980, 1988; Hodgson 1985, 1989; Harrison et al. 1999. 


sepiolite, and wollastonite, and alternative products, such as corru- 
gated aluminum sheet, ductile-iron pipe, metallic brakes, and wood 
siding, were in use before the asbestos health issue arose. Sales sta- 
tistics by industries manufacturing these materials generally did not 
indicate if increase s in sales af ter the early 1970s resulted fro m 
expansion of existing markets or the opening of new markets for 
asbestos substitutes. The wide number of substitutes and alternative 
products available and the many different formulations for products 
further complicate the estimation process. The magnitude of overall 
substitute use, ho wever, can be estimated by examining data on 
asbestos production and consumption (a full review of asbestos data 
is given in the Asbestos chapter in this book). 

Apparent U.S. consumption of asbestos increased through the 
20th century to a peak of about 800,000 t in 1973 (Buckingham and 
Virta 2002; Virta 2003). In 2003, apparent U.S. consumption was 
5,000 t (Virta 2004), suggesting that asbestos substitutes and alter- 
native pro ducts inthe United States replaced sales of rough ly 
795,000 tpy of asbestos. If it were not for the health issue, expan- 
sion of most asbestos mark ets probably w ould have con tinued 
beyond the early 1970s, with the possible exception of asbestos for 
automotive brake manufacture. The do wnsizing of automobiles in 
North America and the introduction of front-wheel dri ve in th e 
1970s resulted in the increased use of semimetallic disk brake pads 
and non asbestos organic brak es, both of which d id not requir e 
asbestos in their formulations (Brunhofer, Aldrich, and Jacko 1980; 
Jacko and Rhee 1992). This occurred as asbesto s usage be gan to 
fall out of favor, so it is difficult to assess the exact impact. At a 
minimum, the shift to brakes that used less asbestos w ould have 
slowed growth of asbestos sales in the friction products sector. In 
general, though, the sharp decline in U.S. sales of asbestos for 
asbestos-cement pipe and sheet, electrical and thermal insulations, 
flooring, friction products, packings, plastics, and te xtiles after 
1973 suggests that the asbestos heal th issue, rather than changing 
technology, was the most signif icant con tributing f actor to th e 
increased use of asbestos substitutes and alternative products. 


U.S. Markets 


Markets for asbest os substitutes include cement products, coatings 
and compound s, floor ing, friction pro ducts, g askets and packing, 

insulation, roofing, textiles, and a variety of small-tonnage app lica- 
tions. Estimates can be made for individual U.S. market losses for 
asbestos and corresponding g ains for substitutes and alternative 
products by using the breakout of U.S. asbestos consumption during 


the peak consumption year, 1973, as a guide. In that year, manufac- 
turing used the following amounts of asbestos (Clifton 1975): 


Flooring products—198,000 t 
Unknown or miscellaneous applications—roughly 158,000 


Asbestos-cement pipe—151,000 t 
Roofing products—79,000 t 
Friction products—72,000 t 
Asbestos-cement sheet—58,000 t 
Packings and gaskets—24,000 t 
Insulation—23,000 t 

Asbestos paper products—16,000 t 
Textiles—16,000 t 


Under the “unk nown” category, an estimated 35 ,000 t to 40,000 t 
was probably sold for coatings and compounds. In 2003, the break- 
out of asbestos co nsumption was about 1,1 70t for coatings and 
compounds, 2,800 t for roofing products, and 678 t for unknown or 
miscellaneous products (Virta 2003). These figures represent 30- to 
200-fold declin es in asbestos u se for coatings, r oofing, and other 
uses, anda complete loss of sales for other manufacturing sectors 
between 1973 and 200 3. For all categories, asbestos substitutes or 
alternative products have replaced most, if not all, types of asbestos. 


World Production 


Although data on the w orldwide use of asbestos substitutes are not 
available, the impact of the asbestos health issue appears to ha ve 
occurred at a slightly slower pace outside the United States. World 
asbestos consumption (assumed to be equal to production until 

about 1998) peaked around 1975, 2 years after peak consumption in 
the United States. In 1975, world asbestos production (consumption) 
was estimated to be about 5.09 Mt, b ut by 2002, it had declined to 

2.13 Mt. Based on trade balance calculations for 2000, asbestos con- 
sumption in 2002 w as estimated to be less than 2.0 Mt, suggesting 
that the u se of asbestos substitutes and alter native products had 
reduced annual world consumption of asbestos by at least 3 Mtpy, or 
59% since 1975 (British Geological Survey 2002; Virta 2003). 


World Markets 


Individual markets for substitutes outside of the United States also 
are not well documented in most countries. Use of asbestos for con- 
struction acti vities (primarily asbestos-cement p roducts b ut also 
including caulks, insulation, putties, roofing, sealants, stucco, tiles, 
etc.) was estimated to be 3.55 Mt in 1974 and 3.83 Mt in 1988. Use 
in friction products (brakes and clutches) was 310,000 t in 1974 and 
152,000 t in 1988. Other uses were 560,000 t in 1974 and 338,000 t 
in 1988 (Roskill Information Services Ltd. 1990). Based on these 
estimates, the q uantity of asbestos used in friction products and 

other ap plications declined 44% between 1974 and 1988 w__ orld- 
wide. Use of asbestos inco _nstruction applications, however, 
increased slightly over this same time period, with overall market 
share increasing from 80% to 89%. A major contributing factor to 
the popularity of asbestos-cement products is their cost-ef fective- 
ness (Institute for Environment and Health 2000). In 2000 asbestos- 
cement products were estimated to account for more than 98% of 
world asbestos consumption, or about 2.0 Mt (Virta 2003). Despite 
this increase in market share, sales of asbestos for cement products 
have declined more than 1.7 Mt since 1988, due to the use of asbes- 
tos substitutes and alternative products. 


Substitutes and Alternative Products 


The development of asbestos s ubstitutes and products was accom- 
plished primarily through two methods: the e xpansion of mark ets 
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Table 3. Examples of alternative products 


Asbestos-cement pipe 


Asbestos-cement sheet 
and shingles 


Coatings and pipeline 
wrap 


Floor covering 


Friction products 


Packings and gaskets 


Roofing 


Ductile-iron pipe 

PVC pipe 

Prestressed concrete 
Reinforced concrete pipe 
Aluminum siding 

Cement sheet 

Corrugated aluminum sheet 
Corrugated fiberglass sheet 
Corrugated PVC sheet 
Corrugated steel sheet 
Vinyl siding 

Wood siding and shakes 
Asphalt coatings 

PE films 

Urethane tape 

Carpeting 

Dimension stone tile 
Quarry tile 

Vinyl flooring and tile 
Wood floor 


Metal-bonded ceramic compositions or sintered 


brakes 
Nonasbestos organic 
Semimetallic disk brakes 


Copper, cork, expanded graphite, glass fiber, 
natural rubber, PBI, PTFE 


Single-ply membranes 


Table 4. Examples of asbestos substitutes and alternative products 


Asbestos-cement pipe 


Asbestos-cement sheet 


Coatings and 
compounds 


Flooring 


Friction 


Insulation 


Packings and gaskets 


Paper and paperboard 
Pipe wrap 
Plastics 


Tape 


Textile 


Cellulose fibers, ductile iron, fiberglass, mica, PAN 
and PVA fiber, PVC pipe, prestressed concrete, 
reinforced concrete pipe, wollastonite 


Aluminum siding, cellulose fibers, corrugated 
fiberglass panels, corrugated PVC panel, 
fiberglass, fibrillated PP, PAN and PVA fiber, vinyl 


siding, wood 


Aramid fiber, carbon fiber, cellulose fiber, 

clay, fiberglass, PE films, limestone, rubber 
membrane roofing, mica, PE fiber, PP fiber, talc, 
wollastonite 


Carpeting, ceramic tile, clay, fiberglass, PE pulp, 
silica, talc, vinyl compositions, wood 


Aramid fibers, cellulose, ceramic fiber, fiberglass, 
metal (i.e., brass, bronze, copper, and iron) fibers, 
palygorskite (attapulgite), PAN fiber, potassium 
titanate, semimetallic brakes, sepiolite, steel fibers, 
vermiculite, wollastonite 


Calcium silicate board, cement board, ceramic 
fiber, fiberglass, mica, mineral wool, vermiculite 


Aramid fiber, carbon fiber, cellulose fiber, ceramic 
fiber, cork, fiberglass, graphite, mica, metal 
gaskets, mineral wool, PTFE, rubber sheeting 
Ceramic fiber, cellulose, fiberglass, mica, PTFE, 
vermiculite, wollastonite 


Nonfibrous minerals, plastic coatings, urethane 
coatings 


Aramid fiber, carbon fiber, fiberglass, fumed silica 
powder, mica, PTFE, potassium titanate, 
wollastonite 


Carbon-based tape, cellulose, urethane tape 


Aramid fiber, carbon fiber, ceramic fiber, 


fiberglass, mineral wool, PBI fiber 





Source: EPA 1980, 1988; Hodgson 1985, 1989; Roskill Information Services 
Ltd. 1990; Harrison et al. 1999. 


of existing products to fill the void left by declining asbestos con- 
sumption; and dire ct substitution of asbestos in former asb estos- 
based produ cts (Me ylan et al . 1978; EP A 19 80, 198 8; Hodgson 
1985; Roskill Information Services Ltd. 1990; Harrison et al. 1999; 
see Tables 1, 2, 3, and 4). Examples of substitutes include cellulose, 
fiberglass, PAN fibers, PE fiber, and PVA fibers. Examples of alter- 
native products are ductile-iron pipe, PVC pipe, pr estressed con- 
crete, and reinforced concre te pipe (Hodgson 198 5; Roskill 
Information Services Ltd. 1990; Harrison et al. 1999), 


Rate of Substitution for Asbestos 
Asbestos Substitutes 


Although the use of alternative products was readily accepted, the 
direct replacement of asbestos in products was a more gradual pro- 
cess, because the suitability of the substitutes had to be e valuated 
prior to their e xtensive use in any given product. Cost, longevity, 
performance, and potential health risks were critical factors to con- 
sider (Hodgson 1985). The difficulty of replacing asbestos varied 
for different markets. Of the major U.S. asbestos markets, the rate 
of asbe stos replacement has be en much slower for brake m arkets 
than for most other products. In 1 983, 10 years after peak U.S. 
asbestos consumption, sales of asbestos for friction products had 
declined only 33% compared with decreases of more than 75% for 
other major U.S. end-use mar kets. Engineers had to overcome 
problems with glazing of brake surfaces that reduced stopping per- 
formance; di fferent he at-resistance characteristics of t he substi- 
tutes; and moisture absorption that reduced stopping performance 
until the brakes were applied a sufficient number of times to dry 


Source: EPA 1980, 1988; Hodgson 1985, 1989; Roskill Information Services 
Ltd. 1990; Harrison et al. 1999. 


out. There also w as brake pad or shoe vib ration, wh ich cau sed 
“shuddering” of the brake when applied, and rapid wear of many of 
the early asbestos substitute brakes that manufacturers had to elimi- 
nate through design modifications (Lam and Yesnik 1998). 


Alternative Products 


The rate of replacement depended on the market. In the United States 
in 1975, cast-iron pipe comprise d 75% (by mileage) of w ater main 
pipe in place; asbestos-cement pipe, 13%; steel pipe, 6%; reinforced 
concrete pipe, 2%; plastic pipe, 1%; and other types of pipe, 3%. 
With se wer mains, the distribution was 67% vitrified clay p ipe; 
16% rein forced con crete; 5% asb estos-cement pipe; 3% ca_st-iron 
pipe; 2% plastic pipe; and 7% other (EPA 1980). The transition to 
alternative pipe products and cellulose or polymer fiber-reinforced 
pipe involved only a smal] portion of the total U.S. water main and 
sewer pipe markets. This contrasted with the resilient flooring mar- 
ket, where asbestos products accounted for 91% of sales in 1975, and 
friction product mark ets, where mo st brak es were asbestos-based 
prior to the middle 1970s (Wright 1978; Jacko and Rhee 1992). 


PRICES 


Prices for asbestos substitutes vary considerably. Mineral substitutes 
are le ss expensive t han more process-intensive synthe tic f ibers. 
Because of the additional processing, substitutes that have been sur- 
face treated will sell for a higher value than untreated substit utes. 
Also, su bstitutes having nar rower specification r anges g enerally 
will be more e xpensive. Average prices for mineral substitutes and 
synthetic substitutes are listed in Tables 5 and 6, respectively. These 
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Table 5. Prices for asbestos and mineral substitutes for asbestos, 
USS/t 


Canadian chrysotile, Group 3 1,030-1,244 
Canadian chrysotile, Group 4 710-995 
Canadian chrysotile, Group 5 472-655 
Canadian chrysotile, Group 6 293-420 
Canadian chrysotile, Group 7 144-300 
Calcium carbonate, filler 80-200 
Diatomite, filler 329 (average) 
Graphite 230-750 
Mica, ground 200-465 


Palygorskite (attapulgite) 110 (average) 


Perlite, filler 410 (average) 
Sepiolite, micronized 600 (average) 


Silica, ground filler 83 (average) 


Talc, filler grade 150-300 
Vermiculite, exfoliated 390 (average) 
Wollastonite, acicular 170-400 





Source: USGS Minerals Yearbook (for average prices in 2001 or 2002 when 
available); Industrial Minerals 2002; Geo.net Commodities GmbH 2003; 
Rubber World 2003. 


Table 6. Prices for synthetic fibers, US$/kg 


Aramid fiber 9.33-66 
Carbon fiber 15.70-73.16 
Cellulose fiber 0.19-0.31 
Ceramic fiber 1.68-42.71 
Glass fiber, E glass 1.12-13.49 
Glass fiber, S glass 0.74-36.60 
Mineral wool 0.56 
Nylon 1.12-2.24 
Synthetic organic (PE, PVA, PP, PAN) 0.99-3.15 
PBI 33.72-154 
Steel fiber 1.35-1.80 





Source: Hodgson 1985, 1989; Chemical and Engineering News 1994; Rubber 
World 2003; Chemical Market Reporter 2004; Industrial Textiles Associ- 
ation 2004; Netcomposites 2004. 


should be u sed only asa guideline, because prices are ne gotiated 
between seller and b uyer according to lot size, frequency of pur- 
chase, fiber availability, production costs, and so forth. 


TYPES OF ASBESTOS SUBSTITUTES 


Fibrous substitutes include mineral and or ganic fibers such as 
palygorskite (attapulgite ), sepiolite, acicul ar w ollastonite, and PP 
fibers. Non fibrous substitutes are minerals, mineral grou ps, or 
rocks such as diatomite, mica, perlite, serpentine, silica, and talc 
(Table 1). The natural substitutes encompass minerals and a limited 
number of organic materials such as cellulose and w ool. Synthetic 
substitutes inc lude f iberglass, mineral w ool, synthetic g ypsum 
fibers, synthetic wollastonite, and various polymer fibers (Me ylan 
et al. 1978; Hodgson 1985; EPA 1988; Harrison et al. 1999; Insti- 
tute for Environment and Health 2000.) 

The diversity of materials required to replace asbestos reflects 
its versatility. To understand what is required of an asbestos substi- 
tute, it is best to examine the properties of asbestos. These are fully 
discussed in the Asbestos chapter in this book. 


Table 7. Properties imparted to products by asbestos substitutes 


Application Important Properties 





Cement pipe High green strength, good tensile strength, resists 
alkali attack, high impact strength, drains well 


during manufacture, heat resistant 


Cement sheet High tensile strength, heat resistant, resists 
chemical attack, resists rot and corrosion, and 


nonflammable 


High viscosity, resists sagging, reduced 
oxidation and deterioration, low cost, 
thixotropic, heat resistant, resistant to chemical 
attack 


Coatings and compounds 


Friction products Heat resistant, low heat conductivity, durable, 


low cost 


Insulation Heat resistant, low heat conductivity, durable, 
low cost, does not deteriorate under exposure to 


water 


Flexible, heat resistant, does not deteriorate 
under pressure, corrosion resistant, resists 
chemical attack, low thermal conductivity, tear 
resistant, dimensionally stable, resists crushing 


Packing and gaskets 


Paper Resists chemical attack, dimensionally stable, 
heat resistant, resists rot and corrosion, 
nonflammable, high tensile strength, relative low 


price 

Plastics Heat resistant, increased stiffness, improved 
dielectric strength, easy processing 

Roofing High viscosity, resists sagging, reduced 
oxidation and deterioration, low cost, thixotropic 

Textiles Heat resistant, flexible, durable, resists chemical 


attack, low thermal conductivity, high electrical 
resistance 


Source: Rosato 1959; Sindair 1959; EPA 1980, 1988 Hodgson 1985; Roskill 
Information Services Ltd. 1990; Harrison et al. 1999; Institute for Environ- 
ment and Health 2000. 





Asbestos Substitutes 


Asbestos substitutes are chosen according to their individual prop- 
erties, how the substitute affects the manufacturing process, and 
whether the properties imparted to the final product by the substi- 
tute make it competitive in cost an d performance with other prod- 
ucts (Hodgson 1985; Pye 1989 ). The ideal substitute would serve 
the same function in commercial products as asbestos (Table 7). 


Minerals and Rocks 


Minerals and rocks that have been used in place of asbestos include 
biotite, diatomite , graphite, musc ovite, pa lygorskite (atta pulgite), 
perlite, serpentine, silica, talc, vermiculite, and wollastonite. The 
mineral substitutes are chosen for chemical inertness, f ibrosity or 
platyness, flexibility, hardness, h eat conductance, reinforcing p rop- 
erties, thermal stability, and/or thixotropic properties (Table 8). Only 
a small number of the substitutes possess more than a fe w of these 
characteristics. For example, diatomite, perlite, and vermiculite do 
not physically resemble asbestos, but the y are used as sub stitutes 
because of their thermal stability (Hodgson 1985, 1989; Industrial 
Minerals 1987). In many cases, the se mineral s were competi tors 
with asbestos before the asbestos health issue arose. As public oppo- 
sition to the use of asbestos grew, the use of these minerals expanded 
as they displaced asbestos. It was only then that they became asbes- 
tos substitutes. The use of perlite and vermiculite in heat-insulating 
board and cement products are good examples of competing miner- 
als that be gan to replace asbestos after concern arose about health 
issues (Hodgson 1985; Benbow 1987; Kendall 2000). 
Sheet Silicates. Muscovite, serpentine, and v ermiculite are 

sheet silicates and have a platy morphol ogy (Deere, Howie, and 
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Table 8. Selected properties of mineral substitutes 


Service Temperature 


Surface Area,t 
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Density, g/cm? Mohs Hardness Limits,* °C Particle Shape m?/g pH of Suspension 

Calcium carbonate 2.7-2.9 3-4 1,150 Irregular 5-25 9.0-9.5 
Diatomite 2.0-2.5 4.5-5.0 1,400 Platy to needlelike 0.7-180.0 6.5-10 
Graphite 2.0-2.5 1-2 nat Platy 6.5-20.0 na 
Kaolin 2.58-2.62 2 1,800 Platy 8-65 na 
Mica 2.75-3.20 2.5-4.0 1,100 Platy 30 6.5-8.5 
Palygorskite (attapulgite) 2.3-2.4 1-2 800 Fibrous 120-400 6.5-9.5 
Perlite 1.2-2.4 5.5 760-1,300 Irregular 1.9 5.5-8.5 
Sepiolite 2.0-2.3 2.0-2.5 1,550 Fibrous 240-310 na 
Silica 2.65 7 1,450 Irregular 50-400 6.8-7.2 
Talc 2.70-2.85 1.0-1.5 950-1,000 Platy 2.6-35.0 8.70-10.6 
Vermiculite 2.6 2.1-2.8 800-900 Platy na 7 
Wollastonite 2.85-2.90 4.5 1,540 Acicular 0.4-5.0 9.8-10.0 





Source: Hodgson 1985; Ciullo 1996; Wypych 1999. 
* Service temperature for minerals and of products containing minerals is lower. 
t Surface area dependent on the degree of grinding of product for most minerals. 


tna = not available. 


Zussman 1966). The platy shape of these minerals provides a large 
contact are a be tween the particle and the matrix, im proving the 
flexural, impact, and te nsile strengths of the product (Trivedi and 
Hagemeyer 1994). In general, pl aty minerals do not p rovide the 
same de gree of reinforcement as asbestos in the product because 
they are not fibrous. The sheet silicates used as asbestos substitutes 
are thermally stable at moderate temperatures. At low to moderate 
temperatures, the y lose adsorbed and str uctural w ater but do n ot 
begin to decompose until temp eraturese xceed approximately 
800°C, with melting points well abo ve 1,000°C (Hodgson 1985). 

Operating temperatures for pro ducts containing these and other 
minerals are below the melting temperatures of the individual min- 
erals. For example, the working temperature of a nonasbestos high- 
temperature insulating board pr oduct containing ta Icis about 
815°C, belo w the temperature of 950°C at which talc alter s to 
enstatite and quartz (Cavicchio 1981). 

Vermiculite has an advantage over other sheet silicates in that 
it exfoliates (the individual sheets separate) when heated rapidly to 
900°C. The exfoliated product is stable at moderate to high temper- 
atures. E xfoliated vermiculite is ane xcellent thermal i nsulator 
because of the large amount of void spaces in the expanded plate- 
lets (Hodg son 1985). Fire ratings ab ove 900°C are repo rted for 
some vermiculite products. One company found that working tem- 
peratures of glass fiber products that have been coated with chemi- 
cally delaminated vermiculite increased from 550°C to more than 
900°C (Benbow 1987). 

As acompetitor and also a substitute for asbestos, vermiculite is 
used as loose-fill insulation and spray-on insulation. It also is used to 
produce insulation board, fire-resistant plasterboard, and as an addi - 
tive in cements (Meisinger 1985; Benbow 1987; Hindman 1994). 

Mica is used to a much lesser extent as a substitute for asbes- 
tos. Its platy mor phology and thermal stability enable it to be used 
primarily in insulating board. Because it is not as effective a rein- 
forcer as asbestos, it is usually supplemented with fibrous additives 
such as cellulose and fiberglass in substitute applications (Hodgson 
1985; Benbow 1987). Mica may be used in brakes as a nonfibrous 
reinforcer (Jacko and Rhee 1992). 

Talc has been used in gaskets, insulating board, and viny] tile, 
but its primary use is as a com ponent among many inorganic types 


of filler and not as a direct substitute for asbestos (Cavicchio 1981; 
Hanson and Smith 1981; Lindeman and Andrew 1982). 

Lizardite, a form of serpentine, is a sheet silicate with the same 
composition and many of the same physical properties as chrysotile. 
It is abrasive, resists chemical attack, and is thermally stable. Lizard- 
ite is promoted as a replacement for asbestos in brake pads, insulat- 
ing board, and a v ariety of other produ cts (Hedman Resources Ltd. 
2004). As with the other sheet silicates, lizardite w ould not be a 
direct replacement for asbestos because it is not fibrous. 

All of the platy minerals are as resistant to chemical attack as 
asbestos (Wypych 1999). These minerals are competitively priced 
with most gra des of c hrysotile (Table 5) and are widely a vailable 
(see the individual mineral chapters in this book for details on pro- 
duction and availability of these and other mineral substitutes). 

Clays. Palygorskite (attapulgite) and sepiolite are clay miner- 
als. They are also sheet silicates, but rather than being platy, they 
have a lath-like structure that is fibrous in appearance (Grim 1968; 
Hodgson 1985). They are moderately good reinforcer s because 
their fibrous morphology gives them a large surface area, although 
the fibers are not as1 ong as those of asbestos. P alygorskite and 
sepiolite lose water from their str uctures when heated to moder ate 
temperatures (350°C to 600°C) and convert to clinoenstatite above 
800°C (Hodgson 1985). They have long been used in products such 
as caulk, grease, jointco mpounds, paints, and stucco (Russell 
1991). Before asbestos fell out of favor, both competed with asbes- 
tos as thixotropic agents and rein forcers. Palygorskite (attapulgite) 
has been used as_ a direct substitute for asbe stos in asphalt com- 
pounds (Clarke 1985; Russell 1991), while sepiolite is used as a 
direct replacement for asbestos in some joint compoun ds (Russell 
1991). Research on th eir use as areplacement in brakes, cement 
pipe products, and vinyl tile also has been undertak en in the past 
(Hodgson 1985). P alygorskite and sepiolite are competitively 
priced wi th m ost grad es of chr ysotile (Table 5) an d are widely 
available. 

Graphite. Graphite isa platy miner al composed of car bon 
(Deere, Howie, and Zussman 1966) and is an excellent nonabrasive 
lubricant. It is stable at high temperatures, makes excellent packing 
in its expanded form, and is resistant to chemical attack (EPA 1980; 
Taylor 1994). Generally mentioned only as a substitute for asbestos 
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in valve packing applications (Meylan et al. 1978; Parkinson 1986a, 
1986b; EPA 1988), graphite is priced competitively with chrysotile 
(Table 5). Adequ ate supplies of graphite ar ea vailable to meet 
demand for asbestos substitute applications. 

Wollastonite. Wollastonite is a single-chain silicate called a 
pyroxenoid. Stable at temperatures up to 1,540°C (Deere, Howie, 
and Zussman 1966; Hodgson 1985), it often o ccurs in a f ibrous 
habit; however, its f ibers are not fle xible | ike chrysoti le fibers. 
Wollastonite is fairly resistant to chemical attack but is soluble in 
strong acids (Hodgson 1985; Bauer, Copeland, and Santini 1994). 
As with mica and vermiculite, products manufactured with wollas- 
tonite are stable at temperatures lower than its melting point. For 
example, insulation boards containing wollastonite can be used up 
to temperatures of about 760°C, although wollastonite is stable up 
to about 1,500°C (Bolger 1998). Priced competitively with asbes- 
tos (Table 5), it is already used commercially, so availability is not 
an issue (Patton 1973; Ciullo 1996; Wypych 1999). 

During the 1970s and 1980s, consumption of wollastonite was 
reported to have doubled f or asbestos substitute application s. By 
1994, consumption of high-aspect-ratio wollastonite was estimated 
to be between 35,000 t and 40,000 t for substitute uses. It primarily 
replaces as bestos in aluminum and asphalt roof coatin gs, cement 
board, friction pro ducts (brakes), and insu lation boards. W olla- 
stonite is used to improve the flexural strength of cement; impro ve 
the friction coe fficient, gree n st rength, andh eat dissipation in 
brakes; and imp rove flexural and tensile strengths and heat resis- 
tance in insulation board (Fattah 1994). It also improves the tensile 
strength and the rmal sta bility of pol ymers an dim proves th e 
mechanical strength of paint films (Bolger 1998). 

Gypsum. A naturally hydrated calcium sulfate, gypsum also 
can be synthesized easily in a partially hydrated or anhydrous form. 
In its partially hydrated form, it is called hemihydrate calcium sul- 
fate, while the anh ydrous fo rm is called anh ydrite (Jor gensen 
1994). In th e past,a gypsum fiber product consisting of long , 
strong, and thin f ibers that e xhibited go od reinforcing prop erties 
was used. The fibers were nonabrasive, stable up to a temperature 
of 1,000°C, and stable in mild acids and bases (Virta 1994). These 
fibers no longer ap pear to b e available on the mark et, and their 
manufacture is believed to have ceased. 

Diatomite and Perlite. Two other materi als discus sed as 
asbestos subst itutes are rocks rather than minerals: dia tomite and 
perlite. Diatomite is a rock composed of amorphous silica shells of 
diatoms, which are microscopic plants. These skeletal remains range 
from equidimensional to disk shap ed to rod -like, depending on the 
species. Diatomite has a large surface area, low density, and is stable 
up to temperatures g reater than 1,400 °C (Hodgson 198 5; Breese 
1994). Because diatomite w as used as a filler and e xtender and in 
thermal insulations before the asbestos health issue arose, it was first 
a competitor with asbestos rather than a substitute. Major uses as a 
substitute are in insulation applications, often in combination with a 
fibrous reinforcing material such as asbestos (now obsolete), fiber- 
glass, and mineral w ool (Hodgson 1985). It has been used as inert 
filler in non asbestos brakes and millboard (Ca vicchio 1981; Lam 
and Yesnik 1998). Diatomite is priced competitively with chrysotile 
(Table 5) and is widely available. 

Perlite is an amorphous or glas_ sy volcanic rock witha high 
silica content. When heated, it expands into glassy foam. Perlite has 
a low density, is chemically inert, and is an excellent thermal insu- 
lator (Hodgson 1985; Breese and Bark er 1 994). Lik e d iatomite, 
perlite already was used as an insulator (loose fill, pipe insulation, 
and roof insulation board) and in acoustical tile, concrete, and plas- 
ter before health concerns about asbestos became an issue (Hodg- 
son 1985; Breese and Bark er 1994). It also has been used as a 


substitute for asbestos for filtering liquids (Pye 1989). Because per- 
lite is not fibrous, it often is used in conjunction with fibrous mate- 
rials in insulation panels (Hodgson 1985). Perlite is competitively 
priced with chrysotile (Table 5) and widely available. 


Organic Substitutes 


Organic substitutes are either natural or synthetic. The natural fiber 
substitutes are animal, vegetable, and wood. Animal fiber normally 
refers to wool. Vegetable fiber is derived from the bark and leaves 
of plants such as flax, hemp, jute, and ramie. Wood fiber is obtained 
by chemically and/or thermally processing wood pulp (Hodgson 
1985; Barkalow and Whistler 2000). 

Cellulose. Because cellulose is fibrous, it is use d to improve 
tensile strength of many products. An organic material, cellulose has 
a low density, almost half that of asbestos (Wypych 1999). Cellulose 
fibers are resistant to alkaline attack and disperse well in suspen- 
sions, but they have a lower tensile strength than asbestos, are flam- 
mable, and absorb more w ater than asb estos during manufacturing 
(Hodgson 1985, 1989). 

As early ast he 1950s, c ellulose w as used in combination 
with asbestos in partition boards and cemen t products (Hod gson 
1985). Cellulose-based r oofing felts ha ve lon g co mpeted with 
asbestos roofing felts (EPA 1988). As an asbestos substitute, cellu- 
lose use has e xpanded to include adhesives, asphalt compounds, 
caulking, cement board pro ducts, friction products, gask ets, and 
millboard (Cavicchio 1981; EPA 1988; Annemaier and Graf 1996; 
Hagens 2003; Merkley and Luo 2004). Cellulose fiber is readily 
available w orldwide, a nd pri ces are competi tive wi th those of 
asbestos (Table 6). 

Other Cellulose Fibers. Bamboo fiber, hemp, jute, and sisal 
are vegetable fibers that have been considered for use in place of 
asbestos. Their properties are not significantly different from those 
of cellulose. Because of the wide availability of cellulose derived 
from wood fiber, however, the use of bamboo, hemp, jute, and sisal 
fibers as asbestos substitutes is limited (Hodgson 1985, 1989). 

Wool. Wool, which is f ibrous and can be w oven, is the only 
animal fiber used as an asbestos _ substitute. It is a g ood ther mal 
insulator and can withstand short-term exposures to high tempera- 
tures without burning. Wool’s heat resistance can be enhanced with 
an aluminized coating. It is widely available but has been used in 
only a fe w substitute a pplications suc h as he at-resistant t extiles 
(Hodgson 1985, 1989). 

Polymer Fiber. Many dif ferent types of synthetic or ganic 
materials are used as asbestos substitutes. Organic-based substitutes 
include fibers composed of polyamide (PA; including aramid and 
nylon), PAN, PBI, PE, polyester (PT), PP, PVA, and PTFE fiber and 
sheet (EPA 1980, 1988; Hodgson 1985, 1989; Materials Engineer- 
ing 1987; Har rison et al. 1999; — Institute fo r En vironment and 
Health 2000). These are all polymers or plastics consisting of long- 
chain organic molecules. Another organic-based substitute is a fiber 
composed of graphitized carbon (Hodgson 1989; Wypych 1999; 
Block 2002). 

Most pol ymers are rec ognized by t heir com mercial nam es. 
Kevlar or Nomex are trade names for aramid fibers, which are used 
to make products such as fire-resistant textiles and bulletproof vests 
(Hodgson 1985; Materials Engineering 19 87; W ypych 1999). 
Nylon is a synthetic fiber used in clothing, while PP is a polymer 
used to produce b uilding and hou sehold materials such as drain- 
pipe, plastic outdoor furniture, and sid ing. PVA fibers are used in 
textiles and carpet fibers, and Teflon is an example of a PTFE fiber 
(Wypych 1999; Block 2002; Carraher 2004). 

Most polymer-based substitutes are used to impro ve flexural 
and tensile strengths of products when incorporated as fibers. The 
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Table 9. Selected properties of synthetic substitutes 


Typical Service 


Thermal Degradation, 


Tensile Strength, Young's Modulus, _ Elongation to Break, 





Type Density, g/cm? Temperatures, °C °C MPa Gpa % 
Aramid fiber 1.44-1.45 160-230* 265-425 572-2,790 59-124 2.4-4 
Carbon fiber 1.76-1.99 520-3,550 nat 345-4,900 21-550 1-2 
Cellulose fiber 1-1.1 200 450 125-500 na 3-30 
Glass fiber 2.52-2.68 537-565 na 686-3,400 68-98 4 
Mineral wool 2:7 537 na 540-980 68-98 na 
PE fiber 0.96-1.0 100 130 290-570 1.7-100 5 
PVA fiber 1.3 150 220 690-1,470 12-40 7 
PP fiber 0.91 100 170 270-540 1.6-4.8 14-30 
PBI fiber 1.43 300 500 380 5.72 30 
PAN fiber 1.16 150-200 260-300 230-940 16.5-18 na 
PTFE fiber 2.15 200 270-370 97-359 1.31-2.48 400 
Potassium titanate 3.3 na 1,350 7,000 na na 
Refractory fiber 1.9-4.84 560-1,800 na 1,400-5,900 72-480 na 





Source: Patton 1973; Hodgson 1985; Wypych 1999. 
* Fibers may char without losing significant physical characteristics. 
tna = not available. 


tensile strength of polymer fiber is dependent on the composition 
and structure of the organic material. Aramid fibers are among the 
strongest of the or ganic fibers, approaching the te nsile strength of 
asbestos, and are thermally stable (Hodgson 1985 , 1989; EPA 
1988). The use of PA, PAN, PE, PT, PP, PVA, and PTFE is limited 
to situations where temp eratures generally do not e xceed 200°C. 
PBI and some forms of PA are thermally stable to about 300°C, 
although all polymers will begin to soften or char at higher temper- 
atures (Hodgson 1989) . All of the organic-based substitutes ha ve 
low densities. For a given fiber loading, a smaller mass of organic 
fiber is required than with asbestos (Table 9). Polymers such as PE, 
PP,and PTFE are resistant toa ttack b y many acids and _ bases 
(Hodgson 1989; Institute for Environment and Health 2000). Poly- 
mer fibers, which cost more than asbestos, are gene rally available 
in sufficient quantities to permit wide-scale use (Hodgson 1985; see 
Table 6). 

Carbon Fiber. Although carbon fiber has a composition iden- 
tical to graphite, it is a synthesized fibrous material. Certain variet- 
iesha ve an extremely high tens ile strength and are excellent 
additives to im prove me chanical strength. Additionally , carbon 
fiber can be woven and molded into intricate shapes. All varieties 
are go od electrical co nductors and can be used at temperatures 
approaching 3,000°C in inert atmospheres (Hodgson 1985, 1989; 
Wypych 199 9; AZoM.com 2004; see T able 9). Although carbon 
fibers are readily available, they are more expensive than asbestos 
(Hodgson 1989; see Table 6). 

Nonfibrous Polymer Substitutes. Manufacturers also ha ve 
investigated the use o f nonf ibrous or ganic-based substitutes in 
some applications. Because they have the same compositions as the 
fibrous organic materials, they have the same properties. The nonfi- 
brous organics generally are developed for specific end-use mar- 
kets. Modif ied PP shee t fo ruse i n asbe stos-cement shee t a nd 
shaped PTFE parts for g askets are tw o e xamples of nonf ibrous 
organic-based su bstitutes. The nonfibrous materials are widely 
available (EPA 1980, 1988; Hodgson 1989; Materials Engineering 
1987; Harrison et al. 1999). 

Synthetic Inorganic Substitutes. Fiberglass, min eral w ool, 
and ceramic (refractory) fibers have been used as a replacement for 
and competitor with asbestos for many years (Meylan et al. 1978; 


EPA 1988; Hodgson 1989; Harrison et al. 1999; Institute for Envi- 
ronment and Health 2000) . All of these f orms are fibrous, with 
diameters generally ranging from 1pm to approximately 25 pm. 
Most forms of fiberglass and mineral wool have relatively low ten- 
sile strengths although strengths are greater for specialty fiberglass 
products (Hodgson 19 89; Wypych 1999). A lar ge number of the 
fiberglass varieties can be w oven. Ceramic fibers have higher ten- 
sile strengths, with some exceeding those o f asbestos. Fiber glass, 
mineral w ool, and ceramic f ibers are more brittle t han a sbestos 
fibers (Hodgson 1985, 1989). 

The resistance of f iberglass and mineral w ool to at tack by 
alkaline solutions varies with composition. Those with high silica 
content are more susc eptible. For fiberglass and mineral wool, 
working temperatures ran ge from 300°C to 5 00°C, while ceramic 
fibers can be used at temperatures of 1,000°C to 1,800°C (Hodgson 
1989; Har rison et al. 199 9; Wypych 1999; AZoM.com 2004). 
Fiberglass and mineral wool are more expensive than asbestos, par- 
ticularly for specialty fiberglass products (Tables 5 and 6). Because 
commercial production of these materials is extensive, availability 
is not a factor. 

Although most fiberglass for substitute applications consists 
of long f ibers, sho rter fiberglass lengths alsoh ave been used. 
Essentially the waste stream products from fiberglass manufacture, 
the short fibers possess almost the same properties as E glass fibers 
when fiberized but are less e xpensive. (E glass _ is a borosilicate 
glass with high electrical resistivity.) The use of t hese short fibers 
has focused primarily on plastics applications. The shorter lengths 
allow the fibers to be more easily mixed with the polymer and allow 
for higher loadin gs than with other f iberglass products. This 
reduces costs b y displacing more expensive components, and the 
short fiberglass has been sho wn to improve creep resistance, flex- 
ural modulus, and thermal stability (Lancaster Fibre T echnology 
Group 2004). 

Potassium titanate whisk ers ar e another synthe tic inor ganic 
fiber used in substitute applications. Hard and abrasi ve, the whis- 
kers have diameters of 0.2 to 1 umand lengths of 10 to 20 pm. 
Potassium titanate is used primarily in brake manufacture where it 
improves the coefficient of friction, heat resistance, tensile strength, 
and wear resistance of disk pads and brake linings. Because of the 
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Table 10. Properties of fibrous asbestos substitutes 


Heat Resistance 

















Poor Moderate Good 
(less than 200°C) (200°-400°C) (above 400°C) 
Cellulosic fiber = Aramid fiber Mineral wool 
PE fiber PVA Refractory fiber 
PP PTFE Potassium titanate 
PBI All minerals 
PAN Steel fiber 
Carbon fiber 
Glass fiber 
Reinforcing Strength 
Poor Moderate Good 
All minerals Cellulosic fiber Aramid fiber 
PTFE Gypsum fiber Carbon fiber 
PP Potassium titanate PVA 
PAN Glass fiber 


Refractory fiber Steel fiber 


Mineral wool 





Chemical Resistance 








Poor Moderate Good 
Cellulosic fiber Aramid fiber PBI 
Gypsum fiber PAN 
Steel fiber PTFE 
PVA 
PP 


Carbon fiber 
Potassium titanate 
Refractory fiber, except in alkalis 


Most minerals 





Adapted from Hodgson 1985. 


health con troversy of fibers, the use of b laded, platy, or po wder 
forms appears to be preferred. These offer the same friction charac- 
teristics and heat- a nd wear -resistance pr operties as the whisker 
form. The nonfibrous forms gener ally are mix ed with af ibrous 
organic material such as aram id or with metal fibers. Generally the 
nonfibrous form of potassium titanate is treated with a silane or phe- 
nolic resin to impro ve adhesion to the matrix (Kesavan and Burm- 
ester 1999; Hikichi, Haruta, and Horiguchi 2003). Potassium titanate 
whiskers are also used in heat insulation products and plastics. 

Table 10 summarizes some of the important properties of the 
fibrous asbestos substitutes. 

Alternative Products. Many manufacturers, instead of search- 
ing for an asbestos su bstitute, choose to replace the asbestos-con- 
taining prod uct with one that ne_ ver had asb estos (Table 3). F or 
example, ductile-iron pipe and reinforced concrete pipe ha ve been 
used in place of asbestos-cement pipe. Alum inum, vinyl, or wood 
sidings and cement bo ard h ave be en competitors with asb estos- 
cement shingles for many years (Meylan et al.1978; EPA 1988; Pye 
1989). Ceramic, nonasbestos organic, and semimetallic disk brakes 
are other common alter native products (Jack o and Rhee 1992). 
Alternative products are practical for many applications, because 
they usually are existing products and do not require the manufac- 
turer to develop a new asbestos-free product. The major concerns of 
customers and manufacturers when selecting an alternative product 
are cost and performance (Hodgson 1985; Pye 1989). 


To sum marize, the ideal as bestos substitute w ould be com- 
posed of fibers that are flexible, have a high tensile strength, have a 
large surface area, and can be woven. The substitute also would be 
a good electrical insulator; resistant to degradation when exposed to 
high heat or chemicals; widely available; competitively priced with 
asbestos; and not a carcinogen. Products manufactured using sub- 
stitutes and alternative products need a proven reliability record, 
must be easy to use or install, and pose little health risk in manufac- 
ture and use. While none of the substitute materials possess all of 
these qualities, thro ugh proper engineering, substitutes ha ve been 
able to replace asbestos in a majority of commercial applications, 
particularly in Europe and North America. 


PRODUCTION METHODS 


Production of mineral substitutes for asbestos is straightforward. In 
most cases, open-pit mining is used. The ore is crushed and milled, 
typically with simultaneous dr ying and air classification, to p ro- 
duce multiple produ cts based on particle size, sha pe, and other 
physical or chemical properties. Calcination, density and magnetic 
separation, exfoliation, flotation, ther mal expansion, and surface 
treatment with silanes or titanates may be required for some miner- 
als (details of min ing and processi ng of minerals are given in the 
individual mineral chapters in this book). 

Fiberglass, mineral wool, and refractory (ceramic) f iber are 
produced from a molten state. The y are manufactured from molten 
glass that is dripped onto aro tating disk and spun off into long 
strands, dripped into a stream of air or steam and stretched into long 
glass strands, or forced through multiple nozzles forming continu- 
ous fibers. Glass for fiberglass is manufactured using various mix- 
tures of quartz, feldspar, soda ash, kaolin, and specially selected 
oxides to produce fiberglass with specific compositions. Rock, usu- 
ally basalt or diabase, and furnace slag may be melted to manufac- 
ture mineral, rock, and slag wools. Refractory fibers are made from 
glass melts rich in alumina, boron, silicon, and zirconia (Mohr and 
Rowe 1978; EPA 1985; Hodgson 1985; Skinner, Ross, and Frondel 
1988; Institute for En vironment and Health 20 00; McMahon and 
Wenzel 2001). Potassium titanate whisker and powder may be syn- 
thesized b y re acting hydrated titanium dioxide and potassium 
hydroxide at 160°C to 170°C (Kesavan and Burmester 1999). 

The manufacture of po lymeric fibers is much more complex 
because the or ganic starting compounds are deri ved from petro- 
leum. T he entire pro cess involves reacting tw 0 or more organic 
compounds under heat and pressure to obtain the appropriate com- 
pounds, which are then polymerized. These polymers may be dis- 
solved and e xtruded through dies into a chemical bath where the 
extruded compounds solidify into fibers. Alternatively, the melted 
polymer may be passed into an air stream to form fibers. The poly- 
mer fibers may be stretched to further orient the polymer chains in 
the fiber and improve strength. Fiber texture also may be modified 
to improve the characteristics of the fiber for a particular applica- 
tion (Block 2002; Carraher 2004). To produce carbon fibers, PAN, 
pitch, or nylon thread are carbonized and then grap hitized at high 
temperatures (Skinner, Ross, and Frondel 19 88; Hodgson 1989). 
Cellulose fibers are ob tained through the chemical processing of 
wood f iber (Hodgson 1 985). Detail s of the pro cess to ob tain 
organic fibers are beyond the scope of this chapter but are available 
in references on chemical manufacturing. In general, the energy 
and technology required to manufacture organic fibers account for 
their higher prices compared with minerals and inorganic fibers. 


TECHNOLOGY 


Much of the difficulty with asbestos sub stitutes was not the de vel- 
opment of entirely ne w substitute materials for asbestos, because 
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many materials possessed some of the same chemical and physical 
characteristics as asbestos. The task was to determine how to manu- 
facture equivalent asbestos replacement products while compensat- 
ing for the deficiencies of t he substit ute ma terials c ompared to 
asbestos. This has been accomplished in most cases through the use 
of a mixture of asbestos substitut es and alternative products (Mey- 
lan et al. 1978; Dupré 1984; Hodgson 1 985, 1989; EPA 1988; Pye 
1989; Virta 1994; Institute for En vironment and He alth 2000; and 
patents accessible through the U.S. Patent Office Web site [2005]). 


Cement Products 


Cellulose fiber has become a common substitute for asbestos in 
concrete pipe, although fiberglass, PAN, and PV A fibers also are 
used (Hodgson 1 985, 1989; EPA 1988; Pye 1 989; Institute for 
Environment and Health 2000). Because some su bstitutes lack ed 
certain properties of asbestos, it was necessary to make compensa- 
tions. For example, because most fiberglass is not resistant to alkali 
attack, an alkali-resistant fiberglass must be used in ce ment prod- 
ucts. To ensure adequate reinforcing properties in cement products, 
high-quality cellulose must be used, and a mod ified curing process 
for pipe products had to be developed to avoid degrading the cellu- 
lose fiber. Compensation also ha d to be made becau se cellulose 
absorbs more water than asbestos during the manufacturing pro- 
cess. Poor adhesion of f iberglass and PP f ibers to matrices w as 
another problem in some of the _ earlier f iber-reinforced-concrete 
products. This necessitated modification of the cement formulation 
or surface treatment of the f ibers to solv e the problem (Hodgson 

1985; Pye 1989; Institute for Environment and Health 2000). 

Acommon substitute product for asbestos-cement pipe is 
PVC pipe for small-diameter pipe, and d uctile-iron and concrete 
pipe for | arge-diameter pipe. Vitrified clay pipe also may be used 
(EPA 1988; Pye 1989). Calcium silicat e, cellulose, ceramic fiber, 
fiberglass, mineral w ool, and PP ar e used in sheet products (Insti- 
tute for Environment and Health 2000). Fibers of alumina, aramid, 
carbon, cotton, hemp, jute, kraft, PVA, ramie, and sisal also have 
been investigated for use in sheet products (J ohnson and Melling 
1983). Because PP is hy drophobic, it must be surface treated and 
mixed with other fillers to enhance its adhesion to and dispersion 
with the cement matrix (Pye 1989). 

Substitutes used in asbestos cement often do not of fer suffi- 
cient heat resistance, so fillers such as mica, vermiculite, and wollas- 
tonite may be added (I nstitute for Environment and Health 2000). 
Concrete mixes containing nylon, PE, and PP fibers, which typically 
are used for driveways, floors, sidewalks, and walls, have been avail- 
able for many years to control pl astic shrinkage, crack gro wth, and 
permeability. Polymer mesh products also are used as a supple ment 
to reinforcing rods in some cement products (Concrete Fibers, Inc. 
2004; NPC Inc. 2004). 


Coatings and Compounds 


Coatings and compounds require substitutes that are nonreactive, are 
thermally stable at elevated temperatures, add resistance to cracking, 
improve fire-resistance, control viscosity, can be dispersed easily in 
the matrix, bind with the matrix, and/or improve weathering proper- 
ties (Meylan et al. 1978; EPA 1988; Hagens 2003). 

Several substitutes used in place of asbestos in paints and seal- 
ants ar e aramid f iber, ben tonite, calcium carbonate, cellulose, 
ceramic fi ber, fi berglass, kaolin, mica, palygo rskite (attapulgite), 
PE fiber, PAN fiber, PP fiber, silica gel, talc, and wollastonite. Mix- 
tures of these substitutes often are used to obtain the desirable prop- 
erties (EPA 1988 ; Pye 1989; W_ ypych 1999). As with cement, 
adjustments must be mad e with coatings and comp ounds. For 
example, cellulose is not thermally stable under acid conditions, so 


asphalt compound chemistry must be adjusted to be more alkaline. 
Also, compensation must be made for different oil absorption prop- 
erties of fiber fillers in asphalt compounds, compared to asbestos 
(Hodgson 1985; Hagens 2003). 


Flooring 


In flo oring, the asbestos substitute should pro vide a durable, 
smooth, and resilient surface, and make the flooring dimensionally 
stable (Rosato 1959; Meylan et al. 1978; EPA 1980, 1988). 

For flooring felts, substitutes such as cellulose, fiberglass, PE 
fiber, and PP fiber, often in combination, have been used in place of 
asbestos. Alternative flooring products with modified vinyl compo- 
sition and foam backings also have been used to compensate for the 
removal of asbestos (EP A 1988). Flooring primarily to replace 
vinyl asbestos tile has been made from modified vin yl composi- 
tions and may contain mineral f illers such as_ calcium carbonate, 
clay, fiberglass, mica, PE pulp, talc, vermiculite, and wollastonite 
(EPA 1988). Alternative prod ucts for flo oring includ e carpeting, 
ceramic tile, and wood flooring (EPA 1980). 


Friction Materials 


Substitutes for friction materials should be heat resistant and have 
low thermal conductivity, a low noise coefficient, and high strength. 
They also should be moisture resistant, nonabrasive, long wearing, 
and bond tightly to, and disperse well in the matrix (Hodgson 1985; 
EPA 1988; Pye 1989; Jacko and Rhee 1992; Kobayashi 2002). 

Aramid fiber, carbon fiber, cellulose, ceramic fiber, fiberglass, 
metal f ibers (bra ss, bronze, co pper, an d iron), miner al w ool, 
palygorskite (attapulgite), potassium titan ate, tremolitic talc, v er- 
miculite, a nd woll astonite are used in v arious com binations to 
replace asbestos in brakes (Meylan et al. 1978; EPA 1980; Hodgson 
1985; Jacko and Rhee 19 92). Aramid fiber appears to be the pre- 
dominant f iber substitute in brake and clutch applications ( Pye 
1989; Institute for Environment and Health 2000). 

Substitution for asbesto sis difficult in sem imetallic drum 
brakes, primarily because of the curv ature of the lining. Brake 
shoes using substitutes absorb moisture and perfo rm poorly until 
the shoes are dried through use. These problems resulted in some 
manufacturers stopping production of semimetallic drum brake lin- 
ings (EPA 1988). The use of semimetallic disk brake pads, how- 
ever, has not e xperienced ma nufacturing and per formance 
problems; in 1986, they accounted for about 85% of original equip- 
ment disk br ake p ads on _light-to-medium-weight v ehicles (EPA 
1988; Jacko and Rhee 1992; Kobayashi 2002). The market share 
for semimetallic disk-b rake sales has decl ined, and nonasbestos 
organic brakes are now the most common type of friction materials 
used in brakes and clutches (Kesavan and Burmester 1999), 


Gaskets and Packings 


Substitutes for gaskets must be resistant to heat, tears, and chemical 
attacks, and be nonabrasive and resilient. Packings, which are used 
to form a seal between two moving parts, must be heat and chemi- 
cal resistant, have low thermal conductivity, and seal liquids. Pack- 
ings can be made with loose fiber, woven into braided products, and 
be made using yarns (EPA 1988). 

Depending on the particular application, aramid fiber, cellu- 
lose, ceramic fiber, clay, copper, cork, diatomaceous earth, fiber- 
glass, mica, mineral wool, PTFE, rubber, talc, vegetable fiber, and 
wollastonite have been used as asbestos substitutes in gaskets and 
packings. Also, carbon f iber, ce llulose, ceramic fiber, e xpanded 
graphite, fiberglass, PBI fiber,and PTFE are used in packings 
(Corbett 1986; EPA 1988; Pye 1989; Shelley 1993; Harrison et al. 
1999; Institute for Environment and Health 2000). 
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Insulation Materials 


Insulation materials, including felts, millboard (a heavy cardboard 
product), paper, and w ools require that substitutes be resista nt to 
heat, corrosion, and chemical attack. Additionally, they should have 
a high strength, low thermal conductivity, and be moisture resistant 
for millboard and paper application s. Specific uses include electri- 
cal insulations in appliances and electrical panels; equipment pro- 
tection when handling molten glass or metal; fireproofing for safes; 
durable, chemical-resistant gaskets; heat insulation for a utomotive 
mufflers, fu maces, kilns, steam lines, and sto ves; paneling for 
garages; and even partitions for offices (Rosato 1959; EPA 1988). 

The most common substitute is fiberglass for mode rate- 
temperature, low-cost insulation. Hig her-temperature applications 
require the use of ceramic fiber (Meylan et al. 1978; EPA 1988). A 
variety of other substitutes, incl uding calcium silicate, c ellulose, 
clays, diatomaceous earth, mica, perl ite, silica, talc, vermiculite, 
and wollastonite, can be used in millboard and papers (Cavicchio 
1981; Hodgson 1985; Benbow 1987; EPA 1988; Pye 1989). 


Plastics 


Filler materials improve the impact and tensile strength, stiffness, 
resistance to deformation when exposed to heat, and electrical 
resistance in plastics (Hodgson 1985; EPA 1988). 

Aramid fiber, carbon fiber, cotton, fiberglass, PTFE, potas- 
sium titanate, and fumed silica powder are used in place of asbestos 
in plastics (Meylan et al. 1978; EPA 1988; Pye 1989). Calcium car- 
bonate, clays, mica, talc, and wollastonite also are used as inert fill- 
ers in plastics to impro ve strength and stiffness (Virta and B arsotti 
2000). 


Roofing 


Roofing materials must be fle xible yet dimensionally sta ble and 
resistant to rot, fire, and heat (Meylan et al. 1978; EP A 1988). In 
roofing felts, cellulo se and f iberglass are used as substitutes for 
asbestos. Fiber glass- or cellulose-reinforced shingles, metal roof- 
ing, roof tile, sing] e-ply membrane, slate, and w ood shak es are 
alternatives to asbestos-reinforced shingles (Hodgson 1985; EPA 
1988; Pye 1989). 


HEALTH ISSUES 


A full review of the health issue is beyond the scope of this chapter, 
and readers who seek more details are referred to the abundant ref- 
erences available in the public dom ain. As with almost an y mate- 
rial, most substitutes pose some risk to humans from exposure to 
dust (Douglas 2001). For most of the substitute materials, exposure 
limits to dust have been set to reduce the risk of pulmonary disease 
(NIOSH 2004). 

Organic fiber substitutes gener ally are not tho ught to pose a 
serious health risk because the fibers are not easily respired (Elmes 
1989; Harrison et al. 1999; Instit ute for En vironment and Health 
2000; Douglas 2001). Also, no serious health issues have arisen 
with cellulose despite the fact that it is durable and does not dis- 
solve in the lung (Institute for Environment and Health 2000). 

Laboratory anima Is de veloped intraperitoneal or intrapleural 
cancers when glass wool, long-fiber palygorskite (attapulgite), titan- 
ate fibers, refractory cera mic fiber, rock wool, silicon carbide, spe- 
cial-purpose gla ss fiber, and potassium tita nate f ibers were 
implanted in them ;ho wever, intratracheal cance rs were not 
observed. In animal inhalation st udies, either cance r or mesothe- 
lioma w as observ ed u sing lon g-fiber palygorskite (attapu Igite), 
refractory ceramic fibers, silicon carbide fibers, and special-purpose 


glass fibers. The results were inconclusive with potassium titanate 
fibers (Osinubi, Gochfeld, and Kipen 2000; Douglas 2001). 

Carcinogenicity to humans is probably the mo st important 
consideration in the use of any asbestos substitute, given the carci- 
nogenic nature of asbestos. Through the review of animal testing or 
epidemiological studies, the International Agency for Re search on 
Cancer (IARC) has determined that some of the substitutes are car- 
cinogenic (IARC 1997, 2002). Some implanted and injected mate- 
rials were carcinogenic in animal studies, but there were conflicting 
results in inhalation studies using animals and in epidemiological 
studies (IARC 1997, 2002; Osinubi, Gochfeld, and Kipen 2000). 

Materials such as diatomite (not containing quartz), graphite, 
mica minerals, perlite (not containing q uartz), potassium titanate, 
pumice (not containing quartz), serpentine (no t containing asb es- 
tos), talc (not containing asbestos), and vermiculite (not containing 
asbestos) have not been reviewed by IARC. Recommended expo- 
sure levels, however, have been established for these lung irritants 
(NIOSH 2004). 

Of the materials reviewed by IARC, re spirable c ristobalite 
(typically found in many calcined products) and quartz are classi- 
fied as Group | (human carcinogen s; WHO 1987; IARC 1997). 
Although diatomite is composed of amorphous silica, deposits usu- 
ally contain crystalline silica. Also, calcined diatomite may contain 
cristobalite. 

Specialty E glass f ibers, “475” g lass fibers, and refractory 
ceramic fibers are classified as Group 2B (possible human carcino- 
gens; IARC 2002). P alygorskite (attapulgite) with lengths greater 
than 5 pm also is listed by IARC as Group 2B (IARC 1997). 

Glass w ool for insulation, cont inuous glass filament, ro ck 
(stone) wool, and slag wool are classified as Group 3 (not classifiable 
as to their carcinogenicity to humans) by IARC (IARC 2002). Also 
classified as Group 3 are wollastonite (recognized as a lung irritant), 
short-fiber pal ygorskite (at tagulpite), and di atomite (I ARC 1 997; 
NIOSH 2004). 

Vermiculite typ ically poses little carci nogenic risk, b ut ver- 
miculite mined in the past from a deposit near Libby , Montana, 
contained asbestos. As a resu It, the vermiculite industry has been 
under intense scrutiny (EPA 2004). In 2000, the National Institute 
for Environmental Health Sciences (NIEHS) investigated talc as a 
possible carcinogen. The agency concluded that data were inade- 
quate to make a ruling and, as of June 2005, was still reviewing this 
issue (NIEHS 2001). 

Questions have been raised about the health and safety risks 
posed in the manufacture of some of the alternative products, par- 
ticularly with regard to volatile organic compounds released during 
the manufacture of plastic products and during metal casting. 

Another health concer n with substitutes is t hat their use has 
occurred mainly during the past 20 years. Given the 20- to 30-year 
latency period for asbestos-related disea ses (Gross and Braun 
1984), many still belie ve that an inadequate period of time has 
elapsed to establish the effects of long-term exposure to asbestos 
substitutes on human health. These issues, however, have not dis- 
couraged the use of substitutes or alternative products. 


FUTURE TRENDS 


In the United States, Western Europe, parts of Eastern Europe, and 
a few other locations, asbestos consumption has declined enough to 
see that the efforts to substitute for asbestos are almost complete. In 
these locations, sub stitutes probabl y will e xperience little growth 
that can be at tributed directly to the replacement of asbe stos. In 
fact, many asbestos substitutes ha ve been in use fora suf ficient 
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period of time that they should no longer be labeled as substitutes, 
but can now be considered an essential component of the product. 

There is still sufficient asbe stos use el sewhere, however, to 
permit a considerable expansion in sales of substitutes or alternative 
materials. Most of this growth will be in asbestos-cement products, 
which account for more than 98% of world asbestos usage. Based 
on growing worldwide opposition to the use of asbestos and th e 
increasing rate at which countries are now considering bans on the 
use of asb estos, the di splacement of as bestos by substitutes and 
alternative products will continue. Some specialty applications will 
probably remain (where it is not feasible to replace asbestos) but in 
most cases substitutions will be made. 
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Clay Liners and Barriers 


Robert Trauger 


INTRODUCTION—CLAY AS A BARRIER 


Containment is a fundamentally important concept in environmen- 
tal and civil engineering. Effective containment preserves quality of 
life and protects valuable environmental resources. Engineered clay 
barriers have been used for several decades as technically suitable, 
cost-effective solutions for cont aining w ater, w astewater, landf ill 
leachate, and gas. Before the introduction of synthetic liner materi- 
als in the early 1980s, clay liners were the only available option for 
most containment applications. Thanks to the more recent develop- 
ment of cost-ef fective thermoplastic barriers (ge omembranes), the 
quality of containment systems can be appreciably enhanced. Clay 
liners still play a major role in water and waste containment, how- 
ever, and are often used with geomembranes. 

This chapter examines the many types of clay barriers that 
can be used i n environmental containment applications. It covers 
the en gineering properties of these materials and the re gulatory 
criteria used to establish the performance of clay barriers. Informa- 
tion on the design of these clay barriers highlights the most impor- 
tant concepts re quired to meet modern containment performance 
criteria. Given the brea dth and com plexity of this subj ect matter, 
only an overview is possible; added details can be found in the ref- 
erenced documents listed at the end of the chapter. 


Types of Clays Used as Barriers 


Clay or clayey soils are used as barriers primarily because their par- 
ticle size is small enough to limit the flow of fluids. For this reason, 
engineered clay barriers are rarely categorized by clay mineral spe- 
cies. As discussed in the section on Engineering Properties in this 
chapter, hydraulic conductivity is the most important property of 
any soil evaluated for its barrier properties. In fact, soil barriers are 
often described as “clay liners” even if they are not strictly clays as 
defined by any common classification systems, because the hydrau- 
lic conductivity of a sandy or silty soil with some clay content is 
often acceptable as a barrier. 

The result of this performance-oriented identification is that 
many kinds of clay minerals have been successfully used in eng 1- 
neered clay barriers. Illite, kaolinite, and smectite rank among the 
most common species in terms of barrier clays (Goldman 1988), 
but often this is due as much to their ready availability as to their 
desirable prope rties. The existing lit erature is inc omplete with 
respect to identifying specific mineral species in a soil used as a 


barrier. Engineers have historically specified only the required per- 
formance properties of the soil and the completed liner, leaving it to 
the contractor to demonstrate that these properties will be achieved. 
Consequently, the relationship between minera | species and engi- 
neered barrier properties is not well understood. 

Smectite cl ays, spec ifically montmorillonite-bearing bento- 
nite, are also commonly used in _ barrier applications. Bentonite is 
used as an admixture to existing soils to fill fluid-conducting void 
spaces. Bec ause of its w ater ab sorption and v olumetric swelling 
properties, a small percentage of bentonite (usually less than 10% 
by weight) can significantly decrease the hydraulic conductivity of 
a porous soil. Bentonite is also used in ge osynthetic c lay liners 
(GCLs), another ty pe of barrier that has lar gely replaced the prac- 
tice of u sing bentonite as an adm ixture. Bentonite and attapulgite 
are also used in vertical cutoff barriers, ap plications that are less 
common than conventional containment barriers but are still impor- 
tant technologies in contaminated site remediation. 


Types of Barriers 


This chapter categorizes clay barriers as “horizontal” or “vertical.” 
Horizontal barriers are constructed by placing and compacting clay 
soils, or by unrolling clay-based geosynthetic products. V ertical 
barriers are constructed by trenching into e xisting soils and then 
backfilling the trench with clay-bearing soil or cement mixtures. 


Compacted Clay Liners 


Compacted clay liners (CCLs) are the most prevalent type of cl ay 
liner. A CCL is a discrete layer of soil placed on a subgrade to serve 
as a barrier to fluid flo w. The CCL can be placed on subgrades of 
varying slopes, although it becomes more difficult to compact the 
layer as slop e steepness increases be yond 3H:1V. The CCL may 
range in thickness from 150 mm to 1,5 00 mm, d epending on the 
application and the relevant re gulatory req uirements. The most 
common CCL thickness is 600—1,000 mm. 

A wide range of clay species can be ef fectively used as a 
low-permeability barrier. Few re gulatory or engineering r estric- 
tions guide the appropriate mineralogical makeup of the soil used 
or its physical properties. This means that a clay liner can be built 
using any available soils, as | ong as the finished product achieves 
the relevant hydraulic conductivity requirement, which is typically 
1 x 10° m/sec. 
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For these reasons, there is no “standard” clay liner with a cer- 
tain mineralogical composition and a specific range of engineering 
properties. The so ils used to construct a CCL are oftene xtracted 
from the site where the liner is to be located to minimize the cost of 
excavating and transporting suitable clay soils from an offsite bor- 
row area. Thus, the mineralogy of clay liners varies significantly, 
relating more to 1 ocal ge ology than engineer ing andr egulatory 
requirements. In fact, very few data are available identifying the 
mineralogy of specif ic clay liners. Although th e performance 
(hydraulic conductivity) of these liners has been exhaustively stud- 
ied, their composition has been studied only occasionally (Kovach 
1991; Millard 1995). 


Soil-Bentonite Liners 


Liners are often built in locations with unsuitably porous or rocky 
in situ soils, so clay soils must be brought to the project site and 
then placed on a prepared foundation. Instead of importing the full 
volume of clay soils needed for the liner, it can be more economi- 
cal to import bentonite clay, which is then mixed with the existing 
soils. Sodium bentonite, with its ability to swell significantly when 
wetted, can fill large pore spaces in sandy or other well-gr aded 
soils and thus reduc e perm eability to a requi red level. The end 
result is a soil—benton ite liner (SBL). These liners have also vari- 
ously been called “mi xed blankets,” “ bentonite-amended liners,” 
and “bentonite-enriched soils.” 

SBLs are con structed in one of two ways. Bentonite can be 
deposited directly on the soil and tilled into it to a prescribed depth; 
or when more application control or a thicker liner is needed, the 
bentonite is mix ed with soil using a pug m ill. This mixture would 
then be placed and compacted on a prepared subgrade. Like CCLs, 
SBLs have also been effectively used for several decades. But with 
the gro wing ease of u se and re gulatory acceptance of geo mem- 
branes and geosynthetic clay liners, SBLs are not as pre valent as 
they were in the early and mid-1960s, 1970s, and 1980s. 


Geosynthetic Clay Liners 


GCLs are the newest class of clay liner; they were invented in 1982 
but did not achie ve commercial success until th e early 1990s. A 
GCL is essent ially a hybrid of ge osynthetic materials (geotextiles 
and geomembranes) and sodium bentonite clay (Figure 1). A GCL 
uses the impressive barrier properties of sodium bentonite to form 
an effective hydraulic barrier in a con venient package (5-10 mm 
thick) that can be unrolled on a prepared subgrade. Any clay min- 
eral could be incorporated into aGCL, but sodium bentonite has the 
unique ability to form a mon olithic gel structure when wet ted. In 
this form, it has a very low hydraulic conductivity (1 x 107!° m/sec 
to—1 x 10-!! m/sec) and does not require mechanical compaction. 
Because sodium bentonite is a swelling clay, the hydration process 
results in very few interparticle pathways that conduct flow. 

GCLs are typically used as alternatives to CCLs and are often 
compared to CCLs to ensure that the performance objectives for the 
liner system as a whole can be achieved. This comparison is known 
as an “equivalency” demonstration and has been the focus of much 
research and discussion among e _ngineers, re gulators, and GC L 
manufacturers. 

The several varieties of GCLs a Il have a f ew common ele- 
ments. First, they all contain sodium bentonite because it is the only 
material proven to possess the hydraulic properties needed for lin- 
ing applications. Second, they all include one or more geosynthetic 
materials. The most common GCL configuration is a “sandwich” of 
bentonite and geotextiles that are laminated or needlepunched 
together. Other GCLs are produc _ ed with a layer of bentonite 
adhered to a geomembrane. 





Courtesy of CETCO. 
Figure 1. Typical needlepunch-reinforced GCL 


Cutoff Walls 


If CCLs, SBLs, and GCLs constitute the category of horizontal clay 
barriers, then cutoff walls represent the category of vertical clay bar- 
riers. Cutof f walls are used almost e xclusively in en vironmental 
remediation projects where it is necessary to contain a migrating sub- 
surface contaminant plume. These barriers can also be used to con- 
trol the local groundwater gradient at a cont aminated site, allowing 
more efficient use of remedial groundwater treatment technologies. 

Cutoff walls present a completely different set of practical and 
engineering challenges than horiz ontal barriers. The presence of 
groundwater (often contaminated), unstable soils, unfavorable ter- 
rain, and other commonly encountered obstacles and site conditions 
make cutoff walls difficult to build. But they are often essential to 
the succ essful rem ediation of a contaminated si te, and muc h 
research has been performed to overcome site challenges and opti- 
mize their effectiveness. 

Cutoff w all construction involves tre nching into the subsoil 
around a site to a prescribed depth, usually such that the wall can be 
“keyed” into a low-permeability clay strata or aquitard. “Hanging” 
cutoff walls, which are not keyed into such an aquitard, can be built 
if the contaminants of concern are less dense than water (Figure 2). 

A bentonite slurry holds the trench open during construction. 
The slurry is denser than water and thus offsets the h ydrostatic 
pressure on the sidewalls of the trench. The bentonite also forms a 
“filter cake” on the sidewalls that itself is a barrier to flow and fur- 
ther contributes to t rench st ability. Using bentonite slurry in this 
fashion has resulted in the name “slurry wall,” but “cutoff wall” is 
preferred when describ ing barrier applications of this construction 
method. 

A cutoff wall is constructed with simultaneous excavation and 
backfilling. Exca vation at one_ end of the tr ench is follo wed by 
backfilling at the opposite end. The exposed trench is always filled 
with bentonite slurry or backfill. This keeps the disturbed area to a 
minimum and optimizes the use of slurry. The nature of the backfill 
determines the type of cutoff wall constructed during this process. 

Three types of cutoff walls contain clay: soil—bentonite (SB), 
cement—bentonite (CB), and soil—cement—bentonite (SCB). Man y 
other materials can be used in cutoff walls, however, including con- 
crete, plastic membranes, steel sheets, and porous reactive media. 
This discussion focuses only on those types of cutoff walls contain- 
ing clay. 

SB Cutoff Walls. The bentonite in an SB wall decreases the 
hydraulic conductivity of the backfill soil just as it does in horizon- 
tal SBLs. Soil, ben tonite, and water are mixed at a pre determined 
ratio necessary to ensure uniform slump into the bottom of the 
trench while still providing low hydraulic conductivity. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Clay Liners and Barriers 1231 








Wastes 








Extraction Traffic 
Leaky Well Cap 
Fuel Tank Sy 






















Floating 
Contaminant 


Bedrock 











Source: Spooner et al. 1985. 
Figure 2. Conceptual view of (a) keyed-in and (b) hanging cutoff 
walls 


CB Cutoff Walls. In a typical CB wall, a2%-10% by weight 
bentonite-to-cement mixture is used to backfill the trench. A CB 
wall will possess signif icant compressive strength, which may be 
necessary to ensure the stability of nearby structures or topographi- 
cal fe atures ne ar t he c onstruction site. The in verse relationship 
between strength and hydraulic conductivity means that the amount 
of bentonite added to the mixture must be enough to form a barrier 
but not so much as to excessively reduce the compressive strength 
of the wall. 

SCB Walls. As the name of this barrier implies, an SCB wall 
uses soil, cement, and bentonite to achieve a certain combination of 
barrier and strength properties required for a specific project. One 
advantage of anSCB wall over a CB w all is that the excavation 
spoils can be incorporated into the backfill, thus reducing waste 
(Inquip 2004). 


Clay Barrier Applications 


Clay barriers are used in any application that must contain water or 
waste. A brief d iscussion of the f our broad classes of clay barrier 
applications prefaces a presentation of detailed engineering proper- 
ties of clay soils that relate to these applications. 


Surface Impoundments 


The term surface impoundment describes any structure designed to 
contain water: decorative ponds, reservoirs, fire ponds, sedimenta- 
tion/retention basins, dams, canals, and w astewater lagoons. Ev en 
engineered wetlands would fit into this broad classification of water 
containment structures. 

Surface impoundments are the earliest applications of clay bar- 
riers. The need to control the flow of water is among the most basic 
needs of an industrialized civilization, and clay soils played a critical 


role in doing so long before the advent of other impervious materi- 
als. Using cl ay soils in engineered surf ace impoundments is much 
more re cent, ho wever. When mechanical earthm oving equipment 
began to replace human labor (about 1900 in the United States), the 
ability to shape the earth greatly improved. Manipulating soils for 
various engineering projects becam e the subjec t of i ntense focus, 
thus beginning the clay liner era. It is interesting to consider the dif- 
ficulties that must have been present when lining projects were built 
around the turn of the 20th century. There were no formal soil classi- 
fication s ystems, no st andard c onstruction pr actices or specif ica- 
tions, and, perhaps most importa __ nt, no laboratory tests or test 
equipment to measure the hydraulic conductivity of clay soils. 

The construction of a reservoir in Baltimore, Maryland, in 1908 
illustrates the difficulties of these working conditions (Beatty 1912). 
For this reservoir, a cutoff wall was installed under the toe of a dam to 
prevent seepage under the dam f ace. The cutoff wall was composed 
of compacted (“rammed”) clay placed in many 3-in. lifts. The water 
tightness of the clay layer was tested by embedding perforated pipes 
in the clay and then pressurizing the pipes. Visual observations of the 
clay wall were made to see if seepage occurred. Indeed, it was dis- 
covered that water seeped through the interlift boundaries of the clay 
layer, a phenomenon noted decades later by Dani el (1991). Further 
studies on the suitability of the clay were made by digging small pits 
into the surface to observe whether the water level decreased. Beatty 
(1912) also describes the qual ity control procedures in _ place for 
placement of the clay, whereby inspectors required that all lumps be 
“broken to the size of an orange, and all larger stones rejected.” 

It is clear that although clay has alo ng history 0 f use asa 
liner, a truly engineered clay barrier did not emerge from its appli- 
cation in surface impoundments. The more likely origin of the engi- 
neered clay barrier is the waste containment industry. 


Landfill Covers 


Early municipal waste landfills were seldom installed with any kind 
of engineered barr ier system. Municipalities located g arbage 
dumps on the basis of con venience, close to urban centers, in old 
quarries or gravel pits, or on “unproductive” land such as swamps. 
Pre-industrial era household refuse was not likely to be especially 
harmful, but solid and liqu id wastes from industrial sources were 
proven in the 1960s and 1970s to be a significant cause of long- 
term environmental contamination. Modern environmental legisla- 
tion forced the closure of these dump sites, and new scrutiny was 
applied to de veloping suitable barriers to t he inflow of pre cipita- 
tion. The era of the engineered clay liner had begun. 

Placing a clay layer on an existing landfill serves several func- 
tions. Most important, it limits the infiltration of precipitation that 
would otherwise percolate into the waste mass and then out the bot- 
tom of the dump into groundwater. The clay cap also contains gases 
generated as organic matter decomposes in the waste. In so doing, 
the clay reduces offensive odors, which are a common nuisance to 
nearby residents. Finally, the clay is a buffer between environmen- 
talreceptors (plants, animals, and humans) and the _ potentially 
harmful waste itself. 


Landfill Liners 


Inadequate containment of landfilled waste causes environmental 
problems that the U.S. Environmental Protection Agenc y (EPA) 
Superfund cleanup program is still working to resolve. Thousands 
of national and state-led cleanups of old landfills and dump sites 
were completed over the past 25 years, many of which consisted of 
placing some form of cap over the waste. 

With the hindsight provided by these contaminated sites, more 
research was undertaken to ensure that new landfills were designed 
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to minimize the threat of leakage. Governments instituted various 
measures, such as b anning the dis posal of liquid w astes, imposing 
siting restrictions, and restricting the disposal of hazardous materi- 
als. Additional w ork w as done to de velop liner performance 
requirements in this newfound era of environmental responsibility. 

EPA’s rep ort to Congress in 1974 concluded thate  xisting 
waste management practices in the United States at the time were 
“generally inadequate” and t hat be tter control of the w astes was 
necessary to protect public health and the environment. Congress 
agreed and passed the Resource Conservation and Recovery Act of 
1976, authorizing EPA to establish waste management controls and 
regulations (Haxo et al. 1984). Re search into th e ef fectiveness, 
compatibility, and durabi lity of lining materials accelerated to 
improve waste management practices. 

Knowledge of clay linersha daccumulatedo ver se veral 
decades of e xperience in w ater containment applications such as 
dams, reservoirs, and canals. This experience was not wholly rele- 
vant to waste c ontainment, whe re poss ible c hemical i nteractions 
with the liner must be considered and where seepage from the liner 
is potentially hazardous. Therefor e, new information and research 
were needed to ascertain the effectiveness of clay liners in waste 
containment applications. 

One of the first and most important research programs evalu- 
ating the compatibility of clay liners with chemical contaminants 
was summarized in an EPA document, Liner Material Exposed to 
Hazardous and Toxic Wastes (Haxo et al. 1984). This report offered 
a comprehensive investigation into the performance of both clay 
and synthe tic me mbrane liners (ne w at the time) after long -term 
exposure to both real and laborat ory-prepared liquid wastes. The 
study, performed from February 1975 through July 1983, found a 
wide ran ge of performance v ariations depending on the materials 
and wastes used. This report set the stage for e ven more research 
into the use of clay barriers for waste containment, discussed later 
in this chapter. 

Mining Applications 

Clay liners are used in many types of mining applications, includ- 
ing stormwater detention, process water collection, heap leach pad 
lining, and f inal closure or remedial closure. The function of the 
clay in these mining projects is the same for the other applications 
described herein: containment of water and leachate. The o nly dif- 
ference is that the leachate to be contained in mining projects has a 
much different chemistry than that in waste containment. 

Heap leaching is a mineral pr ocessing technology in which 
large piles of rock are percolated with che mical sol utions that 
extract valuable mi nerals. The largest heap-leaching operations 
involve copper mining, where copper-bearing rock is flushed with a 
weak sulfuric acid solution. This solution dissolves the copper from 
the mineral and is carried in the leachate to a collection system rest- 
ing on top of aliner. An electrowinning process e xtracts copper 
from the solution, and the leachate is then recirculated to the ore 
pile. Gold is e xtracted in much the same fashion, except that the 
leaching solution contains low concentrations of cyanide. The haz- 
ardous solutions used in heap le aching require a r obust liner sys- 
tem. Leach pad lining practices vary worldwide, but commonly a 
geomembrane (such as high-density polyethylene [HDPE] or poly- 
vinyl chlorine [PVC]) is the primary liner and a clay barrier may be 
used as the secondary liner. 


ENGINEERING PROPERTIES OF CLAYS 
FOR BARRIER APPLICATIONS 


Civil engineers e valuate s everal dif ferent properties to assess a 
soil’s suitability as a liner material. It is rare that a candidate soil 


will p ossess superior attributes across the complete spe ctrum of 
desirable properties; in f act, usually any one desirable attrib ute is 
offset by one that is undesirable. For example, a highly plastic clay 
that possesses benef icial strain behavior is not lik ely to be suf fi- 
ciently compactable. T he engineer m ust ide ntify a n a cceptable 
“window” of properties that allow a clay soil to function as a bar- 

rier. This design approach ensure s that performance requirements 
can be achieved yet still allow the variability that is inherent with 
natural soil materials. 


Hydraulic Conductivity 


Hydraulic conductivity measures the intrinsic capability of a soil to 
convey water. This term is often used interchangeably with perme- 
ability, although, in the strictest sense, permeability applies to all 
liquids inclusive of organic chemicals and aqueous chemical solu- 
tions. This dist inction is rare ly ap plied in engineering parlance, 
and so this chapter uses hydraulic conductivity and perm eability 
interchangeably. 

Hydraulic conductivity is by far the most commonly specified 
and required pro perty for asoil liner. In fact, permeability and 
thickness are often the only properties ever specified or r equired. 
Taken together, permeability and thickness can be used to theoreti- 
cally estimate the total amount of flow (leakage) expected for a sat- 
urated soil layer under a specified hydraulic head pressure. 

During the period from 1855 to 1856, Henry Darcy worked to 
identify the relationship between flow and permeability. Darcy’s law 
resulted from a series of experiments in which he subjected a column 
of soil to a constant hydraulic force and measured the water flow rate 
through the soil (Figure 3). The flo _w rate was found to be directly 
proportional to both the hydraulic head and a numerical constant he 
designated as “k.” The v alue of k, in units of meters per second or 
centimeters per second, has become the defacto indicator for a soil’s 
relative ability to transmit water. Mathematically, Darcy’s law is: 


Q = kKA(AA/L) (1) 
where 
= volumetric flow rate (cu m/sec) 
= hydraulic conductivity (m/sec) 
flow area perpendicular to L (sq m) 


= hydraulic head (m) 


nH > Be DO 
Il 


= flow path length (m) 


Equation (1) can be simplified by noting that the term Ah/L is 
actually the change in hydraulic head from the top to the bottom of 
the liner. Assuming that the liner leaks into an unsaturated zone, the 
head pressure at the bottom of the liner is zero and Ah/L becomes 
equal to the hydraulic gradient, which is (h + L)/L. The gradient is 
usually designated as i, and the lined area A can be made equal to 
1 sq m to obtain a flow rate per unit area (g). Thus, Darcy’s law is 
reduced to g = ki. For example, for a clay liner with a permeability 
of 1 x 10~? m/sec and a thickness of 0.6 m, leakage at a head of 3m 
would be calculated by applying the simplified version of Darc y’s 
law, 


q=ki, (2) 
where 
q = unit flow rate (cu m/sec) 
k = hydraulic conductivity (m/sec) = 1 x 10~? m/sec 
i = hydraulic gradient = (h + L)/L = (3 m+ 0.6 m)/0.6 m= 6. 
Therefore, 


q = (1x 10° m/sec)(6) = 6 x 10 cu m/sq m/sec or 
5,184 L/ha/day. 
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Courtesy of Glenn Brown, http://biosystems.okstate.edu/Darcy. 
Figure 3. Water flow model used in the development of Darcy's law 


Table 1. Typical permeabilities of various soils’ 








Typical 
Group Permeability, 
Symbol Description m/sec 
GW Well-graded clean gravels, gravel-sand 2.5 x 104 
mixtures 
GP Poorly graded clean gravels, gravel-sand mix 5 x 10-4 
GM Silty gravels, poorly graded gravel-sand-silt mix >5 x 10-9 
GC Clayey gravels, poorly graded gravel-sand-clay >5 x 10-10 
mix 

SW Well-graded clean sands, gravelly sands >5 x 10° 
SP Poorly graded clean sands, sand-gravel mix >5 x 10° 
SM Silty sands, poorly graded sand-silt mix 2.5 x 107 
SM-SC_ Sand-silt clay mix with slightly plastic fines 1x 10°8 
SC Clayey sands, poorly graded sand-clay mix 2.5 x 10° 
ML Inorganic silts and clayey silts 5x 108 
ML-CL Mixture of inorganic silt and clay 2.5 x 10°? 
CL Inorganic clays of low to medium plasticity 5x 10° 
OL Organic silts and silt-clays, low plasticity >5 x 10° 
MH Inorganic clayey silts, elastic silts 2.5 x 10-9 
CH Inorganic clays of high plasticity 5 x 10-19 
OH Organic clays and silty clays 1x 10-9 





Source: NAVFAC 1971. 


* Note the trend of decreasing permeability with decreasing grain size. 


As w ould be e xpected, soils with smaller p articles have a 
lower permeability (they will allow less flow) than granular soils. 
Table 1 lists soil types and their typical permeability values. Only 
those soils with some clay fraction achieve the permeability values 
required to be considered suitable for a liner (as defined by a per- 
meability value of 1 x 10-? m/sec or lower). Small particles create a 
“tortuous path” of interconnected pores through which water passes 
only very slowly. This results in a low permeability value if the soil 
is placed and compacted correctly. 

Some clay soils can achieve permeability requirements more 
easily than others. The relative ability of a soil to be compacted as a 
functional liner depends on acombination of many proper ties, 
including moisture content, density, and of course particle size. The 
effects of these other variables are discussed in the section on Com- 
pacted Clay Liners and Soil—Bentonite Liners in this chapter. 


Particle-Size Distribution 


All naturally occurring soils contain a range of particle sizes. Soils 
used for liners have a significant fraction of very small particles, or 
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Courtesy of CETCO. 
Figure 4. Schematic of moisture values relating to the Atterberg 
limits of soil 


“fines,” that reduce the ability of the liner to transmit flow. The 
fines content of a soil is usually defined as the weight fraction of a 
sample having a particle size of less than 0.075 mm (corresponding 
to the amount passing a 200-mesh sieve). With a preponderance of 
small particles, the permeability may be low enough for the soil to 
function as a liner. This means that the particle size of the remain- 
ing 70% of the soil can v ary widely ande ven include stone or 
gravel particles without affecting liner performance. Shakoor and 
Cook (1990) found that it w as possible to achie ve a permeability 
value approaching 1 x 10-? m/sec even when the stone fraction in a 
soil w as 50%. Be yond this point, however, permeability v alues 
increased several orders of magnitude. In practice, this means that 
there can be tremendous variability in particle size for a soil liner, 
but it can still function effectively as long as the fines content is 
30% or greater (Benson, Zhai, and Wang 1994). 

There will always be uncertainties relating to the m aximum 
allowable particle size in a clay liner. Although a single large stone 
or rock may not lower overall performance, the presence of multi- 
ple large rocks most | ikely will increase its permeability. T here- 
fore, the m aximum parti cle siz eis oft en recomme nded not to 
exceed 25-50 mm (Daniel 1990). Screening the soil before place- 
ment controls particle size but this adds cost to the project and can 
be a sour ce of controversy between quality control personnel and 
the contractor. 

The grain size distribution of a soil determines its classifica- 
tion. In the Unite d States, the Unified Soil Classification System 
(USCS) predominates, although there are dozens of different clas- 
sification schemes worldwide. This system, whose nomenclature is 
used in Table 1, defines soils by particle size, gradation, plasticity, 
and compressibility. Geot echnical engineers use the USCS most 
often because these paramet ers have a strong relationship to the 
properties of soil structures such as dams, embankments, and lin- 
ers. Other cl assification systems, deri ved from formation mecha- 
nisms or geographical location, are not descriptive of engineering 
considerations. 

Another advantage of the USCS is its ability to classify soils 
through visual observation, with added laboratory testing for con- 
firmation and complete description of the soil. When constructing a 
liner, it is helpful to have a third-party quality assurance inspector 
(one experienced in the classification process) monitor soil place- 
ment activities to determine if the soil is within the range of classi- 
fications that allow for t he construction of an adequate h ydraulic 
barrier. 


Atterberg Limits 


The Atterberg limits describe transition points in the consistency of 
a given soil throughout its full range of moisture content from zero 
to complete sat uration (Figure 4). The plastic limit (PL)is the 
boundary moisture content at which a soil transitions from a plastic 
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Courtesy of CETCO. 
Figure 5. Free swell (a) and fluid loss (b) testing of bentonite 


to anon plastic and noncohesi ve state. The liquid limit (LL) is th e 
moisture content at which the soil transitions from a plastic, cohe- 
sive mass to a viscous fluid. The difference between the LL and the 
PL is known as the plasticity index (PI), which defines the complete 
moisture range over which the soil is considered to be in a plastic 
state. 

In a general sense, the larger the PI, the more suitable the soil 
as a barrier. This is because the PI is really an indirect measure of 
particle size. Clay particles can absorb water, thus imparting plas- 
ticity. Moreover, a plastic soil can accommodate tensile strain better 
than a nonplastic soil. There is a trade-off, however, between plas- 
ticity and compaction. A soil with an extremely high PI may not be 
compactable to the extent needed to make it structurally sound and 
to achieve the density needed for low permeability. Benson, Zhai, 
and Wang (1994) evaluated PI data for 67 landfills in North Amer- 
ica and found that acceptable permeability values were achieved 
when the PI exceeded 7. The lowest permeabilities were achieved 
with the PI ranging from 10 to 30. 


Moisture Content and Density 


The most important performance parameter for the completed clay 
liner is its permeability. Many researchers (Rogowski 1990; Shak- 
tour et al. 1996; Benson, Daniel, and Boutwell 1999; Alba et al. 
2000) have shown that the in situ permeability of clay liners can be 
orders of mag nitude high er than the design value. These results 
demonstrate the need for a better understanding of the soil proper- 
ties and ac companying construction techniques to achieve accept- 
able field performance. 

The moisture content and the compacted density of a soil exert 
primary influence on its hydraulic properties. Moisture, when added 
to a dry soil, facilitates compaction by lubricating adjacent particles, 
allowing them to slide against each other into a tighter arrangement. 
As a result, the density of the soil increases, its porosity decreases, 
and its in si tu permeability decreases. Proctor’s work in the 1930s 
laid the g roundwork for understandi ng soil moisture—density rela- 
tionships. Mitchell, Hoop er, and Campanella (1965) demonstrated 
how c ompactive effort affected clay soil permeability. Fina lly, in 
1990, Daniel and B enson performed landmark research to extend 
these relationships to pre dict permeability. The most important 
aspect of this w_ ork w as the introduction of _ th e concept of an 
“acceptable zone” of moisture contents and densities that could be 
measured in the field and would relate to the ultimate performance 
criterion of permeabil ity. The disc ussions of design later in this 
chapter give more information on this concept. 


Bentonite Free Swell and Filtrate Loss 


Sodium bentonite as an admixture to po rous soil s impro ves their 
workability and decreases their permeability. If the bentonite is effec- 
tive in filling voids in such soils, bentonite admixtures can be v ery 
effective liners. Bent onite also is the barrier component of GCLs. 
The primary properties of ben tonite th at affect its performance in 
both SBLs and GCLs are free swell and filtrate loss (Figure 5). 

A free swell test measures the ability of bentonite to swell in 
an unconfined state. In this test,2 g of powdered bentonite are 
slowly distributed into a gradua ted cylinder filled with deionized 
water. After 16 hr, the interface between the swollen clay and water 
is recorded as the free swell. For bentonite used as an admixture, 
the typical required value is 16 mL; for bentonite used in GCLs, the 
typical required value is 24 mL. 

A fluid loss (or filtrate loss) test comes closer to evaluating a 
clay’s ability to form a hydraulic barrier, although the oil explora- 
tion industry de veloped it to evaluate bentonite-based drilling flu- 
ids. In drilling applications, bentonite mix es with water to form a 
viscous slurry that su spends drill cuttings, lubricates the drill bit, 
and forms a protective coating on the interior of the borehole. This 
coating prevents water from entering the borehole and thus prevents 
its collapse during drill ing operations. The fluid loss test mimics 
the ability of the bentonite to form this layer. A bentonite slurry is 
subjected to a pressure of 690kPa(100 psi) and thenf orced 
through a filter paper. The fluid loss of the clay is the direct mea- 
sure of the volume of water that percolates through the filter cake. 
A high-quality bentonite will form a low-permeability coating and 
will possess a low filtrate loss. In oil exploration, a value of 15 mL 
is desired. In GCLs, the industry has established a baseline require- 
ment of 18 mL. The fluid loss test is also important in cutoff wall 
applications, where a bentonite slurry supports the open trench (see 
sections on quality control in this chapter). 

The origin of t hese free swell and fluid loss r equirements is 
somewhat uncertain. Olsta, Daniel, and Chung (2004) evaluated ben- 
tonite clays of varying free swell and fluid loss values to determine 
what relat ionships, if an y, the y had with respect to permeabil ity. 
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Interestingly, there w as very little c orrelation be tween free swell 
and permeability, especially for free swell values exceeding 18 mL. 
This value appears to be a threshold above which the bentonite is 
capable of h ydrating into a mono lithic mass with few flow path- 
ways. There is a better correlation between fluid loss and perme- 
ability; a fluid loss of 18 mL is the upper limit for GCLs required to 
possess a permeability of 5 x 10~!! m/s. Still, there was consider- 
able scatter in these data, indicating that other clay properties may 
affect permeability test values. 

Although both tests are usef ul in assessing the quality of the 
bentonite for a GCL or SBL, neithertest alone is a reliable indicator 
of bentonite’s potential as a barrier. There is still a need for a short- 
term bentonite test th at can serve as an indicator for GCL perme- 
ability tests, which can take as much as a week to perform. 


Contaminant Transport 


Clay barriers are used extensively in waste containment applications 
and therefore should effectively mitigate the flow of waste materials, 
not just cl ean water. Landfill le achate is the liquid formed when 
water perco lates through waste. Chemicals and par ticles in the 
leachate may eventually contact the liner system, with the pote ntial 
to cause de gradation. In wastewater containment applicati ons, 
municipal or ind ustrial process w ater may also contain deleterious 
chemicals that can affect the liner. Understanding contaminant trans- 
port is necessary when evaluating clay liner materials. 


Advection 


Advection refers to the direct mass fl ux of contaminants contained 
in a waste liquid. Advection is quantified by multiplying the flow 
rate (flux) by the contaminant concentration. Thus, the permeability 
and flux of t he clay barrier completely control advective contami- 
nant flow. Although it is a simple matter to calculate the amount of 
a specific contaminant be ing re leased from a clay barrier, actual 
flux values are likely to differ significantly from advective flux cal- 
culations. The effects of concentration variation, contaminant atten- 
uation, soil liner saturation, and diffusion all complicate the task of 
modeling contaminant transport. 

Goldman’s (1988) rep ort fo rthe EP A is an author _ itative 
source for detailed information on the permeability behavior of clay 
liners with many chemical contaminants. The results of many dif- 
ferent st udies were assem bled to demonstrate that clay soils are 
affected t o v arying de grees by dif ferent che micals. It was al so 
found that various clay-chemical interactions can influence perme- 
ability and thus advective transport. For example, a chemical can 
modify the soil “fabric” (its arrangement of particles) by dispersion 
and flocculation. A chemical that disperses the clay particles (such 
as sodium in the presence of montmorillonite) can decrease perme- 
ability. A ch emical that flocculates or collapses the clay particles 
(such as calcium in the presence of montmorillonite) can increase 
pore size and increase contaminant flux significantly. 

Other chemicals such as strong acids or bases can literally dis- 
solve the clay fabric and thus in crease its permea bility. Fina lly, 
pores can be physically blocked by precipitated metals or microor- 
ganisms, leading to a beneficial decrease in permeability. 


Diffusion 


Diffusion is the movement of contaminants through a liner owing to 
the presence of a concentration gradient. Advection and dif fusion 
can occur together, but they are totally different transport mecha- 
nisms. Whereas advection relies on a hydraulic gradient, diffusion 
depends on a concentration grad ient. Net movement of cont ami- 
nants will be from areas of higher concentration (above the liner) to 
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Table 2. Comparison of contaminant transport mechanisms 
Feature Advection Diffusion 
Governing equation Darcy's law Fick's law 
qg=kic q = D* n(AC/T) 
Transport driving force — Hydraulic gradient (i) Concentration gradient 
(Ac/T) 
Intrinsic soil property Permeability (k) Coefficient of diffusion 
(D*) 


Limiting assumption Saturation of liner Saturation of liner 





areas of lower concentration (below the liner). Table 2 gives a con- 
ceptual comparison of these mechanisms. 

It is extremely difficult to quantify diffusion, partly because 
every soil has a unique coefficient of diffusion for each contami- 
nant of concern. The time dependency of the diffusion process is 
another complicating factor. A great deal of research has been per- 
formed to understand how diffusion occurs and to assess its signif- 
icance as a contaminant transport mechanism. Various researchers 
have ada pted Fick’ s 1 aw to pred ict cont aminant fl ux. While the 
means and methods of this research vary, a generally supported 
conclusion has been that diffusion can be a sign ificant transp ort 
mechanism, especially for thin barriers such as plastic geomem- 
branes and GCLs. For CCLs, advection appears to be the dominant 
transport mechanism when the in sit u permeability of the cl ay is 
less than 1 x 10~? m/sec. Refer to works by Brown and Thomas 
(1998); Foose, Benson, and Edil (1999); Katsumi et al. (2001); 
Kim, Edil, and Park (2001); and Foose (2002) for detailed discus- 
sions of these issues. 


Attenuation 


Attenuation refers to the ability of a material to absorb or otherwise 
impede the movement of contaminants. Because clays have a high 
cation-exchange capacity (CEC) relative to other soils, it has been 
theorized that clay barriers can serve not only as ph ysical barriers 
but also as “treatment” media that actively remove contaminants as 
liquids flow through them. 

Early research b y Griffin and Shimp (1978) performed when 
clay barriers were the only wide ly available option for w aste con- 
tainment focused on known contaminants, such as dissolved metals, 
in municipal landfill leachates. Column studies re vealed that most 
clays could moderately attenuate K, NH4, Mg, Si, and Fe. The same 
study found that the clays strongly attenuated heavy metals such as 
Pb, Cd, Hg, and Zn, b ut organics were not attenuated . Edil, P ark, 
and Heim (1993) also found that volatile organic compounds such as 
methylene chloride and trichloroeth ylene were not significantly 
attenuated. The pH of the leachate and the effects of other solutes in 
the le achate also a Itered the a ttenuation capabil ities of t he liner 
materials. 

Thornton, Lerner, and Tellam (2001) found that heavy metals 
were attenuated by sorption and precipitation of metal sulfide and 
carbonate compounds near the top of the liner. Adequate reserves 
of sulfates and carbonates are need ed for these p rocesses to occur. 
Ammonium was attenuated by ion exchange but was detected in 
effluent flow when the exchange capacity was exhausted. They also 
found that some metals may not be attenuated if the y occur as sta- 
ble complexes with organics in the leachate. 

In general, the mechanisms of adv ection, dif fusion, and 
attenuation are potentially important contaminant transport 
issues, yet it is difficult to make any general statements regarding 
the predicted behavior of a clay liner. The type and concentrations 
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of contaminants, the surrounding chemical environment, the inter- 
relationships of other contamin ants, and the uni que composition 
and construction of the clay barrier itself all combine to create a 
unique “signature” related to its performance in contaminated liq- 
uids. For this reason, past research is helpful in understanding the 
mechanisms by which clays can be affected by chemicals, but it 
certainly is not predictive with respect to a specific clay liner and 
specific chemicals of concern. 


ENVIRONMENTAL REGULATIONS FOR CLAY BARRIERS 


Like clay soils themselves, the regulatory environment for clay lin- 
ers varies significantly from state to state within the United States 
and from country to country around the world. Although there are 
common prescr iptive cl ay liner standards, the requirements set 
forth by individual regulatory entities vary. The concerns of regula- 
tory personnel, past experience with clay barriers, and the geogra- 
phy within a re gulated re gion all combine to de mand a proj ect- 
specific approach to liner design and construction. 


U.S. National Regulations 


National rules for clay liners in the United States, which were pro- 
mulgated by the EPA, exist only for landfill bottom liners and f inal 
covers. States regulate clay liners used in other facilities (water and 
wastewater storage lagoons, etc.). U.S. landfills can be used for the 
disposal of either “solid” (nonh azardous municipal) or hazardous 

waste. The rules for the containment of solid waste are understand- 
ably less stringent than those applicable to hazardous waste disposal 
facilities. In both cases, however, the clay liner requirements are sim- 
ilar, varying only in the thickness required for each type of facility. 


Solid Waste Landfills 


The national regulations for solid waste landfills appear in 40 CFR 
258 (also known as Subtitle D; EPA 1988). EPA provides the states 
with considerable latitude in implementing these rules because they 
are risk based. This means that a landfill is permitted only when it 
will not exceed groundwater quality criteria at its boundaries. These 
criteria are drinking water standards for which numerical limits are 
derived from toxicological studies designed to identify the relative 
risk of exposure to various contaminants. Thus, the primary intent 
of 40 CFR 258 is not to provide detailed landfill design instruc- 

tions, only to ensure that human he alth is protected regardless of 
the design selected. In this way, EPA allows the use of any type of 
liner system if it can be shown to protect groundwater. 

Recognizing that there may be insufficient data to develop a 
detailed design based on this approach, EPA of fers an optional 
approach in whi ch specific liner design crite ria are listed. 40 CFR 
258.40(a)(2) in dicates thata comp _ osite liner , consisting of a 
geomembrane and a cla y layer, is an acce ptable alte mative to the 
risk-based design approach. According to this section, the clay com- 
ponent of the composite liner must be 2 ft (600 mm) thick with a 
permeability not to exceed 1 x 10~° m/sec (EPA 1988). For a final 
cover on a solid w aste landfill, 40 CFR 25 8.60(1) requires a soil 
cover less than or equal to the permeability of the bottom liner, but at 
least 450 mm thick with a permeability not to exceed 1 x 1077 m/ 
sec. Interestingly, these are the only prescriptive performance stan- 
dards for clay liners for any application regulated by EPA. 

As might be e xpected, states that administer their own solid 
waste disposal prog rams prefer t hese spec ific pre scriptive sta n- 
dards. Although the need for a composite liner system in, for exam- 
ple, Nevada, might be le ss than that in Florida, regulatory entities 
prefer to adopt the prescriptive approach to guarantee their compli- 
ance with national regulations. This means that any liner system not 


specifically meeting the prescriptive standard must be evaluated as 
an “alternative” design and therefore subject to careful scrutiny as a 
potential re placement for the geomembrane and c lay com posite 
system mentioned in Subtitle D. 


Hazardous Waste Landfills 


The EPA regulations for hazardous waste landfills are codified in 
40 CFR 256 (Subtitle C; EPA 1988), with liner criteria specified in 
Section 264.301(c)(1)(B). The liner must be at least 90 0 mm thick 
with a maximum permeability of 1 x 10 ~° m/sec. For final covers, 
the regulations in Section 264.310(a)(5) mirror the solid waste reg- 
ulations with respect to thickness and permeabi lity requirements. 
Final covers on hazardous waste landfills must contain a compacted 
soil liner with a thickness of 900 mm and a permeability no greater 
than 1 x 10-? m/sec. 

Furthermore, hazard ous w aste landf ills req uire a “double 
composite” system in which two independent composite liners are 
installed with a leak detection system between them. Interestingly, 
some states (Florida, Michigan, and New York) have also adopted 
this rigorous standard for their solid waste landfills. 


Thickness Requirements 


The defacto soil li ner thickness is 2— 3 ft, o r600-900 mm. In 
almost any country or state, these thickness requirements rarely 
differ. What is the rationale be hind a thickness requirement of 
600-900 mm? Although its origin is unclear, the requirement has 
been in existence at the state level since the 1970s. It was not until 
many years later that research verified the adequacy of this thick- 
ness range. 

Benson and Daniel (1 993a, 1993b) researched the hydraulic 
performance of clay liners of varying thicknesses. They concluded 
that there is little improvement in performance when the thickness 
ofaclay lineris increased be yond 600-900 mm (4-6 lifts). 
Because clay liners are installed in lifts that are 250-300 mm thick, 
the performance of the liner relates to the performance of the lifts 
rather than the liner as one continuous layer. Benson and Daniel 
found that four to six lifts provide a liner with the redundancy 
needed to minimize the potential for preferential flow pathways to 
penetrate through the entire liner. In other words, there is a point of 
diminishing returns wh en landfill liners are more than 900 mm 
thick, and the performance benefits seldom ju stify the expense of 
building a thicker soil liner. Thus it appears there is sound technical 
justification for t he currently ado pted liner thic kness re gulations, 
even if the thickness rules predated the supporting data. 


Hydraulic Conductivity Requirements 


In almost all U.S. and international regulations, the hydraulic con- 
ductivity requirement for a cl ay liner is 1 x 10-9 m/sec. Although 
occasional exceptions to this value are based on environmental risk 
levels speci fic to dif ferent locations and applications, it is c lear 
that the generally acceptable clay liner must achieve a permeabil- 
ity of 1 x 10~? m/sec in both laboratory and field quality control 
(QC) testing. 

There is no kno wn precedent for the uni versal selection and 
adoption of this value. In all likelihood, a permeability of 1 x 10~° 
m/sec repre sents a perform ance standard t hat is ac ompromise 
between achie ving maximum containment and achieving reason- 
able cost and construction feasibility. In other words, higher perme- 
ability req uirements (suchas 1x10 ~* m/sec) could result in 
unacceptable levels of environmental contamination, whereas lower 
requirements (such as_ 1 x 10 ~!° m/sec) may not be possible to 
achieve with man y soils and w ould create undue _ technical and 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Clay Liners and Barriers 


1237 





financial b urdens associated with i dentifying c lay ma terials t hat 
could achieve this value. 


GCLs in National Regulations 


Although GCLs constitute a lar ge and growing fraction of landfill 
liner and cover systems built in the United States, they are not men- 
tioned in any Subtitle C or D rules, because t he rules were written 
long before GCLs were commercialized and used in landfills. The 
first landfill use of a GCL was in 1985 when Claymax was installed 
into an industri al waste disposal cell in a Chicago, Illinois, landfill. 
The GCL was sandwiched between two geomembranes and serv ed 
as a secondary compone nt of the liner system that was not required 
under Illinois law at the time. GCLs were then installed in 1986 in 
two muni cipal | andfills in Pennsylvania, again to supplement, not 
replace, the clay com ponent of th e liner system s required by la w. 
Other than these uses, GCLs did not gain widespread commercial use 
until 1992-1994, about 1 year after Subtitle D was finally issued. 

Because EPA rules do not cover GCLs, a great deal of research 
has compared them to the clay prescriptive standard. If it can be 
shown that a GCL is equivalent to the CCL, then it may be approved 
for use. Koerner and Daniel (1993) authored a comprehensive equiv- 
alency re view of GCLs and CC Ls. The review covered all major 
design, performance, and co nstruction issues that migh t be of con- 
cern to re gulators tasked with evaluating whether a GC L could be 
considered “equivalent” to a CCL (and thus acceptable for use in a 
Subtitle D-compliant landfill liner or cover system). 

They concluded that GCLs were indeed equivalent and often 
superior to CCLs in most a_spects of comparison. Using thi s and 
other equivalency concepts, GCLs have emerged not only as accept- 
able but often as preferred alternatives to CCLs, as is explained in 
the section on Geosynthetic Clay Liners in this chapter. 


State Regulations 


For landfills, liner systems are regulated at the state level assuming 
that the state solid waste management program is in general com- 
pliance with the national rules in Subtitle C and D. In many cases, 
the state re gulations are virtually identical to the national regula- 
tions already discussed. Many states, however, have adopted more 
or less stringent liner design rules based on their specific geograph- 
ical situations. States in humid climates have more stringent liner 
regulations tha nthosei nari d cli mates. F lorida, fore xample, 
requires a double composite liner system containing two geomem- 
branes and tw o clay component s. Wyoming, on the other hand, 
requires only a single liner system consisting of a CCL, a GCL, ora 
geomembrane. This is exactly what EPA intended in promulgating 
risk-based standards instead of an overall requirement that mig ht 
place an unreasonable burden on some states or may not be su ffi- 
ciently protective of human health in others. 

States also have liner re gulations pertaining to w astewater 
storage lagoons. The most widely recognized re gulations ar e 
adopted from the Great Lakes—Upper Mississippi Ri ver Board of 
State and Pro vincial Public He alth and Environmental Managers 
(1997). This group developed the so-called “ten-state standard” that 
contains clay lin er design requirements for w astewater storag e 
facilities. The ten-state standard is expressed in terms of a max i- 
mum leakage rate of 500 gal/acre/day, or 4,695 L/ha/day, at a depth 
of 6 ft (1.8 m). Assuming a thickness of 600 mm, this equates to a 
permeability of 1.8 x 10~° m/sec, which is slightly higher than the 
de facto standard appearing in other regulations. 

Not all states ha ve adopted this standard. As _ with landfills, 
states developed wide-ranging liner performance criteria depending 
on specific issues relevant to each state. It is beyond the scope of this 
chapter to list all the different state level rules for such facilities. 


Other Regulations 

The United States has influenced liner system design and regulation 
worldwide. Although countr ies v ary significantly inclay _ liner 
requirements, many adopted the EP A’s prescriptive standard liner 
system. Koerner and Koerner (1999) summarize worldwide landfill 
liner system regulations. In general, more developed countries have 
more stringent regulations than those that are less developed. 

The European Union adopted a clay liner requirement of 1 m 
thickness and 1 x 10~° m/sec permeability; this rule applies to both 
landfill bottom liners and landfill covers (CEC 1999). For hazard- 
ous waste landfill liners, the thickness requirement is 5 m and the 
same permeability value of 1 x 10-° m/sec. 


COMPACTED CLAY LINERS AND SOIL-BENTONITE LINERS 


Although CC Ls and SBLs are constructed in dif ferent w ays, the 
general design issues discussed herein are applicable to bo th types 
of liners. 


Design 
The design of a clay liner requ ires detailed knowledge of the soil 
properties such that a technicall y appropriate specification can be 


written. A designer is interested primarily in moisture-density rela- 
tionships, water balance models, time of travel, and slope stability. 


Moisture-Density Relationships 


The hydraulic performance of a clay liner depends greatly on prop- 
erly determining the relationship between soil moisture, density, and 
permeability. The designer must identify acceptable clay soil sources 
for the project. Determining whether these sources contain soils that 
can achieve the required permeab ility values is best accompli shed 
with a four-step process, as described in Daniel and Benson (1990): 


1. Obtain re presentative sam ples of the ca ndidate soils a nd 
compact them in the laboratory using standard, modified, and 
reduced effort to achieve compaction curves (plots of density 
versus moisture content), as shown in Figure 6(a). 


2. Perform p ermeability t ests o nthe sam ples and plot the 
resulting permeability versus moisture content. Also plot the 
maximum acceptable permeability (typically 1 x 10~? m/sec) 
to distinguish betw een acceptable and unacceptable samples, 
as shown in Figure 6(b). 


3. Highlight all the data points with “acceptable” permeability 
values (falling below the permeability pass/fail line from step 
2) on the plot from step 1. Draw an “acceptable zone” on this 
plot, with the zero air voids curve as the outer border and the 
acceptable permeability data as the inner border, as shown in 
Figure 6(c).2 

4. Modify the acceptable zone , as sho wn in Figure 6(d), to 
account for other design criteria such as realistic water content 
and shear strength. These are _ project-specific modifications 
that are made to derive a single acceptable zone for the soil in 
question. 


Using this four-step procedure, a d esigner can identify the 
range of acc eptable moisture an d densit y values that must be 
achieved in the field to obtain the required permea bility v alue. 
This information is used not only to qualify candidate soils but 
also to facilitate the construction quality contro 1 (CQC) and con - 
struction quality assurance (CQA) processes. Moisture and density 
can be measured rapidly and inexpensively in the field, whereas 
permeability tests are slow and relatively expensive. The moisture 
and density data then can be used to ensure maxim um probability 
that the ul timate pe rformance crite rion—permeability—will be 
reliably achieved. 
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Figure 6. The process for determining a zone of moisture and density values that will result in acceptable permeability values 


Water Balance Models 


Mathematical water balance models are often used to demonstrate 
that the liner system, consisting of multiple layers of soils and geo- 
synthetics, will meet appl icable re gulatory pe rformance cr iteria 
and will not allow harmful levels of c ontaminants to e scape a 
waste containment facility. Many different models are a vailable, 
but the most pop ular and relevant mode] is kno wn as. the hydro- 
logic evaluation of landfill performance (HELP). The HELP model 
is actually a compil ation of se veral smaller models that simulate 
precipitation, runoff, perc olation through various soil layers, and 
ultimately the amount of liquids that penetrate into or through a 
landfill sy stem (Figure 7). For CCLs and GCLs, th e model uses 
Darcy’s law to calculate le akage performance (S chroeder et al. 
1994). 

Designers use the HELP model to determine whether a pro- 
posed or existing landfill could allow enough leachate to flo w into 
and contaminate groundwater. If the modeling results are un favor- 
able, the designercan alter v arious input parameters such as 
increasing the slope of the landfill final co ver, adding a barrier 
layer, or decreasin g the spacin g of leachate collection drains. 
Although the simulation requires numerous simplif ying assump- 
tions, the HELP model is a valuable tool to the designer because it 
demonstrates how various landfill design parameters can ultimately 
influence its environmental performance. 


Precipitation 
HELP synthesizes precipitation data based on 
historical weather records 
Infiltration 
HELP uses Darcy’s law to determine flow 
through various soil layers 


Runoff 

HELP uses 

SCS technique 

to calculate runoff 


Evapotranspiration 
HELP uses various models and 
methods to determine plant uptake 










Percolation 

HELP assumes certain moisture 
levels in waste to determine 
percolation to bottom 






Leakage 
HELP uses Darcy's law and Giroud 
equations to determine liner performance 


Courtesy of CETCO. 
Figure 7. Conceptual schematic of the HELP model 


Time of Travel 

Theoretically, a clay liner behaves as a perfectly monolithic barrier 
with uniform hydraulic characte ristics from top to bott om (the 
“plug flow” concept). This is seldom the case, as is discussed in the 
section on Performance of Clay Barriers in this chapter. It still may 
be useful to the designer, however, to e valuate CCLs in terms of 
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how long they will ideally contain a leachate of concern. Assuming 
that the liner is perfectly constructed, it will not allow contaminants 
to be released until the leachate front progresses from the top of the 
liner to the bottom. Various analytical methods have been proposed 
for estimating this tim e as a me ans to just ify the design life of a 
waste containment facility (Horton, Thompson, and Mcbride 1988; 
Goode 1990; Benson and Charbeneau 1991), but the basic concept 
of travel time involves knowledge of t he soil’s permeability and 
effective porosity. Effective porosity is the fraction of total porosity 
that is capable of conducting flow. This is a difficult parameter to 
measure and re nders ac curate time of tra vel estimates difficult. 
Moreover, with real-world construction problems such as clods and 
interlift flow zones influencing flow (refer to Performance of Clay 
Barriers section in this chapter), the time of travel calculation is not 
as relevant as once believed. 


Slope Stability 


Sloping surfaces, whether they are lined with a CCL , a GCL , or 
some combination of natural and synthetic mate rials, mu st be 
proven to be stable. Assessing the stability of a lined slope is per- 
haps the designer’s greatest ch allenge because it requires kno wl- 
edge of the materials of construction, testing methods, and stability 
modeling. Many methods exist for calculating the stability of slop- 
ing liner systems, ranging from simplified sliding-block analyses to 
sophisticated finite element analyses. There is no single “best” ana- 
lytical method; the most appropriate method depends on the type of 
liner system, the type of forces to which it may be exposed, and the 
relative skill and expertise of the designer. The reader is referred to 
works by Koerner (1994) for a more detailed discussion of the vari- 
ous techniques that can be used in assessing slope stability. 

With respect to CCLs and GCLs, the designer is interested in 
measuring the shear strength of the clay internally as we Il as the 
strength of the interfaces between the liner and adjoining materials. 
With this information, rational analyse s can be made to determine 
overall stability under the normal and shear loads e xpected for the 
system. Internal shear strength refers to the strength of the clay itself 
and whether interparticle interactions are sufficient to resist move- 
ment when shear stress is app lied. Compac ted clays are usually 
fairly strong in this re gard, although “fat” clays with high moisture 
contents must be e valuated carefully. GCLs, with hydrated bento- 
nite, may have very low internal shear strength unless the GCL itself 
is reinforced. Designers should be careful to co nsider the internal 
strength of a GCL whenever it is proposed for use on slopes. 

The interface between the clay liner and adj acent materials is 
another potential failure plane. For example, a smooth geomembrane 
placed on asmooth, compacted clay surf ace consti tutesa low- 
strength interface that presents considerable limitations for designers 
seeking to maximize slope steepness. By assessing the strength of all 
relevant interfaces in a liner syst em, the designer can identify t he 
weakest int erface and propose alternative materi als that may be 
needed to demonstrate stability with an acceptable factor of safety. 


Construction 


After the designer identi fies prop er mat erials, the field perfor- 
mance of a clay barrier depends on the quality of its construction. 
Several decades of e xperience, research, and trial and error have 
led to knowledge of which construction variables influence perfor- 
mance and how to manage these variables in the most favorable 
way possible. 


Equipment Requirements 


Because the succ ess of a compacted cl ay barri er depends on 
achieving the proper level of compaction, a fundamental require- 


ment for pr oper constru ction is heavy comp action equ ipment. 
Daniel (1990) recommends compactors with a minimum weight of 
15,000—20,000 kg (30,000-40,000 Ib) equipped with footed rollers 
whose foot length is at least 20 cm (7.5 in.). T he combination of 
high weight and footed rollers produces a “kneading” action that 
delivers high compactive energy to the soil and prom otes bonding 
between individual lifts of the liner. 

Even with these parameters spec ified, ad equate com paction 
still may not be achieved unless the compactor makes a minimum 
number of passes o ver the soil. Daniel recommends at le ast six 
passes to achieve uniform compaction and density. Multiple passes 
also break up clods that can cause excessive flow through the liner. 


Moisture Control 


The acceptable zone of moisture and density determined in the 
design phase must be maintained consistently during the construc- 
tion process. Water must be added to the soil (especially for a ben- 
tonite-admixed soil) before compaction. This is ac complished 
using a w ater truck equ ipped with a spray b ar that can pass o ver 
each lift of precompacted soil. 


Physical Processing 


Depending on the quality of the soil, a screening system may be nec- 
essary to remo ve stones lar ger than the design requirements (typ 1- 
cally 50mm). A suitable “b orrow” soil w ould require no further 
processing except where bentonite is used as an admixture. In this 
case, bentonite can be added in one of tw oways. The simplest 
method, suitable for smaller projects with thin liners (<300 mm), is 
to place the bentonite on the surface of the subgrade and blend it with 
the soil using a tiller. Water is added to the SB mi xture before com- 
paction. The second method is to use a pug mill (Figure 8) to blend 
the soil and the bentonite together continuously. The mixture is then 
delivered in trucks to the working area where it is placed, spread to 
the specified loose lift thickness, and compacted. 


Quality Control 


The construction process must be continually monitored to ensure 
that the CCL or SBL me ets the applicable permea bility require- 
ment. A properly engineered liner construction project will have a 
comprehensive CQC and CQA progr am that includes third-party 
inspection and testing, as described in Table 3. 

The QC program should also contain provisions to deal with a 
failing test result, and the typical procedure in such in stances is to 
retest the sample. If another failure results, the area from which the 
sample w as obtained is re worked, recompacted, and resampled 
until passing results are achieved. 

To verify the overall adequacy of the design and construction 
procedures intended for the liner, a test pad is often specified. A test 
pad is a small section of liner built specifically for testing. If pass- 
ing results are obtained from the test pad, it can be presumed that 
the project can continue without any modification in materials or 
methods. 


Economics and Market Trends 


It is difficult, if not impossible, to make any conclusive statements 
regarding the economics and mark et conditions of clay _ liner 
construction. Based on the author’s experience and market knowl- 
edge in the United States, Europe, and Asia, the following tentative 
statements can be offered as a general assessment of the clay liner 
market: 
* It is conserv atively estimate d that at least 500 engineered 
landfill liners are built in the United States each year, and that 
at least double this number (1,000) clay liner s are built for 
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Courtesy of CETCO. 
Figure 8. Trailer-mounted pug mill (a) and close-up view of mixing 
blades (b) for combining bentonite with screened soil 


ponds and lagoons. There is no w ay to verify the accuracy of 
these estimates, and no information is available on the world 
size of the highly fragmented clay liner market. 


The typical installed cost fora CCL with a thickness of 
600 mm is $4.50/sq mto $5.00/sq m. The cost of a CCL varies 
significantly by re gion, based on materials a vailability, land 
costs, hauling costs, labor rate s, and professional services. A 
CCL installed in the Northeast and West Coast areas of the 
United States w ould be more e xpensive than this range, 
whereas the same liner installed in the Midwest and Southeast 
would likely be less than this range. 


As GC Ls bec ome more com monly acc epted alternatives to 
CCLs, the number of CCLs c onstructed each year will 
decrease, especially in waste containment applications (land- 
fill bottom liners and c overs). CCLs are typically mor e eco- 
nomical than GCL s only whenc lay so ilis lo cated at the 
project site. 

SBLs represent a small fraction, less than 5%, of all clay liner 
systems constructed worldwide. 


For f acilities wit h eng ineered liner systems, QC costs are 
approximately $250/ha. 


This information is based on general market knowledge only. 


There are no authoritative sources for such infor mation nationally 
or internationally. 


Table 3. Summary of QC procedures for a CCL or SBL 





QC Category Required Activity Desired Result 
Raw materials Set Atterberg limits and PI Pl > 10% 
Establish maximum particle 25-50 mm 
size 
Establish maximum gravel <20% 
content 
Establish minimum fines >30% 
content 
Equipment Ensure adequate compactor >15-20,000 kg 
weight 
Ensure adequate footed roller >20 cm 
Compaction Establish minimum number of >6 
passes 
Liner lifts Establish maximum loose lift 25 cm 
thickness 
Establish maximum 15 cm 


compacted lift thickness 


Ensure previous lift surface is Yes 


scarified 

Measure in-place density Within acceptable zone 

Measure in-place moisture Within acceptable zone 

Measure lab permeability Below minimum 
requirement 

Measure in situ permeability Below minimum 
requirement 

Protect against desiccation Yes 

cracks 





Adapted from Daniel 1991. 


GEOSYNTHETIC CLAY LINERS 


GCLs represent an interesting subset of clay barriers. Part geosyn- 
thetic material and part bentonite clay, these unique h ybrids are 
growing in popularity as partial or complete substitutions for CCLs 
because of their attracti ve price, ease of installation, and high per- 
formance under demanding site conditions. 


GCL Types and Production Methods 


GCLs consist of a layer of bent onite clay bonded to one or more 
geosynthetic materials such as geotextiles or geomembranes. GCLs 
are separated in to two broad classes based on their internal shear - 
strength properties: 
¢ Unreinforced—These G CLs contain bentonite clay , which, 
when hydrated, offers only as much shear strength as the clay 
itself. Examples of unreinforced GCLs include Claymax 200R 
(CETCO, Arlington Heights, II] linois) and Gund seal (GSE, 
Houston, Texas). It should be noted that these products differ 
significantly. Claymax is made with a layer of bentonite lami- 
nated between tw o encapsulating geotextiles. Gundseal con- 
sists of alayer of bentonite adhered to a geomembrane. 
Unreinforced GCLs are used in applications where significant 
shear forces are not expected. Gundseal is oc casionally used 
on slopes, however, if the bentonite layer is permanently pro- 
tected from hydration. 


Reinforced—These GCLs consist of ben tonite clay sand- 
wiched between two geotextiles that are needle-punched or 
stitched together to reinforce the bentonite layer and to give 
it additional shear strength. Re inforced GCLs are used in 

applications where the liner sy stem must be able to with- 
stand shear loads. Examples of reinforced GCLs include 

Bentomat (CETCO); Bentofix (N AUE GmbH & Co., 
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Liibbecke, German y); and NaBento (HUESKER Synthetic 
GmbH, Gescher, Germany). 


Designing with GCLs 


GCLs are intended to replace CCLs. Many GCL design issues 
involve the comparison of GCL performance to that of CCLs in 
various situations. These equi valency issues can be cate gorized as 
hydraulic, geotechnical (slope stability), and chemical (compatibil- 
ity with liquid contaminants). 


Hydraulic Performance 


The hydraulic performance requirements for CCLs are clearly regu- 
lated i n te rms of lin er t hickness and permeability . From these 
parameters, a designer can use Da rcy’s law to determine whether 
the steady-state flow rate from a GCL can be considered equivalent 
to that of a CCL under the same confining pressure and head pres- 
sure conditions. To perform this analysis, it is ne cessary to under- 
stand that GC L permeability v aries considerably with confining 
stress (Figure 9), and so it is nece ssary to ensure that rele vant con- 
fining stress conditions are used in the calculation. GCL manufac- 
turers can also pro vide flux data to allo w a direct compar ison of 
GCLs and CCLs under similar conditions. 

Based on several years of test data and successful field usage, 
GCLs are now generally considered to be fundamentally equal, if 
not superior to, CCLs in terms of baseline hydraulic performance, 
most notably for landfill bottom liner applications where high con- 
fining stresses result in low permeability and flux values. Data col- 
lected from landfills in the Unit ed States (Bonaparte, Daniel, and 
Koerner 2002 ) indicate that line r systems con taining a GCL leak 
less than th ose containing a CCL (Figure 10). These data don ot 
independently compare GCLs and CCLs because the liner systems 
also contain a geo membrane component. Nevertheless, it is clear 
that a GCL-based liner system outperforms other lin er systems at 
each life cycle stage of the landfill. 


Seam Flow 


In any geosynthetic liner system, the potential for a lea kage prob- 
lem is greatest at the longitudinal and lateral seams where adjacent 
liner panels are connected. W ith GCLs, there is no mechanical 
attachment of the panels; they are merely overlapped. Some GCLs 
require additional granular bentonite along the overlap to ensure 
that self- seaming occurs. Properl y installed, GCLs ha ve been 

proven to be self-seaming such that the hydraulic performance of 
the seam is almost the same as unseamed material (Estornell and 
Daniel 1992). Achieving this result requires some conf ining pres- 
sure, approximately 7 kPa. Cover soil layers typically provide this 
confinement, with the additional benefit of physical protection of 
the liner system from equipment, animals, and erosion. 


Slope Stability 


GCLs demand special attention with respect to slope stability. The 
designer must be aware of the internal strength of the GCL and the 
strength of its two external interfaces. Project-specific direct shear 
testing is needed to understand these properties. When project - 
specific materials are evaluated at a competent geotechnical labora- 
tory, the resulting data can be entered into a mathematical model to 
assess the stability of the planned design. 

Many useful mathematical stability modeling techniques have 
been developed (Giroud and Beech 1 989; Wilson-Fahmy and 
Koerner 1993; and Soong and Koerner 1996, to name only a fe w) 
that expertly address this param ount design concern. Using one of 
these m odels, in com bination wi th pre vious project e xperience, 
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Courtesy of CETCO. 
Figure 9. GCL permeability decreases as confining stress increases 
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Adapted from Bonaparte, Daniel, and Koerner 2002. 
Figure 10. Average leakage rates for different types of landfill 
liners 


large-scale laboratory shear test data, and conservative engineering 
assumptions, it is possible to design a stable slope even when multi- 
ple soil and geosynthetic layers are placed adjacent to one another. 
The designer must also as sess global slope stability, which is 
related to the stability of the soil beneath the liner. Global stability 
considerations can be evaluated usin g se veral te xtbook method s. 
Koerner (1994) gives a good summary of these considerations. 
Interface Shear Strength. A thorough stabilit y analysis 
requires evaluating every interface in the liner system. Ideally, each 
interface should be capable of generating enough friction to transfer 
the driving force into the subgrade. The amount of friction fora 
given combination of soil and/or geosyn thetic lay ers can be 
expressed as an angle when the shear strength is measured at several 
normal stresses. F or example, the interf ace friction pro vided by a 
soil cover layer can be tested by measuring the shear strength at nor- 
mal stresses of 100, 300, and 500 psf (5, 14, and 24 kPa). The angle 
described by the line connecting these shear values is the friction 
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Fd = W sinB 
W sinB 
WwW 
W cosB 
N= WeosB 
W = weight of soil cover Fr = frictional resisting force 
N_ = normal opposing force L = length of sliding block 
®c¢ = critical friction angle B = slope angle 


Fd = driving force 


Courtesy of CETCO. 
Figure 11. Sample slope stability diagram for a soil layer resting on 
a GCL, which in turn rests on a compacted clay liner 


angle between the top of the liner and the cover soil. In a simple slid- 
ing block analysis, the slope is stable if the friction angle is greater 
than the slope angle (Figure 11). 

Internal Shear Strength. The first bentonite liners on the 
market in the mid-1980s were unreinforced, meaning that the inter- 
nal shear strength of the GCL was no greater than the lo w shear 
strength of the hydrated bentonite layer (around 8°). The resulting 
design process was, therefore, relatively straightforward, although 
quite limiting because of bentonite’s low shear strength. When nee- 
dlepunched pro ducts such as B entomat were intro duced in the 
early 1990s, peak internal shear strength properties increased sig- 
nificantly. These products ca n safely be pl aced on much steeper 
slopes. 

Internal shear strength must be demonstrated both in the short 
term and the long term, and ideally for the life of the lined facility. 
Laboratory research (Trauger, Swan, and Yuan 1996) indicates that 
needlepunch-reinforced GCLs can sustain long-term shear loads. 
Field-scale testing ( Koerner 1996) and actual pr oject e xperience 
have yielded similar conclusions relating to the high internal shear 
strength of GCLs in commonly en countered liner con figurations. 
From the data ande xperience gained to date, itis reasonable to 
assume that GCLs will maintain significant internal strength in the 
long term. 


Chemical Compatibility 


Any liner must have the ability to resist chemical attack when used 
in containment applications where contaminants may be present. 
Although chemical compatibility is actually a subtopic of hydraulic 
performance, this issue is worthy of a separate discussion. 

Sodium bentonite is an ef fective barrier primarily because it 
can absorb lar ge quantities of w ater (i.e., swell). When the bento- 
nite component of the liner hydrates, it becomes a dense, uniform 
layer with exceptionally low permeability. Water absorption occurs 
primarily because of the presence of sodium ions situated in th e 
interlayer region between clay platelets (Figure 12). 

Contaminant Effects. Sodium bentonite that ish ydrated and 
permeated with relatively clean water will be an effective barrier 
indefinitely. The interlayer sodium ions,ho wever,canb e 


exchanged with other cations that may be present in the water dur- 
ing the h ydration or permeation pro cess. This ty pe of e xchange 
reaction reduces the amount of water that can be held in the inter- 
layer, resulting in dec reased swell. Anions will also reduce swell. 
The loss of swell usually cau ses increased porosity and decr eased 
performance as a hydraulic barrier; this is the primary mechanism 
for the chemical contamination of bentonite. Other chemicals such 
as organic molecules are far less likely to affect bentonite and are 
seldom encountered in co ncentrations needed to af fect its perf or- 
mance. Table 4 lists potential bentonite contaminants that are com- 
monly found in liquids requiring containment. 

Experience has sho wn that calcium is the m ost c ommon 
source of compatibility problems for bentonite-based liners. Other 
cations (magnesium, ammonium, potassium) can also contribute to 
compatibility problems, but they generally are not as prevalent or as 
concentrated as calcium (Alth er et al. 1985). Su ch cations may 
already be present in the water to be contained or may leach into the 
water from cover soils on the liner. 

It is not possible to specify the max imum concentration at 
which a certain chemical becomes a compatibility problem because 
of the many variables involved in assessing performance. These 
variables include e xposure time, c onfining stress, hydraulic pres- 
sure, h ydration liquid, temperat ure, and chemical interactions 
between different contaminants. In lieu of blank et recommenda- 
tions, routine compatibility tests (ASTM D6141 and D6766) should 
be performed to determine if the chemical or leachate can affect the 
liner. The liner may also be sensitive to the chemical composition 
of soil placed over it, such that limestone and oth er calcium-rich 
cover soils should be avoided. 


Construction 


A primary advantage of GCLs over CCLs is their relative ease of 
construction. Supplied in rolls, GCLs are installed by unrolling the 
material al ong the inte nded path of deplo yment ( Figure 13). A 
spreader bar and core pipe suspend the roll freely from the moving 
equipment. Installation rates of 1 ha/day (2.5 acres/day) are not 
uncommon on lar ge p rojects, whichis asign _ ificantly f aster 
deployment rate than for CC Ls. Dep loyment sh ould begin only 
when the subgrade surface has been made smooth, stable, and free 
of protrusions. 

At the top of aslope, th e end of the GCL roll is typically 
placed in an anchor trench to pre vent downslope movement or to 
promote slope stability (Figure 14). The GCL can be cut with a util- 
ity knife to the necessary lengt h and can be installed around foun- 
dations and appurtenances by cutting and sealing with dry bentonite 
orabentonite paste (Figure 15).GCL man _ ufacturers pro vide 
detailed installation guidelines covering other common installation 
situations such as perimeter wall connections, repairs, pipe penetra- 
tions, and corners. 

One of the most impor tant steps in the GCL installation pro- 
cess is covering. If covered with another geosynthetic layer (such as 
a geomembrane), the GCL is not as susceptible to damage by sub- 
sequent site activities. If the GCL is covered with soil, however, as 
is common in | andfill cap applications, the GCL can be damaged. 
Designers should specify the minimum soil thickness that should be 
maintained between the GCL and covering equipment, and co ver- 
ing acti vities should be carefully monitored to ensure that the 
equipment does not come in direct contact with the GCL. 


Quality Control 


GCLs are factory-made liners and many under go quality tests in 
accordance wit h ASTM D5889. The ra w materials (bentonite 
clay, geotextiles, and geomembranes) undergo testing, as does the 
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Courtesy of CETCO. 
Figure 12. Molecular structure of montmorillonite (bentonite), showing absorbed sodium ions nested within the interlayer water 


Table 4. Contaminants that can affect bentonite performance 








Cations Anions 

Calcium (Cat?) Chloride Cl) ( 
Magnesium (Mg*?) Sulfate SO,4-3) ( 
Potassium (K*) Nitrate NO3>) ( 
Ammonium (NHq*) Carbonate (CO37) 

Sodium (Na*) Hydroxide (OH-) 

Iron (Fe*?) 


Aluminum (Al*3) 


Note: Other contaminants may exist; these are the ones most commonly 





encountered. 











Courtesy of CETCO. Courtesy of CETCO. 
Figure 13. Typical GCL installation method Figure 14. Placement of a GCL into an anchor trench 
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Courtesy of CETCO. 
Figure 15. Sealing a GCL around a structure 


finished GCL product. The engineer receives QC information upon 
delivery to ensure that quality criteria have been achieved. The fac- 
tory-oriented QC process for GCLs means that there is little field 
QC required, which results in time and cost advantages over CCLs. 

Engineers often require additional quality data such as perme- 
ability or direct shear test data before granting final approval of the 
GCL materials. The scope and fre quency of these tests are quite 
dependent on the natur e of the pr oject. In general, GCLs e xhibit 
consistent hydraulic and mechanical propertie s, tending to reduce 
the need for frequent (and costly) tests. 


Economics and Market Trends 


The GCL mark et is f airly stable in North America b ut is rapidl y 
evolving in other parts of the world. The two major GCL manufactur- 
ers in North America share a market estimated to be 15 million sq m 
in 2004. Europe, with a 2004 esti mated market of 12 million sq m, 
has approximately six GCL manufacturers, creating a more frag- 
mented and re gionalized mark etplace t hat caters to t he unique 
regulatory, cultural, and economic status of European countries. 

Asia has approximately four credible GCL producers, with up 
to 15 other companies (many in China) claiming to provide GCLs. 
The largest Asian GCL market is China, whose rapidly e xpanding 
economy requires secure waste containment facilities. Hong Kong, 
Korea, and Japan have used GCLs for a longer period of time, since 
approximately 1993, but they are not perceived as growth markets. 
The total Asian market is approximately 3 million sq m. 

GCL pricing has decreased dramatically since its introduction 
in the early 1990s. North Amer ican unit pricing at that time was 
approximately $5.50/sq m but has since dropped to an average of 
$3.00/sq m for standar d products (on a medium-siz ed project of 
10,000 sq m). The price decrease re presents the evolution of GCL 
technology from lo w-volume sp ecialty p roduct to high-volume 
commodity product. Pricing levels in North America have been rel- 
atively stable since 1999, with occasional price increases offsetting 
increased raw materials costs. In Europe and Asia, pricing over the 
past 5 years has fallen more quickly, although these markets are 
also showing signs of stabilization. Another factor affecting prices 
has been consolidation within the geosynthetics indu stry, wher e 
various mergers and acquisitions are creating a stabilizing force in 
the GCL market. 

GCLs are hea vy, and fr eight costs are often significant. In 
North America, freight costs range from $0.10/sq m to $0.70/sq m, 


with an a verage of $0.40/sq m. Exporting GCLs from Europe or 
North America adds ocean freight costs and increases the typical 
freight charge to $0.60-$1.00 sq m. 

A nominal estimate of the installation cost of GCLs in North 
America is $1.50/sq m. This cost includes only the materials han- 
dling and deplo yment processes and does not include appurtenant 
activities such as_ subgrade pre paration or covering. In consi der- 
ation of labor wages worldwide, deployment costs in Asia are 
expected to be some what lo wer than this amount, wh ereas in 
Europe (especially Western E urope) deplo yment co sts w ould be 
higher. In total, then, the installed cost of a GCL in North America 
can be reasonably estimated as $4.90/sq m ($3.00 + $0.40 + $1.50). 


CUTOFF WALLS 


Cutoff walls are a unique category of clay barriers. In consideration 
of the vast amount of horizontal clay barriers used w orldwide for 
water and waste containment, the usage of cutoff walls is small and 
the discussion contained herein is limited. Detailed design and con- 
struction methods are available in works by Spooner et al. (1985), 
Xanthakos (1985), and Noyes (1975). In addition, two ASTM pub- 
lications (Alther et al. 1985; Millet, Perez, and Davidson 1992) also 
offer rele vant infor mation from previous technical symposia on 
slurry walls. Cutoff walls still represent an important technology, 
however, for controlling groundw ater flow and for mitigating the 
damage created by inef fective horizontal barriers built in de cades 
past. 

Design 

Cutoff wall applications involve building a subsurface vertical bar- 
rier to control groundwater or contaminant flow. Therefore, the first 
step in the design of a subsurface barrier is to evaluate the site con- 
ditions and o verall feasibility (Spooner etal. 1985). Incer tain 
cases, limited ac cess be cause of e xisting infrastructure may no t 
allow the area of concern to be en circled to the extent necessary to 
control groundwater movement. Additionally, the depth to ground- 
water must be evaluated to ensure that it is close enough to grade to 
allow trenching. Most cutoff walls are not feasible or cost-effective 
if the depth is greater than 30 m, although successful cutoff walls 
have been installed as d eep as 125 m. Finally, the geology of the 
site must be e xamined to determine whether trenching is possible. 
Sites with shallo w bedrock are se Idom acceptable for cut off wall 
techniques and si tes without an accessible aquiclude may n_ ot be 
feasible for cutoff wall construction. 

Assuming that there are no insurmountable site and feasibility 
restrictions, the next phase of design involves selecting the type of 
wall to install. There are many types of cutoff walls, each with their 
own set of advantages and limitations. Walls containing clay as the 
principal hydraulic barrier are SB walls, CB walls, and SCB walls. 
The designer selects the appropriate wall type based on the nature 
of the subsoils, the hydraulic performance requirements for the cut- 
off wall, chemical compatibility issues (Day 1994), structural con- 
siderations, and cost. With information pertaining to site constraints 
and performance requirements, it is possible to select a w all type 
most suitable for the project. Table 5 lists some of the major points 
of comparison between SB and CB walls. SCB walls would fall in 
the middle of these ranges. 

The next step in the design is to create a specification for the 
installing contractor. The specif ication should include all rele vant 
performance properties of the construction materials and the fin- 
ished wall, including final permeability, compressive strength, and 
thickness. Darcy’s law can be used to determine the wall thickness 
required for adequate containment at a certain in situ permeability. 
It is also possible to provide a performance specification in which 
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Table 5. General comparison between SB and CB cutoff walls 





Design Parameter SB CB 
Permeability Lower (10-8-10-% m/sec) — Higher (10-7-10-8 m/sec) 
Strength Low Higher 

Constructability Harder Easier 

Chemical Varies Varies 

compatibility 

Cost Lower Higher 





methods and materials are left to the discretion of the contractor 
(Spooner et al. 1985). 


Construction 


Cutoff wall construction typically involves four concurrent steps: 
slurry mixing , trench e xcavation, backfill mixing ,a nd_ backfill 
placement. Slurry mixing involves using an aqueous bentonite mix- 
ture that is pumped into the trench to prevent collapse during exca- 
vation. With a density greater than that of water, the slurry displaces 
groundwater, coats the interior of the trench w alls, and stabilizes 
potentially unconsolidated soils that may be prone to collapsing the 
trench. The slurry is mixed in dedicated tanks equipped with high- 
shear impellers for completely dispersing the bentonite. The con- 
centration of the bentonite slurry is usually in the range of 4%-7%, 
although it is more typical to spec _ ify the viscosity of the slurry 
rather than its bentonite concen tration. Throughout the slurry mix- 
ing and trenching process, the quality of the fluid must be continu- 
ally checked to ensure it does not become contaminated with soil 
particles. 

Trench e xcavation is accomplish ed with a backhoe or _, for 
deeper walls,aca ble-suspended clamshell. Man y purpose-built 
attachments and enhancements to this equipment have been devel- 
oped to facilitate efficient excavation in wide-rangin g subsoil con- 
ditions such as sa nds, stiff cl ays, androc k (Millet, Pe rez, and 
Davidson 1992). The most critical as pect of the excavation process 
is preventing trench collapse. This requires a well-de veloped plan 
for integrating the activities of the slurry and the excavation equip- 
ment. Another important e xcavation parameter is th e v erticality 
(plumbness) of the trench; it is al ways to be desired, especially if 
the finished wall must meet certain strength requirements. 

Backfill mixing refers to the ingredients c onstituting the bar- 
rier component of the trench. These ingredients will consist of native 
soil, bentonite, cement, or some combination of the three. Attapulg- 
ite is sometimes used as an alternative to bentonite. The primary 
objective in mixing the backfill is to achieve uniformity of the mix- 
ture to prevent the development of preferential flow zones. It is also 
necessary to ensure thatthe mixture is suf ficiently wet to flo w 
evenly into the trench. To accomplish these objectives, the designer 
may specify particle-size requirements for the bentonite and the soil 
backfill. In most cases, the bentonite content of the backfill mixture 
will be approximately 2%—4% by weight and the water content will 
be 25%-35% (Millet, Perez, and Davidson 1992). 

Backfill pla cement i s a ccomplished ei ther by i njecting the 
mixture through a tremie pipe to the bo _ ttom of the trench or by 
pushing with a bulldozer and allowing it to fall by gravity along a 
sloped surface at the end of the excavation. Backfill is placed in this 
manner until it daylights at the top of the trench, by which time the 
bentonite slurry has been displaced in the area by (ideally) a contig- 
uous layer of low-permeability, reasonably well consolidated back- 
fill. If a CB wall is being built, there is no backfilling process; the 
CB slurry used to stabilize the trench is simply allowed to harden in 
place. 


The cost of an SB or CB wall is, as would be expected, highly 
variable, b ut in soft or medium-soft soils, $540-$750/sq m_ is 
expected (EPA 1994). CB walls would trend to the higher end of 
this range. 


Quality Control 


A comprehensive QC program is required fo r the cutoff wall to 
function as desig ned. Quality testin g is perfor med throughout the 
construction process to ensure adequate trench depth, e xcavation 
into the aquiclude, trench alignment, and trench width (w all thick- 
ness). The bentonite or CB slurry should be check ed for viscosity, 
pH, and sand content. The CB or SB backfill should be regularly 
checked for slump, density, fines content, and hydraulic conductiv- 
ity. Samples of the backfill should be taken both at the source and in 
situ. The slope of the backfill trench must also be monitored to 
ensure that the backf ill is deposited properly (Khoury, Fayad, and 
Ladd 1992). 


PERFORMANCE OF CLAY BARRIERS 


There is little doubt that early a ttempts at co nstructing horizontal 
and vertical clay barriers were not as successful as they are today. 
Considerable advances in geotechnical engineering, expanded aca- 
demic and field research on clay barriers, the development of better 
test equipment and methods, and tremendous improvements in con- 
struction equipment and QC practices have helped greatly improve 
the success rate of modern clay barriers. 


Field Monitoring Data 


Indirect evidence of the failure of some clay barriers is present in 
the number of old landfills that have caused serious environmental 
contamination. Hundreds ofS uperfund sites are landf ills, a 
reminder that clay barrier techno logy was not effective in the past. 
To be f air, most of the Superfund landfill sites never contained a 
liner of any type, but many contain a clay liner that was unable to 
provide suitable containment. 

As the incidents of contaminat ion increased, and as general 
public an d scientific a wareness of en vironmental pr oblems also 
increased, fe deral research monies were made available to study 
clay barriers more intently. Research p erformed by Hax oet al. 
(1984) showed that chemicals could degrade clays. Elsbury et al. 
(1990) and Rogowski (1990) showed that there was a dramatic dif- 
ference between laboratory permeability and actual field perf or- 
mance, where “actual” field permeabilities were several orders of 
magnitude greater than the de sired design value. Additional 
research (Bo ward and V allejo 1996; Omidi, Thomas, and Bro wn 
1996; Albrecht and Benson 2001; Chapius 2002) has sho wn how 
desiccation cracks can increase the permeability of cl ay barriers. 
And several researchers have documented that freeze/thaw cycling 
can also cause increased CCL permeability by up to two orders of 
magnitude (Chamberlain, Iskander, and Hunsik er 1990; LaPlante 
and Zimmie 1992; Othman and Benson 1992). 

As research accumulated demonstrating that clay liners were 
often underperforming in the field relative to laboratory tests, a dif- 
ferent understanding of clay liners emerged. They were not mono- 
lithic bar riers wit h af ixed pe rmeability in whi ch flo w stri ctly 
obeyed Darc y’s law. Instead, flow through a clay liner w as gov- 
erned by the presence of large-scale defects such as cracks, clods, 
rocks, and poor interlift bonds. A “short circuit” effect (Figure 16) 
caused leakage to prop agate around and through _ these defects, 
resulting in much higher leakage rates than small-scale laboratory 
permeability tests would reveal. 

The sealed double-ring infiltrometer (SDRI) shown in Figure 
17 is an important tool for measuring field performance of CCLs 
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Adapted from Daniel and Benson 1991. 
Figure 16. CCL and SBL leakage pathways may result in an actual 
flow rate far higher than that allowable 
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Adapted from ASTM D5093. 
Figure 17. An SDRI (shown in cross section) is used to measure the 
in situ permeability of a clay liner 


and SBLs. It of fers two ad vantages 0 ver conventional laboratory 
permeameters. First, the SDRI is installed in an in situ liner so there 
are no sampling-induced errors that often occur when small-scale 
permeability samples are extracted. Second, the SDRI is a large- 
diameter device (>1 m) and can capture macroscale defects such as 
cracks and in terlift flo w pat hways that might otherwise escap e 
detection. SDRI data, if pr operly obtained, give a good indication 
of the field permeability ofa clay liner. T he relative t ime and 
expense of this test, ho wever, make it impractical to perform with 
the same frequency as small-scale permeability tests. 

In the late 1980s and early 1990s, more effort was applied to 
develop en hanced stan dards for clay materials screening a nd to 
improve the methods of c lay barrier construction. With tightened 
materials and construction controls in place, it is possible to con- 
struct clay liners that meet or exceed the required performance cri- 
teria. Bonaparte, Daniel, and Koerner (2002) compiled a database 
of the field performance (mostly SDRI data) of 89 C CLs and 
found that 75% of the in si tu permeability test results were less 
than 1 x 10~? m/sec. Of the 22 test p ads that did not meet this 
value, 18 of them measured less than 3 x 10~? m/sec. 

Evaluation of f ield QC data re vealed that the dominant cause 
for the “failing” permeability test results in these 22 sites was that the 
soils were compacted at insufficient moisture content (Figure 18). 
Best results are achieved when the moisture content during com - 
paction is as wet of opti mumas fe asible. There is a_ trade-off 
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Source: Bonaparte, Daniel, and Koerner 2002. 
Figure 18. Relationship between CCL permeability and compaction 
moisture content 


between shear strength and permeability, but the data suggest 
strongly that the soil should be as wet of o ptimum as possible to 
maximize the potential for achieving low permeability. 


GCLs as a Replacement for CCLs 


The development and commercialization of GCL technology have 
been largely coincident with the development of CCL performance 
data. As it became apparent that CCLs needed far more engineering 
analyses, installation e xpertise, and CQC to perform successfully , 
GCLs were naturally viewed as an easy solution to the problems of 
CCLs. GCLs were widely embrac ed by engin eers in the early 
1990s (in North America, and somewhat later in other p arts of the 
world), althou gh re gulatory accept ance w as slo w because of the 
institutional inertia of CCLs and the fundamental thickness differ- 
ence between the two technologies (there is a pe rceived risk in 
replacing a thick liner with a thin one, regardless of the equivalency 
argument). 

GCL manufacturers were quick to ide ntify the technical and 
practical advantages of their produc ts in light of the growing real- 
ization that CCLs o ften underperform. In t ime, GCL use in both 
waste containment and o ther applic ations inc reased to th e extent 
that some generalizations about their field performance could be 
made in comparison to CCL s. In this regard, many of the perfor- 
mance advantages claimed by GCL proponents were v erified (see 
Hydraulic Performance section), although at the same time, signifi- 
cant engineering limitations of GCLs were also being discovered. 
These limitations relate mostly to slope stability and chemical com- 
patibility. With a large database of direct shear test results available 
(Chiu 2002; McCartney, Zornberg, and Swan 2002), the engineer- 
ing community has a much better understanding of how GCLs per- 
form in m any different slo ped applications. Additional research 
(Ruhl and Daniel 1997; Egloffstein 2000; Jo et al. 2001) has set the 
practical parameters for determining the potential effects of chemi- 
cal contaminants. There is now enough field experience and labora- 
tory data on GCLs to allo w designers and regulators to understand 
and predict the performance of a GCL in a specific application. 
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State of Practice of Clay Barriers 

Clay barriers have improved considerably since they were first used 
in w aste containment applicatio ns in th e 1970s. W itha_ better 
understanding of the engineering properties of CCLs and GCLs and 
with the advent of rigorous materials and CQC pro grams, the per- 
formance of clay barriers has improved appreciably. These per for- 
mance impr ovements have adirect beneficialef fecton the 
protection of human health and the environment. 

Although the quality of clay ba rriers has increased, it is also 
necessary to briefly discuss the development of geomembrane tech- 
nology. Maximu m containment is achi eved o nly when geom em- 
branes and clay barriers are used together. A clay barrier, regardless 
of how well it is constructed, is always permeable. A geomembrane, 
however, is fundamentally impermeable (to liquids) and offers close 
to 100 % containment. But geom embranes are prone to leakage 
caused by pun cture or improperly welded field seams. With a cl ay 
layer presen t ben eath the geomemb rane, the amount of leakage is 
greatly reduced. Indeed, a syner gistic effect between the geom em- 
brane and _ the clay barrier (GCL orCCL)has been modeled by 
Bonaparte, Giro ud, and Gro ss ( 1989) an d Gir oud (1 997). These 
researchers have determined t hat if the geomembrane and clay bar- 
rier are in “intimate hydraulic contact” with one another, the resulting 
leakage through a geomembrane defect is almost inconsequentiall y 
small. 

Therefore, the current s tate of t he practice in modern | iner 
design is to include both a geomem brane and a clay barrier, a sys- 
tem that has proven to give the highest level of containment achiev- 
able at reasonable cost. Even better performance is possible if the 
liner system is subjected to a leak location survey before being put 
into service. Such surveys can identify the location of geomem- 
brane and GCL defects that might otherwise have contributed to 
increased flow. The final result of this evolutionary process of liner 
design and construction is a nearly leak-free liner system. Although 
it is never possible to guarantee “perfect” leak-free performance, it 
is possible to approach it. 

This does not mean that liner system design practice is at a 
standstill. The pre viously desc ribed per formance impro vements 
apply only to advective flow. As progress is made in eliminating 
advective fl ow, diffusive flo w—especially of or ganic contami- 
nants—will begin to challenge the next generation of designers and 
researchers. Thick clay barriers may once again play an important 
role in the development of strategies to minimize diffusive flow. 
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Flue Gas Desulfurization 


David C. Hoffman and Robert C. Freas 


Beginning in the 1970s, people throughout the world, especially in 
Western Europe, Japan, andthe United St ates, ha ve taken more 
interest in the environment, the sources and causes of pollution, and 
pollution abatement. In the United States, air quality continues to 
be an area of primary emphasis. In 1970, for instance, th e U.S. 
Congress passed the Clean Air Act and subsequently revised and 
strengthened it in 1977 with the issuance of the New Source Perfor- 
mance Standards (effective August 7, 1980). The act w as tough- 
ened fur ther with the passage of the 1990 Clean Air Act 
Amendments (CAAA) that created the current Acid Rain Program 
to address sulfur dioxide (SO2) and oxides of nitrogen (NOx) emis- 
sions. Additionally, this update included a list of 189 hazardous air 
pollutants (HAPs) that continues to be evaluated and refined. Most 
significantly, the 1990 CAAA established a phased pr ogram for 
implementation via an ovel cap-and-trade method for attaining 
allowable emissions. 

Because this chapter focuses on S O2 removal, it should be 
pointed out th at an unw anted by-product of certain NO , removal 
technologies has emer ged—an increase in sulfur trioxide ( SO3) 
emissions. The major source of the increased SO3 a significantly 
more toxic and visible substance than SOz, is primarily from selec- 
tive catalytic reduction (SCR) systems employing vanadium-based 
catalysts. 

By far the largest single source of emissions addressed in the 
Clean Air Act from the 1970s through the 1990 C AAA was from 
large coal-based electric power generating stations. Consequently, a 
substantial portion of flue g as desulfurization (FGD) research, 
development, and equipment insta Ilation has been geared to this 
large utility sector . Se veral competing FGD technologies wer e 
touted during the 1970s, emplo ying various equipment co nfigura- 
tions and d ifferent reagents to react with and re duce the gaseous 
SO2 emissions. At the beginning of the 1990 CAAA’s Phase I, the 
most viable FGD processes were generally equipment co nfigura- 
tions employing either limestone or lime as the reagent, and the y 
have continued to be the reagents of choice into the 21st century. 

In 2004, a second area of emphasis for FGD has _ been coal- 
based indu strial boilers. Alth ough in dividually the y are much 
smaller than any electric utility generating station, they represent a 
significant source of sul fur em issions. Because of the size of 
industrial boilers and their location within industrial, commercial, 
and educational complexes, however, the well-accepted wet scrub- 
ber techno logy emplo yed by electr ic uti lities is not uni versally 
appropriate for these appl ications. Therefore, other ty pes of FGD 
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equipment and rea gents have been de veloped that meet emission- 
reduction requirements and are cost-effective for the user. 

One particular type of process em ployed is fluidized bed 
combustion (FBC) technology. Briefly, FBC suspends the fuel and 
ground limestone with combustion air, and the ground limestone is 
the SO » removal reagent via in situ calcination to calcium oxide 
(lime). Since the installation of the first full-scale test unit at Geor- 
getown University (Washington, D.C.) in 1979, several equipment 
vendors ha ve come forw ard with anin creasing array of more 
sophisticated FBC units. Currently, FBC technology has reached a 
technical and economic plateau, in the 250- to 300-MW range, and 
some are in operation across the United States. 

Currently, this lar ge pool of industrial b oilers is being ana- 
lyzed, and emission regulations are being proposed to address the 
interstate transport of SO» and other air pollutants, such as fine par- 
ticulates and ozone. The most current U.S. Environmental Protec- 
tion Agency (EPA) proposal on the interstate transport of SO 2 was 
published in the Federal Register on January 30, 2004. This initial 
proposal is subject to public comment, and, if it stays intact, will 
affect 29 eastern states and the District of Columbia. SO emissions 
within this re gion would drop to 3.6 million st in 2010 (approxi- 
mately 40% of 2002 levels) and another 2 million st by 2015 
(approximately 70% of 2002 le vels). NOx regional emissions will 
be cut by 1.5 million st in 2010 andanother 1.8 million st in 2015— 
a reduction of approximately 65% from 2002 baseline levels. Quite 
significantly, emissions will be capped at these levels, with any 
increases handled by “trading.” The 1990 CAAA, then, created an 
“SOz emissions allowance per ton of SO2 emitted” that is equiva- 
lent to a corporate stock certificate, and these “allowances” are also 
publicly traded. 

Mercury is no w being serio usly addressed as a result of the 
1990 CAAA’s requirement f or the EPA to study pub lic health 
effects of airbor ne toxic emissions from utilities burning fossil 
fuels. Again, the utility sector is the largest source of mercury emis- 
sions. On December 15, 2003, the EPA proposed two alternatives: 
(1) installing “maximum achievable control technologies” (MACT) 
with a planned mercury reduction of 14 st, or 2 9%, by the end of 
2007, or (2) establishing “standards of performance” limiting emis- 
sions from new and existing utilities in two phases. The first phase 
of the latter alternative would take advantage of “co-benefit” con- 
trols reducing mercury emission via SO2 and NO, emissions by 
2010 and full implementation by 2018 with reductions amount- 
ing to 33 st, or 69%. Mercury reductions are a hotly contested 
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technology—scientifically as well as economically—and on March 
15, 2005, the EPA issued the first rules on mercury emissions. 


1990 CLEAN AIR ACT AMENDMENTS 


As passed, the 1990 CAAA emp_ owered the EP A with e xtensive 
regulatory powers. The amendments are composed of 11 parts, or 
titles, that i mpact mo st ma jor indu stries int he United Sta tes, 
including the mining industry. Title IV, Acid Rain Control, ho w- 
ever, has the greatest impact on FGD requirements for utilities and 
other industrial coal-based sour ces of sulfur emissions. A much 
overlooked section of the CAAA, Title III, Hazardous Air Pollu t- 
ants, addresses 189 airborne toxic substances that are required by 
law to be controlled by a MACT. With a combination of theoretical 
research and, most importantly, actual op erating technologies, 
emission reductions of each air borne toxin will be mandated and 
implemented using MA CT guidelines. This is ane w approach 
using the best oper ating systems to establish the baseline emission 
regulation. Thus far into the 21st century, these HAP controls have 
proved to be the real challenge. 

Title IV was implemented in two phases. Phase I ran from 
1995 to 2000 and was applied primarily to the lar gest coal- based 
sources from 1995 to 19 99. In fact, 110 electric generating stations 
in 22 states were listed ( Congressional Quarterly 1990; Bureau of 
National Affairs 1991). The basic sulfur emission allowance is cal- 
culated at ar ate of 1.1 kg ( 2.5 Ib) of SO 2 per million Btu of he at 
input multiplied by the amount of fuel burned in that particular unit. 
During this Phase I period, about 89,000 MW of generating capacity 
were equipped with FGD systems. 

Phase II, which be gan in 2000, further tightens the restrictions 
of Phase I and also triggers NO, emission contro Is for these units. 
The Phase II calculation is based on 0.5 kg (1.2 lb) of SO2 emissions 
per million Btu and also includes _ restrictions on NOx emissions, 
which have been clearly identified with the decline in air quality and 
are part of the Acid Rain Program. Further NO, emission reductions 
have been implemented at state levels to address regional air pollu- 
tion concerns caused by haze and smog. Thus, the federal govern- 
ment prompted the installation of several types of NO , reduction 
systems and proces ses on major power plants through state imple- 
mentation plans. The timetable for full compliance is now clearer as 
more units become operational, and a May 1, 2007, deadline seems 
more achievable. 


ACID RAIN CONTROL RESULTS 
At the end of 2002, the 1990 CAAA achieved the following results: 
¢ Electric generating sources (3,208 units) reduced annual SO 2 
emissions in 2002 by 41% from 1980 levels, or about 7.1 mil- 
lion st. (Banked SO2 allowances have steadily decreased from 
2000 to 2002.) 
¢ Total ND, reductions inthe Acid Rain Program achieved a 
goal of 2 million st below projected emissions without Title 
IV enforcement in 2000. Actual results of 3 million st below 
projections were achieved by adding state controls, primarily 
in the Northeast. 
Although results e xceeded most e xpectations, there is con tinuing 
pressure to reduce these pollutants further and to continue to protect 
public health and welfare for future generations. 


FLUE GAS DESULFURIZATION TECHNOLOGIES 


Overview 

Several te chnologies are available to both utility and industrial 
boiler operations f or reducing SO 2 emissions. The se include wet 
lime or limestone scrubbing, semidry scrubbing, dry scrubbing, and 


Table 1. Existing FGD systems 











Reagent Type Megawatts Scrubbed Percentage 
Lime-Based 
Magnesium-enhanced 14,100 14.4 
Semidry 9,200 9.4 
Wet lime 5,100 5.2 
Lime-F/A* 4,300 4.4 
Other 200 0.2 
Total Lime-Based “32,900 33.6 
Wet Limestone 55,800 57.2 
Other 8,900 9.1 
Totals 97,600 100.0 





*F/A = fy oh. 


FBC technology, as well as several less well-known and essentially 
unproven systems. The selection of a particular process is typically 
an economic one, b ut other con siderations are the sulfur an d Btu 
contents of the coal, the cost of S O2 sorbent, the disposal of solid 
waste generated by sulfur removal, and local socioeconomic fac- 
tors. In addition, alternatives such as the implementation of c oal- 
cleaning or gasification technologies, solvent-refined coals, and fir- 
ing with coal—water mixtures or other coal blends also impact the 
selection of a sulfur-removal system. The Electric Power Research 
Institute has sponsored research on all the primary FGD methodol- 
ogies as well as investigations of the availability and effectiveness 
of a variety of sorbents (EPRI 1991). 

At the end of 2002, the total U.S. electrical generating indus- 
try (utilities and nonutilities) consisted of the following: 


¢ Net sum mertime ge nerating capacity of approximately 


905,000 MW, including 
— Electric utilities’ capacity of approximately 561,000 MW, 
or about 62% of U.S. generation 


Net summertime coal-based generating capacity of ap proxi- 

mately 31 5,000 MW, or about 35% of U.S. generatio n, 

including 

— Electric utilities’ capacity of approximately 244,000 MW, 
or about 7 7% of generation and about 27% of total U.S. 
generating capacity 

— 100,000 MW of scrubbed coal-based units, or 32% of U.S. 
coal-based capacity and 11% _ of total U.S. generating 
capacity 

In summary, the United States has come a long w ay since 1970 in 

improving the air quality with respect to SO2 removal, but 67% of 

coal-based capacity still needs attention to reduce SO emissions. 


Wet Scrubbing 


About 90% (based on me gawatts scrubbed) of the e xisting electric 
utility generating uni ts wi th commercial F GD s ystems e mploy 
lime—limestone proce sses based on wet calcium. T able | breaks 
these FGD systems down further. 

Although the wet lime and limestone reagents are uniquely dif- 
ferent, the basic process chemistry is similar. The details for a wet 
lime or | imestone system are fairly complex and include both the 
liquid phase chemistry of SO2 absorption, the liquid—solid chemistry 
of lime—limestone dissolution, and the liquid phase precipitation of 
calcium sulfite—sulfate salts. Calcium re agent materials, either lime 
or limestone, provide alkalinity for SO. removal in the wet scrubber. 
This generates sulfite and sulfate salts as calcium-based by-products 
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from the removal of the SO2 from the flue gas stream. These 
by-products may be in slurry form or a high solids filter cake, but in 
either case they require en vironmentally safe dispo sal or reuse. 
Because this chapter is not intended as an in-depth discussion on 
scrubber systems, the readeris referred toareport written by 
Srivastava (2000). 

Since the mid-1990s, the prefe rred method of disposal for 
scrubber by -products has been the con version—oxidation of these 
salts into calcium sulfate (or gypsum) for, primarily, wallboard con- 
struction. This synthetic gypsum is technically competitive with 
natural products but is economically dependent on the location of 
the FGD source materials and major construction markets. 

Another factor in deciding between wet lime and wet limestone 
systems is the solubility and dissolution rates of these calcitum-based 
reagent materials and how they will affect the total alkalinity per gal- 
lon of reagent slurry recirculated within the scrubber. In very general 
terms, wet lime syste ms require less hardw are and less tonnage of 
calcium-based reagents than a wet limestone system to remove sulfur 
from flue gas. Today, it is not uncommon to achie ve SO, remo val 
efficiencies in ranges of 98%+ fr om either lime- or limestone-based 
FGD systems. These wet systems us_ ually are applied t 0 coal-fired 
flue gases that are in excess of 1.5% sulfur. Both reagents (lime and 
limestone) require buffering agen ts. When using | ime, magnesi um 
oxide is added to quicklime, or magnesium—dolomitic lime is used. 
In limestone systems, the addition of weak or ganic acids helps t o 
obtain these high SO » remo val efficiencies ona consistent basis. 
Such buffers as adi pic acid, dibasic acid (DB A, the most common), 
and formic acid can enhance limestone removal and utilization, espe- 
cially to achieve continuous 95%+ SO removal efficiency. 

In deciding between lime or limestone reagents, the following 
are major evaluation parameters: 


Availability and cost of required land area 


Capital installation costs 


Reagent costs (including delivery) and slurrying costs: 
— Lime: slaking systems 
— Limestone: fine grinding systems with >90%+ passing 44 pm 


Reliability of reagent supplier(s) 


Technical support from reagent suppliers 


Parasitic electrical demand for c omplete FGD system evalu- 
ated at current electrical market replacement costs 


Ability to remove additional pollutants (e.g., SO3 and mercury 
currently addressed by MACT) 


Cost of disposal or resale of by-products (primarily gypsum 
and fly ash) 

Water treatment requirements for effluent water discharges in 
terms of quality and volume 


The most common equ ipment FGD design is an open spray 
tower that can handle the flue gases from 800 to 900 MW per tower. 
Reagent utilization varies and is generally in the range of 1.02 to 
1.10 moles of reagent applied per mole of SO2 removed. 


Semidry Scrubbing 


Semidry scrubbing involves reacting a sulfur-containing flue gas with 
an alkaline reagent slurry resulting in a dry by-product being gener- 
ated and capt ured for disposal or reuse. These systems use spray 
atomizers or dual fl uid injection sy stems prior to baghouse f ilters or 
electrostatic precipitators to remove reaction by-products. Today, the 
most common atomizer is the rotary disc type that spins at se veral 
thousand revolutions per minute, producing a fine mist that contains 
the slurried reagent. These uni ts have been used successfully in 
industrial boilers, municipal waste incinerators, and utility plants. 


Limestone cannot be us ed in these systems becau se they rely 
on the SO 2 and lime reaction plu s the evaporation of the slurry 
water to occur in a matter of seconds. The preferred reagent is lime; 
however, some systems use sodium carbonate or bicarbon ate 
reagents. Sodium is generally more costly than lime, and sodium- 
based by-products can be deleterious to the environment because of 
sodium’s high solubility and mobility. 

In avery simplified form, the spray dryer incorporates a milk- 
of-lime slurry, which is atomized to a fine particle size, typically 50 
to 75 mm in diameter. The slurry is sprayed into the reaction chamber 
at a low moisture level allowing the SO2—-CaO (calcium oxide) reac- 
tion to take place and for the slurried water to evaporate. A fabric fil- 
ter or electrost atic precipitator immediat ely fol lows the reaction 
chamber and removes reaction by-products and coal fly-ash particu- 
lates. This design is optimized when a fabric filter is employed, as it 
removes an additional 25% to 35% SO 2 across the bags. As a result, 
sulfur is removed from the flue gas as a dry waste product. Because 
of the ph ysicochemical kinetics of the SO 2 reaction, each reaction 
module usually is limited to about 250 to 350 MW of the flue gas 
volume. To achieve up to 94% SO2 removal, the sulfur content of the 
coal is restricted generally to less than 1.5% sulfur. 

SO, removal and f uel sulfur levels re duce the suita bility of 
semidry scrubbin g systems. Addi tionally, reagen t utilizatio n is 
lower than in wet, o pen spray towers; however, by-pr oduct reuse 
helps reduce the overall reagent consumption. Reagent utilizations 
vary and are, by convention, described as moles of lime applied per 
mole of inlet SO. Typical utilizations range from 1.25 to 1.5 with a 
fabric filter and by-product reuse or recirculation. 

Major advantages of semidry scrubbing over wet systems are 
lower capital costs per applied me gawatt; small land area require- 
ments; minimal use of water; no water treatment system needed for 
wastewater effluent; SO3 removal and possible mercury r emoval; 
nearly invisible stack emission; and an immediate, d ry by-product 
for disposal. Becau se of its f ine powder consistency and potential 
market outlets, the resulting economics limit its reuse applications. 
Today, most of these systems are used for western low-sulfur coals. 
The added benefits of SO3 removal, and possible mercury capture, 
however, are causing many eastern utilities to rethink its suitability. 
Although the semidry scrubbers do not ha ve the complex liquid- 
phase chemistry of wet scrubbing, they still h ave process limita- 
tions. T hese inc lude i nlet SO » concentrations and temperature 
drops across the spray dryer (i.e., approach to saturation, composi- 
tion of sla king water, and lime activity). Some lime suppliers are 
able to assist in fine-tuning these considerations to achieve an opti- 
mal semidry FGD operation. 


Dry Scrubbing or Dry Alkali Injection 


The previously discussed systems involve the use of a water-based 
alkaline sl urry tha t re move SO 2 and create by-pro ducts that are 

handled easily for disposal or for reuse or sale. In dry scrubbing, a 
dry, finely divided reagent is injected directly into the boiler or flue 
gas duc ts for ga s—solid reactions. Typical reagents are hydrated 
lime, finely ground limestone, and powdered sodium carbonate or 
bicarbonate material (usually the natural products called trona and 
nahcolite, respecti vely). The first initialdry scrubbing systems 
incorporated lime as the sorbent, but the subsequent development 
of dry alkali injection technology also employed trona as a reagent. 
Public Service Company of Colorado announced the first commer- 
cial application of a trona-based dry injection system fora 500-MW 
unit that began operating in the la te 1990s. As pr eviously stated, 
sodium-based scrubbing causes problems for handling and dispos- 
ing of by-products because of sodium’s high solubility, and mobil- 
ity and leachability. 
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With the injection of these reag ent(s) into the upper regions of 
the boiler , flue gas temperature becomes an important reaction 
parameter for opt imizing the sulfur reactions. Of further concern is 
sodium’s ability to corrode steel boiler tubes. The di sadvantages of 
lime and limestone injection into the boiler are physical fouling of 
the boiler tubes and low SO2 removals. With any of these reagents, 
removals generally are limited to less than 40% in the boiler and from 
50% to 70% _ in the ducts when mo isture is added. Duct fouling 
becomes a major concer n when moist ure is added. Reagent utili za- 
tions are typically in the 3.0 to 7.0 mole range for the calcium-based 
systems (based on moles of calcium appl ied to inlet SO 2 moles). 
Overall success of dry reagent applications has been quite minimal in 
the United States; however, limestone and lime boiler inject ion has 
had some success in Europe where lower removals are sometimes 
acceptable. 

In duct injection, lime has been used successfully outside the 
high-temperature boiler regions because of it s customization with 
respect to surface area, internal pore volume, and particle size. As 
HAPs and their respective MACTs gain more attention, use of spe- 
cial lime hydrates that have higher surface areas and pore v olumes 
can remove certain acid gases such as hydrochloric acid (HCI) and 
hydrofluoric acid (HF) plus select volatile organics. With the use of 
these special limes, duct injection has bee n successful in Europ e 
and may be employed in the United States to address various HAPs 
as listed in the 1990 CAAA. 

In addition to these applications, dry injection with reasonable 
reagent utilizations in the 1.0 to 3.0 mole range for reduced remov- 
als of S O2 (ranging from 50% to 70 %) is being discussed mor e 
openly at present. In 20 04, the Institute of Cle an Air Companies 
proposed this approach to the EP A in addressing SO removals 
from smaller and older industrial and utility boilers not covered by 
the 1990 CAAA. Under certain circumstances, the introduction of 
lime slurry or water mist into the duct subsequent to the boiler will 
improve the removal or increase the reagent utilization. 


S03 Removal 


SO3 is produced from the combustion of sulfur-bearing fuels when 
some SO.—estimated at 1% to 3%—is oxidized to SO3, The com- 
bustion of heavy fuel oil results in the most prolific SO3 emissions, 
because the vanadium contaminant of the oil catalyzes the conver- 
sion to SO3. In 1980, about 10% of U.S. utility generation was from 
heavy fuel oil. In 1999 this generation was about 2%, and today, the 
percentage is most likely less. SO3 emissions regained the spotlight 
with the addition of SCR systems that employ vanadium-based cat- 
alysts for NO, control. After wet SO2 scrubbing, stations emplo y- 
ing S CR systems might see | SO3 emissions nearly double, in 
addition to emitting a v ery visible bluish plume from stacks. This 
issue came to light in 2001—2002 with problems associated with an 
electric power plant at Gallipolis, Ohio. 

SO3 is produced as a very tiny aerosol particle readily passing 
through the wet scrubber and is converted into sulfuric acid smog 
that can settle quickly to ground level, causing severe health issues 
and property damage. This also occurred at the plant at Gallipolis. 
The solution is to inject an alkali reagent before or immediately 
after the SCR system. Alkalis such as magnesiu mh ydroxide, 
sodium bisulfite, and calcium hydroxide have been used with lim- 
ited success. The problems associated with the use of these alkalis 
are 


¢ Buildup of unused reagent and reaction by-products in the 


ducts 


¢ High reagent utilizations in the range from 2.0 tol0 .0; typi- 
cally from 2.0 to 6.0 (moles of calcium per mole of inlet SO3) 


¢ Consistent SO3 removals over the range of boiler generation 
loads 


¢ The lack of demonstrated SO 3 monitoring methods and con- 
tinuous emission instrumentation 


The most pro ven reagent is sodium bisulfite, but recent advances 
using calcium h ydroxide, dry or in slurry form, appear to be the 
most c ost-effective m ethod. The ul timate goalof a Il these 
approaches is 


* To emove SO3 to safe le vels without any visible plume— 
typically less than 5 ppm 


¢ If possible, to impro ve boiler ef ficiency by lowering the air 
preheater outlet temperatur es below the previously limiting 
acid dewpoint, thus greatly improving boiler ener gy conver- 
sion efficiency and economics 


As pre viously mentioned, this appears to be an “eastern 
problem” in the United States because of the relatively higher con- 
centration of SCRs o nh igh-sulfur eastern coals; smog and 
haze concerns in national parks and scenic areas; and the use of wet 
FGD systems. In the American West, semidry systems are more 
prevalent, but even when we t FGD s ystems are used, coal sulfurs 
are usually less than 1.5%, and population densities are less. Never- 
theless, the West also has scenic areas that suffer from smog and 
haze (e.g., the Grand Canyon). 


Other FGD Systems 


External fluidized bed systems for flue gas treatment using calcium 
hydroxide as the fluid ized medium have received more attention 
worldwide as larger systems come online in China. They appear to 
present several advantages, such as lower installed capital costs and 
lower parasitic operating electrical demand, reportedly less than 1% 
parasitic load. The claim of high SO2 removal (>98%) is unsubstan- 
tiated in the United St ates, and the potentia 1 for re ducing SO3 and 
other pollutant reductions are under in _ vestigation, b ut g enerally 
these FBC claims are believed feasible. Currently, a major concern 
is their reported module size limitation with current maximums of 
500 to 600 MW per module versus wet FD maximums of 800 to 
900 MW. As a result of China’ s installation of these lar ger units, 
operating information is starting to become available for a more sys- 
tematic evaluation of their actual online performance. 

Although the aforementioned technologies are the predomi- 
nant systems curren tly applied commercially, other system s are 
being investigated and tried. F or more information on these other 
technologies, the reader is refe rred to references published on the 
U.S. Department of Ener gy (DOE) and EP AW ebsites 
(www.doe.gov and www.epa.gov, respectively). 


Fluidized Bed Combustion 


This technology involves directly mixing limestone with coal in the 
boiler during combustion. The bed of coal and limestone is fluid- 
ized by injection of air through the bed. Th e upward force of air 
equalizes the downward force of gravity so that the entire bed takes 
on the appearance of slo wly b oiling w ater (Bubenick, Hall, and 
Dirgo 198 1; Roeck 19 82; Remick 1985 ). Limestone is calcined 
within this combustion environment. The calcined lime that is pro- 
duced absorbs S O, which is released from coal in t he fluidized 
bed, producing calcium sulfite—sulfate. 

Although FBC techno logy has pro ven reliable o ver the last 
three decades, the process has undergone a technical evolution that 
has increased both ef ficiency and the choice of fuels that may be 
employed. FBC units currently operating around the w orld use a 
variety of fuels ranging from hi gh-quality, lo w-sulfur coal to 
municipal sludg e, sa wdust, and co al slag. Normally, uti lity and 
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industrial boilers use higher-quality fuels, whereas cogeneration 
facilities, whi ch ma y ha ve m ultiple oper ating objecti ves, mor e 
commonly use alternate fuels. 

FBC techn ology is di vided into tw o primary methodo logies: 
atmospheric and pressurized. Th e atmospheric FBC units can be 
subdivided further into bubbling fluidized bed (BFB) and circulat- 
ing fluidized bed (CFB); the former is the older, more basic tech- 
nology. BFBs are characterized by low air velocity, relatively thin 
fuel or reagent bed thickness, and proportionately higher plan area. 
This technology generally has been restricted to boilers with a 
steam-generating capacity of less than 100 stph. Conversely, CFBs 
operate through the bed at air velocities that are three to four times 
higher than conventional BFB units. This has the positive effect of 
decreasing the plan area of the bed; however, at higher velocities, 
combustion and reagent particles are transported out of the bed with 
the combustion gases (Kindya 1982; Goldstein, B rown, and K en- 
ney 2003). To utilize these particles and maintain the efficiency of 
the sy stem, com bustion gases pass through an ai r classifier that 
removes particles by re cycling them back to the combustion bed; 
hence the name “circulating fluid bed.” 

FBC technology began its first commercial use in the late 1960s 
and early 1970s when one of the earliest BFB units was installed at 
Georgetown University. The technology has gradually grown to the 
point where several hundred FBC units are now in use in the Unit ed 
States. Figure 1 sho ws the location of m any of t hese units and pro- 
vides an in dication of the distribution pattern for this technology’ s 
application. Although early FBC systems initially were restricted to 
smaller industrial boilers, adv ances in CFB technology now allow 
this system to be used on power generating plants with capacities in 
excess of 250 MW (Kettunen et al. 2003). Larger units have been 
permitted in the United States but are not yet operational. 

Large generating station designs that utilize FBC systems are 
turning to pressurized fluid bed combustors (PFBCs). PBFC tech- 
nology is less well advanced than the atmospheric systems and not 
as commercialized. Nevertheless, the technology is being employed 
on a 360-MW un it, the Karita po wer plant, operated by Kyushu 
Electric Power Co. in Japan (Koike et al. 2003). Ina PFBC unit, the 
combustion bed thickness is much greater than in an atmospheric 
system, and the plan area is proportionately less. The increased bed 
thickness, up to about 4.9 m (16 ft), allows for the same intimate 
contact between coal and limestone but also may require gradation 
control on both coal and limest one (DOE 1989b) . In the Karita 
PFBC unit, coal is crushed to about 0.64 cm (0.25 in.) and fines are 
virtually el iminated. Gas tur bine c ompressors, ra ther than large 
forced-air draft fans, provide the combustion air, which is forced 
into the pressure vessel where combustion actually takes place. 

Finally, one of the ma jor advantages of FBC systems is thei r 
ability to burn a variety of fuels. For example, 15 medium-sized CFB 
units in Pennsylvania uti lize lo w-grade reject coal stored in w_aste 
piles from decades of high-grade coal production. These stockpiles 
leak mercury and sulfur into near by streams and rivers. Unpublished 
EPA studies recently concluded that CFB units burning coal refuse 
produce fly ash that captures both mercury and sulfur compounds. 
Goldstein et al. (2003) discuss the use of coal waste in FBC units, 
and Juk kola et al . ( 2003) con sider n ew technology d esigned t 0 
increase efficiency when using coal waste. FBC is more than just a 
means of sulfur capture in combustion gas streams; it also represents 
an alternate technology in waste-stream recycling and reduction. 


RAW MATERIAL REQUIREMENTS 


The United States has approximately 97,600 MW of electric gener- 
ating capacity fitted with FGD scrubbing equipment. It is estimated 
that these systems utilize approximately 3.6 million stpy of lime 

















Figure 1. FBC boilers in the United States 


and another 8.3 million stp y of limestone. These are estimates of 
the existing lime—limestone reagent requirements imposed by pre- 
vious FGD regulations starting in the 1970s and culminating in the 
1990 CAAA. This demand for calcium-based reagents was created 
by reducing 1980 SO2 emissions of 17.2 million stpy to 10.2 mil- 
lion stpy in 2002, a drop of 41%. 

Many forms of air emission legislation are currently being 
discussed. To put t he current situ ation int o perspecti ve, if the 
Clear Skies initiative of February 2002 moves forward, a 73% fur- 
ther reduction in SO> to a 3 million stpy cap by 2018 is envisioned 
with an intermediat e capof 4.5 million stpy by 2010. Thus, 
another 7.2 million stpy SO2 reduction may be in the offing. This 
does not include an y future e mission reductions needed for 
growth in electrical demand over the same time period. 

If one assumes the “status quo” on the lime—limestone reagent 
demand, this 70% additional SO2 re moval translates into an esti- 
mated total lime—limestone market of about 6 million stpy lime and 
15 million stpy limestone, adjusted for re agent impurities. Timing 
for this market is largely unknown, but it should occur near the end 
of the next decade (by 2020). 

One of the most basic decisions that the electric utility gener- 
ating industry must weigh is the co st of transporting coal from the 
western states to eastern lo cations v ersus the cost of additional 
scrubber requ irements imposed by utilizing eastern high-sulfur 
coal. This is further complicated by the fact that low-sulfur eastern 
coals could command a premium price. As ar esult, the utilities 
must determine the optimum co al sulfur level they can afford to 
purchase versus the capital cost associated with appropriate scrub- 
ber installation and operation. With transportation costs affected by 
rapidly fluctuating fuel costs, this increases the risk factor in decid- 
ing between the choice of coal and corresponding FGD costs. 

Not only are technical and commercial issues at play, but the 
biggest issue may be the politics in volved. Dere gulation is one 
major political issue, and when and how this may occur will vary 
from re gion to re gion. A po sitive ou tcome cou ld be that po wer 
producers will farm out various FGD unit processes to specialists 
outside the ut ility industry while retaining close control of the 
basic “gas path” systems. Thus, the electrical generatoro — wner 
may realize a more competitive cost picture by subcontracting 
noncore operations. 


FGD Lime and Limestone Reagent Guidelines 


The guidelines for lime in FGD are particularly concerned with 
chemical purit y, rea ctivity, and percen tage of insolub le material, 
about the same as in most other lime applications. The basic chemi- 
cal requirement for lime is that it must possess the highest possible 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


1256 


Industrial Minerals and Rocks 





100 
90 





80 





70 





60 








50 





Percent Passing 


40 
30 





20 





10 



































20 30 40 50 70 100 150 200 300 400 500 700 


Microns 


Note: The lines within the figure represent the upper and lower control limits of 
limestone used in an FBC unit as specified by three different users. 


Figure 2. Representative FBC limestone size distributions 


available lime index. Both quicklime and hydrated lime have Amer- 
ican Society for Testing and Materials (ASTM) standards to which 
the FGD system owner or operator can reference when purchasing 
the lime-based reagent. The measure of available lime also applies 
to lime systems employing magnesium-enhanced scrubbing. Physi- 
cal sizing requirements of lime are strictly a material handling and 
storage issue and sh ould not be link ed directly to its chemical 
parameters. It should be noted that quicklime, or calcium oxide, is a 
reactive ch emical an d_ requires special handling and storag e 
requirements. Additionally, quicklime’s affinity for water must be 
determined for each type of slaking system used to convert calcium 
oxide into calcium hydroxide, which is the form used in most FGD 
applications. Lime reactivity together with the slaking equipment 
choice will affect the particle sizing of the resultant hydroxide par- 
ticles pro duced. In general, the smallest particle -size distribution 
provides the highest surface area, which is usually a big positive for 
increased reactivity. For more information on lime, the reader is 
referred to the Lime chapter in this book and to the Web site of the 
National Lime Association in Arlington, Virginia (www.lime.org). 

The chemical re quirements for limestone are usually 95% + 
CaCOs, less than 3% MgCOs, and mi nimal inerts (Si O2, Fe 203, 
Al203). The “as received” physical sizing specification is mostly a 
handling issue but also is related to the type of grinding equipment 
needed to reduce the as-received limestone to a 325 mesh (44 pm) 
or finer for slurrying and increased chemical reactivity. If one is 
doing the grinding onsite or in volved in th e grinding decision, 
another physical or c hemical parameter to de termine is the Bond 
Work Index—the power requirement per short ton of raw limestone 
to grind to 9 5% —325 mesh (44 pm) or some other defined size. 
Typically, this value is 10 or less and helps in selecting the type of 
grinding equip ment. The trace flue g as c hemical, fluor ide, can 
cause “blin ding” of ground limestone inthe scrubber’s reagent 
slurry, resulting in higher th an normal limestone utilization and 
lower SO? removals. 

Physical specifications for FBC are generally much more rigor- 
ous, with a narrower range of accep table particle-size dist ribution. 
The reactivity of the limestone may also be a factor in sorbent selec- 
tion, and the user may also consid er limestone porosity. As a result, 
competitive bids from vendors may be subject to performance quali- 


fication on pilot-scale units. The specialized physical specif ications 
for FBC limestone classification generally do not m atch standard 
highway sp ecifications f or cr ushed limestone and may re sult ina 
higher price for the FBC limestone. FBC units may also have magne- 
sium limitations, generally a maximum of 2% to 3% MgCO3. 

A typical atmospheric FBC reagent specification normally calls 
for a high-purity limestone, >95% CaCO3, and a v ery narrow parti- 
cle-size distrib ution range such as 30 mesh x 200 mesh. Figur e 2 
shows the particle-size distribution curves with upper and lower lim- 
its for three CFB units . The CF B manufacturers also specify high- 
reactivity limestone while at the same time requiring low thermal and 
mechanical decrepit ationdur ingcomb ustion andcalci nation 
(Rozelle, Pisupati, and Scaroni 2003). The narrow particle-size distri- 
bution has caused some FBC operat ors to utilize a blended product 
that may be slightly out of specification at one end of the distribution 
curve. 

The narro w specifications for FBC provide a challenge for 
reagent suppliers. Th e narr ow size distribution results inalo w 
product yield and a high percentage of fines. These fines are waste 
unless the limestone pro ducer has an outlet fo rthe —200-mesh 
material produced. If the supplier produces a limestone product that 
is significantly outside the spec ification curve, reagent efficiency 
will drop precipitously as courser material falls into the bottom ash 
and finer particles are blown out with combustion gases. 


By-product Materials 


By-product materials may be classified into two categories: dispos- 
able (throwaway) products and regenerated products. 

The waste products from most FGD systems built prior to the 
1990 CAAA were disposable. Up until Phase II of the 1990 CAAA, 
utilities disposed of the vast majority of by-product materials in land- 
fills operated solely for that purpose or in permanent slurry impound- 
ments permitted for that purpose. These surface disposal facilities 
may include FGD w aste products and captu red fly ash and bottom 
ash material. In order to dispose of scrubber by-products in a landfill, 
the by-products must be rendered stable for an extended period 
of time. This may be done using material s (lime- based) that 
induce a pozzolanic (cementiti ous) reaction. Stabilization is neces- 
sary because nonoxidized wet scrubber systems generate by-products 
that may exhibit thixotropic properties. In any case, the by-product is 
purely a waste with no commercial value. 

Regenerative processes, on the other hand, are designed so that 
by-product materials can be marketed, thereby reducing overall oper- 
ating costs of the FGD system. To date, the predominant regenerative 
system in the United States produces synthetic gypsum used for wall- 
board manufacturing. To generate an acceptable gypsum product, the 
scrubber system is designed for forced oxidation that yields a cal- 
cium sulfate (gypsum) by-product material. The utilit y, therefore, 
must commit itself to producing high-purity gypsum as well as elec- 
tricity. Although most e xperience in pr oducing sy nthetic gy psum 
through forced oxidation comes from limestone-based FGD systems, 
wet magnesium-enhanced systems also are able to make commercial 
synthetic products along with other magnesium-based products. 

Not all FGD synthetic gypsum producers are able to sell their 
by-products because locat ion and economic conditions dictate the 
commercial feasibility of b uilding a wallboard plant at the site of 
production. Nevertheless, synthetic gypsum production may offer a 
better way to “store” or landfill FGD by-products because of its ease 
in dewatering, improved handling ability, and limited solubility. 

Gypsum production is most cost-effective in wet FGD appli- 
cations. The semidr y and dry systems produce a by-product with 
limited reuse that is ultimately destined for landfill disposal. Some 
of the pote ntial uses for this dry by-product are associated with 
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geotechnical engineering or synthetic aggregate production. These 
semidry and dr y FGD by -products may ha ve sign ificant reuse 

applications, b utn ewr esearch and development needs to be 

explored to find more economic ways to use these by-products. 


CONCLUSION 


The 1990 Clean Air Act Amendments have had a significant impact 
on permissible emissions from new and existing coal-fired boilers 
in both the utility and industrial markets. This, in turn, has hada 
major impact on the mining industry. 

First and fore most is the im pact on the coal industry. The 
breadth of this is yet to be determined, but some degree of source 
switching is anticipated. This is expected to have a negative impact 
on Illinois, Indiana, and Ohio co al producers while having a posi- 
tive effect on low-sulfur Appalachian and western coal prod ucers. 
This shift in sourc ing and demand is e xpected to result in pricing 
changes that, d epending on the sulfur content of the coal, may 
result in either premiums or discounts. 

Flue gas desulfurization represents a very real and gro wing 
potential market for lime, limestone, dolomite, and other industrial 
minerals. The size of t he m arket remains some what unknown 
along with its timing. The demand for reagent materials, including 
the deman d from existing scrub bers and _ those li kely to c ome 
online between 2005 and 2020, is expected to reach 19 to 20 mil- 
lion stpy by 2020. Even though this is a large market, it is some- 
what restricted geographically because of transportation costs and 
availability of supply. As always, transportation of industrial min- 
erals is a major cost factor and will be no less a consi deration in 
supplying the utility in dustry wi th lime and limestone or other 
products for FGD applications. 
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ENVIRONMENTAL USES 


Rit ee. a a eo eee 
Water and Sewage Treatment 


Starr Curtis and Ayman El-Midany 


INTRODUCTION 


There is no doubt that water is the mo st important fluid to life. It is 

vital for life on Earth because of its unique properties, which change 
drastically in the presence of w aste materials (e.g. , or ganic, inor- 
ganic, heavy metals, dissolved or suspended solids; see Table 1) 
(Henze et al. 2001). Many minerals and chemicals, some of which 
are mineral-der ived, are used to tr eat both potable w ater and 

domestic se wage wastewater and solids, as discussed througho ut 
this chapter. 

The waste materials af fect wate r quality by changing the 
water’s ph ysical, chemical, and biological charact eristics (se e 
Table 2). Most of the changes in these properties make the w ater 
objectionable to use, especia lly as drinking water, in addition to 
their effect from an aesthetic and a he alth perspective. Moreover, 
the presence of chemical compounds affects the survival of aquatic 
life and may corrode or rust metal pipelines conveying water or 
other materials under water streams. 


SOURCES OF WASTEWATER 


Contamination comes from different sources, including waste dis- 
posal and accidental spills. Co mmon sources of w astes are indus- 
trial wastes, sewage disposal systems, municipal landfills, mining 
and petroleum production, agriculture, urban areas, and saltwater 
intrusion. 

The problem of treating wastewater is increasing daily. Differ- 
ent industries generate lar ge amounts of w astewater; Table 3 lists 
U.S. wastewater production by industry (Nathanson 2003). 

Wastewater is problematic not only because of its quantity but 
also because of concen trations of harm ful co nstituents in the se 
waters. Table 4 gi ves ane xample of the typical composition of 
untreated wastewater in the United States. 


CONTAMINANTS AND THEIR LIMITATIONS 


Table 5 gives the maximum contaminant le vels (MCLs) of inor- 
ganic chemicals, as determined by the U.S. Environmental Protec- 
tion Agency (EPA), that can be discarded to free-flowing outlets of 
a public water system. 

In thisre gard, the American W ater W orks Association 
(AWWA) has also set w ater quality goals. Table 5 shows the EPA 
MCLs and Table 6 presents the AWWA MCL goals. Achieving the 
limits of concentrations foreach co mponentlistedin Table 6 
requires treatment. The origin and source of the contaminants in the 


Table 1. Wastewater components and their environmental impacts 


Component Environmental Impact 





Metals (Hg, Pb, Cd, Cr, Cu, Ni) 


Other inorganic materials (acids, 
bases, etc.) 


Toxicity, bioaccumulation 


Corrosion and toxicity 


Biodegradable organics Aquatic life change 


Toxicity, bioaccumulation, aesthetic 
inconveniences 


Other organic materials 


Microorganisms Health problems 


Taste and odor Toxicity, aesthetic inconveniences 
Temperature Changing life conditions 


Radioactivity Toxicity, accumulation 





Table 2. Water parameters and related impurities 


Parameter Impurity 





Physical Solids 
Temperature 
Color 

Odor 
Proteins 


Carbohydrates 


Chemical, organic 


Fats and oils 
Grease 
Surfactants 
Chemical, inorganic pH 
Chlorides 
Alkalinity 
Nitrogen 
Phosphorus 
Chemical, gaseous Carbon dioxide 
Oxygen 
Hydrogen sulfide 
Methane 
Biological Bacteria 


Viruses 
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Table 3. Average U.S. industrial wastewater production by industry Table 6. AWWA water quality goals 








Industry Average Wastewater Production, m? Component Maximum Contaminant Level Goal, mg/L 
Car repair/wash facilities 800 Turbidity <0.1 ntu 
Textile mills 175 Color <3 color units 
Galvanic industries 110 Odor None 
Tanneries 50 Taste None objectionable 
Laundries 4O Aluminum <0.05 

Print shops 35 Copper <0.2 
Slaughterhouses 7.5 Iron <0.05 
Canneries 6 Manganese <0.01 
Breweries 5 TDS 200.0 
Dairies 1.35 zing <1.0 
Electrical circuitry 1.0 Hardness 80 
Photography laboratories 1.0 





Table 4. Typical composition of untreated wastewater (upper limits) 








Constituent Concentration Thickening Dewatering 

Alkalinity 200 

Biological oxygen demand (BOD) 300 | { 
= oes 
Chemical oxygen demand (COD) 1,000 Z 


Suspended solids 
Settleable solids, ml/L 20 





Sewage Sludge 








350 
Landfill 





Land Applications 


Total dissolved solids (TDS) 1,000 

Total nitrogen 80 Figure 1. Sludge treatment alternatives 
Total organic carbon 300 

Total phosphorus 20 Sludge Treatment 





* All values in milligrams per liter unless otherwise noted. 


Table 5. Maximum contaminant level (MCL) of inorganic chemicals 
(EPA standards) 





Suspended solids from the settling tank or clarifiers in wastewater 
treatment plants are the main source of sludge. Sludge characteris- 
tics differ from one sludge to another. In fact, no two sludges are 
the same in al | aspects, in addition to changes in cha racteristics 
with time due to variations in pH, temperature, and so forth. 


Contaminant MCL, mg/L Sludge has b oth physical and chemical characteristics. The 
Arsenic 0.05 solid conc entrations, volatile solids, and rheological characteristics 
Barium 10 are physical. The solid concentration determines the behavior of the 
ee aot sludge, its volume, and how it will be handled. Volatile solids are 
, important for the sludge disposal because of gases and odors from the 
ehrenium Ges sludge in addi tion to the concentra tions of pathogens. On the o ther 
lead 0.05 hand, the rheological parameters determine the b ehavior of slud ge 
Mercury 0.002 under applied forces and are mainly used for scale-up processes. 
Nitrate (as N) 10.0 The chemical composition of sludge is impo rtant for using it 
Selenium 0.01 as fertilizer (which depends on the availability of nitrogen , phos- 
Silver 0.05 phorus, or potassium). The presence of heavy metal, which comes 





wastewater determine the sophistication of t he re quired tre atment 
process. 


WATER TREATMENT PROCESSES 


The primary treatment for was tewater is a separation process that 
separates the impurities and harmful constituents from the water to 
allow its reuse. The several types of separation processes used in 
wastewater treatment can be classified as physical, chemical, or 
biological treatments. In reality, a combination might be used , but 
each treatment is described by the predominant removal process— 
physical, chemical, physicochemical, or biological. 

The treatment processes to re move sludge, heavy metals, and 
radioactive materials are presented in the following paragraphs. 


primarily from industrial waste, determines the toxicity of sludge 
and consequently controls its usage. 

Sludge treatment involves two processes: sludge stabilization 
and dewatering. The first process reduces or removes the aesthetic 
problems and noxious odors associated with sludge. The sludge can 
be stabilized by lime or aerobic or anaerobic digestion. The second 
process, ho wever, increases the solid s content of the sludge and 
decreases it s tot al volume. Sand beds, f iltration, centrifug ation, 
coagulation/flocculation, and sedimentat ion are among the p ro- 
cesses used for sludge dewatering. Several schemes can be used for 
sludge treatment, and Figure 1 gives treatment alternatives. 


MUNICIPAL SOLID WASTE 


Municipal solid waste (MSW) consists of all discarded solids and 
semisolids. Neither hazardous nor radioactive solid materials are 
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Figure 2. Annual average consumption of U.S. solid wastes (on dry 
mass basis) for 1980, 1990, and 2000 


Table 7. Proximate and ultimate chemical analysis of MSW 











Component Proximate Analysis, % 
Moisture 15-35 

Volatile matter 50-60 

Fixed carbon 3-9 
Noncombustible matter 15-25 

Heat value 3,000-6,000 Btu/lb 
Component Ultimate Analysis, % 
Moisture 15-35 

Carbon 15-30 
Hydrogen 2-5 

Oxygen 12-24 
Nitrogen 0.2-1.0 
Sulfur 0.02-0.10 





included in the annual average of MSW in the United States shown 
in Figure 2. The main characteristics of MSW are gross composi- 

tion, moisture content, particle size, che mical composition, and 
density. Table 7 gives the proximate and ultimate chemical analyses 
of MSW. 

The MSW is remo ved by either landfilling or incineration, 
which converts the waste to other forms no longer detrimental to 
the environment. The incinerated MSW may also be processed fur- 
ther to yield pro ven beneficial components (e.g., combustors that 
can convert water into steam to power heating systems or generate 
electricity). 

Source reduction, reuse, recycling, and composting can divert 
large portions of municipal solid waste from disposal. Some MSW, 
however, must still be placed in landfills. Desirable landfill operat- 
ing practices cons ist of compacting and co vering waste frequently 
with several inches of soil to reduce odor; to control litter, insects, 
and rodents; and to protect public health. Many modern landfills 
are wel l-engineered facilities that are properly designed, located, 
operated, monito red, closed, cared for afterclosure (including 
remediation when necessary), and financed to ensure compliance 
with federal regulations. 

In the incineration process, sh own in Figure 3, comb ustion 
converts hazardous waste to less bulky, less toxic material. Carbon 






Air |§. —————> 
Waste 


Fuel _———_+| 


Incineration 
Process 





Solid/Liquid 


Recovered 
Heat 


Figure 3. Schematic diagram for waste incineration system 


Discharge 


Table 8. Mineral-derived chemicals used in the treatment of 
drinking water’ 





Chemical Name Formula CAS Registry No.* 
Alumina AlgO3 1344-28-1 
Bentonite Variable (clay rock) 1302-78-9 
Calcium carbonate CaCO3 471-34-1 
Calcium carbonate CaCO3 1317-65-3 
(limestone) 
Calcium fluoride CaF2 7789-75-5 
Calcium hydroxide Ca(OH)2 1305-62-0 
Calcium oxide CaO 1305-78-8 
Dolomite CaCO3*MgCO3 16389-88-1 
Dolomitic quicklime CaO*MgO 1305-78-8/ 
1309-48-4/ 
16389-88-1 
Hectorite Nao.3(Mg,Li)3Si4010(F,OH)2 12173-47-6 
lodine lo 7553-56-2 
Magnesium carbonate 3.2MgCO3*Mg(OH)2°3.2H20 = 7760-50-1 
hydroxide 
Magnesium hydroxide Mg(OH}2 1309-42-8 
Magnesium oxide MgO 1309-48-4 
Phosphoric acid H3PO4 7664-38-2 
Polyphosphoric acid H3PO4 +n P2O5 8017-16-1 
Potassium chloride KCl 7447-40-7 
Silica dioxide SiOz 14808-60-7 
Sodium carbonate (soda NazCO3 497-18-8 
ash) 
Titanium dioxide TiO2 13463-67-7 
Tricalcium phosphate Cas5(PO4)3OH 12167-4-7 


(hydroxyapatite) 
* List derived from ANSI/NSF (1988). 
t The Chemical Abstract Service (CAS), a subsidiary of the American Chem- 
ical Society, assigns a unique number to chemical compounds. This CAS 





Registry Number is widely used for identification on material safety data 
sheets (MSDSs) and chemical databases. 


dioxide, water, and ash ar e the principal incineration pr oducts. If 
incineration products contain u ndesirable compo nents, secondary 
treatment is required (i.e., afterburning, scrubbing, or filtration). 

The advantages of incineration as a disposal method are that it 
is acontrolled process; that it is a broadly applicable, well-known 
process for mixed wastes; and that no large land space is needed. It 
has some disadv antages, ho wever—the equipment ise xpensive, 
complete disposal is not always achieved, and air pollution control 
technology is required. 
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Table 9. Chemicals used in potable water processing and their function 





Product Function Chemical Name Product Function Chemical Name 
Adsorption Activated carbon Disinfection and oxidation Sodium chlorite 
Alumina (continued) Sodium hydroxide 
Manganese dioxide Sodium hypochlorite 
Algicide Calcium hypochlorite Sodium percarbonate 


Copper sulfate 
Sodium percarbonate 


Coagulation and flocculation Aluminum chloride Filtration and adsorption 
Corrosion and scale control Aluminum sulfate, alum 
Bentonite 


Calcium carbonate 

Calcium hydroxide 

Calcium oxide 

Ferric chloride 

Ferric sulfate 

Ferrous chloride 

Hectorite 

Kaolinite 

Magnesium carbonate 

Polyaluminum chloride 

Polyaluminum silicate sulfate Fluoride adjustment 

Silica 

Sodium aluminate 

Dolomitic quicklime 

Ferrous sulfate 

Calcium carbonate pH adjustment 

Calcium hydroxide 

Dipotassium orthophosphate 

Disodium orthophosphate 

Magnesium carbonate 

Magnesium hydroxide 

Monosodium orthophosphate 

Phosphoric acid 

Polyphosphoric acid 

Potassium carbonate 

Potassium hydroxide 

Potassium tripolyphosphate 

Sodium bicarbonate 

Sodium bisulfite Precipitation 

Sodium carbonate (soda ash) 

Sodium hexametaphosphate 

Sodium hydroxide (caustic soda) Sequestering 

Sodium polyphosphates, glassy 

Sodium sesquicarbonate 

Sodium silicate 

Sodium tripolyphosphate 

Sodium zinc polyphosphate 

Sodium zinc potassium polyphosphate 

Sulfuric acid 

Tetrasodium pyrophosphate 

Titanium dioxide 

Tripotassium orthophosphate 

Trisodium orthophosphate, dodecahydrate 

Zinc chloride Softening 

Zinc orthophosphate 

Zinc sulfate monohydrate 
Dechlorination Activated carbon 

Calcium thiosulfate 

Ferrous sulfate 

Sodium metabisulfite 

Sodium bisulfate 

Sodium bisulfite 

Sodium sulfite Taste and odor control 

Sulfur dioxide 
Disinfection and oxidation Calcium hypochlorite 

Chlorine 

Chlorine dioxide 

Hypochlorous acid 

Oxygen, ozone 

Potassium permanganate 





Sodium permanganate 

Sulfur dioxide 

Activated carbon, coal-based 
Anthracite (coal) 
Diatomaceous earth 

Ferric oxide 

Ferric oxide/hydroxide 
Garnet 

Gravel 

Greensand 

Lapis sand 

Perlite 

Silica sand 

Zeolite 

Zeolite—clinoptilolite 
Fluosilicic acid 
Hydrofluosilicic acid 

Sodium fluoride 

Sodium fluorosilicate 

Sodium silicofluoride, sodium fluosilicate 
Calcium carbonate 

Calcium hydroxide 

Calcium oxide 

Hydrochloric acid 
Magnesium hydroxide 
Magnesium oxide 
Monosodium orthophosphate 
Potassium carbonate 
Potassium hydroxide 

Sodium bicarbonate 

Sodium carbonate 

Sodium hydroxide 

Sulfuric acid 

Calcium carbonate 
Magnesium hydroxide 
Sodium hydroxide 

Calcium carbonate 
Magnesium carbonate hydroxide 
Monosodium orthophosphate 
Polyphosphoric acid 
Potassium tripolyphosphate 
Sodium hydroxide 

Sodium polyphosphates, glassy 
Sodium silicate 

Sodium tripolyphosphate 
Tetrapotassium pyrophosphate 
Tetrasodium pyrophosphate 
Trisodium phosphate anhydrous 
Calcium carbonate 

Calcium chloride 

Calcium hydroxide 

Calcium oxide 

Carbon dioxide 

Potassium chloride 

Sodium carbonate (soda ash) 
Sodium chloride 

Sodium hydroxide (caustic soda) 
Activated carbon 

Bentonite 

Calcium carbonate 

Calcium hydroxide 

Copper sulfate 

Dolomite 

Potassium permanganate 
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Table 10. Access to improved water supply and sanitation facilities by world region’ 


Access to an Improved Water Source, % 





Access to Improved Sanitation, % 
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Region 1990 2000 1990 2000 
World 76.6 82.3 50.7 60.6 
Asia (excluding Middle East) 71.6 80.5 24.0 43.2 
Central America and Caribbean 78.0 85.9 67.9 75.6 
Europet ~100.0 ~100.0 ~100.0 ~100.0 
Middle East and North Africa nat 83.0 na 82.0 
North America 100.0 100.0 100.0 100.0 
Oceania 89.1 86.7 96.7 93.5 
South America 84.3 86.7 74.) 78.1 
Sub-Saharan Africa 53.5 58.2 54.6 53.8 





Adapted from UNICEF 2001. 
* Data were originally collected under the UNICEF—World Health Organization (WHO) Joint Monitoring Program. 
t Estimated. 
tna = not available. 


Table 11. Water and sanitation progress and goals 


Progress between 1990 and 2000 Unfinished Business (as of 2000) UNICEF Millennium Development Goals (September 2000) 





Water: Universal access to safe drinking water 





Some 1.1 billion people still lack access. Global 
coverage increased by only 3%, to 82%. 

Water quality problems have grown more severe in a 
number of countries during the decade. 

Coverage in low-income areas remains low, especially in 
informal settlements. 


816 million additional people 
obtained access to improved 
water supplies. 


By 2015, reduce by half the proportion of people without 
sustainable access to safe drinking water—free from 
microbiological and chemically hazardous constituents. 





Sanitation: Universal access to sanitary means of excreta disposal 





747 million additional people 
had access to improved sanitation 
facilities. 


2.4 billion people, including half of all Asians, lack By 2015, reduce by half the proportion of people who do not 
access. Global coverage increased by only 5%, to 60%. have access to basic sanitation. 
80% of those lacking sanitation live in rural areas. 





Adapted from UNICEF 2001. 


Potable Water and Sewage Treatment 


As mentioned earlier, many minerals and chemicals, some of which 
are mineral derived (Table 8), a re used to treat potable water and 
domestic sewage wastewater and solids. Table 9 lists th e principal 
processes used in water treatment and the chemic als used in each 
process. Because lime (as_ calcium oxide, calcium hydroxide, and 
dolomitic lime) is the largest chemical (by tonnage) used in water 
treatment, this chapter deals primarily with this product. Recently, 
many f actors—public health incide nts, w ater sh ortages, greater 
“green” awareness, and more numerous or more widely public ized 
pollution potential for w ater supplies—ha ve focused scrutin y on 
water treatment. National and local legislative and regulatory bodies 
have enacted re gulations aimed at conserving and ensuring water 
quality and at impro ving and pro tecting public heal th. A g reater 
number and variety of treatment processes have increased chemical 
usage. In recent years, national and international bodies ha ve pub- 
lished specifications for chemicals used in water treatment. Several 
organizations conduct inspection an d testing programs to indepen- 
dently confirm the quality of chemicals offered commercially. 


DRIVING FORCES FOR POTABLE WATER 
AND SANITATION 


The availability of safe water and improved sanitation is an indica- 
tor of quality of life. Safe drinking water must be free of microbio- 
logical and chemical hazards to human health and substantially free 
of objectionable odors, tastes, and appearance. Improved sanitation 


involves disposing of human excreta by means of a facility or 
method that isolates or destroys disease organisms. Access to safe 
drinking w ater and improved sanitation tre atment v aries wi dely 
around the world (Table 10). 

Although there has been progress in providing safe drinking 
water and impr oved sanitation around the w__ orld, the UNI _CEF 
assessment and goals for improvement show how far there is to go 
(Table 11). 


POTABLE WATER TREATMENT 


Regulatory Framework 

The goal of potable w ater treatment is to reliably con vert available 
raw water to an affordable, consistent, stable, palatable water supply 
that is free of infectious agents, toxic impurities, and objectionable 
tastes, odors, and turbidity. Legally enforceable drinking water stan- 
dards limit the maximum allowable levels of specific impurities in 
public water supplies. These are generally based on WHO’s Guide- 
lines for Drinking-Water Quality (WHO 2004), reflecting scien tific 
knowledge available and the principle that water intended for human 
consumption can be consumed safely on a life-long basis. 

In the United States, the EPA regulates 87 parameters in the 
Primary Drinking Water Standards (EPA 2003) under the authority 
of the Safe Drinking Water Act (SDWA), which was passed in 1974 
and amended in 1986 and 1996. 

The E uropean Union re gulates 48 parameters in standards 
promulgated as Council Direct ive 98/83/EC (EUR OPA 2003) on 
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Table 12. Potable water treatment 


Treatment Step Function 





Screening Removes coarse particulate matter 


Adds treatment chemicals that attract and bind fine 
particulate matter 


Coagulation and 
rapid mixing 
Flocculation Promotes the growth of the particles binding the fine 
impurities 

Sedimentation Allows the flocculated particles to precipitate or settle 


out of the treated water 


Filtration Removes the fine particles remaining after the 
sedimentation process and yields turbidity-free water 
Disinfection Kills any organisms that remain in the water or 


treatment system and maintains, if appropriate, a 
residual disinfection capacity for the distribution system 


Stores and distributes the treated and disinfected water 
to users in a manner that preserves its purity and safety 


Storage and 
distribution 





Table 13. Summary statistics of softening plants in the United States 
by process 


Average Daily _ Total Daily 





Number of — Production, —_ Production, 
Softening Process Plants mgd mgd 
Softening 353 0.85 299 
Coagulation—softening 265 8.50 2,246 
Softening-iron removal 366 0.95 348 
Coagulation-softening-iron 45 3.60 162 


removal 





the quality of water intended for human consumption, which has 
updated and replaced the Drinking Water Directive of 1980. 


Treatment Processes 


Treatment processes ha ve been de veloped to re move or i nactivate 
raw water components that may be hazardous to human health. The 
principal steps of most water treatment processes (Table 12) may 
use several chemicals (Table 9). Some water suppliers (principally 
those whose source is groundwater or low-turbidity surface water) 
omit the sedimentation ste p, and so th eir tre atments are ca Iled 
direct filtration processes. 

Newer membrane pr _ ocesses ar e increasingly important in 
potable water treatment, particularly in desalination of b rackish or 
seawater. Synthetic membrane filters exclude particles down to the 
size of ions while pa ssing water molecules by means of pressure. 
Treatment chemicals can be used in pre- or posttreatment steps to 
increase the efficiency and economy of the process and to extend 
the life of the membranes. 


Drinking Water Treatment Chemicals 


Many che micals f ind use i n processes to con vert ara w w ater 
resource to a potable w ater supply that meets the pre vailing water 
quality standards. The purity of chemicals used in potable water 
treatment is subject to go vernmental re gulations. In the United 
States, drinking water treatment additives musts c omply with the 
ANSI/NSF Standard 60, Drinking W ater Treatment Chem icals, 
which “ establish(es) mi nimum requirements for the control of 

potential adv erse human health ef fects from products added to 

water for its treatment” (ANSI/ NSF 1988, p. v .). “This standard 
covers products intended to be added to w ater in the production of 
drinking water for such purposes as: disinfection, oxidation, filtra- 
tion, scale control, corrosion control, pH adjustment, softe ning, 
precipitation, sequestering, fluoridation, coagulation, flocculation, 


or mi scellaneous tre atments, i ncluding w ater well products” 
(ANSI/NSF 1988, p. 1). The purity criteria for water treatment 
chemicals are determined by the amounts of impurities contributed 
to the pr oduct water from the ma ximum treatment dosage of the 
treatment chemical. The impurity limits of the drinking water stan- 
dards, the maximum treatment chemical dosage, and a safety factor 
determine the maximum allowable contribution of impurities from 
the treatment chemicals. 


Water Softening 


Lime use in water treatment pri marily involves water softe ning, 
where it reduces carbonate hardness caused by dissolved bicarbon- 
ate and carbonate compounds. Currently there are more than 1,000 
domestic water softening plants (Table 13) in most sections of the 
country, but particularly in the midwestern states, in Florida, and in 
Texas, where limestone bed rock ab ounds (ASCE/AWWA 1990). 
Among the other uses for lime in water treatment are coagulation, 
disinfection, and removal of heavy metals due to high pH softening; 
removal of certain radioactive and organic compounds and fluo- 
rides; neutralization of acidic water; removal of silica, particularly 
with dolom itic | ime; and re moval o f col or. Most of th e above 
advantages accompany water soft ening, although at some plants 
lime is used specifically for one p urpose, such a s silica rem oval 
with dolomitic lime, minimizing pipeline corrosion by addition of 
lime to correct aggressive water, and others. 

Hardness in w ater comprises tw o types—carbonate hardness, 
caused by dissolved calcium and magnesium carbonates and bicar- 
bonates; and noncarbonate hardness, caused by dissolved noncarbon- 
ate salts, particularly calcium su Ifate, calcium chloride, magnesium 
sulfate, and magnesium chloride. Total hardness is the sum of the car- 
bonate hardness and noncarbonate hardness. Waters are classified as 
soft (0 to 75 mg/L as CaCO3), moderate (75 to 150 mg/L), hard (150 
to 300 mg/L), and very hard (above 300 mg/L). Most w ater plants 
strive to reduce total hardness to about 100 mg/L, although in recent 
years the tendenc y in some cit ies has been to allo w a little higher 
value to reduce both chemical costs and the amount of water soften- 
ing sludge produced. 

There are four basic types of softening plants: lime softening, 
primarily to reduce carbonate har dness; lime-soda softening, for 
reduction of both types of hardness (in some plants caustic soda is 
used in place of soda ash, but it is more costly); split lime—zeolite, 
where a base e xchange mineral is employed in plac e of sod a ash 
(this system also requires sodium chloride to regenerate the zeolite 
mineral); and finally, zeolite softening, which is ge nerally used in 
small systems for private residences and small municipalities. The 
principal disadvantages of the last system are its relatively high cost 
and the salt requirement, which in troduces considerable quantities 
of soluble salts into the wastewater discharge system. 

Lime neutralizes carbon dioxide, forming calcium carbonate, 
a precipitate, to convert soluble bicarbonate to calcium carbonate, 
and also to p recipitate magnesium hydroxide. The following reac- 
tions occur in lime softening: 


CO + Ca(OH) > CaCO3) + H2O (1) 
Ca(HCO3)2 + Ca(OH): > 2 CaCO3) + 2H20 (2) 
Mg(HCO3)2 + Ca(OH)2 > MgCO3 + CaCO3) +2H20 (3) 
MgCO; + Ca(OH); > Mg(OH)> + CaCO3, (4) 
MgCl + Ca(OH)2 > Mg(OH)o) + CaCl (5) 
Mg(NO3)2 + Ca(OH)2 > Mg(OH)a) + Ca(NO3)2 (6) 
MgSO, + Ca(OH)2 > Mg(OH)o + CaSO4 (7) 
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Reactions involving soda ash are as follows: 


CaSOq4 + Na2xCO3 — CaCO3) + Na2SO4 (8) 
CaCl + Na2zCO3 — CaCO3| + 2NaCl (9) 
Ca(NO3)2 + NazCO3 — CaCO3) + 2NaNO3 (10) 


The principal by-produ ct formed is calcium car bonate, a f il- 
terable insoluble precipitant ref erred to as w ater softening sludge. 
The quantity is large, as indicated by the f act that in precipitating 
the calcium ion, Equation (2), two moles of calcium carbonate are 
formed for every mole of calcium ion removed from the water. In 
large plants, the sludge is voluminous and often presents a disposal 
problem. Generally, the sludge is placed in a lagoon, or it may be 
dewatered with v acuum filters, be It and f ilter presses, or centr i- 
fuges, and then disposed of on farm fields as an agricultural liming 
material. Its high calcium carbonate content and fineness enhance 
its value as a lim ing material. A nother use is as a neutralizing 
chemical in industrial and se wage treatment plants. A few lar ge 
municipal plants have successfully recycled the sludge by dewater- 
ing and then calcining the material in rotary or fluosolids kilns to 
produce quicklime for reuse at the softening facility. 

After lime softening, the pH and alkalinity of the treated water 
must be adjusted to a level suitable for human consumption. Often a 
small stream of raw water is mixed with the treated water to achieve 
the desired alkalinity level, requiring further sterilization. 

The finished water must be nonaggressive (noncorrosi ve) to 
the distribution system and also must not scale. To achieve this bal- 
ance, the pH and alkalinity must be adjusted. Tools such as the Lan- 
gelier inde x can dete rmine the aggressi ve nature of the w ater. 
Recarbonating the treated water with CO gas can often achieve the 
desired pH and alkalinity. 

Formation of some protective scale is often desirable, but care 
must be taken to ensure that excessive scale and decreased flow lev- 
els are not induced. A thin calcium carbonate scale will protect the 
water from the dissolved salts of heavy metals, iron deposits (red 
water), and objectionable taste. Several specialty chemicals such as 
glassy polyphosphates are used to ensure a protective coating with- 
out excessive scaling. 


Coagulation 


Because many water supplies, particularly river water, contain sus- 
pended solids, it is usually necessary to add coagulants to remove tur- 
bidity. The principal coagulants are al uminum sulfate (alum), ferric 
chloride, ferric sulf ate, polyal uminum salts, and 1 ime. Lime is also 
used for pH control with the other coagulants. The optimum pH for 
alum is 5.5 to 7.5 (typically 7.0) and for the ferric salts, 5.0 to 8.5 
(typically 7.5). Because man y waters are acidic in nature, lime is 
nearly always used to raise the pH to attain the optimum coagulation 
efficiency; small plants often use liquid caustic soda instead of lime. 

In recent years, various polyelectrolytes have been developed 
for use as coagulants, either alone or with the above metal ion coag- 
ulants. In many cases, lime is also used with certain polyelectro- 
lytes. In the coagulation step, the lime is generally added with the 
coagulant chemical, although it of ten may be advantageous to add 
the lime ahead of the c oagulant. Besides providing the proper pH, 
lime also acts as a filter aid, particularly with gelatinous-like slud- 
ges formed with certain water and coagulant combinations that are 
difficult to filter. 


Purification 


Research as far back as 1913 (Riehl 1962) indicated that treatment 
with excess lime (to pH 11+, with h olding times of 24 to 48 hr) 
destroys Escherichia coli. More recent research confirmed these 
earlier findings, and work has also been extended to other bacteria, 


Table 14. EPA's hazardous waste groups 





Hazard 
Classification Type Category Examples 
Source Specific F Halogenated and nonhalogenated 
solvents, electroplating sludge 
Nonspecific K Oven residue, brine modification 
muds 
Level Acute P Arsenic oxide, potassium silver 
cyanide, and toxaphene 
Regular U Carbon tetrachloride, DDT, and xylene 
Others Exhibits ignitability, corrosivity, 


reactivity, or toxicity 





viruses, parasites, and parasite eggs. Ste rilization is at tributed to 
physical absorption of the pathogens on the flocs that settle out fol- 
lowing the lime softening-coagulation reaction and the destruction 
of pathogens by the high pH. According to Boynton (1980), a seri- 
ous epidemic of infectious hepatitis in Bombay, India, which was 
traced to the potable w ater supply, was stopped using excess lime 
treatment toapHof 11+. Despite encouraging e xperience with 
lime sterilization, however, it can never fully replace chlorine as a 
disinfectant becau se the latter’s residual content pr otects ag ainst 
later contamination in the water distribution system. 


Removal of Heavy Metals and Radionuclides 


Radioactive wastes can be a product of fuel cycles in nuclear power 
plants, nuclear weapons and their manufacturing, radiopharmaceuti- 
cal manufacture and use, biomedical research and application, and a 
number of other industrial uses. The common and important radionu- 
clides are krypton-85; strontium-90; iodine-131; cesium-137; tritium; 
cobalt-60; carbon-14; uranium-235 and 238; and plutonium-239. The 
treatment of the radioactive wastes is still a challenge because of the 
long decay times and the required disposal site specifications. 

In the United States, nuclear power plants supply 20% of elec- 
tricity (W einer and Matth ews 2 003). In the late 1990s, shu _ tting 
down the U.S. nuclear industry was seriously considered. But the 
electricity shortage in California in 2000-2001 may play an impor- 
tant role in the acceptability of nuclear ener gy because no lar ge- 
scale alternative energy sources have been established (i.e., wind 
power, solar power, etc.). 

On the ot her hand, hazardous wastes are harmful for the envi- 
ronment and for life, and they cannot be handled or disposed of with- 
out special precautions. The EPA has grouped hazardous waste into 
five categories, which are listed in Table 14. Table 15 lists the maxi- 
mum allowable concentrations of hazardous w aste (40CFR261.24), 
and Figure 4 shows the commercial disposal technologies used. 

Table 16,b asedon EP A data summarized f rom v arious 
research studies i nvolving | aboratory or pi lot-scale e xperiments, 
indicates that a variety of heavy metals, including arsenic, barium, 
cadmium, chrom ium, fluoride, le ad, mercury, silv er, and others, 
can be removed from potable water by raising the pH from 6 to 11, 
depending on the metal involved ( ASCE/AWWA 1 990). These 
data are based on conventional treatment involving coagulation 
with alum or iron salts, followed by lime or lime—soda softening. 
Treatment steps include mi xing, flocculation, sedimentation, and 
filtration. The elevation in pH precipitates the metals out of solu- 
tion for ready removal. As no ted, the pH ele vation occurs during 
lime or lime-soda softening or coagulation with alum or ferric salts 
abetted by lime addition. The mechanism of removal for inorganic 
contaminants may be precipitation of insoluble metal hydroxides, 
carbonation, coprecipitation with iron or aluminum hydroxides, or 
adsorption with natural turbidity or on floc particles formed during 
the reaction. 
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Table 15. RCRA hazardous waste limits by toxicity characteristic (TCLP) 





Maximum 
Concentration, 
Contaminant Chemical mg/L 
Arsenic As 5.0 
Barium Ba 100.0 
Cadmium Cd 1.0 
Chromium Cr 5.0 
lead Pb 5.0 
Mercury Hg 0.2 
Selenium Se 1.0 
Silver Ag 5.0 
Endrin 1,2,3,4,10,10-hexachloro-1,7-epoxy- 0.02 
1,4,4a,5,6,7,8,8a-octahydro-1,4-endo, 
endo-5,8-dimethano naphthalene 
Lindane 1,2,3,4,5,6-hexachlorocyclohexane, 0.4 
gamma isomer 
Methoxychlor 1,1, 1-+trichloro-2, 2-bis[p-methoxyphenyl] 10.0 
ethane 
Toxaphene CyoH10Cig, technical chlorinated camphene, 0.5 
67-69% chlorine 
2,4D 2,4-dichlorophenoxyacetic acid 10.0 
2,4,5-TP Silvex 2,4,5-trichlorophenoxpropionic acid 1.0 





Table 16. Summary of treatment processes for inorganic contaminants 
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Resource Recovery 
i Secure Landfill 


i Treatments 


Note: Treatments include physical, chemical, and biological. 


Figure 4. Commercial disposal technologies for hazardous material 





Contaminant Process pH Range Comments 
Arsenic +5 Ferric sulfate coagulation 6-8 NA* 
Alum coagulation 6-7 NA 
Lime softening >10.5 NA 
Arsenic +3 Ferric sulfate coagulation 6-8 Oxidation to As5* by chlorination required 
prior to coagulation 
Alum coagulation 6-7 
Lime softening >10.5 
Barium Lime softening 10-11 NA 
lon exchange NA Normal cationic exchange resins effective 
Cadmium Ferric sulfate coagulation 7-8 Effective over full lime-softening range 
Lime softening NA 
Copper Stabilization and corrosion control Site-specific NA 
Chromium +3 Ferric sulfate coagulation 6-9 NA 
Alum coagulation 7-9 NA 
Lime softening >10.5 NA 
Chromium +6 Ferric sulfate coagulation 7-9.5 NA 
Fluoride lon exchange Neutral pH lon-exchange media: activated alumina or 
recommended bone char 
Lime softening >11 Fluoride coprecipitates with magnesium 
hydroxide, high magnesium required 
Lead Ferric sulfate coagulation 6-9 NA 
Alum coagulation 6-9 NA 
Lime softening NA Effective over full lime-softening range 
Inorganic mercury Stabilization and corrosion control/ferric sulfate coagulation Site-specific, 7-8 NA 
Organic mercury Activated carbon NA Powdered and granular carbon effective 
Nitrate lon exchange NA lon-exchange media: strong base resin 
Radium Lime softening NA Effective throughout entire softening range 
lon exchange NA Normal cationic exchange media effective 
Reverse osmosis NA NA 
Selenium +4 Ferric sulfate coagulation 6-7 NA 
lon exchange NA lon-exchange media: strong base resin or 
activated 
Reverse osmosis NA Alumina 
Selenium +6 Reverse osmosis NA NA 
Silver Ferric sulfate coagulation 7-9 NA 
Alum coagulation 6-8 NA 
Lime softening NA Effective over full lime-softening range 
Zinc Stabilization and corrosion control Site-specific NA 





* NA = not applicable. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Water and Sewage Treatment 1267 









Pb 


Cd 






100 


80 
Crt3 


a 
oO 


Percent Removed 


R 
oO 


° 
Ast5 . . 


SS 


Ast3 


20 






Seto 


8 9 10 11 12 
pH of Treated Water 


Figure 5. Removal of inorganic contaminants by lime softening 


Table 17. Efficiency of dissolved solids removal treatments 


i Elgin, Illinois, water at EPA pilot plant 
O West Des Moines, lowa 
@ Webster City, lowa, without soda ash 
} Webster City, lowa, with soda ash 
Peru, Illinois, three dates 
1.00 Elgin, Illinois, three dates 

+ Englewood, Florida 
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Figure 6. Lime-soda process: total hardness removal fraction versus 
radium removal fraction 


Dissolved Solids 





Oxygen Demand 


Nitrogen Compounds 








Suspended 
Removal Process Solids BODs coD Ammonia (NH3) Organic Nitrogen (N) Phosphate (POx) 
Activated carbon adsorption 80-90 70-90 60-75 _— 50-90 — 
lon exchange _— 40-60 30-50 85-98 80-85 85-98 
Electrodialysis — _— _— 30-50 = 30-50 
Reverse osmosis 95-98 95-99 90-95 95-99 95-99 95-99 





Figure 5 shows the extent of removal of various inorganic con- 
taminants by lime softening, based on a pH of 8 to 12 (ASCE/AWWA 
1990). Note in pa rticulart hat1 ead and cadmium a re complet ely 
removed at pH 8, arsenic+5 and chromium+3 at pH 11, and barium at 
pH 10. Other metals show substantial removal at elevated pH. 

Radium, an alkaline earth material chemically similar to cal- 
cium and barium, is removed during lime softening and g enerally 
not d uring coagulation. Removals of 70% to95% ha ve been 
reported, wi th gre ater re movals occurring with greater hardness 
removals (Figure 6) (ASCE/AWWA 1990). Generally, the higher 
the pH during softening, the greater the radium removal. 


Neutralization of Acid Water 


The growing concern about the presence of lead in drinking water 
has increased the use of 1 ime for neutralizing slightly acid water. 
Raising pH to >7 prevents the dissolution of solder lead in pipe fit- 
tings. Further, lime corrects corrosive waters with excess CO by 
absorption of the gas, forming a thin calcium carbonate deposit on 
the inside of the pipes. 


Silica Removal 


Waters containing silica are espe _ cially harmfulin high-pressure 
boilers and turbines because of the formation of troublesome scale 
on the pipes and turbine blades. When dolomitic lime is used in the 
softening process, much of the silica is removed by its reaction with 
magnesium oxide and hydroxide. 


Removal of Other Impurities 


Lime is also used to he Ip remove various other impurities, espe- 
cially manganese, fluorides, iron, and or ganic tannin, which cause 
undesirable colors. Generally, lime softening will remove 80% to 
90% of the color, and activated carbon removes the balance. 


SEWAGE WASTEWATER TREATMENT 


The goal of wastewater treatment is to safely collect, treat, and dis- 
pose of human excreta in a manner to prevent spread of disease and 
return the treatment pr ocesses to pr oductive use. The pr incipal 
methods of sewage treatment involve a number of steps: 


1. Collection of the waste 

2. Conveyance in a confined manner to a treatment facility 
3. Separation of the solid wastes from the liquids 

4. Treatment of liquids 


a. Reduce the pathogen content and nutrient content. Biolog- 
ical growth media are commonly used to promote a non- 
pathogenic biological community which canni balizes the 
pathogens. 


b. Remove the biological component by clarifiers and filters. 
The biological sludge is usually treated with the solid 
waste stream. 


c. Disinfect the treated water for safe discharge or reuse. 
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Figure 7. Treatment efficiencies for removal/destruction of bacteria 
in wastewater 


5. Treatment of solids 


a. Reduce the v olume and pathogen le vels of the solids 
wastes. Incineration, drying (natural or artificial), and aer- 
obic and anaerobic digesters are commonly used in lar ge 
installations. 

b. Isolate, dispose of, or reuse the disinfected residual solids 
in a safe manner. 


Table 17 describes the r emoval efficiency of se veral tr eat- 
ments to remove dissolved solids, and Figure 7 charts the efficiency 
of treatments to remove or destroy bacteria. 
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Fertilizers 


William C. Herz and Harry L. Vroomen 


INTRODUCTION 


Plants obtain nutrients from both air and soil, and nutrient balance 
is vital to soil fert ility and crop production. Plants absorb carbon 
dioxide (CO?) mainly from the air, although some CO? may be dis- 
solved in soil water that is absorbed by plant roots. CO2, a gaseous 
form of carbon and oxygen, supplies the carbon that usually makes 
up 50% or more of plant structure. It is important to recognize that 
many factors control soil productivity and fertilizer use is only one 
of them. Fertilizers are most effective when overall attention is paid 
to the nutrient balance of the soil and all required nutrients ar e 
present in correct ratios. 

Growing plants use water more than any other biological sub- 
stance. Plant nutrients dissolve in soil water and enter the plant via 
root absorption. W ater is then given off into the air as the plant 
breathes or transpires. Water also supplies hydrogen and oxygen to 
plants. Pl ant roots ab sorb nutrient cations or anions by contact 
exchange with soil clay particles. In terms of fertilizer/water inter- 
action, appr opriate fe rtilization ca n he Ip pre vent stre ss re sulting 
from low-water years. In fact, appropriate fertilization will increase 
yields in wet or dry weather (water use efficiency). 

Inorganic or mineral nutrients essential to plants are supplied 
through the soil. The inorganic or mineral composition of plants is 
usually less than 5% of their weight. In most crop-g rowing areas, 
much of this nutr ition is inadequately supplied from soil reserves 
and must be provided by fertilizers. The role of the fertilizer indus- 
try is to supply econom ical, ef ficient, good -quality fert ilizers to 
improve or maintain soil productivity for optimum crop production. 

Other than carbon, hydrogen, and oxygen, the essential plant 
nutrients that must often be added to soils or plants are categorized 
as primary nutrients (nitrogen [N], phosphorus [P], and potassium 
[K]); secondary nutrien ts (calcium, magnesium, and sulfur ); and 
micronutrients (boron, chlorine, copper, iron, manganese, molybde- 
num, and zinc). These classifications, which are based on the quan- 
tity of nutrients utilized by pl ants, do not imply th eir function or 
degree of necessity. 

Much attention has be en paid recently to the environmental 
impact of fertilizers and nutrients in the environment in general. In 
response, the science of fertilizer application and management prac- 
tices in general are evolving to integrate a sophisticat ed sui te of 
practices called best management practices (BMPs). These practices 
may include the use of advanced fertilizer products such as slow- or 
controlled-release fe rtilizers; soil te sting; precision agri culture; and 


the use of crop rotation, buffer strips, or other site-specific practices as 
needed to prevent unintended release of nutrients to the environment. 


AGRICULTURAL PRODUCTION AND PLANT NUTRIENT USE 


Until about 1900, demands for higher crop yields were met simply by 
bringing new agricultural lands into cultivation. Since that time, great 
progress has been made in increasing yields through fertilization and 
improved crop varieties and cultural practices. At the same time, land 
under cultivation throughout the world has rem ained relatively con- 
stant or, as in the United States in recent years, has been taken out of 
production. Figure 1 illustrates the relationship of agri cultural pro- 
duction to crop acreage and consumption of the primary plant nutri- 
ents in the United States since 1 965. This f igure demonstrates the 

great increases in productivity accomplished with declining levels of 
cropland over the past several decades. 

In the past 40 years, particularly during the 1980s and 1990s, 
the growth of the U.S. fertilizer industry has been relatively stable. 
In 1962, U.S. farmers used 24.1 Mt of fertilizer materials at a total 
expenditure of $1.5 billion. In 1990, total fertiliz er con sumption 
exceeded 43.2 Mt, valued at more than $7 billion. Table 1 indicates 
farm expenditures and plant nutrient consumption in the United 
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Figure 1. Nutrient use, cropland, and crop production indices 
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Table 1. Estimated farm expenditures in billions of dollars for 
fertilizers, and plant nutrient consumption in the United States” 











Total Primary Plant Nutrients, thousand t 
Fertilizer 

Yeart Expenditure Nitrogen Phosphate _ Potash Total 

1960 Nat 2,738 2,572 2,153 7,463 
1965 1.921 4,639 3,512 2,835 10,986 
1970 2.224 7,459 4,574 4,036 16,069 
1975 6.447 8,601 4,507 4,453 17,561 
1980 8.269 11,407 5,432 6,245 23,084 
1985 8.114 11,493 4,658 5,553 21,704 
1990 7.036 11,076 4,345 5,203 20,624 
1995 9.347 11,719 4,425 5,128 21,272 
2000 10.021 12,334 4,314 4,972 21,620 





* All consumption figures updated from the U.S. Department of Agriculture, 
Association of American Plant Food Control Officials. 

t Fertilizer year ending June 30. 

$NA = not available. 


States from 1960 to 2000. Phosphate and potash are e xpressed as 
P20s and K 20, respectively. To convert phosphate to pho sphorus, 
multiply P 205 by 0.44 and multiply K 20 by 0 .83 to convert to 
potassium. 

Food demand for a gro wing world population stimulated crop 
production in the United States during the 1960s and 1970s. Farmers 
rapidly expanded plant nutrie nt application rates in an at tempt to 
increase crop production and farm income. Then, as farm commod- 
ity prices fell in the face of overproduction, farmers began to reduce 
application rates. Crop yi elds have continued to set new records, 
however, as f armers have increased the efficiency of fertil izer use 
through improved soil fertility and management practices. Figure 2 
illustrates the pattern of U.S. plant nutrient application rates for corn 
over the past four decades. This figure also shows that nutrient con- 
sumption in the United St ates w as remarkably stable during the 
period from 1980 to 2000. 

As applicationr ates of phosphorus and potassium ha ve 
declined in recent years, crop removal of these nutrients is deplet- 
ing the nutrient supply in some soils. With the current emphasis on 
sustainability in agriculture, nutrient removal will become a critical 
factor in future crop production. Figure 3 illustrates the change in 
nutrient remo val ratios fo r the United States from 1965 th rough 
2000. A v alue greater than 100% indicates that more nutrient is 
being removed from the soil than is being added. The figure clearly 
demonstrates that macronutrient withdrawal is significantly exceed- 
ing input, esp ecially for po tash, a situation that will ultimately 
result in deficits over time. 

In March 2004, the world population was greater than 6.35 
billion people. The widespread f orecasts of food shortages and 
famine that were predicted in earlier years have not come to p ass. 
Although population estimates for 2050 range from approximately 
9 billion to almost 12 billion, world per capita food production has 
kept pace with population growth and diets have steadily improved 
(see Figure 4). There may always be pockets of limited food supplies, 
but with the proper use of fertilizers and other agricultural inputs, the 
success of w orld agriculture will co ntinue. Fertilizer has been and 
will remain the keystone to adequate food and fiber production in the 
coming years. 
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Figure 2. Nutrient application rates for corn 
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Figure 3. Nutrient removal rates 
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PRIMARY PLANT NUTRIENTS IN FERTILIZERS 


Primary nutrients (nitrogen, phosphorus, and potassium) are desig- 
nated as such because o f the am ounts required and th eir signif i- 
cance to plant growth. Practically all soils are deficient in nitrogen. 
Most soils are also deficient to varying degrees in available phos- 
phorus and potassium. Consequently, these nutrients comprise the 
vast majority of fertilizers applied to soils. 


Nitrogen 


Nitrogen is part of every living cell andis essential for plant 
growth. Plants require large amounts of nitrogen for normal growth. 
Adequate nitrogen is also importa nt for w ater use efficiency. The 
use of nitrification inhibitors or slow-release formulations of nitro- 
gen can improve the efficiency of nitrogen use. Nitrogen f ixation 
must occur before nitrogen can be used by plants, and most forms 

of nitrogen will increase soil acidity. 

The world needs a tremendous amount of protein, and sound 
agronomic practices including the use of nitrog en fertilizers can 
help fulfill the protein requirement of higher yielding, more pro- 
tein-rich crops. Using an assumption of 40 g (1.4 oz) of protein per 
person per day for the entire world population, daily consumption 
would be appro ximately 545 million lb and annual consumption 
would be greater than 100 Mtpy. 

Nitrogen accounts for about half of the total nutrients applied as 
fertilizers in the United States. Table 2 shows consumption of nitro- 
gen fertilizer in North America and other w_ orld mark ets in recent 
years, and Table 3 lists the International Fertilizer Industry Associa- 
tion’s (IFA) statistical classifications for regions and countries. North 
America and W estern Europe have decreased in importance in t he 
world market as fertilizer use has increased dramatically in eastern 
Europe and Asia in the past decade. In 2000, Asia accounted for 43% 
of world nitrogen use, followed by North America at 12%. 

The manufacturing process for ni trogen fertilizers involves the 
fixation of a tmospheric nitrogen through a chemical process call ed 
the Haber—Bosch equation. Commercially available sources of nitro- 
gen include bo th organic and in organic forms. Nitrogen is mainl y 


Table 2. World nitrogen fertilizer consumption by region, Mt 


absorbed from the soil by plants as nitrate (NO 3°), but may also be 
taken up as ammon ium (NH,4"*) ions, and all nitrogen must be con- 
verted to these forms before it can be absorbed by the plant. After 
entering the plant, nitrogen is converted into complex comp ounds 
and ultimately into proteins. 

In the past, virtually all nitrogen was applied to soil in the form 
of animal manures. Certain soils in Europe have a synthetic surface 
layer m ore than 0.9 m thick resulti ng from centuries of manure 
application. One of the earliest commercial sources of nitrogen was 
guano (excreta and remains of sea fowl found in deposits on certain 
arid islands). This material can contain as much as 13% nitrogen and 
about 9% pho sphorus. Neither man ure nor guano is an important 
commercial source of fertilizer today, although environmental regu- 
lation of large animal operations will likely increase the importance 
of manure utilization. In fact, several state-of-the-art pilot plants that 
convert poultry litter to commercial fertilizer have been built. Ani- 
mal manures are applied to soils primarily because of the need for 
disposal, but manures may supply significant amounts of nitrogen to 
fields near their source of origin. It is important to note that organic 
nitrogen comprises 97%—98% of the nitrogen found in so __ il. This 
form of nitrogen cannot be used by plants __ but is gradually tr ans- 
formed by soil microor ganisms to ammoniu m. Ammonium is not 
leached to groundw ater to a grea t extent. Because am monium is a 
positively charged ion (cation), it is attracted to and held by the neg- 
atively charged soil clay, making it available to plants. 

Commercially important inor ganic sources of nit rogen 
include a mmonium ni trate ( NH4NQ3), a vailable in both sol id 
(33%-34% N) an d liquid (19%-21% N) f orms; ammonium sul- 
fate [ (NH4)2SOa, 21% N]; calcium nitrate [Ca(NO 3)2, 15% N]; 
potassium nit rate [KNO 3, 13%-15% N); u rea (NH2CONH), 
45%—46% N); an hydrous ammo nia (NH 3, 82% N); and nitrogen 
solutions (28 %—32% N), aco mbination of ammonium nitrate and 
urea solutions. Figure 5 shows the relative importance of these prod- 
ucts in the Unite d States. Worldwide, urea has become the leading 
nitrogen fertilizer because of its high nutrient content and applicabil- 
ity to most crop management practices. 





Eastern WANEA’® Northeast East Asia 
Europe & (former and (former : 
Western Central Central North Latin Middle South Southeast Socialist Developed Developing 
Year Europe Europe Asia America America Oceania Africa East) Asia Asia Asia) World Economiest Economies* 
1960 3.35 0.76 0.77 2.82 0.42 0.03 0.14 0.26 0.31 1.20 0.77 10.83 8.55 2.28 
1970 =7.08 2.74 4.61 7.69 1.34 0.14 0.52 0.75 1.91 1.62 3.36 31.75 23.13 8.61 
1975 8.42 3.88 7.34 10.00 1.89 0.19 0.83 1.24 2.81 2.06 5.24 43.90 30.79 13.11 
1980 10.20 4.18 8.26 11.77 2.83 0.28 1.21 1.92 4.93 2.73 12.47 60.78 35.79 24.90 
1985 11.10 4.55 10.95 10.77 3.40 0.38 1.24 2.59 7.34 3.47 14.57 70.37 38.86 31.51 
1990 10.38 3.35 8.58 11.40 3.73 0.50 1.29 3.24 10.26 4.35 20.32 77.56 35.39 42.16 
1995 9.80 2.00 2.55 12.74 3.91 0.83 1.11 3.40 12.94 4.72 24.06 78.07 28.88 49.18 
2000 9.33 2.29 2.56 12.06 4.98 1.23 1.36 4.05 14.39 4.87 24.07 81.19 29.07 52.12 





Source: International Fertilizer Industry Association (IFA) 2004. 


* WANEA = West Asia and Northeast Africa. 
t Developed economies include Western Europe, Central Europe, Eastern Europe, Central Asia, North America, Northeast Asia, Australia, New Zealand, Israel, 


and South Africa. 


t Developing economies include Central America, South America, Africa (except South Africa), West Asia (except Israel), Northeast Africa, South Asia, East Asia, 


Oceania (except Australia and New Zealand). 
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Table 3. IFA regions and countries statistical classification 


West Europe 


Central Europe 


Eastern Europe and Central Asia 


(former Soviet Union) 


North America 























Austria Albania Estonia Canada 
Belgium/Luxemburg Bulgaria Latvia United States 
Denmark Czech Republic Lithuania 
Finland Slovak Republic Belarus 
France Hungary Russian Federation 
Germany Poland Ukraine 
Greece Romania Armenia 
Iceland Bosnia and Herzegovina Azerbaijan 
Ireland Croatia Georgia 
Italy Macedonia Kazakhstan 
Netherlands Slovenia Kyrgyzstan 
Norway Yugoslavia Moldova 
Portugal Tadjikistan 
Spain Turkmenistan 
Sweden Others 
Switzerland 
United Kingdom 
West Asia and Northeast Africa 
Central America and the Caribbean South America Africa (former Middle East) 
Costa Rica Argentina Algeria Cyprus 
Cuba Brazil Morocco Iran 
Dominican Republic Chile Tunisia Iraq 
El Salvador Colombia Cameroon Israel 
Guatemala Ecuador Céte d'Ivoire Jordan 
Mexico Peru Ethiopia Lebanon 
Nicaragua Uruguay Kenya Saudi Arabia 
Trinidad Venezuela Mauritius Syria 
Others Others Nigeria Turkey 
Senegal Egypt 
South Africa Libya 
Sudan Others 
Tanzania 
Zambia 
Zimbabwe 
Others 
South Asia Northeast Asia East Asia (former Socialist Asia) Southeast Asia 
Afghanistan Japan China Indonesia 
Bangladesh Korea Republic Korea P.D.R. Malaysia 
India Taiwan/China Vietnam Myanmar 
Nepal Philippines 
Pakistan Thailand 
Sri Lanka Others 
Others 
Doane The designation employed and the presentation of material in this information product do not imply the 
Australia expression of any opinion whatsoever on the part of the International Fertilizer Industry Association (IFA) 


New Zealand 
Others 


NOTES: 





concerning the legal status of any country, territory, city or area or its authorities, or concerning the delimitation 
of its frontiers or boundaries. 





Developed Economies: West Europe, Central Europe, Eastern Europe and Central Asia, North America, Northeast Asia, Australia, New Zealand, Israel, and 


South Africa. 


Developing Economies: Central America, South America, Africa (except South Africa), West Asia and Northeast Africa (except Israel), South Asia, Southeast Asia, 
East Asia, Oceania (except Australia and New Zealand). 





Source: International Fertilizer Industry Association (IFA) 2004 
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Nitrogen is applied to soils either before planting, at planting, 
or after planting as a side dress application. All inorganic sources of 
nitrogen convert to the usable nitrate form rather rapidly in w arm, 
moist soils, but nitrates may leach rapidly under certain conditions. 
The crop, soil, and weather cond itions dictate which materials 
and application methods are best, but some general principles are 
applicable. Soil conditi ons that have the greatest influence on 
nitrification or denitrif ication in clude soil pH, mo isture content, 
temperature, aeration , and amount of plantr esidues inthe soil. 
Leaching can contr ibute to ground water and sur face water pollu- 
tion. Loss of nitrates by leaching is undesirable from all stand- 
points. The loss is minimized and crop use maximized by th e 
following proper management practices: 


¢ Split the ap plications of nitrogen on sandy or shallo w soils 
where leaching or erosion hazards _are greatest and when 
heavy rates of nitrogen are required. 


¢ Apply nitrogen during the growing season on soil subject to 
leaching and erosion. 


¢ Apply the proper amount of nitrogen and other plant nutrients 
for vigorous crop growth; base this amount on a soil test. 


¢ Use good soil conserv ation te chniques to min imize erosion 
losses of topsoil. 


Phosphorus 


Phosphorus is essential for normal gro wth and matur ity. It plays a 
role in photosynthesis, respiration, energy storage and transfer, cell 
division, cell enlargement, and several other processes in plants. Ade- 
quate phosphate also has many other beneficial properties, including 
helping roots and seedlin gs develop more rap idly, improving winter 
hardiness, increasing w ater use e fficiency, contributing to disease 
resistance in certain plants, and hastening maturity—all important to 
harvest and crop quality. Of the three primary nutrients in fertilizers, 
phosphate is required by plants in quantities about one tenth as high 
as those of nitrogen and potassium. In 2000, total phosphate used in 
the United States was approximately 4.5 Mt. World consumption of 
phosphate has been level over the last 25 years; from 32.03 Mt in 
1980 to 32.48 Mt in 2000 (Table 4). 

Phosphorus is absorbed from soils by plants principally as the 
orthophosphate (H2PO4") ion. Once inside the plant, it enters into 
the composition of phospholipids and nucleic acids. A major meta- 
bolic role of phosphorus in the cells of both plants and animals is 
the pro vision of ener gy that results from the high-energy pho s- 
phate bonds. In the growing plant, phosphorus is most abundant in 
growing tissues where it is utilized in the synthesis of nucleopro- 
teins. As the pl ant matures, phosphorus acc umulates in the seed 
and fruit. 

Fertilizer phosphorus is highly reactive with clays and organic 
constituents in soils and forms relatively insoluble compounds. As 
a result, it does not move downward with percolating groundwaters 
but tends to accumulate in the surface layer of soil. Thus, after sev- 
eral years of high phosphorus fer tilization, f armers are able to 
reduce their ph osphorus fertilization rates without loss in crop 
yields. High cro p yields, however, usually requir e a main tenance 
application of phosphate fertilizer. 

The development of the modern phosphate fertilizer industry 
dates back to 1840 when Justus van Liebig,a German scientist, 
demonstrated tha t the fe rtilizer v alue of bon es was signif icantly 
increased by treatment with sulfuric acid. Two years later, the pro- 
cess by which phosphate rock (apatite) was treated with sulfuric 
acid to produce ordinary superphosphate (20% P20s) was patented 
in England by John Bennett Lawes. Commercial production began 
in the United States in 1852. 
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Source: AAPFCO and The Fertilizer Institute 2003 and earlier issues. 
Figure 5. Consumption of selected nitrogen materials 


In today’s fertilizer phosphate industry, nearly all products orig- 
inate from phosphate rock. Itis _ still acidulated with sulfuric acid 
using essentially the same principle employed in England more than 
100 years ago. Ordinary superphosphate d ominated the p hosphate 
market until recent years when new materials began to replace it, pri- 
marily because of their higher phosphate content and lower transpor- 
tation costs. Thet hree products currently dominating the world 
phosphate market include normal superphosphate [Ca(H2P04)2*H20 
+ CaS O4*2H20], concentrated superphosphate [Ca(H2PO4)2*H20], 
and comple x fertili zers incl uding monoammoni um phosphate 
(NH4H2PO4); di ammonium ph osphate [(NH4)2HPOa]; an d_ nitric 
phosphates of varying analyses. Figures 6 and 7 illustrate ho w the 
production of ammonium phosphates has gr own since its introduc- 
tion in the U.S. fertilizer market in the 1950s. 

Nearly all commercially a vailable sources of phosphorus are 
highly water soluble. However, when the calcium phosphates, such 
as normal superphosphate, are ammoniated to make other complex 
fertilizer products, the high pH of the manufacturing process often 
causes further reaction of calcium with the phosphorus, resulting in 
precipitation of insoluble calc ium pho sphate compo unds. These 
products are more effective on acid soils than on alkaline soils. 

Most crops reco ver only 10%-—30% of mineral phosphorus 
during the first year follo wing ap plication. Overall recovery can 
vary widely , depending on phosphor us source andanu_ mber of 
other variables, but much of the residual phosphorus will be avail- 
able to succeeding crops. Other im portant considerations in phos- 
phorus application to soil and its u tilization by plants is soil pH. 
The soil pH range for optimum phosphorus availability is 6.0 to 7.2. 
In more acid soils, pho sphorus can be complexed by iron and alu- 
minum compounds. At alkaline pH levels, phosphorus reacts with 
calcium, forming in soluble calcium phosphates. These p roblems 
are pa rtially o vercome by | iming ac id soils a nd applying only 
highly water-soluble phosphate sources on alkaline soils. 

Because of its relative immobility in soils, phosphorus must 
be incorporated into the soil for optimum effectiveness. Broadcast- 
ing phosphate fertilizers with subsequent incorporation is an effec- 
tive metho d of application. Reco very of applied phosphorus is 
usually higher, however, when it is placed in a band beside the seed 
row, particularly when a vailable soil phosphorus le vels are q uite 
low. At low rates, some phosphate fertilizers have been effectively 
applied in direct contact with the seed. Broadcasting still dominates 
phosphorus fertilizer a pplication in the Unit ed States, b ut band 
application at seeding continues to grow in importance, especially 
with the use of liquid phosphate materials. 
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Table 4. World phosphate fertilizer consumption by region, Mt 





Eastern WANEA* Northeast East Asia 
Europe & (former and (former : 
Western Central Central North Latin Middle = South Southeast Socialist Developed Developing 
Year Europe Europe Asia America America Oceania Africa East) Asia Asia Asia) World Economiest Economies* 
1960 3.87 0.64 1.09 2.56 0.33 0.80 0.28 0.11 0.09 0.69 0.23 10.73 9.64 1.09 
1970 ~=5.89 1.86 3.13 4.67 0.93 1.08 0.50 0.31 0.63 1.03 1.07 21.11 17.59 3.52 
1975 = 5.38 2.57 4.74 5.24 1.68 0.90 0.73 0.65 0.65 1.27 1.97 25.78 19.83 5.95 
1980 5.89 2.76 5.59 5.56 2.77 1.20 0.97 1.03 1.60 1.57 3.10 32.03 22.16 9.87 
1985 5.26 2.79 7.62 4.50 2.33 0.99 0.96 1.47 2.55 1.80 3.18 33.47 22.27 11.20 
1990 4.49 1.50 7.81 4.39 2.67 0.80 0.83 1.87 3.89 2.18 6.03 36.07 19.97 16.10 
1995 3.62 0.65 0.80 4.77 2.50 1.37 0.74 1.52 3.61 2.16 9.20 30.94 12.10 18.84 
2000 ~=—-3..09 0.59 0.58 4.50 3.84 1.61 0.75 1.58 5.17 1.68 9.09 32.48 11.29 21.19 





Source: International Fertilizer Industry Association (IFA) 2004. 
* WANEA = West Asia and Northeast Africa. 


t Developed economies include Western Europe, Central Europe, Eastern Europe, Central Asia, North America, Northeast Asia, Australia, New Zealand, Israel, 


and South Africa. 


t Developing economies include Central America, South America, Africa (except South Africa), West Asia (except Israel), Northeast Africa, South Asia, East Asia, 


Oceania (except Australia and New Zealand). 
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Source: AAPFCO and The Fertilizer Institute 2003 and earlier issues. 
Figure 6. Consumption of selected phosphate and potash materials 


Potassium 


Potassium is 0 ne of the vital three primary nutrients, along with 
nitrogen and phosphorus. Primary minerals generally considered to 
be the original sources of potassi um include orthoclase and micro- 
cline feldspars, muscovite, and biotite. Many high-yield crops have 
potassium contents that exceed their nitrogen content. Potassium is 
vital to photosynthesis, and when deficient, photosynthesis declines 
and the plant’s respiration increa ses. The se de ficiency sympt oms 
lower the plant’s carboh ydrate supply. The potassium content of 
fertilizers is expressed as K 20 equivalent, or p otash, even though 
no K20 exists as such in fertilizer materials. To convert from K to 
KO, multiply by 0.83. 

From 1960 to 2000, world potash consumption increased by 
more than 250%. Table 5 shows that it increased from 8.48 to 
21.86 Mt during this per iod. From 1980 to 2000, ho wever, world 
consumption changed little. Muriate of potash (potassium chloride, 
or KCl) is the dominant source of fertilizer potassium throughout 
the world. Other important, but much less significant, sources are 
sulfate of | potash(K 2SO4), p otassium magnesium sulf ate 
(K2SO4*MgSOa), and potassium hydroxide (KOH). 

Growing plants absorb potassium as the K* ion. Potassium is 
unlike the other mineral constituents in that its exact metabolic role 
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Source: AAPFCO and The Fertilizer Institute 2003 and earlier issues. 
Figure 7. Consumption of selected phosphate materials 


in the plant is unknown. It occurs in the ionic state and not as a 
component of compounds within the plant, but potassium is indis- 
pensable for plant growth and most plants require it in large quanti- 
ties. Some known functions of potassium include the following: 


¢ It is essential to protein synthesis. 


It breaks down carbohydrates, a process that pro vides energy 
for plant growth. 


It helps to control ionic balance and provides turgor; potassium- 
deficient plants wilt more easily. 


It helps the plant overcome the effects of disease and improves 
winter hardiness. 


It activates more than 80 enz yme systems that re gulate the 
rates of major plant growth reactions. 

Potassium and ph osphorus ap plication methods ar e v ery 
similar. Most potassium is broadcast, with a lesser amount band- 
applied near the seed ro w at pl anting time. Muriate of potash is 
usually mixed with phosphorus fertilizers and t he two nutrients 
are applied simult aneously to so ils. Almost two t hirds of the 
potassium used in the United States is applied to soils of the Corn 
Belt in the Midwest. 
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Table 5. World potash fertilizer consumption by region, Mt 





Eastern WANEA’® Northeast East Asia 
Europe & (former and (former : 
Western Central Central North Latin Middle = South Southeast Socialist Developed Developing 
Year Europe Europe Asia America America Oceania Africa East) Asia Asia Asia) World Economiest Economies* 
1960 3.74 0.66 0.77 2.06 0.24 0.09 0.10 0.01 0.07 0.69 0.05 8.48 7.96 0.52 
1970 = 5.35 1.99 2.57 4.01 0.64 0.21 0.23 0.04 0.28 0.89 0.08 16.29 14.85 1.44 
1975 5.19 3.15 5.18 4.95 0.93 0.20 0.32 0.05 0.32 0.97 0.16 21.42 19.32 2.09 
1980 5.63 2.70 4.90 6.10 1.83 0.22 0.37 0.08 0.71 1.23 0.62 24.39 20.22 4.17 
1985 5.71 2.72 6.82 4.98 1.70 0.23 0.42 0.14 0.93 1.49 0.47 25.63 21.23 4.40 
1990 5.09 1.50 5.16 4.87 2.00 0.24 0.44 0.19 1.50 1.90 1.81 24.61 17.47 7.14 
1995 = 4.33 0.57 0.94 5.08 2.33 0.38 0.40 0.18 1.34 2.17 2.84 20.55 11.95 8.60 
2000 3.56 0.64 0.74 4.79 3.41 0.38 0.43 0.34 1.80 1.94 3.83 21.86 10.91 10.95 





Source: International Fertilizer Industry Association (IFA) 2004. 
* WANEA = West Asia and Northeast Africa. 


t Developed economies include Western Europe, Central Europe, Eastern Europe, Central Asia, North America, Northeast Asia, Australia, New Zealand, Israel, 


and South Africa. 


t Developing economies include Central America, South America, Africa (except South Africa), West Asia (except Israel), Northeast Africa, South Asia, East Asia, 


Oceania (except Australia and New Zealand). 


SECONDARY PLANT NUTRIENTS IN FERTILIZERS 


Although pl ants r equire calciu m, mag nesium, and sulfur—the 
secondary micronutrient s—in smaller amounts than the primary 
nutrients, their role in plant nutrition is easily as important as that 
of the primary nutrients. Many crops contain as much sulfur (S) as 
phosphorus, sometimes more. Increasing crop yields, sandy soils, 
and leaching caused by high rainf all or irrigation are f actors that 
influence the use of ma gnesium and sulfur in fertilizers. The use 
of fertilizer calcium strictly as a nutrient is limited and dictated by 
special crop needs and unusual soil conditions. Common fertilizer 
materials containing these secondary nutrients are potassium sul- 
fate, sulfate of potash-magnesia, gypsum, normal superphosphate, 
magnesium sulfate, elemental sulfur, and calcium nitrate. 


Calcium 


Calcium is important not only as a plant nutrient, but also as a fac- 
tor responsible for maintaining desired physical and biological con- 
ditions inthe soil. Ofthee xchangeable bases foun din soil 
(potassium, magnesium, calcium, and sodi um), calcium is dom i- 
nant, normally accounting for 50% to 80% of the total. Calcium is 
absorbed by plants as the Ca?* ion. Inside the plant, calcium forms 
structural compounds that are part of cell walls, stimulates root and 
leaf development, helps activate several plant enzyme systems, and 
helps balance organic acids in the plant. Calcium is also important 
in the redu ction of nitrates dur ing the for mation of plant proteins. 
Deficiencies in calcium manif estin abnormal development of 
growing points (terminal buds) and poor root growth. 

Most soils contain s ufficient calcium for plant growth. Many 
soils are too acid for optimum plant growth, however, before cal- 
cium application. Soil pH can be increased to a desirable level most 
economically with broadcast applications of finely ground agricul- 
tural liming materials. Lime s upplies are virtually unlimited and 
commercial deposits ha ve been fo und in most agr icultural areas. 
Common lime materials are deri ved from calcite (CaC O3), dolo- 
mite (CaCO3*MgCOs3), and to a lesser extent, basic slag, which is a 
calcium silicate mater ial that contains so me phosphorus and mag- 
nesium. These materials are sometimes used as fillers in mixed fer- 
tilizers, although more than 95% of agricultural lime is applied 


Table 6. Use of agricultural liming materials in the United States 





Year" Liming Materials, Mt 
1910 3.20 
1920 3.30 
1930 3.10 
1940 4.40 
1950 6.80 
1960 11.70 
1970 18.00 
1980 17.60 
1990 15.70 
2000 19.60 





* Fertilizer year ending June 30. 


directly to soils. Table 6 shows agricultural lime consumption in the 
United States. 

Soils of the humid regions east of the Mississippi River gener- 
ally require higher rates and more frequent applications of lime. 
Soil calcium and magnesium may be leached f rom those soils by 
relatively hi gh rainfall, re sulting in a de crease in the soil pH. In 
addition, application of nitrogen fertilizers indirectly increases soil 
acidity. As a general rule, 3 kg/ha of calcite are required to neutral- 
ize the soil acidity resulting from every kilogram per hectare of 
nitrogen applied to soils. Typical amounts of calcium in the soil 
range from less than 0.1% to as much as 25%, with arid, calcareous 
soils containing the highest levels. 

In addition to creating a desira ble soil pH le vel for optimum 
plant growth and resulting in a mo re desirable soil physical condi- 
tion, a secondary effect of lime is that soil pH influences the avail- 
ability of other nutrients. Alt hough p hosphorus a vailability is 
greatest at pH 6.0 to 7.2, the micronutrients copper, iron, manga- 
nese, and zinc generally are less available as the soil pH approaches 
neutrality. These micronutrients must often be applied to the soil or 
crop as fertilizers. 
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Crops such as peanuts and t omatoes require a relatively large 
amount of solu ble calcium. Gypsum (CaSO 4*2H20) is often used 
where these crops are gro wn andis usually applied directly to soil 
rather than as a component of mixed fertilizers. Sources of much less 
significance for their calcium cont ent are normal and concentrated 
superphosphates and calcium nitrate. 


Magnesium 


Magnesium is absorbed by plants as the Mg’* ion. Its role as t he 
central atom of the chlorophyll molecule is of major significance. 
Magnesium also aids in phosphate metabolism, plant respi ration, 
and the activation of many enzyme systems. The use of high-calcium 
lime materials and the natural tendency of many soils to be low in 
available magnesium ha ve stimul ated the practice of including 
soluble magnesium sources in some premium fertilizer products. 
These soluble magnesium materi als may increase the crop pro- 
duction efficiency of the primary nutrients. 

Magnesium sources either added to other fertilizers or applied 
directly to soil can be classified by their chemical nature or by their 
degree of water solubility. A source must either be water soluble or 
convertible to a w ater-soluble form before the magnesium can be 
absorbed by the plant. Magn esium sources th at are solu ble or 
readily available are hyd rated ma gnesium sulfates and sulf ate of 
potash-magnesia (langbeinite: K 2SO4*2MgSOzq). In cluded in th e 
hydrated magnesium sulfate group are kieserite (MgSO4*H20) and 
epsomite (MgSO4°7H20). Sources that are only slightly water solu- 
ble but that become soluble over a period of 2 to 4 years in clude 
dolomite, br ucite (MgO+*H20), magnesite (MgCO_ 3), basic slag 
(which contains various nutrients and usually from 2% to 8% Mg), 
and periclase (MgO). Although mo st of the solub le magnesium 
materials are mixed with other fert ilizers, nearly all other magne- 
sium sources are directly applied to soils. Dolomite, by far the most 
significant source, is applied to soils at rates of | to 3 t/ha. 


Sulfur 


Sulfur has been recognized as an essential plant nutrient for more 
than 140 years. Fur ther, it has been basic to the fertilizer in dustry 
since its inception because of the treatment of phosphate rock with 
sulfuric acid in the manufacture of superphosphate. In that process, 
the sulfuric acid reacts with calcium in phosphate rock, resulting in 
the formation of gypsum. Gypsum is not remo ved from normal 
superphosphate so that the product contains 1 2% sulfur. At on e 
time, normal superphosphate was the chief source of sulfur in fertil- 
izers, and nearly all mixed fertilizers contained some normal super- 
phosphate. In recent years, h owever, in creasing importance has 

been placed on high-analysis phosphates (the industry uses “high 
analysis” to mean “high nutrient content”). In these products, sulfu- 
ric acid is used to treat phosphate rock, but the sulfur is remo ved 
with further processing to higher analysis phosphate materials. 

Some plants require almost as much sulfur as the y do phos- 
phorus. Sulf ure nters the plants as the sulf ate (SO 42-) ion and 
becomes a necessary component of protein. It is also a constituent 
of the mustard oil glycoside, which imparts characteristic odors and 
flavors to such species as mustard, onions, and garlic. 

The major sources of sulfur in today’s fertilizers are ammo- 
nium sulfate, normal superphosphate, potassium sulfate, langbein- 
ite, and gyp sum. In chemically manuf actured mix ed fertilizers, 
sulfuric acid is still in wide use for neutralization of the ammonia 
used in their formulation. In certain areas where response to sulfur 
is ob tained, langbeinite is incr easing in importance asa _ sulfur 
source. Elemental sulfur also is commonly used, but its oxidation to 
the available sulfate form requires time and reduces soil pH levels. 


Ammonium thiosulfate [(NH4)2S203] is a widely used sulfur 
source in the fluid fertilizer industry. It is made by reacting sulfur 
dioxide (SO 2) and aqueous am monia, w ith further reaction with 
elemental sulfur. It contains about 26% sulfur, which soon oxidizes 
in soil to the sulfate form and is completely soluble in liquid N-P-K 
mixtures. It is important to the fluid fertilizer industry because flu- 
ids are normally sulfur-free and are not compatible with most other 
sulfur sources. 


MICRONUTRIENTS IN FERTILIZERS 


Micronutrients are essenti alto plants b ut are required onl y in 
minute quanti ties. T he availability of speci fic micronutrients is 
related to soil pH, generally decreasing as soil pH increases from 
5 to 7. Micronutrients that must be added to certain soils as fertiliz- 
ers in clude boron, co pper, iron , mang anese, molybd enum, and 
zinc. Chloride has also been recognized as a micronutrient and has 
recently been noted to play an important nutritional role in small 
grains, corn, and sorghum. Micronutrient products may be divided 
into three primary classes: inorganics, organic complexes, and syn- 
thetic chelates. 

In certain crops, deficiencies o f micronutrien ts h ave been 
increasing in recent years. This can be caused by increased crop 
production, high yield goals, e xclusive use of N- P-K fer tilizers 
without micronutrients, and diminished soil reserves of available 
micronutrients. These factors have combined to increase the con- 
sumption of micronutrient fertilizers, particularly in recent year s. 
Data on U.S. micronutrient consumption was not collected until 
1967 when the U.S. Department of Agriculture obtained informa- 
tion from kno wn producers of co pper, iron, manganese, molybde- 
num, and zinc. Use of manganese and zinc is much higher than that 
of the other micronutrients. This is because manganese and zinc are 
mainly applied to corn, wheat, soybean, cotton, and rice, crops that 
are grown over the largest acreage in the United States. 

Micronutrient sources v ary cons iderably in ph ysical state, 
chemical reactivity, cost, and availability to plants. They are classi- 
fied as inorganic, synthetic chelates, and natural organic complexes. 
Typically micronutrient application rates are determined by corre- 
lating soil tests with levels found in plant materials. Plant analysis 
can also be used to confirm deficiencies, and amendments must be 
applied as early as possible, preferably before planting. 

Micronutrient f ertilizers, like primary nu trients, should be 
applied on an as-needed basis and are typically applied with multi- 
nutrient-mixed fertilizers. They may be incorporated in chemically 
manufactured fertilizers, in blends, or in fluids. In certain cases, 
micronutrients are applied directly to soils or used as foliar sprays. 
Micronutrients must be water soluble before the y can be absorbed 
by plants. The solubility or availability of copper, iron, manganese, 
and zinc to plants decreases with increasing soil pH; that of bo ron 
and molybdenum generally increases with increasing soil pH. Ulti- 
mately, the choice of micronutrient source is related to the method 
of application, compatibility with other fertilizers, cost, agronomic 
effectiveness, and ease of application. 


Boron 


Boron is added to more fertilizers than any of the other micronutri- 
ents. Boron fertilizers usually are required for optimum growth of 
alfalfa, cotton, and clovers. A large number of plant species will not 
tolerate more than traces of soluble boron. Conversely, many plant 
species will not produce seed without adequate boron, and defi- 
ciency symptoms include stunting; hollow stems and fr uit; discol- 
ored, brittle leaves; and poor pollination resulting in loss of flowers 
and buds. Boron is added to mix ed fertilizers, typically as bor ate 
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ion (BO3_) or boric acid ( H3BO3). Most plant-a vailable boron is 
found in the soil or ganic matter. Conditions that favor increased 
mineralization include warm, moist soil and good aeration. 


Chloride 


The chloride ion is the micronutri ent most recently recognized as 
essential. Recent evidence indicates that chloride has a nutritional 

role in grains, corn, and grain so rghum. Chloride is very prevalent 
in soil, commonly occurring as soluble salts such as sodium chlo- 
ride (NaCl ), calcium chloride (CaClz), and magnesium ch _loride 
(MgClz). Ch loride acts as the counterpoint durin g potassiu m 
uptake, thus playing a role in ionic balance, electrical charge bal- 
ance in physiological functions, and the initial re actions of photo- 

synthesis. Chloride deficiency typically presents with leaf tip wilt, 
with subsequent bronze discoloration followed by necrosis. Smaller 
kernel size, delayed maturity, and restricted, highly branched root 
systems may also be sy mptoms. Forms of fertilizer chloride can 
include ammonium chloride (NH 4Cl), calcium c hloride, m agne- 
sium chloride, and potassium chlo ride. Each of these forms pro- 
vides the additional benefit of nutrients, with ammonium chloride 
recently growing in popularity in the Midwest. 


Copper 


Copper is necessary for carbohydrate and nitrogen metabolism as 
well for lignin synthesis in cell walls. These structural prop erties 
help prevent wilting in growing plants. Copper is known to stimu- 
late seed production and functions as acoen zyme and regulator 
responsible for photosynthesis and chlo _rophyll production. 
Because plants absorb copper readily, its ap plication with mix ed 
fertilizers is one of the important ways of ensuring that this essen- 
tial nutrient in animal nutrition is in sufficient concentrations in ani- 
mal feeds. Man y soils—especially the le ached, sa ndy,a nd 
excessively cropped soils—need copper applications for optimum 
crop production, and highly organic soils are also often deficient in 
copper. Copper is usually added to mix ed fertilizers as sulfates, 
oxides, and chelates. Cupric chloride (CuCl2*2H20), cupric oxide 
(CuO), copper sulf ate monoh ydrate (CuSO 4*H20), and cuprous 
oxide (CuO) are the some imp ortant sources from which copper 
fertilizers originate. 


lron 


Iron is involved in chlorophyll fo rmation and acts as a catalyst in 

plant growth. Lack of suf ficient iron in plants result s ina readily 
identifiable Fe-chloro sis or yello wing of th e plant. Iron also func- 

tions within enzyme systems associated with energy transfer, nitro- 
gen reduction and fixation, and lignin for mation. Alth ough most 
soils contain sufficient iron, it may not be available to the plant, par- 
ticularly in calcareous, high-pH soils. Therefore, supplemental iron 
is applied as a fertilizer or foliar spray. Soil applications of inorganic 
iron sources generally are not ef fective in supplying iron for crops 

growing on high-pH soils. Inorganic sources such as ferrous sulfate 
(FeSOg) or ferric su lfate [Fe2(SO4)3] may be used as foliar sprays, 
but they are rapidly converted to forms that are not as available to 
plants when they are applied to soils alone or with other fe rtilizers. 
Some iron che lates are more effective for soil application, but their 
high cost restricts their use to crops with high cash values. 


Manganese 


Manganese is ano ther essential micronutrient closely associated 

with iron and has somewhat similar functions in the plant. Manga- 
nese will not tak e the place of iron, but its absence ore xcess 
reduces the effectiveness of iron. Manganese, copper, and iron are 
probably the main oxidation-reduc tion regulators in plants. A vail- 


able manganese is often deficient in agricultural soils, particularly 
those that have been recently limed. Man ganese is supplied in the 
form of sulfates, oxides, oxysulfates, and chelates. Usually the less- 
soluble oxides are less ef fective, although this depends mainly on 
granule size. The primary forms that supply these manganese mate- 
rials for fertilizer are manganese sulfate (MnSOz4) and psilomelane 
(mixed Mn-oxides), b ut the man ganese in the se sources must be 
reduced to the divalent form to be available to plants. By-product 
manganous oxide (MnO) is also used as a source of manganese. 


Molybdenum 


Of all the essential elements, molybdenum is required by plants in 
the lowest amounts. Molybdenum is present within the coenzymes 
that facilitate nitrogenase, an enzyme associated with the reduction 
of nitrates in plants. There are some soils on which little plant 
growth can be sustained without molybdenum applications. Molyb- 
denum very often stimulates th e growth of le gumes because of its 
role in nitrogen metabolism. Gi ven its role in pollen development, 
molybdenum deficiency may impair nitrogen metabolism, pro tein 
synthesis, sulfur meta bolism, and grain and fru it formation. Nota- 
bly, excess dietary molybdenum has been found to result in copper 
deficiency in grazing animals such as ruminants. The mechanism is 
the formation of thiomolybdates, which contain sulfur and molyb- 
denum and appear to prevent the absorption of copper. 
Molybdenum h as an arrow “ window” from essenti ality to 
toxicity, wherein small excess amounts may cause harm. Molybde- 
num is incorporated, alone or as p art of a general micronutrient 
mixture, in many mixed ferti lizers in v ery lo w conc entrations. 
Molybdenum occurs within soil minerals as an anion (MoO a), 
and is extremely mobile in soil. The main molybdenum sources are 
sodium molybdate and ammonium molybdate, which are produced 
from roasting of the mineral molybdenite (MoSz), as is mol ybdic 
acid (Mo3Q0x). 
Zinc 
Zinc in plant nutrition is closely associated with the role of copper, 
mainly as acoenzyme. Most zinc-deficient plants are st unted or 
grow improperly, and maturity is often delay ed. Zinc deficiency 
occurs in wi de areas of the United States, but zinc fertilizers are 
mainly applied to c orn and ri ce. Zinc is usually incorporated in 
mixed fertilizers as sulfates, oxysulfates, oxides, and chelates. Most 
of these sources ha ve been prepared from the miner al sphalerite 
(ZnS) or from by-product oxides and sulfates from zinc-processing 
operations and other industries. Zinc, like copper, has a sig nificant 
residual effect after application, lasting 5 years or longer. Soil test- 
ing is the most appropriate way to determine zinc levels. 


REGULATION 


Fertilizers are regulated primarily at the state level. The Association 
of American Plant Food Control Officials (AAPFCO) is an organi- 
zation of fertilizer control officials from ea ch state in the United 
States, Canada, and Puerto Rico who are acti vely engaged in the 
administration of fer tilizer laws and re gulations. Other AAPFCO 
members are research workers em ployed by these governments 
who are engaged in any investigation of mixed fertilizers, fertilizer 
materials, their effect, and/or their component parts. The organiza- 
tion strives to gain uniformity by consensus among each of these 
entities without compromising the needs of the consumers, protec- 
tion of the environment, or fair competition among the industry. 


ADVANCED EFFICIENCY FERTILIZER PRODUCTS 


Fertilizer consumers t oday have many more viable nutrient man- 
agement choices than they did just 10 years ago. Thanks to 
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advancements in technology, fertilizer consumers now have several 
options, including slow and controlled-release fertilizers and urease 
and nitrif ication inhi bitors—which delay nitrogen a vailability— 
when decidin g how to supply crops with the essential nutrients. 
Although controlled-release fertilizers ha ve been around for more 
than 50 years, recent advances in technology ha ve made them a 
cost-effective and viable alternative for row crops such as corn and 
wheat. Nutrient management plans to he Ip increase efficiency and 
minimize unwanted environmental effects are becoming a requisite 
component of production agriculture. The use of advanced fertiliz- 
ers can contribute significantly to protecting the environment by 
reducing nitrogen losses and improving nitrogen ef ficiency while 
improving yields. 

Simply st ated, slo wand _controlled-release fert ilizers ar e 
either absorbed, coated, occluded, or reacted. All four types deliver 
extended, consistent supplies of n itrogen to the crop. Urease and 
nitrification inhibitors reduce the rate of transformation of nitrogen 
into a plant-available form. 


Slow and Controlled-Release Fertilizer 


These types of fertilizers contain a plant nutrient ina form that 
delays its availability for plant uptake and use after application, or 
that extends its availability to the plant significantly longer than a 
reference “rapidly a vailable nutr ient fertilizer” (such as ammo- 
nium nitrate or ur ea, ammonium pho sphate, or potassium ch lo- 
ride). A variety of mechanisms can br ing ab out su ch delay o f 
initial a vailability or extended time of conti nued a vailability, 
including controlled water solubility of the material (by semiper- 
meable coating s, occlusion, or by inhe rent w ater insolubi lity of 
polymers, natural nitrogenous organics, protein materials, or other 
chemical forms); slow hydrolysis of water-soluble, low-molecular- 
weight compounds; or other unknown means. For instance, nitrifi- 
cation inhibitors inhi bit t he bi ological oxidat ion of a mmoniacal 
nitrogen t on itrate nitrogen, wh ereas urease inhibitors i nhibit 
hydrolytic action on urea by the urease enzyme. When applied to 
soils, the effect of these inhibitors is less nitrogen lost by v olatil- 
ization. Of course, producers must recognize an economic or envi- 
ronmental benefit for these products to b egin to g ain widespread 
acceptance in the marketplace. 


How Do These Products Work? 
Advanced efficiency products may work in a variety of ways: 
¢ As nitrogen sources with low solubility in w aste re sulting 
from acom plex mol ecular structure that rel eases nitrogen 
through microbial decomposition 
¢ As materials releasing nutrients through a coated surface 
¢ As materials releasing nutrients through a membrane that may 
or may not itself be soluble (encapsulation) 
¢ As nutrient-releasing materials incorporated into a matrix that 
itself may be coated 
¢ As materials releasing nutrients in delayed form because of a 
small surface-to-volume ratio 
As absorbe d fe rtilizers ta ken i nto an absorbe nt m aterial in 
which availability of nutrients is increased through occlusion 


Slow an d cont rolled-release fert ilizer an d nitr ification a nd 
urease inhibitors can increase the efficiency of nutrients applied, 
generally resulting in higher crop yields, while w orking to reduce 
nitrogen transport to air and water. Other advantages of these prod- 
ucts include 


¢ Improved agronomic efficiency 
¢ Realization of significant savings in labor, time, and energy 


Lowered risk of environmental pollution by reducing the poten- 
tial loss of nutrients to air and water between applications 
Uptakes by the p __lants thro ugh gradual nutrien t release, 
increased nitrogen ef ficiencies, reduced emissions o f nitrous 
oxide (N20), oxides of nitrogen (NOx), and ammonia 


Increased mobilization of phosphate in the rizosphere 


Reduction of seedling damage when seed-placed levels of urea/ 
urea-containing fertilizers are too high 


In addition to ensuring that the soil is provided with sufficient 
nutrients to grow an abundant supply of food, the fertilizer industry 
is committed to the environmentally sound use of its pro ducts. 
Modern f arming practices use fert ilizer nutrients to build high- 
yielding, nutritious crops and also make it possible for people to 
continue to use lar ge areas of land for forests, par ks, and wild life 
areas. Although available cropland continues to decrease (Figure 
1), crop production continues upward. 

The de velopment of advanced fertilizer te chnologies has 
added an important facet to the fertilizer industry’s environmental 
stewardship program and to the suite of BMPs farmers may utilize 
to keep nutrients “in the agricultural box .” With the u se of these 
crop nutrients, f armers impr ove nitro gen ef ficiency by reducing 
excess nitrogen release and evaporation losses, thereby contributing 
to environmental protection. And because advanced fertilizer tech- 
nology products are typically a pplied once per growing season, 
their use also reduces the potential loss of nutrients between appli- 
cations and increases uptakes by the plants through gradual nutrient 
release. 
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INTRODUCTION 


Adhesives, caulks, and sealants (ACS) are compounds that bond or 
fill surfaces. Although they have different functions, these three cat- 
egories are gene rally discussed together bec ause they have similar 
compositions. Many ACS compounds include industrial minerals in 
their formulation with a loading, by volume, that ranges from 0% to 
80% (average of roughly 50%). In practice, several hundred separate 
ACS compounds are used in thousands of different products. 

Functionally, adhesi ves are chemical compound s that bond 
two surf aces t ogether; the y are used in packaging, construction, 
product man ufacturing, and installation of w ood, metal, rubber, 
plastics, ceramics, and fiberglass materials. Caulks are generally a 
low-performance sealant, thick and nonpourable with high concen- 
trations of fillers. They are used to fill joints, spaces, or gaps. Higher 
performance sealants are based on polymers of sulf ides, silicones, 
and urethanes and are used in weathe rproofing, filling, sealing, and 
product manufacturing. 

ACS is a global industry, and ACS sales in 2003 were about 
$27 billion (Owen 2003). By region, this breaks do wn to $10 bil- 
lion in North America, $8 billion in Western Europe, $7 billion in 
Asia, and $2 billio n in the rest of the world. In the United States, 
this $8 billion b usiness employs 22,000 people, pr oducing ACS in 
almost every state. Most ACS pr oducts are ma de in Cal ifornia, 
Ohio, and Texas (U.S. Department of Commerce 2004). 


USES OF ACS 


ACS compounds are used in almost every aspect of daily life, with 
myriad structural and nonstructural applications. The following is a 
breakdown of ACS use by industry: 


* Construction: New b uilding co nstruction; fire stops; plaza 
decks; heating, v entilating, and air conditioning; bridge and 
deck joints; industrial assembly processes; renovation and fin- 
ishing o f homes; industrial as sembly pro cesses; ceramics; 
cladding; concrete; glass; fixed glass curt ain walls; flooring; 
paneling; precas tcement; ro ofing; stru ctural gl azing; and 
tiles. 


Automotive and aircraft se alants: Acousti cs, g askets a nd 
seals, joints and fasteners, interior sea lants, thread sealing, 
and window sealing. 


Equipment components: Aerosp ace applications, automoti ve 
components, glass, fiber-optic assembly, plastics, and surface- 
mount printed circuit boards. 
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¢ Packaging and labeling: Bags, hot and cold seals, wood glu- 
ing, and pressure-sensitive adhesives. 

* Other industries: Carpeting, footwear, appliances, wire/cable, 
porosity sealing, glass fiber bonding, rubber, laminating, aero- 
sol adhesi ves, medical (fro m ba ndages to cardiac surgery), 
marine, backing, and foam. 

Table 1 lists some specif ic ACS products by classification as 
adhesive, caulk, or sealant. 


FORMULATING ACS PRODUCTS 


The f ormulation o f A CS produc ts is based on economics and 
desired product pro perties. Industrial minerals, when included in 
the formula, tend to be used as _ extenders, fillers, or pigments. 
Although industrial minerals usually make up about 50% of the 
weight or v olume of a_ typical ACS pro duct, they represent only 
about 10% of the finished product costs. The more expensive basic 
components include the binder that provides the strength and adhe- 
sion required (normally organic resins), diluents (for viscosity con- 
trol), hardeners (also known as curing agents that combine with the 
binder), catalysts, accelerators, inhibitors and retarders (to improve 
cure time), modif iers (which in clude the industrial mineral as a 
filler, extender, or pigm ent), thinners, plasticizers, stabilizers, and 
wetting agents. 











Table 1. Specific products by classification 

Adhesives 
° Tape ¢ Furniture ¢ Fiber optics 
© Book binding © Canvas treatment ¢ Factory housing 
¢ Gaskets ¢ Synthetic fiber binding 

Caulks 

© Epoxy sticks ¢ Tub and tile caulk © Caulking compound 
¢ Drywall ¢ Adhesive aulk © Plastering mud 


© Putty tape ¢ Urethane caulk 








Sealants 
¢ Joint sealer ® Silicone rubber © Polyurethane foams 
¢ Room-temperature * Waterproofing ¢ Bandages 
vulcanizing (RTV) Acoustical sealant ° Glazing 


silicone 
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There are many ways to produce ACS but gener ally, four 
manufacturing systems are employed: (1) water base, (2) hot melt, 
(3) solvent, and (4) other . In the United States in 2003, the ACS 
manufacturing systems were water base (56%) , hot melt (20%), 
solvent (14%), and other (10%). 


CLASSIFYING ACS PRODUCTS 


ACS products are classif ied in man y ways, including by product 
type, by testing and sta ndards, and by manufacturer type and sub- 
type. Product types can be classified according to each product’s 
method of bonding, bonding temperature, composition of the main 
components, number of components, form (elastic or rigid; struc- 
tural or nonstructural), permanence, performance and conductivity, 
and application (water- or solvent-based). 

Products are also d escribed by performance testing that may 
include tensile strength, compression load, shear strength, peel 
load, plowing, torsional fatigue, and cleave load. Standards for ACS 
products include tear resistance, outgassing, durability, printability, 
mildew resistance, thermal performance, fire rating, acoustics per- 
formance, corrosion resistance, and atmospheric effects. 

Manufacturers produce A CS according to th e following end 
uses: 


Adhesives based on natural polymers 


Polymer dispersions and emulsions 
Hot-melt adhesives 


Solvent-based adhesive systems 


Adhesives—reactive (polymerizing) systems 


Adhesives based on water-soluble polymers 
Other adhesives 
Construction sealants 


Transportation sealants 


Consumer sealants 


Assembly/other sealants 


For adhesi ves, manufacturer su btypes include assembly, 
building construction, consumer, fo otwear, leather, transportation, 
paper, and woodwork. For caulk s and sealants, the subtypes are 
butyl, latex, modified silicones, oil-based caulks, polyvinyl acetate 
caulks, polysulfides, silicones, solvent acrylics, and urethane. 

Adhesives can also be classified according to distr ibution 
channel (direct or via distributor to the end user); technology (hard- 
ening/nonhardening, hot/warm melt, solvent, or waterborne); and 
chemistry (acrylic, bituminous, epoxy, ethyl vinyl acetate [EV A], 
polyurethane, polysulfide, or rubber). 


INDUSTRIAL MINERALS USED IN ACS PRODUCTS 


Most ACS products con tain industrial minerals, but not all (e.g., 
several hot-melt and polymer adhesives). Where industrial minerals 
are used, they are normally added as a single ingredient, but some 
blends are used as well. Globally, about 250 listed companies, with 
at least 1,000 operations, produce the following industrial minerals: 
¢ Calcium carbonate as precipitated calcium carbonate (PCC) 
or ground limestone, marble, or chalk. T hese m inerals are 
used to lo wer costs, andin some cases the y may adversely 
affect ACS perform ance. PCC is also used in viscosity and 
rheology control and in high-performance adhesives. 


Clay as kaolin, attapulgite, or bentonite. These are used to 
lower costs and improve performance, with air-floated kaolin 
improving flo w properties and water-washed kaolin raising 
viscosity to allow for water addition. Calcined kaolin is used 
in automotive glazing systems. Surface-treated kaolin is also 
used (alkyl or vinyl silanes) for higher-performance ACS. 


¢ Other industrial minerals, added for very specific reasons, 
including color, are used in lesser and varying quantities: 


— Silica, as precipitated or fumed 
— Tripoli 
— ATH (aluminum trihydrate) 
— Feldspar 
— Barite 
— Aluminum hydroxide 
— Mica 
— Talc 
— Wollastonite 
— Titanium dioxide, TiO2 
— Antimony oxide 
— Gypsum 
— Pulverized waste 
When pro ducing an ultraf ine or specialty A CS product, the 
filler w ould include the follo wing sp ecialty products, which are 
also produced globally by many companies. 
¢ Nano-calc and nano-clay 
¢ Fused silica 
¢ Carbon black 
* TiO 
The industrial mineral loadings in A CS typically are adhe- 


sives, 0% to 60%; caulks and putty, up to 85%; and sealants, 0% 
to 40%. 


Production and Consumption of ACS 


In 2003, 10 Mt of ACS products were produced, at an average cost 
of $1.34/lb. This ACS production consumed about 5 Mt of industrial 
minerals for f illers, extenders, and pigments (Owen 2003). In the 
same year, global use of 5 Mt included 3.7 Mt of calcium carbonate, 
0.7 Mt of kaolin, and about 0.6 Mt of other industrial mineral fillers. 
Combined, these have a total value of approximately $300 million. 

Because of its low cost and consistent properties, calcium car- 
bonate is the most widely used filler, extender, and pigment in ACS, 
at about 3.7 Mt in 2003. Coarse , medium, an d fine products are 
used, and prices in the United States in 2003 ranged from $24/t to 
$140/t, averaging $50/t. In 2003, the global amount of air-floated 
and water-washed kaolin, the usual forms of kaolin used in A CS 
was estimated at 0.7 Mt. Kaolin costs are much higher than ground 
calcium carbonate (GCC) and are generally more than $85/t. Other 
mineral fillers, including some grades of PCC and nano-grades, are 
more than $250/t. 


MARKET OVERVIEW 
Market Environment 


ACS producers include large national sealant, caulk, and joint com- 
pound suppliers and specialty adhesive suppliers. They are re gion- 
ally supplied, but follow global manufacturing processes. 

Industrial minerals supplier s are normally large commodity 
producers that have the capacity needed to supply large ACS plants. 
Their processes are geared toward consistency of color and particle- 
size distribution. 


ACS Market Dynamics 


Historical market drivers have included new commercial and resi- 
dential construction and remodeling of homes and commercial prop- 
erties. Future drivers will include environmental requirements, and 
growing uses in automoti ve, elec tronics, and medical equipment 
markets. 
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A few multinational players who have R&D capabilities, brand 
recognition, and raw material buying power dominate production of 
ACS. The top 10 producers of ACS in the w orld in 2003 were Hen- 
kel/Locktite, H.B. Fuller, National Starch, Bostik Findley, 3M, Sov- 
ereign, F orbo,Rohm and Haas, Berwind (Elmer’ s), and GE 
Silicones. In the Unit ed States, these producers, as well as USG, 
Georgia Pacific, National Gypsum, DAP, KCG, Red Devil, and Dow, 
sell both to “Big Box” retailers who have large buying power and to 
contractors and distributors, where some brand loyalty still exists. 

ACS producers are high- volume/low-price buyers of indus- 
trial minerals. Although they look for unique specifications, they 
also seek to commodify all raw materials. They often bid business 
out and use multiple suppliers to guarantee supply and keep prices 
low. They are regional so as to minimize their delivered costs, but 
their products must meet global specifications. Table 2 lists th e 
attributes and characteristics on which A CS produ cers and their 
customers focus. 


COST COMPONENTS OF ACS IN THE UNITED STATES 


As a reference to relative cost, the following summarizes data from 
the U.S. Economics and Statistics Administration (U.S. Department 
of Commerce 2004) on the percentage of cost of raw material com- 
ponents of an average ACS product: 


¢ Other industrial organic chemicals 23% 
¢ Manufacturing parts and supplies 16% 
¢ Resins 14% 
¢ Industrial inorganic chemicals 12% 
¢ Industrial minerals fillers and extenders 10% 
¢ Refined petroleum products 8% 
¢ Synthetic rubber 6% 
¢ Paper and cardboard containers 6% 
¢ Plastic containers 4% 
¢ Starch/dextrin 1% 
INDUSTRIAL MINERALS USAGE 


The primary indu strial mineral used is dry GCC. A CS producers 
use dry-process GCC for three reasons: 


1. Cost reduction (although high GCC loadings adversely affect 
some pe rformance characteristics). T he us eof GCC wi ll 
normally lower binder r equirements and allo w for increased 
filler usage. 

2. Shrinkage control, improved rheological properties, and water 
resistance. 


3. To provide body and provide optimum adhesion within joints. 


MARKET TRENDS 


Global demand for ACS was forecasted to increase by 2% to 4% per 
year from 2002 through 2012. In the United States, the increase was 
forecasted at3.5% per year fr om 2002 to 2012. Thi _ s forecast 
included a recovery from the 2001 recessionary base, normal growth, 
and the introduction of new markets and improved ACS products. 
For the same time period, adhesive growth in China is forecast 
at a 9% annual rate, with many end uses advancing at a double-digit 
pace. Production of ACS in China has been reported as one of the 
fastest developing sectors of the country’s chemical in dustry. This 
is driven by an acceleration of new products, new technologies, and 
new application areas; some of the growth is from lost production 
from other countries (as more value-added products are being man- 
ufactured in China). Shipments are increasing for both the domestic 
and the export markets. Problems being addressed in China include 
decentralized production (more than 1,800 separate plants), lack of 
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Table 2. Focus of ACS producers and customers 
Attribute Characteristic 
Safe Components of degradation products pose no dangers. 
Effective High loading and adhesion strength. 
Usable Ready to apply; remains manipulative for a short time; 
solidifies rather quickly. 
Affordable Cost per unit is not prohibitive. 
Approvable No issues with Food and Drug Administration and other 


agencies 





R&D (materials ur gently demande d by the mark et are not being 
delivered), and insuf ficient raw and auxiliary materials (primarily 
resins and solvents that need to be imported) (Yang 2002). 

Global ACS g rowth is dr iven by increased construction 
demand (1% to 3%) and increased growth (1% to 3%) from a new 
demand struc ture tha t i ncludes el ectronics, me dical, m echanical 
fastener r eplacement, automoti ve, and solvent-free pro ducts. 
Growth will also continue in higher performance ACS, such as sili- 
cones, polyurethanes, and urethane acrylic formulations. The use of 
PCC, nano-calc, and nano-clays will also influence future product 
mix. Influential co-products include polyvinyl acetate/acrylic resin 
and epoxy resin. 

Finally , emer ging regions of the w orld (with a combined 
population of nearly 4 billion and a total gross domestic product of 
$7 trillion in 2003) are likely to see the largest growth rate in ACS 
consumption. By example, their adhesive consumption per capita 
in 2003 was less than $2, well below the more than $20-per-person 
consumption in the United States. Growth in the emerging econo- 
mies can be uneven, but in the long term, ACS growth is projected 
to outpace the overall global economy. 


SALES AND DISTRIBUTION DYNAMICS 


Logistics drives the use of ra w materials for both A_ CS and the 
industrial minerals used in ACS. The ACS industry has th ousands 
of sm all plants, most tied to nea rby raw material sup pliers and 
many near population (use) centers. Most ACS plants are small vol- 
ume and market located. The industrial minerals used by the ACS 
product formulators tend to be lo cal. Future opportunities include 
joint efforts, formal or informal, in logistic areas such as re usable 
pallets, shared plant locations, haul ing contracts, and ties into the 
ordering pattern of downstream ACS users. 

Many goods that require A_ CS, including stand- alone A CS 
products, rely on distribution systems to get products to diverse and 
fragmented users. This distribution system has changed significantly 
over the last 20 years and will continue to evolve. Marketing costs 
can be up to 30 % of sales, and distribution costs can be 15% of 
sales. 

Current considerations include 


Electronic data interchange (EDI) ordering 


Just-in-time—type rapid filling of shipments 


Contractual pricing 


Drop shipments of less-than-truckload quantities to individual 
stores 


Placement fees, slotting allowances, store detailing, and special 
terms 


PRODUCTS SPECIFICS 
Raw Materials 


The primary industrial min erals us ed are calcium carbonate and 
kaolin. 
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About 100 large companies and dozens of smaller operations 
worldwide own calcium carbonate and kaolin raw material supplies. 
Their mining and processin g methods are simple, reserves for 
expansion exist, entry costs are not prohibit ive, permitting is rela- 
tively easy because the y tend to be seen as “green” c ompared to 
other mining, the royalty rates are low, and the operational structure 
allows for long-term and consistent production. 

Dozens of registered companies supply almost all of the other 
industrial minerals’ content used globally. 


Mining and Processing 


Surface truck/shovel mines or s imple room-and-pillar underground 
mines produce calcium carbonate for ACS. The mining cost is about 
one fourth of the total free on board (f.0.b..) raw material cost. Pro- 
cessing, which is about one half of the cost, includes washing or 
scalping (at some locations), and crushing and grinding. Packaging, 
which is about one fourth of the cost, is simple, with bulk, semi- 
bulk, and bagged packaging all easily a vailable. Transportation of 
finished g oods, at about $0.10/ton- mile in most of the world, can 
represent 1,2, or 3 ti mes the act ual cost of t he industrial m ineral 
f.o.b. purchased price. 

Almost all kaolin for ACS is surface mined using conventional 
dragline or truck/shovel operations. Including reclamation and resto- 
ration, the mining cost is also about one fourth of the f.0.b. cost. Pro- 
cessing includes blunging, degritting, and other required application 
and decontamin ation steps. W ith fe w kaolin operations globally , 
overall transportation costs are usually high. 


PRODUCING ACS 


Of the total ACS volume produced, more than 50% is normall y 
made in simple blending/mixing facilities where small batches are 
mixed, aged, and placed into buckets and boxes that are filled and 
shipped in case lots. Although the manufacture of adhesives and 
sealants in volves relatively simple processes, e xtensive knowl- 
edge and experience with the raw materials and their formulation 
and compounding are essential. Few companies perform R&D in 
these areas. A few of the larger adhesive and sealant manufactur- 
ers are V ertically inte grated, pr oducing resins for captive con- 
sumption. Other firms in the indu stry are highly dep endent on 
raw material su ppliers fo r int roducing ne w technologies. The 
adhesive and sealant companies then assume responsibility for for- 
mulating these new raw materials into products that offer improved 
performance. This aspect of form ulation is where most adhesi ve 
and se alant com panies der ive t heir com petitive a dvantage—by 
designing and producing products to satisfy a p articular market 
demand. 


MARKET SPECIFICS 

Finished Product Specifications 

There are thousands of ACS products; therefore, this chapter cannot 
address individual specifications. The trend for ACS producers will 
include a base load of commodity grades made at as low a cost as 
possible, and acontinued shift in product mix to — higher per for- 
mance se alants and caulks s uch as silicones, polyurethanes, and 

urethane acrylic formulations. High levels of consistenc y in ACS 
products are also required. ACS producers will increasingly com- 

pete on product performance, con sistent thickness, sh ort drying 

times, adhesion, shrinkage, and color. 


Customer Demands 


ACS producers see value in many of the following key areas: 


¢ Loading levels (e.g., more industrial minerals loading is be t- 
ter, and loadings of up to 85% are reported) 


Cost reduction (e.g., the pressure is on producers to cut costs 
each year, and they are impro ving in their understanding of 
cost drivers and relationships—such as mean particle size and 
particle-size distribution—to energy cost. Producers are also 
beginning to practice state-of-the-art supply chain dynamics.) 


Waste minimization (e.g., using an aggressive data collection 
and management system, e vaporating water from aqueo us 
wastes, u sing ju st-in-time colorizing, andu_ sing solv ent 
recovery) 


Product con sistency (e.g., mo st producers prefer consisten t 
tint and brightness to minimize TiO» usage and swings in their 
products’ color) 


Delivery when expected (e.g., most producers practice just-in- 
time and other cash-cost-reduction techniques) 


Ability to supply (e.g., a lar ge segment of the ACS business 
is seasonal, and industrial minerals suppliers must be able to 
seamlessly meet the changing producer’s demand) 


GOVERNMENT, ENVIRONMENT, 
AND HEALTH CONSIDERATIONS 


Environmental, health, and safety issues ha ve been the driving 
force behind many recent technological changes in ACS production 
and products. 


Volatile Organic Compounds 


In the late 1980 s, several world governments and nongovernmental 
organizations identified adhesives and sealants as significant sources 
of volatile organic compounds (VOCs). In combination with nitro- 
gen oxides, VOCs are responsible for the b uildup of ground-level 
ozone in populous regions of the world. This ozone causes respira- 
tory problems, vegetation damage, and material degradation. Gov- 
ernment, environmental, and health goals have often necessita ted 
reformulation of ACS pro ducts. Shifting to water-based formula- 
tions can significantly reduce the use of petroleum solvents. In addi- 
tion to reducing V OC emissions, w ater-based formulations of fer 
advantages such as ea sier cleanup and less o dor. One type of low- 
solvent formulation (the hot-melt products) is designed for applica- 
tion at ele vated temperatures. Low-VOC ACS products are now 
more commonplace and improved than they were 5 ye ars ago, but 
their use is restricted by higher costs and by contractors not trained 
in their differing properties. 


Asbestos 


Asbestos concerns swept through the industrial minerals portion of 
the ACS industry in the 1980s and 1990s. Of specific concern was 
locating asbestiform minerals in the fillers. After the am ounts of 
asbestiform were found to be nonexistent to very low, these con- 
cerns faded. 


Respirable Crystalline Silica 


A current concern is respirable crystalline silica levels. Crystalline 
silica in the form of quartz is a component of many industrial min- 
erals used in ACS. The manufacturers of ACS will be on the look- 
out for lo w-crystalline products and silica-co nscious industrial 
minerals prod ucers. Manu facturing f acilities, including mixing 
rooms and dry product storage, may need to meet the same respira- 
ble dust requirements of facilities that have been mandated to han- 
dle lead, arsenic, and cadmium. 


Renewable Materials 


The use of rene wable materials and rene wable energy in the manu- 
facture of ACS products and their constituents is increasingly impor- 
tant. Industrial mineral producers will want to stay abreast o f ACS 
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producers’ concerns as the y cons ider formulations that contain 
lignins, tannins, carb ohydrates (su ch as so ybeans), terpenes, and 
proteins. The longevity and quality of ACS products, and their own 
use in mak ing “green prod ucts” and helping conserve ener gy and 
other resources, will also be important marketing considerations. 


TRENDS AND OPPORTUNITIES 


ACS is a relatively low-cost component in engineered construction 
and consumer p roducts. Demand for ACS in the United States is 

forecast to increase 3.5% per year to 2.5 billion p ounds in 2006, 

while European demand will continue to be half that rate. Demand 
in China and Asia is likely to grow at even higher rates. The global 
market will benefit from a moderately favorable outlook in the key 
durable-goods sector; the ability to displace nails, screws, and other 
fasteners; increased desire for lightweight composites; and technol- 
ogy breakthroughs in product designs that improve heating and air- 
conditioning efficiency. 


Specific Trends and Opportunities 


ACS companies will boost R&D spending. They will increas- 
ingly partner with global industrial minerals pro ducers, espe- 
cially those th at can of fer both a bundle of minerals and global 
product consistency. 

Some spec ific targeted im provements include ne w for mula- 
tions, including using epoxies to improve adhesion qualities to meet 
or exceed those of nails, scre ws, rivets, and other f asteners and 
welding. A selecti ve use of indus trial mineral f illers for weight 
reduction will help lower delivered costs, and additional use of sur- 
face chemistry and surface area of industrial minerals will enhance 
thixotropy. 

New combinations of industrial minerals will provide greater 
ACS stability and less solvent creep. This will be especially impor- 
tant as ACS users evaluate the ease of robotic applications. 

Finally, more environmentally friendly products are being 
demanded, and the industrial minerals components are g enerally 
seen as “green.” ACS producers seen as winners will be those who 
use more fillers and less problematic ingredients such as solv ents— 
this will be key to global market share. 


Construction Markets 


Construction markets will remain dominant. Housing is growing all 
over the world, and ACS products are used in ne w construction, 
renovation, and finishing of homes and commercial b uildings. In 
the motor vehicle market, also an important segment, sealant usage 
will get a boost from acceleration in passen ger car productio n; 
design trends featuring more glass, plastic, and rubber per vehicle; 
weight reduction; and po wder cl earcoat c ommercialization. In 
structural glazing—a construction process in which caulks/sealants 
hold glass panels in high-rise buildings in place —silicone products 
can be used withou t any mechanical means of fastening. This can 
be clearly d efined as an adhesi ve application since the silicon e 
material is being used to bond the glass and metal surfaces together. 
On the other hand, it also serves as a caulk/sealant because it pre- 
vents the passage of gases, liquids, or solids through the joint. 
Accelerated defense spending will pr ovide opportunities for 
sealants and caulks in the manufacture of military equipment. 
Demand for sealan ts and caulks in the industrial sector will 
benefit from a stronger capital-spending environment as companies 
invest more heavily in new plants and equipment. Although durable- 
goods markets will see the most rapid gains, the construction indus- 
try will remain the largest outlet for ACS, accounting for more than 
half of total demand by 2006 . Thou gh a slo wdown is e xpected in 
new building construction acti vity, continuing archite ctural trends 


toward more luxurious and energy-efficient homes will partially off- 
set deceleration in the number of new homes built by raising per-unit 
consumption of sealants. 

In addition , non-b uilding-construction mar kets, which were 
quite weak for most of the 1990s, will be boosted by the Transpor- 
tation Equity Act for the 21st Cent ury, which author ized federal 
spending programs for highways, bridges, and mass transit projects 
through 2003. This piece of le gislation, and similar infrastructure 
construction and reno vation projects w orldwide, should pro vide 
opportunities for sealants and caul ks in the mid-term, primarily in 
applications such as__ sealing e xpansion and horizontal joints in 
bridges, parking garages, playgrounds, sidewalks, and air craft ter- 
minals, and sealing cracks in pavement and asphalt. 


RAW MATERIAL REQUIREMENTS 


New Product Volumes Required 


Following are estimates of new mineral production required (from 
2003 to 2013) by major ACS industrial minerals components: 


¢ Calcium carbonate 1.2 Mtpy 
* Clay 0.2 Mpy 
¢ Pulverized waste 0.1 Mtpy 
¢ Silica, as precipitated or fumed <0.1 Mtpy 
¢ ATH <0.1 Mpy 
¢ Feldspar <0.1 Mtpy 
¢ Gypsum <0.1 Mtpy 
¢ All other industrial minerals <0.1 Mtpy 


Specifications 


ACS producers historically used existing industrial minerals p ro- 
ducers’ grades, many times adjusting formulas to meet local pro- 
duction. Increasingly, the ACS producers are settling in on “best” 
specifications and are demanding that these specifications be met 
by a supplier, or suppliers, globally. 

These specifications are getting more complicated. Described 
here are those guidelines, with consider ation of a carbonate ra w 
material: 


¢ Mineral (calcium carbonate, magnesite, other) 


Mineral processing (coarse, f ine, or ultraf ine; PCC or nano- 
GCC; dry or wet ground; etc.) 


Mineral surface (shape, area, surface tre atment, and surface 
chemistry) 


Size (pa rticle-size distribution [co arse, f ine, ult rafine, a nd 
nano]; also specifics such as top size) 


Color (amount of yellow, green, red) 


Brightness 


Chemistry (amount of calcium, iron, aluminum, other) 


Besides specifications, the ACS producers, and their do wn- 
stream users, are demanding ne w levels of consistenc y, and many 
producers must now also describe their products in terms of how 
the proc esses be have (are the y in control, are the y capable), and 
they must supply product CPK data. 


SUMMARY AND CONCLUSIONS 


The ACS industr y is an important consumer of man _y industrial 
minerals and is dynamic, with a growth rate that is f aster than the 
global economy. ACS producers are focused on cost reduction and 
product property improvement, and many producers believe that an 
increase in the percentages of industrial minerals in their products 
will result in lower costs and im proved properties. To this end, 
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many ACS producers will con tinue to look for strate gic partners 
and alliances with industrial minerals producers. 


WEB SITES, INFORMATION SOURCES, 
AND MAJOR U.S. ACS COMPANIES 


¢ Adhesives Age: http://(www.chemweek.com/aa 
¢ Adhesive and Sealant Council: http://www.ascouncil.org 


¢ Chemcyclopedia (American Che mical Soci ety): ht tp://www. 
mediabrains.com/client/chemcyclop/BG1/search.asp 


Chemical & Engineering News: http://pubs.acs.org/cen 


Chemical Mark eting Reporter: http://chemicalmarketreporter. 
com/home/Default.asp?type=0&1iSectionID=12 


¢ chemicalweek: http://www.chemweek.com 


¢ The Kline Guide to the U.S. Chemical Industry (Y184C ): 
available for purch ase fro m ht tp://klinegroup.ecnext.com/ 
coms2/summary_0229-13370_ITM 


¢ U.S. International Trade Commission: http://www.usitc.gov 


¢ U.S. Department of Commerce: http://www.commerce.gov 


¢ U.S. Department of Labor, Bureau of Labor Statistics: http:// 
www.bls.gov 


Major U.S. companies involved in the adhesive, c aulks, 
sealants business include 3M Company, Ashland Chemi- 
cal, Berwind (E Imer’s) Produ cts, BF Go odrich, Bo stik 
Findley, Courtaulds Aerospace, DAP Inc., Daubert Chem- 
ical, DHM Adhesi ves, Dow Chemical, Do w-Corning, 
Eastman Chemical, Essex Specialty Products, H.B. Fuller, 
GE Si licones, Gibson-Homans, Loct ite, Ma cklanburg- 


Duncan, Mapei, Morton International, Parachem, Pec ora 
Corp., K och/Protective T reatments (K och/PTI), Re d 
Devil, R eynolds Adh esives, Rh one-Poulenc, R ohm & 
Haas, Schne e-Morehead, Seal ant T echnology, She rwin 
Williams, Sonoc 0, Sun Adhesi ves, Thiem Automoti ve 
(National Starch), Tremco, Tyco Adhesi ves, Uniroyal, 
Wacker Silicones, and WR Grace. 
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Filler and Coating Pigments 
for Papermakers 
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INTRODUCTION 


Historians attribute the Egyptians in the Nile Delta with preparing 
the first type of paper, from a marsh grass called Cyperus papyrus. 
They cut the plant’s stem into thin strips, softened them in the river, 
and then pounded them into thin sheets that were then left to dry in 
the sun. The resulting sheets were ideal for writing on, and Egyp- 
tians, Greeks, and R omans used them for record k eeping, spiritual 
texts, and works of art. Papyrus is the basis of the word paper. The 
father of papermaking is T’ sai Lun, who in 105 AD experimented 
with a wide variety of materials and refined the process of macerat- 
ing the fiber of plants until each filament was completely separate. 
He mixed the individual fibers with waterina large vat with a 
screen that was submer ged and then lifted up through the water, 
catching the f ibers on its surf ace; when drie d, t his thin la yer of 
intertwined f iber became what we today call paper . The art of 
papermaking spread to the Middl e East and to Egypt, where it 
replaced papyrus in the 9th century, followed by Morocco and then 
Spain (about 1150) and France (1190). 

Industrial minerals play a major part in the manufacture of 
modern paper. Originally, because the y were less expensive than 
fiber, minerals such as calciu m carbonate (chalk) and kaolin were 
used as fillers to reduce production costs. Although cost is still an 
important f actor, minerals ha ve become “functional fillers” that 
impart specific properties to paper, such as improved printability, 
brightness, opacity, and smoothness. In paper coating, minerals are 
used as white pigments to conc eal the f iber, thereby impro ving 
brightness, whiteness, opacity, and smoothness. 


PAPER INDUSTRY STRUCTURE 


World Production 

In 2003 , world production of paper and paperboard w as 339 Mt 
compared with 239 Mt in 1990. A split of this production for 2003 
(Table 1) indicates similar levels from North America, Europe, and 
Asia. Between 1990 and 2003, North America’s share of the world 
market fell from 37% to 30%, whereas Asia increased from 25% to 
32% as both Western and Eastern Europe decreased from 33.7% to 
31%. The world average annual growth in the production of paper 
and paperboard during the period from 1990 to 200 2 was +2.8%, 
with Asia sho wing the largest growth of +5.2%. Of the 339 Mt 
(Table 1), Asia is now the leading producer with 32%, just overtak- 
ing North America and Europe w ith 30% and 31 %, respectively. 
The top ten producing countries in the world now account for 73% 


Table 1. Paper and paperboard production by region in 2003 


% of World Production 





Region Production, kt (rounded up) 
Asia 110,585 32 
Europe 104,093 31 
North America 100,280 30 
Latin America 16,254 5 
Australasia 3,871 ] 
Africa 3,672 ] 
Total 338,755. “100° 





Adapted from Paperloop 2004. 


of pro duction (Paperloop 2004), led by the United States (24%), 
China (12% ), Japan (9% ), Canada (6%), German y (6%), Finland 
(4%), Sweden (3%), South K orea (3%), France (3%), Italy (3%), 
and all other countries (27%). 

The growth of the Chinese market from 1992 to 2003 was dra- 
matic, especially when compared with Japan (Figure 1): the growth 
rate was 13.1% in China, and the rate decreased by 1.3% in Jap an. 
The Chinese growth was mainly driven by major companies invest- 
ing innew paper mills in China (including Asia Pulp and Paper 
Company [APP], UPM-Kymmene, Stora Enso, and Oji Paper) com- 
bined with the fast-growing, apparent con sumption per capita—in 
2003 paper consumption w as 36 kg in China, an increase of 24% 
over 2002. This is still well below the le vels of the United States 
with 301 kg, the United Kingdom with 207 kg, as well as man y 
other countries; and just ahead of Indonesia and India with 23 kg 
and 6 kg, respectively. 


Fibrous Plant Materials Used in Papermaking 


Although almost an y plant material can be used for papermaking, 
very few are used because anumber _ of f actors deter mine what 
makes a good raw material: 


¢ The plant must be abundant, inexpensive, and, if a waste prod- 
uct, of little use to others. It must grow in an accessible place 
and should grow quickly. 

¢ It must contain a high prop ortion of cellulose f ibers, and its 
structure must allow the fibers to be isolated from the rest of 
the plant material with re asonable ease and without undue 
expenditure of chemicals or heat. 
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Figure 1. Growth in paper market for China versus Japan, 1993 to 
2003 


¢ The fiber itself when isolated should be suitable for paper- 
making, which means th at it should be long and strong, and 
develop strength on beating. At the same time, it should be 
capable of being bleached to a good color without undue loss 
of strength. 


Of the many species of plants in the world, the following meet 
the above requirements and are commonly used in papermaking: 


¢ Seed hairs—cotton 

¢ Bast fibers—flax, hemp, jute, ramie 

* Wood fibers—coniferous and deciduous woods 
¢ Leaf fibers—esparto, manila, sisal 

* Grasses—bamboo, bagasse 


Potential new pulp sources are being developed all the time. 
Malaysia, for example, announced in March 2003 that the w orld’s 
first oil-palm—based pulp plant would be set up in Sabah (Borneo) 
with the capacity to produce 25,00 0 tof pulp. A new pulping 
method using empty fruit bunches (EFBs), which are currently a 
waste product from the palm oil industry, will be developed using 


caustic soda technology. If successful, Malaysia has the potential to 
produce 3 Mtpy of pulp from EFB alone. 


Main Paper Grades 


Table 2 summarizes the main types of paper grade, their fiber com- 
position, pigment f iller and coat ing loading, and th eir end uses. 
Coated paper is coated on one or both sides with a mix of clay and 
carbonates to create a high quality printing surf ace. Coated paper 
can be f ine, ligh tweight, medium we ight, or ma chine f inished. 
Uncoated fine paper is used principally for printing and_ writing. 
Woodfree, freesheet, or fine paper is paper used by the graphic 
industry for writing, including of fice paper such as pho tocopying 
and laser printing paper; these may be coated or uncoated. 


Leading Producers of Paper and Paperboard 


The paper industry continues to consolidate, with the top 10 com- 
panies accounting for an increasi ng proportion of world paper and 
board capacity. Production by the 10 leading comp anies in 2 003 
accounted for 27.9% of global output (Table 3). 

In 2001, Finnish-owned Stora Enso increased its capacity to 
15.1 Mtpy and International Paper closed do wn 2.2 Mtpy of its 
less-efficient capacity; in the same year, UPM-Kymmene acquired 
Haindl, a leading European producer of publication paper. Publica- 
tion paper includes ne __wsprint, co ated, andu_ncoated p apers 
(mainly lightweight coated [LWC] and SC). This further consoli- 
dation increased UPM-Kymmene’s capacity from 8.285 Mtpy to 
11.705 Mtpy by 2003. UPM-Kymmene is now the world’s largest 
manufacturer of mag azine paper (L WC and SC) with an nual 
capacity of 5.465 Mt, or about one-quarter of the global market for 
magazine paper. 


MAJOR PIGMENTS USED IN PAPERMAKING 

The major pigments used in printing and writin g paper (P&W; 
includes SC, MFC, WFU, and WFC) are calcium carbonate (pre- 

cipitated calcium carbon ate [PCC] and ground calcium carbonate 
[GCC]), kaolin, and others (talc, TiO, and others). Harris (20 04) 
estimated that 30 Mt of these major pigments were used worldwide 


Table 2. Paper grades, fiber composition, pigment and coating loading, and end uses 


Paper Grade 


Fiber Raw Material 


Pigments 


End Uses 





Newsprint 


Specialty newsprint 
Books, papers 
High brightness 


Supercalendered (SC) papers 
SC B, A, and A+ grades 


Coated mechanical papers 
(also called machine-finished 


coated [MFC] paper) 


Woodfree uncoated (WFU) 
papers 


Woodfree coated (WFC) 
paper; also coated fine paper 
(art printing paper) 


Specialty papers 


Kraft papers 


De-inked pulp and/or mechanical pulp 


De-inked pulp and/or mechanical pulp 


Mechanical and chemical pulp 


Mechanical and chemical pulp 


Chemical pulp 


Chemical pulp, possible to use some 
chemi-thermomechanical pulping (CTMP) 


Chemical pulp 


Chemical pulp 


Filler loading up to 12%, originally 
from de-inked pulp 


Filler loading <10%; specialty 
pigments can be used as well 


Filler loading up to 35% 


Filler loading up to 10%; coating 
25%-30% of paper weight 


Filler loading up to 10%; coating 
typically from 20%-35% of paper 
weight 


Filler loading up to 25% 


Filler loading up to 15% and 
double/triple coating 


Filler load and coating dependent on 
grade 


No pigments 


Newspapers, inserts, flyers (advertising) 


Newspaper supplements, newspapers, 
books, directories, advertising 


Multicolor magazines, catalogs, 
supplements, inserts, advertising materials; 
used in gravure and offset printing 


Magazines, catalogs, supplements, books, 
advertising materials 


Office papers, writing papers, envelopes, 
direct mail, magazines, books, advanced 
materials 


Magazines, brochures, direct mail, annual 
reports, books, advertising materials; 
higher quality books, reports 


Label papers, label release papers, food 
wrapping, packaging 

Sacks, bags, wrapping and packing, 
envelopes 





Source: Haarla 2002. 
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in 2002 (Harris 2004), and Figure 2 shows the breakdown of use. 
Of the 30 Mt of pigment used, 18 Mt was for coating pigments and 
the split w as GCC (53% ), kaolin (35%) , PCC (9% ), and others 
(3%; this was mainly talc, titanium dioxide, and a few others). The 
remaining 12 Mt is used as a filler. 


ROLE OF PIGMENT PROPERTIES IN PAPERMAKING 


For the papermaker, the critical pigment properties are 


¢ Physical properties (also includes optical properties such as 
brightness, yellowness, and sh ade; coverage; ink abso rption; 
and others) 


— Particle size and shape 
— Particle-size distribution 


— Aspect ratio (platiness or blockiness—kaolin can be platy 
and blocky but calcium carbonate is generally rhombohe- 
dral [hexagonal] for marble [crystalline limestone]) 


¢ Pigment moisture (for pigment handling) 


Pigment hard ness—abrasiveness (wear on wire, doctor and 
slitter wearing) 


¢ Residues, impurities, contamination—origin can be from pro- 
cessing the industrial mineral, from transportation, and from 
other sources (“runnability’” in p aper machine or coating or 
calendering causes streaks and breaks, which are expensive) 


ROLE OF FILLERS IN PAPER 


Fillers are highly desirable in printing papers because they increase 
the op acity, raise the br ightness, and gener ally improve printing 
properties. The main types of mineral filler for acid papers are talc, 
hydrous kaolin, calcined k aolin, precipitated sil icas and silicates 
(PSS), and titanium dioxide. F or _neutral/alkaline paper s, talc, 

hydrous kaolin, calcined kaolin, PSS, titanium dioxide, GCC, and 

PCC are used. The use of fillers is important when opacity is 

needed at a low-basis weight, and they are invaluable in packaging 
grades where low permeability is combined with opacity to protect 
food from light. There are many fillers: bari te, GC C (based on 
chalk, limestone, and mar ble), PCC, kao lin, p yrophyllite, mica, 

gypsum, plastic pigment, satin white, alumina, and titanium diox- 
ide. The properties of the filler derive from the ability of the filler 
particles to refract and backscatter light thr ough the surface of the 
sheet. If the filler is not evenly dispersed through the sheet and floc- 
culates in small clumps, then the optical efficiency of the filler will 
be reduced. If the z-dir ection distribution of the filler is une ven, 
then the sheet may appear two-sided. The whiteness of the filler 
relates to the dom inant wavelength of the light. Ex cluding some 
uncoated book-publishing grades, papers tend to have a blue white- 
ness. This requires adding a blue or violet dye to shift the shade of 
the paper into the desired region of the spectrum. 

Because dyes reduce brightness, high-brightness filler must be 
used or optical brig htening agents added for premium grade, such 
as company stationery and direct mail pa pers. The imp ortance of 
avoiding filler flocculation emphasizes the point that fillers are not 
simply inert optical entities but interact with other additives, not 
only in terms of their 0 wn distribution but also to influence sheet 
structure such as formation, bulk, pore structure, and surface topog- 
raphy (texture). Aside fr om their optical effects, fillers or filler 
blends can be used to impro ve aspects of prod uct uniformity and 





* Newspapers and magazines require long runs on the printing presses, and 
several factors affect how well a paper will run on the press. Runnability 
describes a pape r’s ability to hold ink on its surf ace consistently and to 
absorb ink uniformly, along with its dimensional stability and its surface 
texture. 


Table 3. World’s 10 leading producers of paper and paperboard in 
2003 














Position Company Output, ktpy 
] Stora Enso 13,960 
2 International Paper 13,844 
3 UPM-Kymmene 10,232 
4 Svenska Cellulosa (SCA) 9,725 
5 Georgia Pacific 8,843 
6 Weyerhaeuser 8,558 
7 Oji Paper 7,900 
8 Nippon Unipac Holding 7,835 
9 Smurfit Stone Container Corporation 7,307 
10 Abitibi Consolidated 6,421 
Total 94,625 
Adapted from Paperloop 2004. 
Talc, TiO2, Calcium Carbonate (CC) 
and Others 55% 
7% 16.5 Mt 
2.1 Mt 
GCC 
38% 
(70% of CC} 
11.5 Mt 
Kaolin 
11.4 Mt 17% 
<t— (30% of CC) 
5 Mt 











Source: Harris 2004. 
Figure 2. World pigment use in P&W paper (2002) 


quality. An understanding of filler interactions with retentions aids, 
sizing agents, cationic starch, and the dynamics of the wet and 
forming systems is required (Jopson and Moore 2004). 

The main driving force for filler in fine papers is to substitute 
more expensive fiber with filler. No filler is capable of producing 
maximum light scattering for brightness and opacity without hav- 
ing any detrimental impact on wet web strength and sheet physical 
properties. The best pig ments for brightness and opacity debond 
fibers the most because of their inherent high surface area. 

Kaolin, calcium carbonate (GCC and PCC), and talc are the 
most widely used mineral f illers, with regional variations depend- 
ing on local resources available. Table 4 lists the pigments used as 
filler in different printing paper applications. In the United States, 
PCC is widely used asf iller because of the wide availability of 
limestone; the lime produced from limestone is converted into PCC 
at a sate llite plant adjacent to a pape r mill. Filler pigments must 
have a high degree of whiteness, a high index of refraction, small 
particle size, low solubility in water, and low specific gravity. It is 
also important that the filler be chemically inert to avoid reactions 
with other components in the sheet and in the papermaking system. 
The filler should contain a minimum of impurities, and the grit con- 
tent must be low to avoid excessive wear of the wire and other pro- 
cessing equipment such as cutti ng blades. Furthermore, unless the 
filler has very unusual properties, it must be inexpensive. 


Hydrous Kaolin 


Kaolin was the usual filler used in Europe and the United States up 
until the 1990s when the use of PCC in the United States and GCC 
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Table 4. Filler pigments in different printing paper applications 





Type of Paper Ash Content, % Clay, % GCC, % PCC, % Talc, % 
Newsprint” <15 <10 <10 Can be used 
Machine-finished specialty (MFS) <15 <10 <10 

Supercalendered offset (SCO) <35 <35 <10 <20 

Supercalendered rotogravure (SCR) <35 <35 <10 <20 <10 
Lightweight coated offset (LWCO)t <10 <10 <10 <10 <10 
High-brightness lightweight coated (HB LWC)t <12 <10 <10 <10 <10 
Medium-weight coated (MWC)t <10 <10 <10 <10 
WFUt <22 <22 

WFct <15 <15 <15 Pitch talc 





Adapted from Haarla 2002. 


* Most of the ash comes from recycled fiber in newsprint, if the main raw material is recycled paper. 


t A part of the ash comes from coated broke in coated paper. 


in Europe emerged. The main use of kaolin fillers in the last decade 
has been in engineered products. The new range of filler content for 
SCA paper is based on the production of a high-aspect-ratio (often 
>40) filler and a controlled particle-size distribution of about 50 wt % 
<2 umanda minimum of 5% >10 um. These hi gh-aspect-ratio 
kaolin products, with a brightness of ISO 82, provide good opacity 
to the base paper. They are particularly useful in SCA papers where 
the platy kaolin with calendering gives a sheet that can compete 
with LWC papers. The development of a range of platy kaolins has 
been at the expense of the less expensive kaolin filler. 

Over the pa st tw o de cades, a dditional processes ha ve been 
developed to improve the quality of the kaolin from the deposits in 
Cornwall in the United Kingdom. These deposits have been well 
documented in the literature (Exley 1959, 1976; Shep pard 1977; 
Halliday 1980; Allm an-Ward et al. 1 982; Alderton and Rankin 
1983; Bray and Spooner 1983; Allman-W ard et al. 1985 ; Bristow 
and E xley 1994; Bristo w 1995; Manning, Hill, and Ho we 1996; 
Scott, Hart, and Smith 1996; Psyrillos, Manning, and Burley 1998; 
Psyrillos et al. 1999; Bristow et al. 2000; Thurlow 2001; Bowditch, 
undated). F or brightness enhancement, supercond ucting magnets 
have been introduced alon gside high-intensity magnetic separators 
(HIMSs), froth flotation, selective flocculation, and selective separa- 
tion processes to remove abrasive materials such as quartz and feld- 
spar. The most signif icant processing d evelopment over the last 
decade, however, has been the production of delaminated clays from 
vermiform or stack y kaolinit es so that approximatel y 60% of the 
processed Cornwall kaolin is now delaminated. The flow process at 
low-abrasion plants involves flotation to remove contaminants (feld- 
spar, quartz, and mica) and a sand grinder (known as such because it 
once used a round resistant sand as the grinding medium; a ceramic 
bead is now the preferred medium) for delamination. 

The aspect ratio of the resultant delaminated kaolin is an impor- 
tant parameter, and Imerys developed a stop-flow conductivity mea- 
surement instrument that gives a shape factor (called a factor because 
aspect ratio is not actually measured). The method is known as PAN- 
ACEA (particle assessment [by] natural alignment [and] conductivity 
effect analysis). Meas urements of shape factor are made online and 
help to control the pr ocess. Historically, aspect ratio was measured 
using the transmission electron microscopy (TEM) platinum shadow- 
ing technique, which was a very lengthy process relying on the parti- 
cle thickness being proportional to the shad ow length—the thinner 
the platelet of kaolin, the narrower the shadow. 

The base paper pigment has an important bearing on the sub- 
sequent coa ting pigm ent ap plication. The in fluence of the base 
paper structure is more noticeabl e when the paper is coated with 


GCC because its particles pack le ss efficiently on the surface com- 
pared to the platy and broad particle distribution ka olin (Bown 
1991; Lorusso 2002; Hiorns and Nesbitt 2003). Although it is clear 
that coating color formulation and coating conditions have poten- 
tially greater influence on the coated paper quality, the filler content 
of the base paper has a profound effect on coating runnability and 
paper quality. 


Calcined Kaolin 


Calcined clay is used in small amounts in newsprint and as an addi- 
tion to othe r fillers to re place more expensive titanium dioxide to 
improve opacity. With the onset of calcined clay as filler in news- 
print, it is common now to have newspapers with color photographs 
not visible through the sheet because of its increased opacity. 


Calcium Carbonate 


The conversion from acid to alkaline papermaking techniques and 
the demand for brighter and bulkier paper have been the main d riv- 
ers be hind the inc reased prefere nce for c alcium ca rbonate o ver 
kaolin. This switch has eroded the share of the market held by kaolin 
because paper producers partly subs titute its use with calcium car- 
bonate, which is less expensive and often brighter. Neutrally sized 
paper can have higher mineral filler loadings than acid-sized paper, 
so calcium carbonate slurries are p _ referred over kaolin slurries 
because of their higher solids content. Table 5 compares the proper- 
ties of kaolin and calcium carbonate, both precipitated and ground. 
Although calcium carbonate is gene rally brighter than most com- 
mercial kaolin, new grades of kaolin for use in paper coating have a 
brightness of more than 90%. 


Ground Calcium Carbonate 


Table 6 lists some of the adv antages of GCC compared to kaolin 
usage in alkaline woodfree papermaking. Kaolin was once the most 
widely used f iller in p aper manufacture, but the last two decades 
have seen a steady increase in _ the use of calcium carbonate. The 
conversion from acid to alkaline papermaking and the d emand for 
brighter paper have been the main reasons for this change. 


Precipitated Calcium Carbonate 


World PCC capacity is approximately 6.2 Mtpy, of which almost 
three-quarters is used in pap er. Nearly all of the PCC in paper is 
used asa f iller, and t he 1 argest market is the United States. As 
papermakers transferred to alkaline technology, the number of sat- 
ellite PCC pla nts has increased significantly since the f irst U.S. 
plant opened in 1986. By 2000, some 80 plants had been installed 
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Property Kaolin GCC PCC 
Brightness 80%-85% (some 90%) >90%-96% 90%-97% 

Particle size Naturally 2 pm Requires grinding Manufactured fine 
Opacity Excellent Moderate at high load High at high load 

Loading levels 20%-30% 20%-30% Limited to 20% 

Sheet strength Good Excellent Moderate 

Bulking Moderate Good Good 

Absorption Low Low High 

Chemical reactivity Inert Unstable in acid environments Unstable in acid environments 
Flexibility Filler/coating Alkaline-only filler/coating Mainly filler 

Processing Extensive Grinding/sizing Energy intensive 
Availability Restricted Geologically plentiful Satellite plants 

Price Low (North America) Low (Europe) Based on cost-effectiveness 





Source: Harben 1998. 


worldwide, with almost 50 in North America alone; the industry is 
dominated by MTI with 54 plants, followed by Huber Engineered 
Materials with 12 and Imerys with 6. 

PCC manufacturing in Europe i s shared between f ive major 
producers with an estimated total production capacity of more than 
2.0 Mt py in 20 03, incl uding products for p aper and oth er ap pli- 
cations. The 5 c ompanies are Huber Engineered Materials with 
6 plants, Specialty Minerals Inc. (SMI) with 13 plants, Omya with 
4 plan ts, Solvay with 6 pl ants, Schaefer Kalk wi th3 plants, and 
Imerys with 1 plant. At the time of this printing, Huber is in the pro- 
cess of selling their 6 PCC plants. The competitiveness of an on-site 
PCC plant is primarily influenced by the size of the plant (economics 
of scale) and by the CO 2 content in the g as source from the host 
paper mill. This means that an on-site satellite PCC plant has to have 
a certain minimum size and be supplied with a gas of a certain mini- 
mum CO) content in order to be economicall y viable. For example, 
an on-site PCC plant has to proce ss a minimum of 20,000 tpy to be 
economically justified, corresponding to the demand from paper pro- 
duction of 100,000 tpy of uncoated paper with a 20% filler level. 

In Europe, PCC has sho wn by far the strongest growth rate 
and since 1995 has continuously taken market share from GCC and 
other fillers. The growth of PCC is likely to continue with further 
penetration as f iller into the WFU paper segment, although at a 
slower rate as the market matures. 

Some pa per mills that had been using GCC deri ved from 
chalk in Europe were among the first to capitalize on the added 
brightness that could be achieved using PCC. Several PCC satellite 
plants have come onstream in Asia since the mid-199 Os, including 
plants in Thailand, Indonesia, Japan, China, South K orea, and 
Malaysia. New satellite plants have also been built in South Africa 
and in South America. 

PCC is now making some inroads as filler in groundwood (SC 
and LWC) papers, and this represents the largest remaining poten- 
tial market. This market is currently dominated by kaolin an d talc, 
however, especially in European rotogra vure pap er. MTI has 
invested much research into developing acid-tolerant PCC, allow- 
ing its entry into the groundwood paper sector, for which it now has 
several satellite plants. 


Talc 


The choice of filler in paper is driven by cost reduction and quality 
improvement. For talc, which is more expensive than some other 
pigments, improving the paper quality and the papermaking pro- 
cess itself is the dominate driving factor. The properties of talo— 


Table 6. Advantages of GCC compared to kaolin in alkaline 
woodfree papermaking 


Paper 





¢ Brightness—GCC has a higher brightness than clay; lower optical 
brightening agent (OBA) demand without alum 


¢ Strength—tends to be higher without high amounts of alum; filler loadings 
higher 


¢ Permanence—absence of alum benefits aging properties of paper 





Process 





¢ Refining—30% energy savings in refining under slightly alkaline conditions 
¢ Drainage—rhombohedral shape of GCC drains better than platy kaolin 


¢ Drying—dries better than clay because of slightly more hydrophobic nature 
of GCC 


¢ Water—better drainage and lower bacteriological activity reduce water 
demand 


© pH stability—strong buffering action; GCC keeps pH level stable at 7.2 to 
8.4 





soft, organophilic, chemically inert, and platy—are reasons why it 
today is used as filler in many different kinds of paper. The organo- 
philic surface helps re duce dye consumption and two-sidedness in 
colored paper. Two-sidedness in co lored paper is the term used to 
describe the difference in color characteristics between the top side 
and the bottom side of the sheet. The difference can be ei ther in 
shade or in strength, or both. Contributing factors are finish, chemi- 
cal additives, points of addi tion, order of addition, and colorant 
characteristics. With careful control of al | the se factors, however, 
two-sidedness can be eliminated to result in a uniform sheet. 

The relati vely coarser particle-size distrib ution of talc (com- 
pared with other pigments) leads to better retention in the sh eet and 
lower effect on the paper’s strength properties. Improved dewatering, 
less wire abrasion, hi gher retention, a longer life of cutting knives, 
and fewer core breaks in SCR printing are typical adv antages in the 
process pro vided by talc. In add ition, the pitch and st icky control 
function red uces tack y dep osits and improves paper machine run- 
nability. The paper quality itself is influenced by talc with increased 
smoothness, better printability, deeper color in colored papers, and a 
lower impact on strength properties than other fillers. 


Other Filler Pigments 


Other mineral systems are employed—for example, titanium diox- 
ide. Titanium dioxide is used more as a specialty chemical to impart 
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specific end-use properties rather than as filler because of its cost. It 
is used primarily for its opacity properties, particularly in light- 
weight papers such as paper used for bibles. 

A new specialty filler in newsprint is Zeocros PF, produced by 
Ineos Silicas, a leading global supp lier of silica, sili cate, and zeolite 
products. Zeocros PF has a high ISO brightness of 97; small, angular 
particles with ef ficient light-scattering surfaces; and a tight particl e- 
size distribution. In newsprint it raises opacity, improves printability, 
reduces print through/strike through, and enhances brightness. A 1% 
filler addition will gi ve 0.6 points of opacity increase. P aper with 
Zeocros also prevents ink penetration into the paper. 

Gypsum, or calcium sulfate, is an abundant mineral formed nat- 
urally and from industrial by-products (such as flue gas desulfured 
gypsum and phosphogypsum). It generally has the disadvantage of 
high solubility, and it also tends to plug machine felts. Calpak C20 is 
filler derived from gypsumin Sp ainandis being de veloped by 
Kemira. It is a bright filler for a wide range of pH and sizing systems. 
The production of filler gypsum, however, is limited in the world. 

Diatomaceous earth is not filler in the sense of the other pig- 
ments but is normally used for pitch control (0.5%-1.5% on pulp), 
to improve formation, and to incr ease the rate of drainage, though 
one serious disadvantage is its abrasiveness. 


THE ROLE OF PIGMENTS IN PAPER COATING 


Application of Coating Pigments 


A coating layer on a paper surface can bring the following improve- 
ments to the paper sheet: 


¢ Cover the base paper fibers to give a uniform surface 
¢ Make the paper whiter 

* Contribute to the paper’s opacity 

* Give the desired finish—gloss, silk, or matte 

¢ Give the desired printing properties 


A coating mixture, known as a coating color, is normally a mix- 
ture of a mineral with a binder to stick the mixture to the paper, a vis- 
cosity modifier to assist in the ap plication to the paper surface, and 
often other chemicals that improve the shade of t he coating and i ts 
printing properties. An important characteristic for any coating color 
is good rheological response during metering and application and an 
ability to retain water during application. An ideal coating mixture 
needs to be fluid during applicat ion, yet immobilize quic kly after 
metering. An ideal coating should cover all the paper f ibers. Fiber 
coverage is of ten achieved by using high coatweights, coarse parti- 
cles, platy particles, and coating mixtures that immobilize rapidly. 

In paper coating, minerals are used as white pigments to con- 
ceal the fiber, thereby improving brightness, whiteness, and opac- 
ity, as we lla ssm oothness. If applied by a blade coater , th e 
pigmented layers impart a fairly constant surface layer, but of vary- 
ing depth as the surface voids and pits of the base sheet are filled in. 
There is a growing understanding that the filler in the base paper 
can have a great influence on the behavior of the coating pigment. 
Application methods such as the air knife and, to a degree, the film 
press or metering size press provide a coating of more uniform 
thickness, which follows the larger-scale surf ace contours of th e 
sheet to give a varying surface level. Such contour coating methods 
are particularly useful in app lying a gr ound coat to u neven sub- 
strates such as folding carton board and corrugating liners. 

Coating using the size press is a growing practice, producing 
paper that bridges the gap between uncoated and full-blown blade- 
coated products. An extension of this is using high surface area sil- 
ica or ca cium carbonate pigments to provide dye -receptive coat - 
ings for inkjet paper (pigment acts as an acceptor of the image 


medium). Even in con ventional offset lithographic grades, careful 
development has been undertaken over many years to optimize the 
ink transfer and drying char acteristics of the coatings. In electro- 
photographic printing grades, cont rolling surf ace resisti vity and 
toner adhesion is critical in coatings de velopment. In the Indigo 
unit with its wet toner system, surface chemistry, specifically acid- 
base interaction, is c ritical in image transfer to the paper surface. 
Matching the pigment formulation to the imaging systems is an 

increasingly important part of product development, especially in 
higher value coated paper grades. 

The coating formulation must also be optimized for runnabil- 
ity on a high-speed coating line. Th is requires car eful attention to 
theology (viscosity at high and low shear). Such parameters are 
important not only to coating transfer and metering but also to uni- 
formity of the coating in terms of coverage of the fiber in the base 
sheet. This is vital to print quality. The rheo logy of the coating is 
determined by the interactions between the pigment particles them- 
selves and between pigment and binder under the influence of coat- 
ings solid s con tent and te mperature. Co mmon binder s_ include 
styrene-butadiene rubber (SBR) latt ices, starch, acrylics, or vinyl 
polymers. The rheology can be manipulated by water-phase thick- 
eners such as_ carboxyl methy 1 cellulose (C MC) and associati ve 
thickeners suc h as alk ali-swellable ac rylates or h ydrophobically 
modified urethanes. 

In most paper coating, the pigment concentration is higher 
than the critical pigment binder concentration (CPVC) that is famil- 
iar in paint formulations. A blade coating for of fset lithographic 
printing w ould contain 100 parts pigment to 14 parts binder at 
60%-65% solids. A coating for air knife or rod coater application 
would be about 30%—40% solids. The objective is to create a 
microporous coating than can facilitate ink transfer. For folding car- 
ton board, acrylic and polyvinyl acetate binders are used to increase 
porosity to permit the use of adhesi veson the coated surface. 
Exceptions to the higher pigment binder ratio are found in barrier 
coating. Here pigments are used not for their optical properties but 
to increase the tortuosity of the diffusion path of oils, grease, or 
water through the barrier. Pigments with high aspect ratios such a 
platy clay and talc find applications in this area. The addition level 
is generally about 30-40 parts pigment to 100 parts emulsion poly- 
mer, well below the CPVC. A balance has to be struck between 
adding pigment to boost barrier properties and preserving coating 
elasticity, so that the paper and board can be folded without crack- 
ing the barrier layer. 

Table 7 lists pigments used in the coating process and their 
basic properties. Kaolin and GCC are the major coating pigments, 
accounting for some 90% of the total. Basically, GCC and kaolin 
are blended in awiderange of differing coating formulations, 
depending on the type of paper being manufactured. 


Kaolin 


Kaolin has a platy morphology that is still required for a large num- 
ber of paper applications, particularly in lightweight coated papers. 
The trend in recent years has been to combine different minerals in 
one coatin g formulation. Kaolin canbe mixed with GCC, with 

PCC, and more recently, with talc, to obtain improved performance. 
If a choice is to be made between kaolin and GCC for coating, the 
papermaker considers the solids percentage (the higher the solid s, 
the less drying of paper necessary), paper brightness, paper opacity, 
fiber co verage, paper gloss, and print gloss. For high -brightness 
paper, GCC is used; b ut for fiber coverage, paper gloss, and print 
gloss, the platy nature of kaolin is preferable. Kaolin is widely used 
in paint as an extender, and the calcined grades give higher opacity 
than a hydrous type. There are regional trends, with the United 
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Table 7. Properties of pigments used in coating paper 
Refractive Specific Dry Brightness, Average Particle Size 

Pigment Composition Index Gravity % D50, pm Crystal Form 
Kaolin AlgO3°2SiO2®2H2O 1.55 2.65 70-91 at least 70% <2 — Pseudo-hexagonal 
Calcined clay Alz03¢2SiO2 1.62 2.70 90 ~2, aggregate Chunky aggregate 
Natural GCC CaCO3 1.49-1.66 2.72 90-96 0.8-1.5 Rhombohedral 
PCC CaCO3 >95 0.1-0.2 Scalenohedral (C) 

Calcite (C) 1.49-1.66 2.72 Rhombic (C) 

Aragonite (A) 1.53-1.68 2.94 Acicular (A) 
Talc 3MgO#4SiO2*H20 1.57 2.75 85-90 ~50% <2 Monoclinic, platy 
Gypsum CaSO4e2H2O 1.52 2.34 85-90 at least 70% <2 = Monoclinic, prism 
Titanium dioxide TiOg, rutile (R) 2.70 4.20 97-98 0.2-0.5 Tetragonal 

TiO2, anatase (A) 2.55 3.90 98-99 0.2-0.5 Tetragonal 
Alumina Al(OH)4 1.57 2.42 98-99 0.3-1.0 Monoclinic, platy 
Satin white Calcium sulfo-alumina complex 1.46 1.55 >90 ~90% <2 Acicular 
Blanc fixe BaSO4 1.69 4.3-4.5 98 0.2-2.0 Orthorhombic 
Zinc sulfide ZnS 2.37 3.98 97-98 0.3-0.5 Generally hexagonal 
Zinc oxide ZnO 2.01 5.65 97-98 0.3-0.5 Hexagonal 
Plastic pigment Polystyrene 1.59 1.05 >97 0.1-0.5 Spherical 





Adapted from Dean 1997. 


States still relying dominantly on kaolin for coating, followed by 
PCC and GCC. In Euro pe and Asia, the trend has been to ward 
GCC, no doubt becau se of the pr oximity of high- quality marble 
deposits in such places as Carrara in Italy and Ipoh in Malaysia. 

The world kaolin market of high-quality beneficiated kaolin 
was estimated at 25 Mt for 2 003 (Wilson 2003, 2004b).The major 
producing kaolin companies worldwide (Table 8) are led by Imerys 
with 25% of the market. Leading kaolin -producing countries are 
the Unite d St ates, ma inly base d on the sedimentary deposits in 
Georgia, with 36%; United Kingdom, 10%; Brazil, 9%; and other 
countries, 45%. Brazil has shown the most significant growth and is 
expected to soon overtake the United Kingdom. Large reserves of 
high-quality coating ka olin discovered in the Amazon Basin have 
been developed over the past 20 years. These deposits are all sedi- 
mentary in origin and are widespread throughout parts of the Ama- 
zon Basin. The main operations in the Amazon Basin are CADAM 
(now owned by Companh ia Vale do Rio Doce [CVRD], which is 
the lar gest e xporter of iron inthe w orld); Para Pigmentos SA 
(PPSA; now 100% 0 wned by CV RD); and Rio Capim  Caulim 
(RCC; 100% 0 wned by Imerys). In 20 05, these three companies 
had an inst alled capacity of 2.25 Mtpy, split between CAD AM 
(0.8 Mt), PPSA (0.6 Mt), and RCC (0.8 5 Mt). Sales in 2001 
brought in revenue of US$200 million. Proven reserves of kaolin 
are put at >500 Mt, with CAD AM having 270 Mt of ultrafine clay 
(98 wt % <2 um); PPSA, 110 Mt of platy clay at 82-85 wt % <2ym 
(excluding other reserves that CVRD controls in the same region); 
and RCC, with 120 Mt of platy-type kaolin at 78-94 wt % <2 um. 
Future expansions based on these large high-quality reserves are 
planned with CAD AM aiming to produce 1 Mtpy by 20 07; with 
PPSA, 1 Mtpy; and RCC, 1 Mtpy by mid-2005. CVRD is emerging 
as the second largest kaolinco mpany inthe world, follo wing 
Imerys. 

The world coating clay market is estimated at 8 Mt, of which 
the major suppliers are the United States, Brazil, and the United 
Kingdom, with some production from Australia, China, the Czech 
Republic, Bulgaria, Germany, and France. Coating clays based on 
sedimentary kaolin sequences in the United States (Georgia), and in 
the Amazon Basin show a wide rang e of properties but generally 


Table 8. Summary of some No. 1 and No. 2 properties based on 
brightness and particle size distribution of coating clays from the 
United States, Brazil, and Australia 


TAPPI Brightness, GE % Particle Size, 




















Product (unless stated otherwise) % <2 pm 
U.S. Clays 
No. 1 high bright 90-92 90-94 
No. 1 fine high bright 90-92 96-100 
No. 1 86.5-88 90-94 
No. 1 fine 87-89 95-99 
Range of No. 1 products 86.5-92 90-100 
No. 2 high bright 90-92 80-84 
No. 2 85.5-87 80-84 
Range of No. 2 products 85.5-92 80-84 
Coarse delaminated 85-87 54-62 
Delaminated 88-90 75-81 
Delaminated high glossing 88-90 83 minimum 
Range of delaminated clays 85-90 54-83 
Brazilian (Amazon) 
CADAM—Premier clay 89 (ISO) 98 
PPSA—Century 90-91 80 
RCC (Capim)—Imerys 
Engineered pigments (fine) 
Capim DG 90.5 90 
Capim GP 90.5 90 
Coating high-brightness 
(delaminated) 
Capim NP 90.5 80 
Capim CC 89 80 
Australia (Pittong, Victoria) 
EckaPlate (HB) S—delaminated 86 (ISO) 85 
EckaPlate HB—delaminated 85 (ISO) 85 
EckaCote—delaminated 84 (ISO) 85 
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United States, GE brightness % 


Table 9. Range of Imerys coating clays from the United Kingdom, United States, and Brazil 


Brazil, GE brightness % 





Engineered pigments 
Suprastar—88.5 
Supraprint—88.5 


Coating regular brightness 
Fine #1 Astra Glaze—88.0 
#1 Premier—88.0 


Engineered pigments 
Capim DG—90.5 
Capim GP—90.5 


Coating high brightness 
Suprawhite—95 88.0 
Suprawhite—80 87.5 

Coating regular brightness 
SPS—85.5 

Ultra platy coating 


Delaminated 


Supraplate—86.5 
Suprasmooth—65 83.0 


Astra-Plate—86.0 


Coating high-brightness delaminated 
Capim NP—90.5 
Capim CC—89.0 





Table 10. Range of Thiele Kaolin Company's calcined, coating, and filler clays from the United States 























TAPPI Brightness, Sedigraph, Maximum Residue, % Moisture Solids, 
Grade Description GE % % <2 pm Viscosity” % <325 mesh pH t dry 1.5% maximum 
Calcined Clays 
Kaoclay Calcined high-brightness 92.0 minimum 86-92 Not available 0.010 7.0-8.0 50-52 
coating and filler 92.5 minimum 
Kaoclay 80 Calcined low-brightness 80-83 86-92 Not available 0.010 6.5-7.5 50-52 
coating and filler 4.0-6.0 
Coating Clays 
Kaogloss 90 No. 1 high bright 90-92 90-94 300 0.010 6.0-8.0 69-71 
Kaobrite 90 No. 2 high bright 90-92 90-94 300 0.010 6.0-8.0 69-71 
Kaofine 90 No. 1 fine high brightness 90-92 96-100 200+ 0.010 6.5-8.0 69-7] 
Kaogloss No. 1 86.5-88 90-94 300 0.010 6.5-7.5 69-71 
Kaobrite No. 2 86.5-87.0 80-84 300 0.010 6.5-7.5 69-71 
Kaofine No. 1 fine 87-89 95-99 300 0.010 6.5-8.0 69-71 
Kaowhite Delaminated 88-90 75-81 4508 0.010 6.5-7.5 67-68 
Kaowhite S Delaminated high glossing 88-90 83 minimum 4508 0.010 6.5-7.5 67-68 
Kaowhite C Coarse delaminated 85-87 54-62 350°" 0.020 6.5-7.5 62-64 
Kaoprint Top coat high bright 90.5-92.5 89-94 50ott 0.010 6.0-8.0 68-69 
Lopaque M Base coat low bright 76-82 88-96 300 0.010 6.5-8.0 69-71 
Filler Clays 

Kaofill HB Delaminated filler clay 87-89.5 77-83 Not available 0.010 6.5-7.5 68-69.5 
Kaofill Coarse filler clay 83.0 minimum 50 minimum Not available 0.15 6.5-7.5 69-71 
EG-44 Fine filler clay 81.0 minimum 88 minimum Not available 0.30 6.5-8.0 69-71 





* Brookfield viscosity. No. 1 spindle, 20 rpm, typically @ 70% solids. 
t Slurry as shipped, dry @ 20% solids. 
+ Number 2 spindle. 
§ Number 3 spindle @ 67.5% solids. 
** Number 3 spindle @ 63% solids. 
tt Number 2 spindle. As shipped. 


are clays with a high brightness and go od runnability. There are 
also ranges of platier clays that are either found naturally or can be 
delaminated from stacky kaolinite found in the deposits. 

A range of clays from the United States, Brazil, and Australia 
is shown in Table 8 and indicates the range of pr oducts, whether 
they have been delaminated or not, and the particle-size distribution. 

Imerys, as the largest producer of kaolin with 25% of th e 
world capacity of 25 Mtpy, is the only international kaolin company 
to produce coating clays from the United States, the United King- 
dom, and Brazil; Table 9 shows their range of products. 


Table 10 shows a full range of kaolin products covering cal- 
cined clays, coating clays, and filler clays for the U.S. producer 
Thiele Kaolin Company. 

New kaolin deposits are bein g identified in many parts of the 
world, in cluding Ukraine, Su riname, China, and Australia. 
Although the coating kaolin market will be dominated by Brazilian 
and U.S. clays, there is the opp ortunity for po tential new ventures 
to enter the market. Australia is se en asa likely source of hi gh- 
quality coating kao lin, with depos its in W estern Austra lia bei ng 
developed. W .A. Kaolin Hold ings Pty (W AK) has acquired _ the 
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Figure 3. Scanning electron microscopy (SEM) of the WAK 
Australian kaolin dynocone underflow showing kaolinite stacks 
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Figure 4. SEM of WAK-delaminated dynocone overflow platy kaolin 





deposits evaluated in gre at detail by CRA/Rio Tinto in the W ick- 
epin Area, 180 km so utheast of Perth. The firm has drilled 621 
boreholes in the area, amounting to almost 20,000 m of core. All of 
this core has been evaluated and models of the deposit prepared. 
Proved reserves of 100 Mt have been identified with the potential 
for an additional 300 Mt from 274 km7. Full-scale pilot-plant trials 
were planned for late 2005, leading to a decision on whether a plant 
will be constructed . The deposit is kaolinized granite with a high 
kaolin yield of 50% at the <45-ym refining level; by comparison, 
kaolinized granite from Cornwall shows a 15% yield, reflecting the 
different le vels of fel dspar in the basement gran ites—gneisses of 
Western Australia an dthehigh- level granites of southwest 
England. Detailed characterization studies have been carried out in 
U.K., Japanese, and U. S. laboratories, and the potential for high- 
brightness coating clay has been evaluated in he licoating trials in 
Finland and else where. This processing has in volved cyclone and 
centrifuge separation with the coarse booklets of kaolinite from the 
underflows (Figure 3) being subjected to delaminatio n to give a 
platy product (Figure 4). 








Mixed Standard and High 
Brightness Matrices 
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Figure 5. Processing of the WAK kaolin with brightness of various 
products 


For the Chinese mark et, the high-brightness clays may be 
blended with GCC in a mix of 70% GCC and 30% kaolin. The West- 
erm Au stralian kaolin can be pro cessed to give ahigh -brightness 
delaminated (HBD) coating clay and also as a high-brightness coat- 
ing clay (Figure 5). Table 11 compares properties of the W AK with 
Brazilian and U.S. sources, showing the high-brightness values of the 
WAK clay. 

Some Chine se ka olin is suitable f or coa ting cla y b ut, at 
present, it supplies only the coated board market, not coated paper. 
A deposit supplying the coated board mark et is Maoming in 
Guangdong Province (Zhang et al . 1982; Yuan and Murray 1993; 
Wilson, Halls, and Spiro 1997; Wilson 2004a). 

Kaolin that has been carefully processed to give a contro Iled 
particle-size distribution is known as engineered kaolin. Ultrafine 
(less than 0.1 um) particles are removed to improve light scattering 
(brightness). These part icles are too f ine to af fect li ght sca tter. 
Removing such particles does not affect sheet gloss because parti- 
cles from 1 um to 0.1 pm have the greatest influence on this prop- 
erty. The disadvantage with engineered kaolin is that the spaces left 
by the fine particles that ha ve been rem oved must be filled with 
water, leading to lower weight-percent solids and less water reten- 
tion. B ecause of its high er light scattering, engin eered pigments 
will gi ve impr ovements in coat ed sheet b rightness an d opacity 
(Table 12). 

The shape of the kaolinite particle also influences the coated 
sheet properties. Pigment shape refers to aspe ct ratio: the ratio of 
particle height to width. For a pigment with the same average parti- 
cle size as measured by a sedigraph, a platy or high -aspect-ratio 
pigment willimpart more f iberco verage when coated. This 
improved co verage often will re sult in asm oother co ated shee t, 
which is extremely important for holding dot quality in rotogravure 
printing. The disadvantage of platy pigments is that the large plate- 
like particles do not easily flo w among one another, giving rise to 
lower we ight-percent soli ds. The s ame pl ate-like c haracteristics 
mean, however, that under a coating blade, platy pigments do not 
lose their water easily. 


Ground Calcium Carbonate 


Roskill Information Services (2002) estimated that the demand for 
GCC in papermaking was 15 Mtpy in 2002, with Europe dominat- 
ing at 67%, followed by Asia and Oceania (22% ), North America 
(8%), and others (3% for Middle East, Africa, and South America). 
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Table 11. Comparison of Australian clays with Brazilian and U.S. 
coating products 


HBD Coating Clays for Blending with GCC 
(HBD clays—fine particle size distribution, platy, glossy) 

















Australia Brazil United States 
Product name HBD SBD Capim SP Hydragloss 90 
Deposit Wickepin — Wickepin Capim Georgia 
Company WAK WAK Imerys Huber 
Wt % <2 pm 94 94 91 98 
Wt % <1 pm 76 81 70 98 
Wt % <0.5 pm Al 56 42 92 
Wt % <0.25 pm 13 28 19 61 
ISO brightness 90.5 88.4 89.5 88.8 
ISO yellowness 3.3 3.5 4.0 4.2 
Shape factor 27 25 25 22 
Non-Delaminated HB Coating Clays (HB clays—blocky) 
Australia Brazil 
Product name HB Century Amazon 90 
Deposit Wickepin Capim Jari 
Company WAK PPSA CADAM 
Wt % <2 pm 90 82 98 
Wt % <1 pm 75 61 96 
Wt % <0.5 pm 49 33 83 
Wt % <0.25 pm 15 10 46 
ISO brightness 89.5 89 88 
ISO yellowness 3:5 4.0 5.0 
Shape factor 12 11 15 





Table 12. Effect on paper brightness and opacity of engineered 
kaolin and GCC 





Coating Pigment Pigment Paper Paper 
(magazine paper) Brightness Brightness Opacity 
Kaolin 88 70.8 85.2 
Engineered kaolin 88 72.8 85.8 
Ground marble (GCC) 95 71.4 84.0 
Engineered GCC 95 73.4 85.5 





Adapted from Gentile 2003. 


Table 13. Coating pigment choice between kaolin and GCC based 
on properties’ 





Color Paper Paper Fiber Paper Print 
Solids Brightness Opacity Coverage Gloss Gloss 
Coarse GCC ++ + =, + es = 
Fine CC G ++ + ~ ~ - i 
Engineered WE + + has 
GCC 
Blocky kaolin + - + ++ + 
Coarse platy = + ++ + 
kaolin 
Fine platy = + + + ++ 
kaolin 
Engineered + } + + + 
kaolin 





* Plus signs indicate most advantageous property in coating; minus signs 
indicate least advantageous property in coating. Blank cells indicate no 
particular advantage or disadvantage. 


Itcan be seen that Europe is amajor user of GCC bas ed 
mainly on marble deposits and also some chalk. Most of the coating 
market is supplied by pro ducts derived from marble deposits, with 
Omya controlling 75% of the total market and Imerys, Provencale, 
Reverte, and others accounting for the rest. A major growth market 
for GCC is now Asia, of which China is at the forefront with many 
new projects involving satellite GCC plants (for example, APP has 
a 500,000-tpy GCC plant in Dagang). 

Using GCC as acoating pigment gives technical and eco- 
nomic benefits such as high brightness, coating at higher solids, 
lower binder demand, good runnability , and improved printability. 
In some applications, the advantage of high-brightness coating pig- 
ments leads to lower hiding power and reduced opacity. Therefore, 
adding opacifying pigmentsto the coating color to reach the 
required opacity is common practi ce. Pigments with high bright- 
ness, broad par ticle-size distribution, and average particle size of 
many of the GCCs cur rently used in coating are not optimal for 
opacity. 

The larger companies such as Omya and Imerys are now pro- 
ducing a range of products for which the GCC is manufactured to 
optimize the opacity. The new products are produced by a slightly 
different processing technique: the particle-size distribution and the 
average particle size are moved according to the the ory of light 
scattering toward that of the ideal opacifying pigment. The process- 
ing involves techniques to give steeper curves and in som e cases 
removing finer particles. The percentage of solids at which the pro- 
cessing of the GCC is carried is also important. 

Omya has de veloped a ne w pigment called Hydrocarb CC. 
Using the theory of light scattering, Omya designed a pigment with 
a tailor-made (engineered) mean particle size and particle-size dis- 
tribution. For high opacity, the target is a narrow particle-size distri- 
bution with a mean di ameter be tween 0.6 and 0.8 pm. Using a 
modified grinding tech nology, Hy drocarb CC has been manuf ac- 
tured with an arrower particle distrib ution than Hy drocarb 90. 
Comparing Hydrocarb 90 and the new pigment shows that the nar- 
row particle size leads to a higher wet void volume and a lower spe- 
cific surface for Hydrocarb CC. This difference is explained by the 
reduced amount of fine particles, which results in a more open and 
porous surface for an inc rease in ink recepti vity. Hydrocarb CC 
produced from marble shows a higher brightness and opacity on the 
finished paper compared to Hydrocarb 90 produced from the same 
source of calcium carbonate. 

The choice of mineral pigmen t used by the p apermaker will 
depend on a number of factors related to the paper grade being pro- 
duced. These include fiber production costs, mineral pigment price, 
paper optical properties, and strength. It is significant t hat the 
papers considered the best in relative quality terms have the highest 
mineral content, whether it is by filler content or coating or both. 
Minerals add value to paper. 

Table 13 shows a choice between kaolin and GCC, based on 

“the paper properties. Here GCC is clearly better for color solids and 
paper brightness but has poorer paper gloss and print g loss than 
kaolin. The platy nature of the kaolin gives better f iber coverage 
(especially the coarse platy type for SCA papers), and the fine platy 
kaolins give good paper gloss and print gloss compared to GCC. 

Today the pigments used in paper coating are many and varied 
in their properties. Blending has become aco mmon feature with 
precoats often being a coarser GCC (about 60-70 wt % <2 um) fol- 
lowed by a topcoat with a fine GCC (90-95 wt % <2 um) blended 
with either a blocky or platy ka olin dependent on the type of sur- 
face required. Very fine clays, such as Amazon Premium, are often 
blended with 20-50 wt % f ine GCC to g ive a higher brightness 
surface with enhanced pri nting properties. Various blends from 
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Table 14. Typical blends of kaolin and GCC used in LWC and MWC paper 


Blend of Kaolin and GCC 
Type of GCC 


50% 90 wt % <2 pm 
20% 90 wt % <2 pm 





Paper Type Comments 


LWC 


Type of Kaolin 


50% U.S. #1 (blocky) 
80% Platy clay 





Single coated, 60-gsm paper 

Single coated 

MWC/woodfree—gloss 
Gloss, precoat None 


30% U.S. #1 blocky 


100% 60-75 wt % <2 pm 
70% 90-95 wt % <2 pm 


Base paper, 90 gsm 
Gloss, topcoat 

MWC/woodfree—matte 
Matte, precoat 


None 100% 60-75 wt % <2 pm 


50% 90 wt % <2 pm 


Base paper, 90 gsm 


Matte, topcoat 50% Fine platy kaolin 





Table 15. Soft calcined clay products for the paper industry 


























Product Properties Brightness, % Size, wt % <2 pm Product Form 
Engelhard 

Luminex Ultra-high brightness calcined 95.8-96.5 80-90 Dry 

Ansilex 93 High brightness calcined 92.5-93.5 86-90 Dry 

Ansilex Standard brightness calcined 90.0-92.5 86-90 Dry, 51% solids 

Excaliber Standard brightness, high opacity 80.0-82.0 86-92 Dry 
Huber 

Hycal Calcined 92.0-94.0 86-96 Dry 

Hubertex Calcined 92.0-93.5 NR" Dry, slurry 

Hubertex D Calcined, high solids slurry 92.0-93.0 NR Slurry 
Imerys 

Alphatex Calcined 92.5 93 50% solids, dry 

Alphatex HP Calcined 92 91 50% solids, dry 

Opacitex Calcined 80 88 Dry 

Deltatex Calcined 92.5 92 59% solids, dry 

Liner-fil 300 Calcined 92.5 91 50% solids, dry 

Astra-Plex Calcined composite NR NR 56% solids 
Thiele 

Kaocal High brightness calcined 92 86-92 50%-52% 

Kaocal 80 Standard brightness 80-83 86-92 50%-52% 





* NR = no results. 


pigments such as GCC , PCC, kaolin, and talc are contin uously 
being developed to give the papermak er a wid e choice. T able 14 
shows some typical blends of kaolin and GCC used for various 
types of paper. 

Unlike the situation in other areas where large players such as 
Imerys, Engelhard, Huber , Thiele (United St ates); CAD AM and 
PPSA (Brazil; for kaolin); Omya and Imerys (for GCC); and Spe- 
cialty Minerals dominate, the Chinese paper pigment market has a 
larger number of producers for all pigments, with no single com- 
pany ha ving a sizeable mark et share. De velopment of PCC and 
GCC in China will be dependent on local sources of limestone and 
marble, respectively, and also the logistics of delivering marble for 
satellite GCC plants. 

The | argest pape r mi llin China is the APP ope rationat 
Dagang. Here the pu Ip is imported from Indo nesia and the base 
paper is manufactured using PCC produced from lime from local 
limestone in a satellite plant at the paper mill. The precoat is a GCC 
at approximately 65 wt % <2 ym, followed by a topcoat that is 
95 wt % <2 pm GCC, mixed with 30% imported kaolin from th e 


United States and Brazil. Calcined clay might well be used at the 
10% level in the precoat. 


Calcined Clay 


Soft calcined clays are loosely aggregated as a result of fluxing that 
occurs on the edges of the particles. This aggregation results in par- 
ticles of nominally larger sizes but with entrained air voids that give 
rise to good light-scattering characteristic s. These p roperties are 
widely used in the paper ind ustry to pro vide good opacity, ink 
immobilization, and light-scattering ef fects. Table 15 sho ws the 
main calcined products sold into the paper industry , which is the 

largest consumer of soft calcined clay products. These are all soft 
calcined pr oducts that are not re active like metakaolins but have 
been agglomerated by h eating. They have point-contact adh esion, 
which gives the kaolin platelets a three-dimensional structure; it is 
this structure that is of benefit to the papermakers: they enhance the 
optical and printing properties of paper. These products are used in 
rotogravure applications where low levels of calcined clay improve 
optics and structure the coating to pro vide good fiber coverage and 
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missing dot performance. Calcined clays are also used in newsprint 
applications to improve the opacity and reduce the consumption of 
titanium dioxide. 


Talc 


In Europe, the two main printi ng processes are rotogravure and 
offset. Th e of fset pr ocess po ses p roblems fo r th e use of talc 
because the transfer of the image uses a hydrophilic/hydrophobic 
action, which is largely incompatible with an or ganophilic min- 
eral like talc. The rotogra vure process, however, prints by direct 
contact bet ween the i mage ylinder and the _ paper. P roducing 
printing cylinders is expensive, and, therefore, rotogravure print- 
ing is suitable only for large-volume magazines, mail order cat a- 
logs, or flyers. Key requirements for rotogravure papers are good 
spool formation and smoothness. Good spool formation is essen- 
tial if the printing presses are to run without constant stops. In the 
early 1970s, papermakers exclusively used platy English and Ger- 
man clays, and t hen added U.S. delaminated clays. In the late 
1970s, the research department at Finminerals (now Mondo Min- 
erals) began working with large Finnish customers to develop talc 
grades suitable for coating; in 19 81 they launched their product. 
This was followed by Luzenac intr oducing a rotogravure-coating 
talc. The t alc works in tw 0 ways to impro ve rotogravure paper. 
First, its lo w coefficient of friction allows the lar ge spools to be 
produced with a constan t tension, which reduces paper breaks; 
and second, because talcisv ery platy, ithelps improve the 
smoothness and therefore gives better print ability. Talc has suc- 
cessfully established itself as a major coating mineral for rotogra- 
vure paper (Whiteley 2002). 


Precipitated Calcium Carbonate 


PCC is well accepted as a filler pigment and is no w beginning to 
be used a s a coating pigment. Currently, PCC accounts for less 
than 5% of coating pigments used but the market is developing, led 
by SMI, Imerys, and Omya. SMI, part of Minerals Technologies, 
pioneered the concept of t he satellite plant for PCC and now has 
more than 50 plants in operation around the world. PCC is valued 
for its high brightness and lig ht-scattering characteristic in paper 
filling and coating applications. PCC is produced through a reac- 
tion process that uses very pure calcium carbonate crystals and 
water. The crystals can be produced in a variety of different shapes 
and sizes, depending on the specific reaction process that is used. 
The two main raw materials required are quicklime and carbon 

dioxide. Because quicklime is readily available in many areas of 
the world, it can be delivered to the satellite plant at a reasonable 
cost. In most pa per mills, carbon dioxide is a vailable to be used 
from a mill flue gas. This makes PCC economically attractive for 
the paper mill. 

For paper coating, SMI developed se veral PCC product 
lines—ALBAGLOS, OPACARB, and JETCOAT. ALBAGLOS has 
aprecisely controlled p article-size distribution, good high-shear 
theology, and good ink hold-out, and it can be used at high levels to 
improve paper brightness an d opacity whil e ma intaining shee t 
gloss. OPACARB has an acicular shape that provides good smooth- 
ness, gloss, brightness, and opacity owing to a narrow particle-size 
distribution and a mean par ticle size of 0.40 pm. JETCOAT is the 
latest PCC coating pigment and is designed specifically for coating 
inkjet and other nonimpact papers. SMI has developed six different 
commercial crystal shapes of PCC that give a wide variety of crys- 
tals tructurest hat offer different pe rformance characteristics 
(brightness, opacity, and bulk) to a sheet of paper. These shapes are 
scalenohedral calcite, s pherical calcite, prismatic calcite, clustered 
acicular aragonite, rhombohedral calcite, and discrete acicular ara- 


gonite. Using crystal- engineered PCC can also imp rove paper 
machine productivity. 

Imerys produces a broad ran ge of PCC products for filling, 
precoating, and top/singl e coating, applicable ina ll paper- and 
board-manufacturing pr ocesses. Imerys’ s PC C coating products 
include Opti-Cal Print (rhombohedral), with a mean particle size 
(mps) of 0.5—0.7 um and a brightness of 95-98 GE. Opti-Cal Matte 
is rhombohedral with an mp s of 2.0—2.2 um and Opti-Cal Gloss is 
aragonite with an mps of 0.3—0.5 um and a brightness of 95-98 GE. 
Imerys was chosen by M-real, one of Europe’s foremost producers 
of P&W papers (ranked first in WFC paper, and second in WFU 
paper), as the supplie r of calcium car bonates for its paper mill in 
Husum, Sweden, which has a capa city of 620 k tpy. Under a long- 
term contract, Imerys completed construction in 2005 of a satellite 
PCC plant at M-real’s Husum facility. 


Blanc Fixe 


Blanc fixe (meaning stable white) is a synthetic barium sulfate that 
is precipitated with a def ined particle size f rom highly purif ied 
solutions of barium salts and sodium sulfate. Because of its chemi- 
cal produ ction process, blanc f ixe is free of | impurities such as 
quartz. The feed material for the process is chemic al-grade barite 
(BaSO,), which is generally low in silica. Much of the chemical- 
grade barites used in Euro pe for blanc f ixe production come from 
China. With its hardness of 3 on the Mohs scale, blanc fixe has low 
abrasion and exhibits an extremely high light reflectan ce in broad 
ranges of the spectrum, not only in the visible but also well into the 
ultraviolet and infrared ranges. Blanc fixe is generally 99% BaSO4 
with an average particle size of 3 pm, a lightness/color of 98.5 (on 
the International Commission on Illumination [CIE] L*a*b* color 
system), and a pH of 9. It is u sed both in pulp and as a pigment in 
coating because of its color and low binder requirements. It is used 
in small amounts in coated art papers and in photographic papers, 
where it was applied to the base to improve the surface before the 
light-sensitive photographic emulsion is applied. The development 
of extrusion coating involving special plastics that do not absorb the 
processing chemicals, however, has generally replaced this precoat, 
especially for color printing paper. 


Satin White 


Satin white, a calcium sulfo-aluminate, is one of the o Idest known 
pigments f or paper. Manuf acture involves re acting al um wi th 
slaked lime at a controlled temperature. Satin white forms acicular 
crystals that are often 1—2 pm long and 0.1-0.2 pm in cross section. 
This shape imparts an open, bulky structure to the coating that has a 
major influence on its optical properties; in particular, it is responsi- 
ble for high-gloss development during calendering as well as giving 
a high print gloss, high ink rece ptivity, high bulk, and good cover- 
ing power. A 4-g/m ? coating o f satin white w ould have a similar 

covering power to a 10-g/m* clay coating. Satin white, however, 
has a very high dispersant demand because of calcium ions in solu- 
tion. It also lead s to high adhesive demand if the satin white level 
exceeds 10%. The main applications for satin white are in high- 

quality art paper and high-quality lightweight offset grades. 


Titanium Dioxide 


TiO» offers the highest opacity and hiding power of all coating pig- 
ments, giving good optical density, excellent brightness, and very low 
grit le vels (0 .0010—0.0050 wt % 0 f<325 mesh). High brightness, 
combined with superior li ght scattering, pro vides e xcellent bright- 
ness and whiteness to paper and paperboard products. TiO2 provides 
the best opaci fying per formance a vailable to the paper industry 
because of highly efficient light scattering. The higher the TiO. g/m? 
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light scattering, the 1 ess TiO2 needed t 0 achieve the opacity target. 
The high refractive index of the rutile TiO2 crystal proves an inherent 
light scat tering adv antage over anatase T 102. The median part icle 
size of TiO2 coating pigments is very fine at just 0.30-0.60 pm. 


THE FUTURE 


Pigments for paper will continue to be a gro wth industry over the 
next decade, particularly in China, where production is expected to 
grow from 33 Mtpy to 80 Mtpy by 2015 (M. Sang, personal com- 
munication). In Western Europe, paper consumption increased sig- 
nificantly from 1950 to 2000, despite innovations such as 
television, computers, and the Internet that were expected to lead to 
a paperless society (Figure 6). Unle ss there is a dra matic shortage 
of fiber in the world for some unknown reason, papermaking, par- 
ticularly the uncoated woodfree papers, is expected to grow. 

Kaolin competes with GCC, PCC, and talc in the paper indus- 
try. In 1980, kaolin accounted for 87% of the pigment used in paper 
(10.2 Mt), whereas in 2 000 this had fallen to 40% when the total 
pigment used in paper was 29.9 Mt. During the same period, GCC’s 
market share grew from 9% to 33% and PCC use grew from virtu- 
ally zero to a 14% market share ( Haarla 2002). This trend toward 
calcium carbonate has mainly been a result of an alkaline paper- 
making system replacin g an acid system, and also because of the 
requirements of higher brightness pigments for woodfree pulp. 

These changes have been in a market that has gro wn signifi- 
cantly, however, so the tonnages that the kaolin companies supply 
have remained much the same over the last decade. The supply of 
kaolin has switched from the Un ited States and the United King- 
dom to Brazil with the discovery and de velopment of world-class 
facilities based on the sedimentary kaolin deposits in the Amazon 
Basin. 

There will be n o shortage of p igments in the w orld for th e 
next 100 years at least. Ne w kaolin deposits in the Amazon Basin, 
Western Australia, and elsewhere are being discovered, and poten- 
tial resources are very large. The Cornish kaolin deposits mined for 
more than 250 years have just another 40-50 years of reserves left. 
There is sufficient suitable limestone available to manufacture lime 
for PCC production, and the u se of GCC, which relies mainly on 
good sources of marble, is expected to grow. Although there might 
well be some shortages of high-quality marble in some parts of the 
world, increased processing such as flotation to remove silicates, 
graphite, and iron pyrites will allow the use of lower quality marble 


deposits. New deposits of anatase and rutile are being disco vered 
and developed, which means no shortage of titanium dioxide. 

The real value of m inerals used in papermaking lies in t heir 
capability to further improve printing results and enable the paper 
or board substrate to be a good printing surface. Developing higher 
brightness, whiteness, and opacity remains a challenge, especially 
as papers and boards trend to lo wer basis weights and sheet thick- 
ness. The digital revolution has enabled almost everyone to access 
text and pictures that can then be used to produce an infinite variety 
of printed media. This capability has created new requirements for 
paper and board surface properties than can be satisfied not only by 
surface-applied pigments b ut also by the use of fillers to imp rove 
base sheet uniformity. Developing filled barrier coatings is also an 
emerging opportunity. 
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At the da wn of the industrial revolution, artisans used paints and 
varnishes for both decorative and protective purposes. By the late 
nineteenth century, mechanization and the widespread use of iron 
and steel helped transform the production of coatings from an art 
to an industry. Ferrous fabrications required anticorrosive and pro- 
tective coatings and the need for architectural coatings grew with 
the size of cities, so paint factories were established in industria | 
and popula tion centers. Ini tially, very few scientifically trained 
personnel worked in the industry, but between the world wars of 
the twentieth century, the accelerating pace of technological devel- 
opment—particularly the manufacture of titanium dioxide (TiO2), 
developments in alkyd chemistry, and the mass production of auto- 
mobiles—catalyzed research into coatings of all types. The post- 
World War II era can be characterized as the gradual and ongoing 
conversion to so lventless coatings technology. Although the f irst 
latex paint was introduced in the late 1940s to only moderate suc- 
cess, w ater-based systems ha ve since undergone continuo us 
improvement and are no w as dura ble for man y uses as thei r sol- 
vent-based counterparts. Today, industrial finishes that are free of 
both solvent and water are common. 

The annual p roduction of paints and coatings inthe United 
States is approximately 1.3 billion gallons (Anon. 2002), and Table 1 
compares the production volume of the major cate gories of coatings 
by type and form. Multinational corporations dominate the w orld- 
wide paint and coatings industry. More of the w orld’s leading pro- 
ducers are h eadquartered in the United States than in any other 
country, but the size of th e North America market for architectural 
and industrial coatings, particularly those for the automotive indus- 
try, has resulted in considerable participation by foreign companies, 
including th eir establishment of ma nufacturing facilities in North 
America (Anon. 2003). Of the approximately $16 billion in annual 
U.S. shipments of paint, varnish, and lacquer, only 2.5% is imported 
and nearly 7% is exported (Anon. 2002). 


RAW MATERIALS 


The coatings formulator chooses raw materials from the following 
basic categories: 
¢ Extender pigments: These are the minerals used to optimize 
the pigmentation efficiency of TiO, improve film properties, 
and reduce cost. 


¢ Pigments: Inorganic and organic pigments are added principally 
to impart a particular color. 


1301 


¢ Binders: The binder for ms the continuous coating film. It lit- 
erally binds th e pigment and _ extender part icles wit hin the 
film. 

¢ Solvents: Solvents are needed in liquid coatings to solubilize 
or disperse the binder. The solvent is lost to evaporation dur- 
ing film formation. 


¢ Additives: Additives is a broad category encompassing many 
chemicals a nd se veral minerals used to optimize _ coatings 
properties before, during, and after cure. 


EXTENDER PIGMENTS 


Traditionally, f ine-ground minerals have been used in paints as 
inexpensive fillers—they extend the film formed by the gener ally 
more expensive binder. Most minerals are now more appropriately 
used as functional fillers. They are chosen to benefit coating stabil- 
ity, rheology, and application pr operties, and to enhance dry film 
properties. Very fine particle-size minerals are used as pigm ent 
extenders in amore literal sense, e xtending the op tical value of 
TiO2, the predominant white opacifying pigment in coatings. These 
extenders effectively separate the individual TiO? particles and pro- 
vide the optimum pigment spacing for maximum opacifying effect. 
Pigment extenders are used in this way to reduce the amount of rel- 
atively expensive TiO» required for a gi ven level of opacification 
and whiteness. The major extender minerals are calcium carbonate, 
talc, kaolin, silica, barite, wollastonite, nepheline syenite, and mica. 
Lesser use is made of diatomite, feldspar, perlite, and pyrophyllite. 


Important Properties 


The performance properties of an extender pigment are influenced 
by its volume fraction in the coating matrix (pigment volume con- 
centration [PVC]), its particle shape and particle size, and its adhe- 
sion to the binder. 


Volume Fraction 


The volume fraction of the extender pigment, or its PVC, is the vol- 
ume it occupies divided by the volume of the dry coating f ilm. 
These minerals usually e xert their strongest o verall influence on 

coating properties when there is just enough binder to coat all parti- 
cles and fill interparticle voids. In coatings, this occurs at the criti- 
cal pigment volume concentration (CPVC). Film properties change 
rapidly near the CPVC, where film density, tensile strength, and 

adhesion tend to reach amaximu m. At PVCs a bove the CPVC, 
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Table 1. Annual coatings production, selected categories 





Category Gallons (x1,000) 
Architectural Coatings 

Exterior, solvent-thinned 70,967 
Exterior, water-thinned 182,423 
Interior, solvent-thinned 48,947 
Interior, water thinned 407,104 
Lacquers 5,808 
Other 1,981 
OEM Product Finishes 

Automobile, truck, bus, and parts 66,111 
Aircraft, railroad, other transportation 11,558 
Construction, farm machinery, and equipment 18,865 
Appliances, HVAC equipment 7,329 
Metal building products 35,855 
Furniture and fixtures 82,567 
Wood and composition board flat stock 10,060 
Marine Coatings 

OEM and refinish 13,565 
Special-Purpose Coatings 

Construction and maintenance, interior 23,370 
Construction and maintenance, exterior 34,207 
Traffic marking paints 39,397 
Transportation and machinery refinish 45,979 


Other 4,233 








Category Pounds (x1,000) 
Powder Coatings 

Appliance 59,445 
Automotive 44,515 
Architectural 10,310 
Lawn and garden 12,170 
General metal finishing 111,015 
Other industrial finishes 192,425 





there is not enough binder to comple tely fill the voids between the 
pigment particles. The film becomes more permeable, with conse- 
quent reduction in scrub resistance, stain resistance, rust inhibition, 
enamel holdout, and blis tering. As the CPVC is approached and 

exceeded, the pigment particles progressively disrupt the smooth- 
ness of the film surface, causing light to be scattered and gloss to be 
reduced. CPVC usually occurs between 40% and 55% PVC. 


Particle Size and Shape 


Extender pigment particles can be described by three basic shapes: 
(1) blocky, as with calcium carbonate, silica, and nepheline syenite; 
(2) platy, as with talc, mica, and kaolin; and (3) acicular, as with 
wollastonite. Platy and acicular pa rticles are further character ized 
by aspect ratio. For platy particles, the aspect ratio is the ratio of the 
mean diameter of a circle of the same area as the face of the plate to 
the mean thickness of the plate. For acicular particles, it is the ratio 
of mean length to mean diameter. 

For a mineral to contribute to the mechanical properties of a 
coating film, stress, as from stre tching or bending, must be trans- 
ferred from the polymeric film to the strong and stiff mineral. The 
stress transfer is more efficient if the mineral particles are smaller, 
because f ora gi ven concentration, greater mineral surf ace is 
exposed to intercept the stress. Effective stress transfer also requires 
intimate m ineral-binder contact anda certain minimum aspect 


ratio. Once this ratio is e xceeded, the efficiency of stre ss transfer 
increases with increasing aspect ratio. 

Although small part icle size and lar ge surface area improve 
the durability of a coating film, they also promote high vehicle 
demand, which lowers CPVC and limits loading levels. The bal - 
ance of film reinforcement and vehicle demand can be contro lled 
by the choice of mineral, by the particle-size distribution of the 
mineral, and by the use of combin ations of min erals. High asp ect 
ratio particles tend to pack in such a way as to create larger inter- 
stices, which fill with binder, as opposed to lo w aspect ratio or 
blocky particles. Platy and acicular extenders, therefore, are gener- 
ally produced with a broad distrib ution of particle sizes. The finer 
particles f it within the interstices of the larger ones, displa cing 
binder and increasing CPVC, without compromising the mechani- 
cal properties of the coating film. With extenders of na rrow size 
distribution and high aspect ratio (HAR), this purpose can be served 
by the primar y pigments and by the inclusion of low-cost, fine- 
ground blocky fillers such as calcium carbonate and silica. 


Binder-to-Mineral Adhesion 


Intimate mineral-binder contact is important in optimizing extender 
pigment perform ance. T he pi gments may be well disper sed 
throughout a coatings film, but any gaps at the mineral-binder inter- 
face represent areas of zero strength and locations for the transmis- 
sion or collection of moisture and other liquids. This is analogous 
to the effects on pe rmeability and film strength of e xceeding the 
CPVC. 

Solvent- and waterborne coatings present significantly differ- 
ent considerations regarding the intimacy of binder-to-filler contact 
and adhesion. In the for mer, the mineral is already wetted by and 
dispersed throughout an or ganic medium. As volatiles are lost and 
the f ilm cont racts, the mineral particles b ecome more c losely 
packed and are ultimately encapsulated in the final binder film. In 
an emulsion coating such as a latex paint, the mineral particles are 
wetted by w ater that contains surfactants and dispersing agents 
designed to make the particles hydrophilic and resistant to agglom- 
eration. The dispersed mineral particles share the aqueous medium 
with dispersed binder micelles. As volatiles are los t, the binder 
micelles coalesce into acontinuous polymeric film. In so doing, 
they must deform around, displace water from, and coat the mineral 
surfaces. This process is conse quently less conducive to intimate 
binder-mineral contact than that of solvent paints. 

Surface treatments and modifications are used as ne cessary to 
optimize a mineral’s compatibility with and a dhesion to the binder 
matrix. Although a mineral to which any type of organic chemical 
has been added is commonly called “surface treated,” a surface treat- 
ment can be differentiated from a surface modification on the basis 
of functionality. A surface-treated filler is coated with a processing 
aid. A processing aid may not bond to the filler and does not bond to 
the matrix. It acts as a wetting agent to make the filler surface hydro- 
phobic and more intimately coated by the organic medium. Surface 
treatments impro ve deagglomeration and d ispersionin organic 
media, pro mote better coating of mineral by binder, an d allow 
higher filler loadings. Stearic acid is ac ommon treatment on c al- 
cium carbonate. Organosilanes with nonreactive organic groups are 
sometimes used as treatments on silica and silicate extenders. 

A surf ace-modified f iller has a coupli ng age nt covalently 
bonded to its surface. The coupling agent is in turn bound to the 
matrix through chemical reaction or chain entanglement. The cou- 
pling agents used as surface modifiers perform the same functions as 
surface treatments and, in addition, improve binder adhesion, film 
integrity, weat hering, and servic e life. The m ost co mmonly use d 
modifiers are the organosilanes with amino, epoxy, methacrylate, or 
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vinyl functionality. Silane t reatment levels are typicall y 0.5% to 
1.0% of mineral weight. 


Oil Absorption 


The oil absorption of an extender pigment is measured to reflect the 
composite effect of particle shape, particle-size distribution, surface 
area, the effect of mineral PVC on CPVC, and mineral-binder inter- 
action. The coatings formulator often uses oil absorption values as a 
guide to selectin g the optimum combination of pigments and 
extender pigments. 

The spatula rub-out oil absorption test (ASTM D281) is used 
to indicate binder demand by determining the amount of linseed oil 
that is just sufficient to coat the mineral particles and fill the inter- 
particle interstices. The first component of the test is the amount of 
oil required to wet and coat the mineral particles. This depends on 
surface area, which is affected by particle-size distribution; hydro- 
philicity, which can be adj usted by surf ace treatment or surf ace 
modification; and porosity, which is a result of mineral lattice struc- 
ture. Surface treatment or modification, for example, can reduce oil 
absorption and raise the CPVC of a mineral that is otherwise an 
appropriate shape and size distribution. Aft er the pa rticles ar e 
coated with linseed oil, the second component of oil absorption is 
the additional oil that fills the interstices. In e ffect, this test mea- 
sures the CPVC of the mineral-linseed oil composite and has some 
value in indicating the mineral’s CPVC in a coating. 

The following equation is often cited to relate oil absorption to 
CPVC: 


CPVC =1+[1+(OAxp)/93.5] 


where OA is the oil absorption and p is the specific gravity of the 
mineral (Hare 1994). This is generally considered to be a good pre- 
dictor of CPVC in solv ent paints. This formula overstates some - 
what the CPVC e xpected in late x films because of th e dif ferent 
mechanism of filler integration, as previously described. From this 
equation, nevertheless, comes an appreciation of t he ef fect of a 
filler’s specific gravity, or weight per gallon, on CPVC: for a given 
oil absorption, a higher specific gravity results ina lower CPVC. 
This rela tionship is ea sily overlooked because the high specif ic 
gravity pigments and e xtenders, such as TiO and barite, are often 
lower in oil absorpt ion t han lo w spec ific gra vity a lternatives. 
Because paints are sold by volume rather than by weight, specif ic 
gravity is tak en into account along with cost per pound when the 
overall economics of the coating formulation are considered. 

The oil absorption values of individual pigments and extenders 
can indicate the relati ve effects of these comp onents on CPVC. 
When formulating for PVC versus CPVC with a particular combina- 
tion of p igments and e xtenders, ho wever, aggregate surface areas, 
specific gravities, and packing geometries must be considered. Oil 
absorption of the blend must therefore be measured because the con- 
tribution of the individual components is not additive. 


Mineral Extenders 


Table 2 compares the extender mineral basic properties of interest to 
the coatings formulator, and Table 3 compares their relative advan- 
tages in contributing to film mechanical and optical properties. 


Calcium Carbonate 


Calcium carbonate s are more wi dely used in paint and coati ngs 
systems on a weig ht basis than an y other mineral e xtender. The 
ground natural products have a long history of use because they are 
relatively ine xpensive, are whi te, and ha ve low vehicle demand. 
These attributes make high | oadings both po ssible and attracti ve. 
These materials are used to reduce the cost of many formulations 
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Table 2. Extender pigment basic properties 
Specific Refractive Mohs 

Extender Pigment Gravity Index Hardness pH 
Calcium carbonate 2.7 1.66 3 8.5 
Talc, platy 2.8 1.59 ] 9.5 
Talc, tremolitic 2.6-3.1 1.57-1.62 3.5 9.5 
Kaolin, hydrous 2.6 1.56 2 4-8 
Kaolin, calcined 2.5-2.6 1.62 3-4 5-6 
Silica 2.6 1.54 7 7 
Barite 4.5 1.64 3-3.5 7 
Wollastonite 2.9 1.63 5-5.5 10 
Nepheline syenite 2.6 1.53 5.5-6 10 
Feldspar 2.6 1.53 6-6.5 8-9 
Mica 2.8 1.6 2-2.5 7-9 
Diatomite 2.2 1.45 5.5-6 7 
Pyrophyllite 2.6-2.9 1.54-1.6 5 7 
Perlite 2.6 1.49 5.5-7 7 








while improving both the rheological and mechanical properties of 
the coating. 

Ground natural products are used extensively in solvent-borne 
exterior house paints and interior flats and semigloss enamels. The 
higher v ehicle deman d of the _ precipitated ca Icium c arbonates 
(PCCs) limits the use of the se materials in no naqueous sy stems, 
although small amounts are used as flow-control agents. In water- 
bornes, the h ydrophilic nature and low water demand enable the 
easy incorporation of high le vels of calcium carbonate with only 
minor increases in viscosity. High brightness _ultrafine-ground 
PCCs are used as TiO» extenders and opacifiers in waterborne coat- 
ings. They have a higher binder demand than coarser grades but 
better dry hide and g loss retention. The alkalinity of calcium car- 
bonate is an advantage for in-can buffering and in corrosion control 
coatings. It can be a disadvantage in protective coatings, however, 
because of its reactivity with acids and its consequent sensitivity to 
acid rain. 


Talc 


Talc products ar e perhaps the mo - st broadly functional of the 
extender pigments. Although exterior house paint is the major coat- 
ings application for talc, talc is probably used in a wider variety of 
coatings than any other mineral. Talc products serve as extender 
pigments in solvent-borne and waterborne architectural and indus- 
trial primers and topcoats, and in powder coatings. 

The products used in coatings are platy talc, con taining pre- 
dominately (>90%) the mineral talc, and tremolitic talc, most often 
a natural blend of platy talc and serpentine, plus acicular/block y 
tremolite and anthophyllite. Platy talcs can be further classified as 
microcrystalline or macrocrystalline. Microcrystalline varieties are 
naturally small in plate size and are the product of compact, dense 
ores. Ma crocrystalline v arieties c ontain relati vely lar ge, higher 
aspect ratio plates. Because talc is a very soft, platy mineral, the 
residual minerals in platy talc products can have a subtle effect on 
properties. Carbonates, f or example, being nodular and relatively 
hard, might require more grinding than a soft er, platy chlorite in 
order for atalc product to attain a particular He gman fineness. 
Tremolitic talcs, however, exploit the properties contributed by the 
significant amount of accessory minerals that occur to gether with 
the talc. 

The value of platy talc in coatings accrues primarily from its 
particle shape and surf ace properties. Talc is hydrophobic, but it 
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Table 3. Extender pigment selector’ 





Calcium Nepheline 
Properties Carbonate Talc Kaolin Silica Barite Wollastonite Syenite Feldspar © Mica = Diatomite Pyrophyllite _ Perlite 
Mechanical 
Durability x(tr) x(dl) x x x x x x 
Weatherability x(tr) x x x x x x x 
Permeability x 
Sandability x(pl) x x 
Resistance to: 
Chemicals x x x x x x x 
Acid x x x x x x 
Abrasion x(tr) x(cc) x x x x 
Scrubbing x(gr) x(tr) x x x x 
Wear x(tr) x 
Blistering x x(tr) x x x x 
Chalking x x x x x 
Frosting x(tr) x x x 
Corrosion x x 
Staining x x 
Optical 
TiO2 extension x(pt) x x(cc) x x x 
Tint retention x(tr) x x x 
Low sheen x(pl) x(pt) x x x 
Flatting x(pl) x(dl) x(pt) x x 
Dry hide x x(tr) x(cc) x x 





* gr = natural, ground; pt = precipitated; dl = delaminated; cc = calcined; tr = tremolitic; pl = platy. 


disperses easily in aqueous as well as solvent-borne coatings. With 
its platy shape, talc has a beneficial effect on paint rheology. It gen- 
erally contributes to improved brushability, leveling, and sag resis- 
tance. It is normally self-suspending in paint vehicles and assists in 
keeping other pigments suspended. When settling does occur, it is 
generally soft and readily redispersed. 

Platy talcs imp rove the tough ness and gener al durability of 
paint films. The talc plates tend to align with the coating’s flow so 
that they are parallel to the substrate in the dry film. This creates a 
physical barrier to the transmission of m oisture, im proving water 
and humidity resistance. The relative impermeability, however, can 
increase the formation of blisters as any moisture or gases leave the 
substrate. Platy talc reinforces the dry coating film because of its 
alignment therein and its naturally high aspect ratio. Reinforcement 
makes the film more resistant to cracking or rupture in response to 
stretching and flexing, thus better insulating the substrate from the 
environment. The combination of barrier properties, alkaline pH, 
and reinforcement accounts for talc’s contribution to corrosion inhi- 
bition. Its b arrier pr operties also m ake pl aty talc we Il-suited for 
primers and sanding sealers used on porous substrates to control 
penetration. In exterior paints, platy talcs tend to chalk more readily 
than most extender pigments, although less than calcium carbonate. 

In liquid coatings, 325-mesh or 4-Hegman talcs are most com- 
monly used. The micronized talcs, 6 Hegman or finer, are used for 
TiO extension, good low angle sheen, and good burnishing resis- 
tance. M acrocrystalline v arieties are preferred for the ir e xcellent 
flatting. 

Tremolitic talc is used as an alternative to platy talc in many 
coatings applications , withthe hete rogeneous mineral blend 
accounting for its functional differences. The combination of acicu- 
lar, blocky, and platy particles, ranging in size down to the clay-like 
serpentines, allows fors ofter settling, easier r edispersion, and 


higher loading levels. These factors also allow for better light scat- 
tering and thus better color in oil and better dry hide. Flatting effi- 
ciency is generally inferior to th at of platy talcs. The hardness of 
the nontalc constituents provides greater scrub resistance and dura- 
bility (Ciullo and Anderson 2002). In primers, the variety of parti- 
cle shapes pro vides more micror oughness than do flat plates and 
thus better intercoat adhesion. 

Tremolitic talc often provides be tter film re inforcement but 
somewhat greater permeability than platy talc. Barrier properties 
are generally not as good, but this reduces the tendency to blister. 
For corrosion control, greater permeability is compensated for by 
greater alkalinity in addition to film durability. Tremolitic talcs with 
4 Hegman fineness are the most widely used grades in architectural, 
industrial, and marine coatings. 


Kaolin 


Kaolin has a platy structure, but unlike talc, its use in coat ings 
derives more from its contribution to optical properties than to phys- 
ical properties. Because of the im portance of kaolin’s effect on the 
optical properties of coatings, these clays are offered in more variet- 
ies than are other e xtender pigments to provide a range of partic le 
sizes and shapes, controlled particle-size fractions, brightness, and 
opacification. F ore xample, the thin, wide indi vidual plates of 
delaminated clay, from a coarse water-washed clay fraction, provide 
improved brightness, opacity, and barrier properties. Lo w-tempera- 
ture calcination o f water-washed clay increases hardness, por osity, 
brightness, opacity, and oil absorption. High-temperature calcination 
maximizes brightness and opacity. The balance of opacity and sheen 
derived from calcined clays is further manipulated by the tempera- 
ture, rate of heating, and fluxes used in the calcination process. 
These clays are made e ven more versatile through chemical 
modification. Grades are available with dispersant coatings for easy 
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dispersion in water, as well as stearate or silane surface treatment or 
modification for improved compatibility wit h or ganic ma trices. 
“Structured” clay products, in some cases also called SAMS (syn- 
thetic alkali metal aluminosilicates), are made b y reacting kaolin 
with alkalies, such as alkaline silicates, under elevated temperatures 
and pressures. The resulting alkaline products are essentially kaolin 
plates with a rim of amorpho us reaction product. The reaction and 
subsequent agglomer ation can be conducted to pro vide products 
with increased but c ontrolled 1 evels of porosity, oi] absorption, 
brightness, opacif ication, tinti ng strength , andf latting (Broo m 
1997). A different approach to structured pigments for better opti- 
cal properties is to electrostatically bind oxide particles such as sil- 
ica or titania to clay faces. 

The primary use of kaolin in coatings is as a TiO2 extender in 
water-based architectural paints. Calcined clays generally provide 
the best brightness, T iO2 extension, and dry hide. W ater-washed 
and delaminated grades also contri bute to extension and dry hide, 
as well as covering power and gloss control. 

Despite the fact that the coatings industry focuses primarily 
on the optical properties of kaolin clays, this mineral also serves as 
a functional filler (Stoneback 1996). Water-washed clays are used 
for their contribution to suspension stability, flow properties, level- 
ing, film smoothness, f ilm strength, and weather ability. Delami- 
nated clays are preferred for impr oved barrier properties and for 
more controlled chalking and overall durability in exterior coatings. 
Because of th eir greater hardness, ca Icined cla ys pro vide be tter 
scrub resistance, which is otherwise not improved with kaolins. 
Silica 
Ground quartz is used in a wide variety of trade sales paints and 
liquid and po wder indu strial coati ngs as are latively lo w-cost, 
high-brightness extender. It is produced in controlled particle-size 
distributions for low binder demand. It is chemically inert for good 
acid, chemical, and heat resistance, and its hardness improves abra- 
sion resistance. Ground quartz ises pecially suited for primers 
where surface hardness and roughness are desirable. Its presence in 
exterior solv ent-borne paints im proves wea therability ina wide 
range of environments. It also improves the wear resistance of deck 
enamels and traffic paints. The particle shape of novaculite, a platy 
natural silica, imparts additional mar, wear, and weather resistance. 
Using mi cronized sili ca in interior ande xterior late x coatings 
increases surface uniformity and provides efficient flatting. Precipi- 
tated silicas are used in coatings to provide flatting, mar resistance, 
and abrasion resistance. Synthetic silicas are also used as flattening 
agents in clear coatings because their low refractive index makes 
them transparent in the film. 


Barite 


Barium sulfate is used in coatings as barite (known as barites in the 
United Kingdom), in its natu ral mineral form, and as_ blanc fixe. 
Blanc fixe is made by reducing barite with coal to barium sulfide, 
which is then dissolved and reacted with sodium sulfate to precipi- 
tate barium sul fate. Barite is used for it s low oil absorp tion; high 
density; low abrasiveness; chemical inertness; heat resistance; high 
brightness; lightfastness; low solubility in water, acids, and alkalis; 
and for its lo w absorbance over a broad spectral band from near 
infrared to near ultraviolet. Blanc fixe is the preferred form when 
higher brightness and purity and finer particle size are required. 
Blanc fixe and finely ground barite are widely used in indus- 
trial co atings, particularly in a utomotive, marine, and aerospace 
primers and topcoats. Low oil absorption allows high loadings with 
a minimal e ffect on rhe ology. The high f illing le vel results ina 
smooth nonporous primer surface with good sanding properties and 


excellent gloss retention for subsequent topcoats. In topcoats, these 
extenders improve flow properties, surface hardness, and color sta- 
bility. Blanc fixe is preferred for glossy topcoats and generally for 
TiO» extension. Barite is widely used for high we ar resistance in 
powder coatings. 

Blanc fixe and finely ground barite are also used as extenders 
for waterborne paints, particular ly those requiring a high le vel of 
gloss and minimum color distortion. The high refractive index of 
these materials allows them to function as a translucent white pig- 
ment in latex paints, providing a moderate degree of hiding p ower 
while having a minimal effect on the color of the primary pigment. 
The chemical resistance of barium sulfate imparts good weathering 
characteristics to both solv __ent-borne and w aterborne e xterior 
paints. High spe cific gravity makes the barium sulfate extenders 
somewhat mo re difficult to ma intain in suspension compared to 
other minerals. 


Wollastonite 


Wollastonite is unique among extender pigments, combining natu- 
rally high brightness for cleaner tints; needle-like particles for low 
sheen and f ilm re inforcement; m oderate hardness for wear resis- 
tance; moderate oil absorption for higher PVC contribution; and 
alkaline pH for in-can buffering and flash rust, corrosion, and mil- 
dew resistance. The most common use of w ollastonite is in cor ro- 
sion-resistant co atings, particular ly w aterborne epoxies, where it 
acts as a synergist with primary inhibitive pigments (Jackson 1990; 
Hare 1997). Silane-treated fine ground and micronized grades are 
preferred. In barrier-type formulations where corrosion resistance is 
achieved through means other than inhibitive pigments, wollasto- 
nite is effective on its own. In addition to providing alkalinity, sur- 
face-modified gr ades, typ ically w ith aminosilane or epo xysilane, 
control ionic permeability of the coating film by ensuring against 
voids at the binder-mineral interface, and by reinforcing the film, 
reducing film f ailure caused by mechanical stress, i mpact, a nd 
abrasion. 

In addition to corrosion control application s, po wder and 
HAR acicular gra des of wollastonite are used in ar chitectural, 
industrial, and m _ arine co atings to ensure f ilm int egrity whe n 
exposed to physical and en vironmental assault. The hardness and 
acicular shape of wollastonite particles, even at low aspect ratios, 
reinforce coating films, providing durability and flexibility as well 
as g ood mar, scrub, and ab rasion resistance. HAR w ollastonite 
grades are used in thick build systems—asphalt coatings, coal tar 
coatings, te xture coatin gs, and block _ fillers—for mech anical 
strength, mud-crack resistance, and durability. Wollastonite is also 
used in epoxy powder coatings because its low binder demand pro- 
motes smooth flow, water resistance, improved adhesion, and good 
chip resistance. Coarser, more acicular grades are used in primers 
because they provide a micr otextured surface with good tooth for 
finish coats. In decorati ve p owder coatings, f ine-ground and 
micronized wollastonites are used to provide a smooth satin finish. 


Nepheline Syenite and Feldspar 


Nepheline syenite and feldspar are unique among lo w aspect ratio 
extender pigments f or the combin ation of ph ysical and optical 
properties that they provide. Milled nepheline syenite and feldspars 
are composed of angu lar block y particles. T his shape, wit h it s 
attendant lo w surface are a, a ccounts for easy dispersibility , low 
vehicle demand, and the ability to achieve high loadings. The shape 
and size distribution of these particles can significantly improve the 
integrity of dried f ilm throu gh their ability to interlock and pack 
more tightly and rigidly than sm ooth surfaced spherical or nodular 
fillers. The y lik ewise pr omote flatting and unif orm lo w-angle 
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sheen. Dry film durability confers crack resistance, and, in combi- 
nation with relatively high miner al hardness, provides high abra- 
sion, scrub, and b urnish resistance. Coatings grades of n epheline 
syenite and feldspar products are differentiated primarily by parti- 
cle-size distrib ution, which in tu. rn de termines surf ace a rea, oi | 
absorption, and Hegman fineness. 

Feldspar and nepheline syenite ha ve very low tint strength, 
contributing minimal color at high loadings, thus allowing the max- 
imum development of deeptone and pastel colors with minimal col- 
orant. F ilm re inforcement, c hemical st ability, a nd re sistance to 
chalking promote retention of tint and gloss on prolonged e xterior 
exposure. A 4-Hegman grind of nepheline syenite is typically used 
to achie ve the optimal balance of pro perties. The low re fractive 
index of nepheline syenite and feldspar allows for higher loadings 
in clear and semitransparent coatings and stains. 

Nepheline sy enite is often f avored over feldspar in coatings 
because it is silica-free and an effective alkaline in-can buffer. If an 
exterior la tex coatingi s sufficiently per meable, ho wever, the 
nepheline component is subject to attack by acid rain and acidic 
atmospheric moisture. This can eventually result in the frosting of 
deeptones. Feld spar is p referred in t his c ase. Ana pplication of 
emerging interest f or nepheline syenite is powder coatings, where 
hardness and low resin demand allow for high load ings, low-melt 
viscosity, and improved abrasion resistance (Keegan 1999). 


Mica 


The primary coatings use of mica is as nacreous pigment in auto- 
motive paint. The grades used as a platy extender pigment are gen- 
erally higher in aspect ratio, mo re flexible, mo re h ydrophilic, 
higher in binder demand, and infer ior in color compar ed to platy 
talc. Because mica plates are generally stronger and less brittle than 
the particles of talc and clays, they are more resistant to breakage 
and reduction in aspect ratio under high-intens ity mixing or mill- 
ing. Mica does not delaminate quite as readily as talc, so it is some- 
what harder, although still softer and less abrasive than most other 
extender minerals, minimizing its contribution to scru b and abra- 
sion resistance. Its high aspect ratio and platy shape provide excel- 
lent film reinforcement. 

Fine-ground and micro nized mi ca is used as a functional 
extender ina variety of paint and coati ng formulations. As a platy 
mineral, it has beneficial rheological pr operties in liquid coatings, 
and also helps reduce sagging once the coating is applied. Mica rein- 
forces the paint film during drying and curing, and as the film ages, it 
reduces the internal st resses from oxidation, and thermal e xpansion 
contraction. Mica increases the film’s flexibility and reduces crack- 
ing and checking, resulting in improved adhesion and better weather- 
ing. Fil m reinforcement theref ore accounts for mica’ s utility ina 
broad spectrum of coatings, from texture paints to exterior coatings. 

Because its flakes align parallel to the substrate, mica is used 
in roof coatings, exterior wood stains, and exterior paints to control 
moisture and gas permeability and to reduce light penetration in to 
the c oating film. This makes the film more res istant t 0 fadi ng, 
weathering, and ultraviolet (UV) degradation. Mica’s barrier prop- 
erties are also exploited in primers, anticorrosion paints, and marine 
coatings. The ability of mica plates to overlap and bridge openings 
is used for penetration control in sealers for porous surfaces. Other 
typical filler uses are in floor and porch paints, heat-resistant paints, 
and traffic paints. Mica’s relatively low brightness and high binder 
demand necessitate low loading levels in most decorative coatings. 


Diatomite 


White, flux-calcined diatomite is used as a functional extender and 
flatting agent. The varied size, shape, and hi gh surface area of the 


individual particles result in irregular texturing of the coating sur- 
face. This reduces surf ace gloss and improves adhesion of subse- 
quent coats. Diatomite is used in coatings for uniform control of 
gloss on irregular sur faces, imp roved sanding _ properties, and 

increased film vapor permeability. The last promotes mo re rapid 
drying andr educed blistering and peeling. Di atomite’s inherent 
absorbency reduces resistance to staining and soiling. 


Pyrophyllite 

Typical of commercial pyrophyllite, this mineral is not necessarily 
the major component of produ cts sold under its name. Relati vely 
coarse-ground grades are used to impart mud-crack resistance to 
high-build coatings such as te xtured paints and block fillers, and 
checking, cracking, and frosting resi stance to exterior latex paints. 
The platy nature of the p yrophyllite, mica, and kaolin components 
promotes good dispersion by inhibi ting the settling of pigments, 
helps film dry, and increases resi stance to film cracking. The con- 
siderable quartz content of these products contributes hardness and 
wear resistance. Fine-ground grades have also been considered for 
use in powder coatings and traf fic paints. The combination of soft 
platy and hard block y particles in pyrophyllite products pro vides 
unique per formance possibilities in coatings, b ut their gener ally 
off-white color and the safety c oncern relating to their high quartz 
content (up to 60%) inhibit widespread use. 


Perlite 


Perlite is a chemically inert flatting filler with high oil absorption 
and good dr y hide. Expande d perlite is used in lightweight f ire- 
resistant coatings for structural steel and concrete, as a filler in tex- 
tured paints, andin auto under body plastiso 1 coat ings to reduce 

weight and impro ve sound insulation. Exp anded per lite is milled 

and sized to fine particles with jagged interlocking shapes that pro- 
mote good film integrity and substrate adhesion. 


PIGMENTS 


In addition to color , important pigment characteristics are bri ght- 
ness, tintin g strength, lightfastness, bleed resistance, and opacity . 
Tinting strength is the ability to color a white base. Lightfastness is 
the pigment’s resistance to fading or color change from prolonged 
light exposure, especially UV. Bleed resistance is important when a 
topcoat is applied over a base coat. Some pigments in the base coat 
may bleed into the applied coat if they are soluble in the topcoat’s 
solvents. Opacity, or hiding power, is a property of particular inter- 
est with white pigments such as TiOp. It is the pigment’s ability in a 
dried film to obscure any color from the substrate. 

A pigment’s particle size and refractive index determine its 
degree of opacity—the smaller the particles, the greater the number 
of interfaces between the dispersed pigment and binder . This 
increases light scattering until the particle diameters are about half 
the wavelength of light, 0.2 to 0.4 um. With even smaller particles, 
scattering po wer di minishes because light simply goes aro und 
them. Opacity is also proportional to the dif ference in refractive 
index between the binder and pigment. A greater difference results 
in a higher degree of light scattering and thus gr eater opacity. Flat 
paints have greater hiding po wer than high-gloss paints because 
they are typically so highly loaded with pigment that the pigmen t 
particles partially interface with the air. Because air has a very low 
refractive index, higher opacity is the result. 

Chemical reactivity can also be an important consideration in 
pigment selection. Some pigments, for example, can react with air 
pollutants, causing discoloration. Dif ferent pigments cane ven 
appear to have exactly the same shade of color under indoor lighting 
but show differences in color in outdoor light. Th is phenomenon, 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Paint and Coatings 


1307 





called metamerism, is caused by dif fering sp ectrophotometric 
absorption characteristics between the pigments. 

There are two broad classes of paint pigments, or ganic and 
inorganic. In most cases, there will be several organic and inorganic 
pigments for the same color group. 


White Pigments 


The primary white pigment in coatings is TiO2, which is available 
with an average particle size close to half the wavelength of light, 
the optimal for light scattering. It has a rela tively high refracti ve 
index (2.5 for anatase and 2.7 for the rutile crystallographic form) 
and is chemically inert. T itanium dioxide is the best general - 
purpose white pigment for hiding power. 

Other white pigments are used, but all ha ve shortcomings 
compared to TiO2. Zinc oxide can be chemically reactive with the 
binder resin and is not as cost-effective for hiding. Lithopone (bar- 
ium sulf ate/zinc sulfide) is gene rally too c ostly for high-v olume 
use. Whi te minerals such as _ talc and ca Icium carbonate are not 
effective com pared to TiO2 mainly because of insufficiently high 
refractive index. 


Black Pigments 


Carbon black is the most comm on black pigment in coatings, 
although it is one of the most difficult to adequately disperse. Car- 
bon blacks are insoluble in all solvents but do have some affinity for 
aromatics. They have very high tinting strength and opacity. Three 
types of carbon blacks are a vailable to the paint industry. Furnace 
blacks are the most commonly us_ ed and provide medium jetness 
(black intensity). Thermal blacks have larger particle size, are more 
expensive, and disp lay a lower degree of jetness. Chan nel blacks 
provide the highest de gree of jetness and are still used in paints 
even though they must be imported. Black iron oxides are available 
in a range of jetness and are pref erred to carbon black s in certain 
applications because of their lo wer oil absorption and relative ease 
of dispersion. 


Colored Pigments 


The inorganic colored pigments are generally less e xpensive and 
more widely used than their or ganic counterparts. The inor ganics 
provide excellent heat stability and lightfastness but are more diffi- 
cult to k eep uniformly suspended because of their relatively high 
specific gravity. Many of the inorganic pigments are based on lead, 
chromium, and cadmium, and their use is limited by toxicity con- 
cerns. Some representative inorganic pigment types are 


¢ Red (iron oxide): Fe2O3 

* Yellow (hydrated iron oxide): Fex03*H20 

¢ Yellow (lead chromate): PbCrO4 

* Yellow (cadmium sulfide): CdS 

¢ Green (chromium oxide): Cr203 

Blue (iron blue): Fe(NH4)Fe(CN)6 

¢ Blue (ultramarine blue): NagAl6SigQ24S4 

* Orange (chrome orange): PbCrO4ePbO 

¢ Orange (molybdate orange) PbCrO4sPbMoO4*PbSO4 


A spectrum of hues is obtained through hydration, coprecipi- 
tation, and blending of ino rganic pigment compounds in various 
proportions. 

Organic pigments are g enerally purer, brighter, and higher in 
tinting strength than the inor ganics. The chemical nature of som e 
organic pigments, however, makes them sensitive to heat, solvents, 
or pH extremes. Many organic structures absorb electromagnetic 
radiation in the UV po rtion of the spectrum b ut not in the lo wer 


energy visib le portion. Thus the vast majority of or ganic com- 

pounds are clear white powders. To obtain a selective absorption in 
a portion of the visible spectrum, conjug ated organic structures 
consisting of fused aromatic rings, chromophore groups, or organo- 
metallic complexes are used. The organic pigments are categorized 
according to distinct chemical types as monoazo pigments, diazo 
pigments, phthaloc yanine pigments , qu inacridone pigments, acid 

dye pig ments, basic dye pigmen ts, and miscellaneous polycyclic 
pigments. 


Metallic and Nacreous Pigments 


Metal flake pigments are made from aluminum, stainless steel, and 
bronze. The mo st widely used are those of aluminum, made by 

milling a mineral spirits suspen sion of f inely di vided aluminum 
metal with a steel ball mill. The resulting thin flakes are produced 
in a variety of particle sizes. Aluminum flakes for coatings are pro- 
duced as leafing and nonleafing. Leafing flakes are surface treated, 
usually with stearic acid, to mi nimize surface tension. This p ro- 
vides flake orientation at the surface of the coating film. The con- 
tinuous overlapping of aluminum flakes acts as a barrier to oxygen 
and w ater v apor while pr oviding a b right me tallic ap pearance. 
Leafing aluminum fl ake is used in corrosion-resistant pa ints for 
steel structures and in roof coatings to improve weatherability and 
decrease heat absorption. Nonleafing aluminum flake is not coated 
and is formulated to be encapsulated within the binder film, but par- 
allel to its surface. It is used most commonly with transparent color 
pigments in automotive topc oats to pro vide a me tallic color that 
changes shade with the angle of viewing. 

Nacreous (pearlescent) pigments are thin, transparent platelets 
of high refractive index that partially transmit and partially reflect 
light. The pearlescent effect results from specular reflection from 
the broad surfaces of the transparent platelets and the parallel orien- 
tation of those platelets at various depths within the binder f ilm. 
Light transmitted through platelets near the film surface is partially 
reflected by deeper platelets. The dependence of reflection on view- 
ing angle and the sense of depth created by reflection from many 
layers produce the pearly luster. 

The first pearlescent pigment was derived from fish scales as 
platy cry stals of guanine and hypoxanthine. This remained unri- 
valed in luster for approximately 300 years, until the refinement of 
crystallization processes for platy basic lead carbonate in the 1950s. 
Bismuth oxychloride w as de veloped as a no _ ntoxic alternative to 
lead carbonate, b ut the most wide ly used nacreous pigments in 
coatings today are the coated micas. 

White nacreous pigments are made by forming a uniform coat- 
ing of TiO2 on mica platelets. The mica serves as a transparent tem- 
plate so that the high refracti ve index TiO can assume the required 
platy shape. Pearlescence is optimized when the pigment optic al 
thickness (platelet th ickness x refractive index) is in the 100-nm 
(blue white) to 140-nm (yellow white) range. Thicker platelets are 
produced to mak e interference colo rs. Light interference is crea ted 
by interaction of the reflections from the upper and lower surfaces of 
the platelet. A reflection maximum occurs at the wavelength of light 
for which these two reflections are in phase. A reflection minimum 
occurs at the wavelength for which they are exactly out of phase and 
cancel each other. A transparent, colorless nacreous pigment platelet 
acts as a f ilter, separating light into tw o components: the reflec ted 
color and the complementary transmission color. 

When coated ona white surface, the nacreous pigment pro- 
vides a two-tone metallic effect. The reflected color (sp ecular) is 
seen as a highlight. The background color at nonspecular angles is 
created by t he diffuse refle ction (from t he white surf ace) of the 
transmission color. T he comple mentary refl ection/transmission 
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colors as a function of pigment optical thickness range in a contin- 
uous spectrum from blue-white at 100 nm, to magenta/g reen at 
250 nm, to green/red at 370 nm. 

The color effects of nacreous pigments are supplemented by 
overcoating the TiO2-mica platelets with a thin, transparent film of 
a light-absorbing colorant, for example, iron oxide for yellow, ferric 
ferrocyanide for blue, ch romium oxide for green, and carmine for 
red. The combination pigments thus produced can ha ve matched 
reflectance and absorption color, or these can be two different col- 
ors. When the colors are the same, the same color is see n at all 
viewing angles, with me tallic highlights provided at specular 
angles. With different colors, a two-color effect is achieved. Combi- 
nation interference/absorption pigments are made in the gold-to-red 
range by coating Fe203 directly onto mica. 

The TiO2-coated and Fe203-coated micas are used to provide 
metallic, two-tone, and two-color effects in industrial and automo- 
tive coatings. They are widely used in the latter with surface treat- 
ments designed to improve dispersability and weatherability. 


BINDERS 


Binders are the polymeric components in a coating formulation that 
form the protective film. The binder literally bonds the pigment 
particles together in the film. If the coating contains no pigments or 
extenders, then the binder will usually form a glossy transparent or 
translucent coating. 


Drying Oils 


Drying oils are v egetable or fish oils and chemically are triglycer- 

ides based on a blend of saturated, unsaturated, and polyunsaturated 
fatty acids. The y form fle xible films through o xidative cross-links 
between the polyunsaturated fatty acid groups of different triglycer- 
ide molecules. Linseed oil, tung oil, and fish oil are commonly used 
drying oils. Linseed oil, from fl axseed, was once widely used by 

the paint industry. More than 50% of its fatty acid component is tri- 
unsaturated linolenic acid. The high linolenic acid content tends to 
cause some yellowing, but in highly pigmented paints this is usu- 
ally not a problem. Tung oil, from the nut of the tung tree, is 80% 
eleostearic acid. Because of this acid’s conjugated, triple unsatura- 
tion, tung oil is f aster drying than linseed oil, gi ving good film 
hardness and fle xibility. Fish oil contains high levels of both reac- 
tive and nonreactive acids. It can impart an undesirable odor, and it 
dries more slowly than linseed oil and gives a softer film because of 
the plasticizing, saturated, nonreactive fatty acids present. P aints 
based solely ond rying oils have been substan tially rep laced by 

alkyds, acrylics, and other synthetic polymers. Drying oils provide 
a softer film than synthetic binders, have a low gloss, and are used 
only in highly pigmented paints. These paints have relatively poor 
durability and chemical resistance, and today they are used in small 
volumes for limited applications. 


Oleoresinous Binders 


Oleoresinous binders are used principally in making varnishes. They 
are produced by “cooking” a resin with a natural drying oil, usually 
tung or linseed oil. This process dimerizes and oligomerizes the oil 
and renders the oil and resin mutually compatible and soluble in a 
thinning solvent. The ratio of oil to resin determines many of the 
final film properties. A higher ratio of oil to resin gives a slower dry- 
ing speed, greater softness, increased flexibility, and reduced gloss. 
With a lower ratio of oil to resin, there is an increase in drying speed, 
high film hardness, and increased gloss. The ratio of oil to re sin is 
commonly referred to in the varnish industry as oil length, which 
is defined as the number of gallons of oil to 100 pounds of resin, as 
follows: 





Varnish Type Oil Length 
Short oil 5-15 
Medium oil 16-30 
Long oil >30 


The resins used in making oleoresinous varnishes include 
polyterpene resins, petroleum _ resins, coumaron e-indene resin s, 
gum rosins, wood rosins, tall oil ro sins, rosin soaps, rosin ester s, 
novolac phenolic resins, and rosin-modif ied phenolic resins. Most 
oleoresinous varnishes are made from gum, wood, and tall oil rosin 
esters or soaps and phenolic resins. In clear coatings, oleoresinous 
binders have been lar gely replaced by polyurethanes, which h ave 
superior hardness, chemical resistance, and water resistance. 


Alkyd Resins 


Alkyd resins are pro duced by the re action of a dibasic acid with a 

polyol and a fatty acid. A common example of alkyd resin f orma- 
tion is the polycon densation of glycerin, phthalic anh ydride, and 
monocarboxylic fatty acid. The resulting polymer is soluble in ali- 
phatic sol vents if the content of f atty ac id is suf ficiently high. 

Although fatty acids can be used directly, less expensive vegetable 
orfish oils are usually used. Many alk yd resins are available 
because of the wid e variety of possible reactants. After glycerin, 
pentaerythritol is the | most commonly used polyol because it 
improves water resistance, raises viscosity, increases film hardness, 
and accelerates drying of the alkyd. Because it is tetrafunctional and 
very reactive, itis commonly used with other polyols such as glyc- 
erin or ethylene glycol. Sorbitol, trimethylolethane, trimethylolpro- 
pane, diethylene glycol, and propylene glycol are also used in alkyd 
synthesis, depending on the particular resin properties desired. 

Phthalic anhydride is the most common dibasic acid for produc- 
ing alkyd resins. Alkyds based on isophthalic and terephthalic acid 
are often used in exterior coatings where improved hydrolitic stabil- 
ity is required. Maleic anhydride is used with other polybasic acids 
as a modifier to increase alkyd viscosity and film hardness. Trimel- 
litic anhydride is used in making water-soluble alkyds for specific 
applications. Soybean oil is commonly used to produce nonyellow- 
ing alkyds. When discoloration is less important, linseed oil or tung 
oil are used for f aster drying. Sometimes a nondrying oil such as 
cottonseed or coconut is used when the alkyd resin is to serve as a 
plasticizer rather than a film former. 

Oil length also affects alkyd properties. The solubility of short 
oil alkyds is limited to aromatic solvents and other nonaliphatic sol- 
vents. They are baked to form a film and are generally restricted to 
industrial coatings. Long oil alkyds are readily soluble in aliphatic 
solvents and are air dried. They are easily applied by brush and are 
used extensively in architectural coatings. Generally, as oil length 
increases, viscosity decreases, hardness de_ creases, fle xibility 
increases, and water resistance is reduced. 

Alkyd c hemistry 1 ends it self to e ven furt her m odification. 
Vinyl-modified alkyds, for example, are produced for more durable 
and quick er dry ing films, although with some sacrif ice in cross- 
linking rate and consequent development of solv ent resistance. 
Acrylics, silicones, phenolic resins, and natura] resins are likewise 
used to tailor film gloss, flexibility, durability, and drying time for 
certain applications. 

The ability of alkyds to be modified in so many ways accounts 
for their use in more types of paints than any other binder. Versatil- 
ity is their primary advantage. A noted disadvantage is the lack of 
the alkyd film’s chemical resistance. Alkyds, being modified poly- 
esters, do not possess high alkali resistance and are subject to attack 
by hydrolysis. Conventional alkyds are also dependent on the use of 
organic solvents. 
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Solvent emissions are minimized with water-reducible alkyds. 
The simplest approach has been to emulsify the alkyd, altho ugh 
alkyd emulsion paints do not compete with synthetic latex paints in 
cost or performance. A more ef fective approach has been to attach 
carboxylate grou ps to the alkyd molecule. Such w ater-reducible 
alkyds are made by using low-molecular-weight styrene-allyl alco- 
hol polymers as the pol yol. These alkyds are mal eated by re action 
with maleic anhydride and then hydrolyzed to carbo xylate salt 
groups with amine a nd water. The resulting maleated alk yds form 
stable aqueous dispersions. Af ter the coating is applied, the vola- 
tiles, including a mine, evaporate and the film cross-links by auto 
oxidation. The carboxylic acid groups remaining in the cross-linked 
film, however, generally provide inferior water and alkali resistance 
compared to the corresponding nonmaleated, solvent-borne alkyd. 


Acrylics 


Acrylic binders are widely used in both solvent coatings and la tex 
paints for their inherent clarity, color stability, and resistance to yel- 
lowing. Of the thermoplastic acrylics, poly(methyl methacrylate) is 
the lar gest volume used. Alkyl groups can include methyl, b utyl, 
isobutyl, 2-ethylhexyl, isodecyl, and lauryl. A combination of meth- 
acrylates and acrylates is sometimes used to balance film properties. 
For example, poly(methyl methacrylate) provides film strength and 
hardness whereas poly(methyl acrylate) improves film flexibility. A 
plasticizing monomer such as ethyl acrylate or ethylhexyl acrylate is 
therefore added with the methyl methacrylate monomer by the poly- 
mer manufacturer in an ad dition-polymerization process to produce 
a copolymer for use in c oating formulations. The softer and more 
flexible polymer facilitates latex film formation. 

Thermosetting acrylics incorporate f unctional carboxyl, 
hydroxyl, or amide groups. Acrylamide and acrylic acid are often 
used as functional monomers for this purpose . The thermosetting 
acrylics are formulated with other reactive resins, such as epoxies, 
to provide a thermally cross-linked film. These films are consider- 
ably harder , tougher , and more ch_ emically resistant than those 
obtained from thermoplastic acrylics. 

Acrylic latex paints dominate the trade sales market for both 
exterior and interior use because of their balance of film adhesion, 
durability, flexibility, color stability, alkali resistance, and ability to 
withstand blistering and chalking. Thermoplastic acrylic sol vent- 
borne paints are used in high-volume applications like automotive 
finishes, whereas thermoset acrylics are used to bake a hard enamel 
finish onto large appliances. 


Vinyl Resins 


In the coatings industry, vinyl resins usually refer to either polyvi- 
nyl chloride or polyvinyl acetate (PVAc), which is wide ly used in 
interior latex paints. PVAc homopolymer is too hard to a llow its 
colloidal latex particles to coalesce well at ambient temperatures, 
so most PVAc emulsions used in the paint industry are actually 
copolymers with a plas ticizing monomer such as dibutyl maleate, 
2-ethyhexyl acrylate, n-butyl acrylate, dib utyl fumarate, isodecyl 
acrylate, or eth yl acrylate. Copolymers of vinyl acetate and ethy 1- 
ene are also produced for latex paints. External plasticizers are used 
as well. All of these modifications soften the polymer to facilitate 
coalescence of the late x particles into a continuous f ilm. PVAc 
emulsions are less expensive than acrylic emulsions but impart very 
good color stability and durability. This has enabled PVAc to pene- 
trate a large portion of the interior house paint market. 

As a halogenated p olymer, polyvinyl chloride is used in spe- 
cific coatings to form low moisture permeability films. The major 
use of polyvinyl chloride, usually as a vinyl acetate copolymer, is in 
coatings where corrosion protection is a major function. Polyvinyl 


chloride copolymers with high vin yl chloride content are used in 
thermoplastic powder coatings. They are limited in this application 
by the deficiencies common to thermoplastic binders: they are diffi- 
cult to pulverize to small particle size, their high molecular weight 
gives high- melt viscosity and co nsequent poor flo w and le veling, 
and they are restricted to ap plications that can accommodate a 
relatively thick coating. 


Styrene-Butadiene Binders 


Homopolymers of styrene are too hard to fo rm acontinuous film 
from a late x, but a plasticizing monomer can be copolymerized to 
produce a softer polymer. A ratio of two parts styrene to one part 
butadiene is commonly used to produce the styrene-butadiene 
latexes used in coatings. This is nearly the inverse ratio used to pro- 
duce styrene-b utadiene rubber (S_BR). Styrene-butadiene latexes 
were the first practical latexes to be used ini nterior architectural 
applications in the 1950s, but they are not commonly used today . 
One advantage o f styrene-b utadiene emulsion paints is superior 
alkali and chemical resistance, which is greater than either PVAc or 
acrylic emulsion paints. A major disadvantage is the susceptibility to 
oxidation because of the unsaturation in the butadiene units of the 
polymer backbone. This oxidation leads to yellowing and ultimately 
film embrittlement. 


Polyurethane Resins 


Many solv ent-borne f inishes are based on polyurethane _ resins 
because th ey are characteristic ally tough yet fle xible, an d v ery 
resistant to abrasion. They also impart good film adhesion and can 
be made to harden at ambient temperatures. In the coating industry, 
any polymer containing the urethane linkage in the backbone, even 
if that same polymer may also contain many other link ages, is 

called a polyurethane. Generally, the polyurethane resins in volve 
the reaction of a diisocyanate with a hydroxyl compound. Polyure- 
thane coatings are used as a single-pack system or a two-pack sys- 
tem. There are three basic types of single-pack systems and two of 
the tw o-pack systems. More recently, waterborne urethanes h ave 
been developed to reduce solvent emissions. 


Oil Modified 


Oil-modified finishes are based on a polyurethane-modified alkyd. 
These are also called polyurethane-a Ikyds or simply uralkyds, and 
are prepared in ama nner similar to alk yds, with a diiso cyanate, 
usually toluene diisocyanate (T DI), replacing the polycarboxylic 
acid. Thus, the reaction product possesses urethane linkages instead 
of the ester linkages associated with traditional alkyds. The percent 
isocyanate, or conversely oil length, determines the properties of 
the resul ting film. Higher isoc yanate content (sh orter oil length) 
reduces film flexibility and impact resistance, increases film hard- 
ness and solv ent resistance, and reduces drying time. In certain 
commercial c oatings,som e oft he isocyanate is repl aced by 
phthalic anh ydride to mak e phtha lic-modified uralk yd. Uralk yds 
are cured through oxidative drying in the same manner as re gular 
alkyds. Metallic driers can likewise be used to accelerate d_rying. 
Uralkyds are one of the most commonly used polyurethane resins, 
finding particular appl ication in v arnishes for floo rs, boats, and 
general use. Although these resins do not impart the best gloss, they 
do give excellent abrasion resistance and generally better water and 
alkali resistance than an alkyd. 


Moisture-Curing Prepolymers 


Moisture-curing prepolymers are single-pack polyurethane systems 
that cure from exposure to atmos pheric moisture. Initially a diiso- 
cyanate such as TDI is reacted with a high-molecular-weight polyol 
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such as ca storoil.The TDI re acts witha minimum of three 
hydroxyl groups per molecule to produce a trifunctional prepoly- 
mer. Afte r ap plication, the prep olymer is cured into a hard film 
from exposure to moisture in the air. Two isocyanate groups, in the 
presence of water, bond to form a urea. Cure rate is greatly depen- 
dent on relative humidity, and care must be taken that all pigments 
and mineral additives are free of moisture to avoid reaction before 
use. This system results in a tough film and is commonly used _ in 
floor coatings. 


Blocked Isocyanates 


In the blocked isocyanate system, polyol is reacted with a diisocy- 
anate suchas TDI to forma st ructure with isoc yanate adducts. 
These adducts are then reacted with a blocking agent, usually phe- 
nol. The b ond between the phen ol and isoc yanate is stable up to 
150°C, so no reaction will tak e place while the coating is st ored. 
After the coating is applied, it is baked, causing the phenol to split 
off and allowing the resin to cross-link. 


Catalyzed Moisture Cures 


Catalyzed moisture cur e is atw o-component system that is th e 
same as the one-package moisture cure system except that a tertiary 
amine c atalyst such as N,N-dimethylethanolamine is added just 
before application. This shortens cure time and increases the cross- 
link density of the film for bette r chemical resistance. As soon as 
the catalyst is added, there is limited pot life before gelation occurs. 


Two-Pack Systems 


In two-pack systems, one package contains a low volatility isocyan- 
ate, usually a poly isocyanurate (a polymerized TDI), and the other 
consists of the polyol component, which may be either a polyether 
or satur ated polyester r esin. The distan ce between the hh ydroxyl 
groups on the polyol relate s to resultant f ilm fle xibility and hard- 
ness. If film flexibility for greater exterior durability is required, suf- 
ficient space between these hydroxyl groups is_ needed. If a high 
cross-link density is required for greater film hardness, the distance 
between these reactive hydroxyl groups is less. When the two pack- 
ages are mi xed, t he isoc yanate functional groups react with the 
polyol h ydroxyls. It is also possible for atmosph eric moisture to 
enter into the reaction, resulting in urea cross-links. Two-pack sys- 
tems have a short drying time and are often used for coating floors, 
furniture, boats, metals, and concrete. 


Water-Reducible Urethanes 


One approach to incorporating polyurethane coating attributes into 
aqueous vehicles has been to prepare a hydroxyl-terminated poly- 
urethane with 2,2-dimethylolpropionic acid as one of the diols. The 
carboxylic acid group is sufficiently sterically hindered to minimize 
amide form ation, so t hat a pol yurethane is formed with pendent 
acid grou ps. These ar e neutralized with am ine and di luted wi th 
water to form a stable poly urethane dispersion. In use the y are 
cross-linked with meth ylated monomeric melamine-formaldehyde 
(MF) resins. Another approach is to first prepare an isoc yanate- 
terminated polyurethane in acetone . T his is the n cha in-extended 
with a sul fonate-substituted di amine. T he acetone sol ution i s 
diluted with water, and then the acetone is removed by distillation, 
leaving an aqueous polyurethane dispersion stabilized by char ge 
repulsion of sulfonate groups. 


Epoxy Resins 
The coatings industry uses approximately half of all the epoxy resins 


produced in the United States. Altho ugh ep oxy coating s pro vide 
superior chemical resistance, high film adhesion strength, and tough 


but flexible films, they are relatively expensive and slow to harden, 
with relatively poor gloss retention and UV resistance. The coatings 
industry has used man y different types of ep oxy resins. Th e most 
common are those produced from the reaction of bisph enol-A with 
epichlorohydrin. These are used in two-pack systems with amines, 
polyamines, polyamides, or acid anhydrides. Amine combines with 
an epoxy group in a ring- opening reaction, so the reaction of a tri- 
functional amine and d iepoxide r esults in a thre e-dimensional 
cross-linked matrix. This forms the basis of industrial maintenance 
coatings and marine coatings, among others, with exceptional resis- 
tance to solvent and chemical attack. 

Solvent and chemical resistance is e ven further im proved by 
blending the epoxy with a phenolic resin and baking the coating. At 
elevated temper atures, the ph enolic resin an d epoxy groups react 
through a ring-opening mechanism. The secondary hydroxyl groups 
react further to form a tight, cross-linked network that imparts opti- 
mum solv ent and chemical resistance . Flexibility of the film is 
reduced, however, compared to other epoxies, and discoloration can 
be a problem. If a lighter color is needed, urea-formaldehyde resins 
are reacted with the epoxy with little loss in chem ical and solvent 
resistance. 

Epoxy resin esters are formed by reacting an epoxy resin with 
fatty acids from dr ying oils. The fatty acids re act with both the 
epoxide and hydroxyl groups of the epoxy resin to form the epoxy 
ester. Epoxy resin esters are le ss e xpensive th an other epoxies 
because they are partially composed of lower cost fatty acid. They 
also have superior flexibility, but poorer solvent and chemical resis- 
tance, although generally better chemical and alkali resistance and 
better adhesion than conventional alkyds. As with alk yds, they are 
usually cured by auto-oxidative air drying with the aid of metallic 
driers. These resins are used in industrial and maintenance paints, 
automotive primers, and varnishes. 


Amino Resins 


Amino resins are rarely used as the sole binder in coatings because 
they form hard, brit tle films w ith only f air adhesion. The y are, 
however, the predom inant cross-linking agents for therm osetting 
coatings. MF resins are most commonly used fo r these appl ica- 
tions. Amino resins are prepared, in general, by reacting precursor 
and f ormaldehyde un der alkaline cond itions to fo rm meth ylol 
groups. Alcohols are then reacted under acid conditions to yield 
ethers. 

MF resins are most of ten used to cross-link res ins ha ving 
hydroxyl fu nctionality such as alk = yds, th ermoset acrylics, 
hydroxy-terminated po lyesters, and bisphenol-A epoxy resins. 
Cross-linking is through transetherification using an acid catalyst. 
MF resins will also cross-lin k carboxylic acid functional resins 
through esterification, although the reaction rat e is slo wer than 
with hydr oxyl gr oups. This is sign ificant in th e formation of 
water-based coatin gs b ased on h ydroxy-functional bin ders t hat 
have been modified with carboxylic acid groups to improve dis- 
persibility. The curing system for these binder sis chosen to 
ensure a high degree of esterification, so that residual carboxylic 
acid groups do not increase the water sensitivity of the cured film. 
MF resins are also i ncreasingly used with binders having bo th 
hydroxyl and urethane functionality. 

Amino resins analogues to the MF types are prod uced from 
glycoluril, acrylamide, and methacrylamide, which provides greater 
film flexibility, and benzoguanamine, which provides greater alkali 
resistance, but the next most widely used are urea-formaldeh yde 
(UF) resins. UF resins are generally the least expensive of the amino 
resins. They are also the most reactive. Coatings with UF resins can 
therefore be fo rmulated for ambient or lo w-heat cures, b ut the 
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resulting films have relatively poor hydrolytic stability. Although the 
other amino resins are used in metal coatings, UF resins are used in 
coatings for temperature-sensitive substrates such as w ood finishes, 
where corrosion resistance is unimportant. 


Cellulosic Binders 


The solv ent-soluble cellulose es ters, nitrocellulose and cellulose 
acetobutyrate, are used in coatings. Nitrocellulose is made by react- 
ing cellulose with nitric acid. Cellulose hydrolysis and consequent 
molecular-weight reduction are a function of the small amounts of 
water present during th e re action. Grea ter h ydrolysis results in 
lower molecular wei ght, lo wer solution viscosity, and | ower film 
strength. The de gree of nitration determines solvent compatibility. 
Polymers containing approximately 11% nitrogen are alcohol solu- 
ble and used in flexographic printing inks. Coatings grades contain 
about 12% nitrogen and ar e soluble in esters and ketones and in 
mixtures of esters andk etones with alcohols a nd h ydrocarbons. 
Explosive grades contain about 13% nitrogen. Nitrocellulose lac- 
quers provide thermoplastic films with high gloss and easy repair- 
ability but low durability. They were used for automotive finishes 
before acrylic lacquers were developed but today are used in wood 
finishing. The principal use of cellulose acetobutyrate has been as a 
component of ac rylic-based metallic automotive finishes. The cel- 
lulosic component contributes to flow control and the orientation of 
aluminum flake pigment parallel to the film surface for maximum 
metallic effect. 


SOLVENTS 


Coatings solvents can be classified by function as active, latent, or 
diluent. An active solvent dissolves the binder. A latent solvent does 
not itself dissolve the binder but acts as a cosolvent when used with 
an active solvent. A diluent solvent has no solvency for the resin but 
is used to dilute the active solvent without precipitating the binder. 
Diluent solvents are used to reduce coating viscosity and co st. For 
each coating, solvent selection is guided by the required balance of 
solvency and e vaporation rate. The solv ent or sol vent blend must 
keep the binder in solution throughout the drying process to opti- 
mize subsequent f ilm properties. The e vaporation rate must be 
appropriate for the app lication metho d, spraying v ersus brushing, 
for example; it must be initia lly relatively quick to avoid sag and 
then more controlled to allo w proper le veling and adhesion. Coat- 
ings solvents are also c lassified a ccording t o ch emical na ture as 
hydrocarbons, oxygenated solv ents, and “other.” which are usually 
hydrocarbon derivatives. 


Hydrocarbon Solvents 


Hydrocarbons are the most widely used solvents and are typically 
subdivided as principa lly aliphatic, naphthenic, or aromatic. Th e 
most co mmonly used of these ar_ e aliphatic solv ents, containing 
mainly iso- and normal paraffins. Some aliphatics contain naph- 
thenes (cycloparaffins) and ar omatics, whic him prove solvation 
power but increase odor. Mineral spirits is the primary aliphatic sol- 
vent, with se veral grades available based on e vaporation rate and 
solvency. Low-odor grades contain mostly isoparaffins, although a 
lack of naphthenes and ar omatics reduces solvency with many res- 
ins. Mineral spirits are widely used in architectural paints because 
their balance of moderate solvency and moderately slow evapora- 
tion impar t good br ushability, le veling, and wet ed ge. V arnish 
maker’s and painter’s (VM&P) naphthas are similar in solvency but 
evaporate much more quickly. They are used primarily in sprayed 
coatings. 

The aromatic solvents provide stronger solvency but greater 
odor. The most common are tolu ene, mixed isomer xylenes, and 


two high-flash-point aromatic naphthas. The fast-evaporating tolu- 
ene is used in spray paints and industrial coatings. The mixed 
xylenes, with moderate evaporation rate, are used in industrial coat- 
ings, whereas the slow-evaporating aromatic naphthas are used in 
baked finishes. 

Terpenes, unsat urated c yclic h ydrocarbons fr om pine tr ees, 
represent the historically oldest coating solvents, although they are 
infrequently used today. Turpentine is the most common te rpene 
solvent, alth ough dipentene, with stronger solv ency and_ slower 
evaporation, is also used. Turpentine of fers greater solvency, 
although in a narrower range, faster evaporation rate, greater odor, 
and higher cost than mineral spirits, which has widely replaced it. 


Oxygenated Solvents 


The principal oxygenated solvents for coatings are ketones, esters, 
glycol ethers, and alcohols. Th ese are high-purity synthetic com- 
pounds that provide much stronger solvency than hydrocarbon sol- 
vents and partial to c omplete w ater miscibility. The y are widely 
used as ac tive solvents for synthetic binders because they can be 
blended to provide tailored solvency and evaporation rate. 

The ketones are characterized by their strong odor and range 
of evaporation rate and water solubility. The very volatile acetone is 
used in sprayed coatings, particularly nitrocellulose and acrylic lac- 
quers, to reduce viscosity and then flash off during application. The 
fast-evaporating methyleth ylketone and mod erately e vaporating 
methylisobutylketone are widely used as ac tive sol vents in pai nts 
and lacquers based on synthetic binders, whereas the very slow 
evaporating isophorone is used in baked industrial coatings. 

The esters provide solvency nearly equal that of k etones but 
with a more pleasant odor. The most common are the alkyl acetates, 
ranging fr om the very rapidly e vaporating methyl acetate to the 
slowly evaporating hexyl acetate. One of the most widely used ester 
solvents, n-butyl acetate, has a medium evaporation rate and is used 
as a standard reference for expressing the evaporation rate of other 
solvents. In comparison to its assigned evaporation rate of 100, ace- 
tone has an evaporation rate of 1,160 and regular mineral spirits has 
an evaporation rate of 10. Glycol ether acetates are relatively slow to 
evaporate and are used as coalescen ts in late x paints and re tarder 
solvents in solv ent coatings. In the latter capacity, the y ma intain 
flow and leveling after the other solvents have evaporated. 

Glycol ethers provide b oth alcohol and eth er functionality 
and are charact erized by mild odor, water miscibility, strong sol- 
vency, and slow evaporation. Ethy lene gl ycol ethers have been 
widely used in water-based coat ings as co_upling so lvents fo r 
water-reducible binders, and at low levels in lacquers as retarder 
solvents. More recently, propylene glycol ethers have replaced eth- 
ylene glycol ethers in many ap plications because of heal th and 
safety considerations. 

Alcohols are used at lo w levels in waterborne paints as cou- 
pling solvents with glycol ethers and in certain solvent coatings as 
latent solvents. Denatured ethanol and n-butanol are the most com- 
monly used, with the former also serving as an active solvent for 
shellac, PVAc, and several phenolics. 

Organic carbonates and furan de rivatives are specialty 0 xy- 
genated solvents. Ethylene carbonate and prop ylene carbonate are 
cyclic esters with good solvency, very slow evaporation, and very 
low odor. Tetrahydrofuran, furfuryl alcohol, and tetrahydrofurfuryl 
alcohol are cyclic ethers with particularly strong solvency for vinyl 
polymers and certain other synthetic binders. 


Other Solvents 


N-methyl-2-pyrolidone is a specia Ity solv ent used in w aterborne 
paints. It offers strong solvency, water solubility, biodegradability, 
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slow evaporation, and low toxicity. 1,1,1-trichloroethane is used as 
a fast-evaporating solvent in some spray coatings because it is not 
photochemically rea ctive a nd is_ thus not included in volatile 
organic compound (VOC) content, although health and en viron- 
mental concerns over chlorinated solvents have restricted its use. 
Supercritical carbon dioxide is used as a diluent solvent in airless 
spray coating operations because of its high solubility in most for- 
mulations, low toxi city, low cost, viscosity-reducing ef fect, and 
behavior on application as a highly volatile solvent. 


ADDITIVES 


The chemical and mineral additives are typically used at less than 
5% by weight, usually much less , to opt imize coatings properties 
before, during, and after cure. Ev en with their relatively low con- 
centration, they have a considerable effect on paint properties. 


Dispersants and Surfactants 


The disp ersants commonly used in w aterborne coatings in clude 
potassium trip olyphosphate, and sodium or ammonium salts of 
lignosulfonates, polynapht halene sulfonates, and relati vely sho rt 
chain polyacrylates and polymethacrylates. These che micals have 
little effect on surface tension or interfacial tension but align them- 
selves so that their or ganic groups loosely attach to and coat th e 
pigment and miner al surf aces, le aving their char ged groups pro- 
truding into the water. This charged film renders the particles mutu- 
ally repulsive, which retards settling and minimizes the viscosity 
contribution of particle—particle associations. Dispersants are there- 
fore used to improve suspension stability and enable the inclusion 
of more pigment and e xtender without compro mising rheological 
properties. 

Surfactants reduce surface ten sion so that th e liquid v ehicle 
can effectively wet the pigment and extender surfaces. This is a par- 
ticular requirement for hydrophobic solids such as talc. Surfactants 
also facilitate the application of coatings by allowing the paint to 
better wet and spread on the substrate. Anionic surfactants are typi- 
cally sodium salts of alkyl sulfates, alkyl sulfonates, alkylaryl sul- 
fonates, and sulfosuc cinates. The y often serv e simultaneously as 
dispersants, although it is not uncommon for a paint to contain both 
surfactants and dispersants for opt imum effect. Nonio nic surf ac- 
tants such as nonylphenol ethoxy] ates co ntain a pigment/min eral 
compatible group, a long chain alk yl or alk ylaryl group, and a 
hydrophilic gro up such as polyethylene ox ide. The lo ng chains 
bond loosely to the pigment and extender surfaces, creating a film 
of hydrophilic groups that en sures wetting by the aqueous vehicle. 
Nonionic surfactants can also provide a dispersant effect by provid- 
ing steric hindrance to particle flocculation. 

Dispersion aids for solvent-borne paints function primarily as 
wetting agents and are typically nonionic. They contain an anchor 
group, selected for its affinity to the particulates in the paint formu- 
lation, and a polymeric or high-molecular-weight group selected for 
its compatibility with the binder and solvent. 

The surfactants used to stabilize binder lattices in latex paints 
are properly considered emulsifying agents, with an or ganophilic 
component that is at least partially soluble in the binder droplets 
and a h ydrophilic component that al lows the droplet to be wet by 
the aqueous vehicle. Emulsifying agents can be either anio nic or 
nonionic and inhibit droplet co alescence by char ge rep ulsion or 
steric hindrance. 


Rheology Modifiers 


Adjusting paint rheology for optimal in-can stab ility and applica- 
tion properties requires the use of thickeners, thixotropes, and rhe- 
ology modifiers of various types. Liquid paints for brush, roller, or 


spray application are pseudoplastic (shear-thinning). Paint viscosity 
decreases as the shearing rate increases. Undisturbed in the can, 
high viscosity inh ibits settling and flocculation of pigments and 
minerals. The shear caused by brushing or spraying reduces the vis- 
cosity so that a thin film is easily applied. Once on the substrate, the 
paint rethickens so that sagging is avoided. Pseudoplasticity, how- 
ever, im plies an immediate re covery of vi scosity aft er she aring 
stops. This is not always desirable because rapid viscosity recovery 
impedes leveling and retains brush marks, roller marks, or orange 
peel. The proper balance of antisag and good leveling is usually 
attained by using cellulosic t hickeners and miner al thixotropes, 
which impart the desired degree of thixotropy to the paint. A thixo- 
tropic paint is shear-thinning, for easy application and good cover- 
age; but after shear is remo_ ved, visco sity reco vers o ver a_ short 
period of time. Wh en properly fo rmulated, this pro vides just 
enough time for the paint film to level while de veloping enough 
viscosity to prevent sagging. 

Roller application involves an additional consideration—con- 
trol of spattering. At th e point of contact between roller and sub- 
strate, the paint is under pressure. As the roller moves, the pressure 
is released and small bubbles are formed between the substrate and 
the receding rolleredge. Asth _e roller continues, the bubbles 
expand and their walls are stretc hed from roller to substrate until 
they resemble fibers. These paint “fibers” are eventually stretched 
to their break ing point. Ideally , part of th e fiber retracts into the 
substrate coating and the rest onto the roller. In re ality, the fiber 
generally breaks in two places, releasing free paint droplets that fly 
off as spatter. 

Spattering is a partic ular problem with la tex paints that con- 
tain conventional water-soluble, high-molecular-weight thickeners. 
Paint fibers stretching between roller and substrate experience elon- 
gation flow rather than shear flow. The corresponding elongation 
viscosity arises f rom the str etching and aligning o f the thick ener 
polymer chains. The long-chain, high-viscosity polymers impar t 
the high elongation viscosity that promotes spatter. Spat tering is 
minimized by the use of low-molecular-weight (short-chain) grades 
of these thickeners, but at the expense of shear viscosity. 

Adequate low-shear viscosity is required to pr omote product 
uniformity. High-shear viscosity is an important factor with regard 
to spreading rate and hiding. The most widely used conventional 
thickeners are very shear-thinning, so that very thin paint films can 
be applied. If the applied f ilm is too thin, however, the dried film 
will give poor hiding. One-coat paints require a relatively elevated 
high-shear visco sity so th at an optimally thick wet pa int film is 
applied. In paints using conventional polymeric thickeners, a bal- 
ance among viscosity, wet film build, spatter resistance, sag resis- 
tance, and leveling is often achieved by using intermediate viscosity 
polymers and mineral thixotropes. 


Conventional Thickeners 


The most commonly used t hickeners in waterborne coatings are the 
naturally derived nonionic cellul osics. Mediu m- and high-viscosity 
hydroxyethylcelluloses dominate this group. Hy droxypropylmethyl- 
cellulose is the only other cellulosic with significant use in coatings. 
The only conventional synt hetic th ickeners used in substan tial 
amounts in water-based coatings are the acrylic alkali-soluble emul- 
sions (ASEs). These are supplied in —_ li quid fo rm as lo w-viscosity, 
water-insoluble latexes at low pH. In use they are neutralized with 
ammonia or a v olatile aminoalcohol to pro vide thickening. Some 
are lightly cross-linked with a small amount (<1%) of a polyfunc- 
tional monomer to enhance viscosity. The ASEs are similar to the 
cellulosics in rheology, but are more bior esistant and some what 
more water-sensitive. 
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Mineral Thixotropes 

Smectite and hormite clays provide thixotropic aqueous dispersions 
and impart aco ntrolled degree of thixotropy to pa ints thickened 
with the con ventional polymers. The most widely used mineral 
thixotrope in aqueous coatings is the hormite clay palygorskite, 
which is better known as at tapulgite. The micr onized attapulgite 
used in paint is composed of lo w aspect rationeed les that 
deagglomerate in w ater in propo rtionto the amount of shear 
applied. When shear is removed, these needles form a loosely cohe- 
sive random colloidal lattice that provides suspension and emulsion 
stabilization. With shear cycling, it is shear-thinning and thixotro- 
pic. B ecause attapulgite d eagglomeration i s m echanically ra ther 
than ionically driven, as for smectite clays, it is insensitive to most 
solutes and can be added at any point in paint manufacture. Con- 
centrated, predispersed aqueous suspensions 0 f attapulgite ar e 
available because opt imum deagglomerati on and dispersion is 
energy intensive. 

Hydroclassified natural smectite clays and synthetic smectites 
are used instead of attapulgite in coatings where finer adjustment of 
rheological properties is required. The hydration and dispersion of 
a smectite clay into individual colloidal platelets is driven by shear 
and osmotic swelling. Once separated, the absence of shear allows 
these platelets to form a more uniform and cohesive structure than 
that of attapulgite through ionic attraction of slightly positive plate- 
let edges to negatively charged platelet faces. Solutes present dur- 
ing hydration can inhibit o smotic swelling, but solutes introduced 
after hydration can improve the cohesion of the colloidal structure. 
Despite this relative lack of processing versatility compared to atta- 
pulgite, the smectites are used fo r their higher efficiency and the 
controllable synergism they provide with polymeric thickeners. 

Precipitated silicas find some use as thixotropes in w_ater- 
based coatings. The f unctional particles are cl usters of strongly 
agglomerated, primary, amorphous silica particles. Dispersed in a 
liquid, th ese clusters are ch ained toget her b y weak hydr ogen 
bonds into three-dimensional net works. In highly po lar liqu ids, 
bridging additives ensure this network structure; in aqueous coat- 
ings, certain nonionic surf actants serve this function. Silica gels 
and fum ed silicas are used in w ater-based coatings for flatting 
rather than rheology control. 


Associative Thickeners 


Associative thickeners are relatively low-molecular-weight, water- 
soluble polymers with hydrophobic groups capping polymer and 
pendant chain ends. Th ese thickeners provide little or no con ven- 
tional thick ening. The y instead form a netw ork based on hydro- 
phobe-hydrophobe affinity. Hydrophobe groups associate among 

the polymer chains, and the y adsorb onto hy drophobic surfaces in 
the dispersed phases of the paint. These surfaces are primarily those 
of the latex binder b ut canincludeh ydrophobic pigments and 

extenders such as talc. 

Associative thick eners genera lly pro vide solution rheology 
that is less pseudoplastic than conventional thickeners. This allows 
greater high-shear visco sity on pa int application for optimal f ilm 
build and hiding, and lower low-shear viscosity for good leveling. 
Associative thickeners also generally impart lower elongation vis- 
cosity, and are therefore preferred for spatter resistance. Hydropho- 
bically mo dified ce Ilulosics, the f irstco mmercial associative 
thickeners, are relatively low-molecular-weight grades of hydroxy- 
ethylcellulose and eth ylhydroxyethylcellulose mod ified th rough 
backbone hydroxy] groups. Hydrophobe substituents are one or two 
ethylene oxide units te rminated with an alkyl or alk ylaryl group. 
The hydrophobe modification makes these cellulosics less pseudo- 
plastic for better film build and leveling. 


Among the first acrylic associative thickeners were hydropho- 
bically modified analogues of the ASEs. These are lower in molec- 
ular we ight tha nthe con ventional ASE thick eners, b ut on 
neutralization they do provide some viscosity. Subsequently devel- 
oped ASE-based thickeners have as associative side chains polyeth- 
ylene oxide se gments joined by urethane linkages, wi th terminal 
hydrophobe groups. These side chains mimic the structure of the 
most popular class of associative thickeners, the hydrophobically 
modified ethoxylate urethane polymers (HEURs). 

The HEURs ha ve a backbo ne and side chains composed of 
urethane-linked po lyethylene oxide se gments, ter minated at al 1 
ends with h ydrophobe groups. Thes e products impart the _ least 
pseudoplastic rheology and generally provide the best flo w, level- 
ing, film build, and spatter resistance. Their use as the sole rheology 
modifier, however, comes at the expense of sag resistance, suspend- 
ing ability , and thick ening ef ficiency. The HEURs are pourable 
aqueous solutions with an organic cosolvent added to suppress vis- 
cosity and ensure flowability. In products analogous to the HEUR 
structure, the polyether segments include ethylene oxide—propylene 
oxide block copolymer in place of polyethylene oxide, and amide 
or ether linkages instead of urethane. 


Solvent Thickeners 


Hydrogenated castor oil is used as a thixotropic thickener in paints 
based on nonpolar aliphatic solvents. Hydroxyl groups on the fatty 
acid chains of the castor oil trig lyceride form a colloidal netw ork 
through hydrogen bonds. Polyamide-alkyd resins function as thixo- 
tropic thick eners in nonp olar solv ents through polar attraction 
among functional groups. 

Precipitated and fumed silicas th icken solv ent-borne paints 
and are most efficient in nonpolar systems. Both can be u sed in 
polar solvents, although higher levels are generally required, with 
fumed silica pro viding some what better ef ficiency. Or ganoclays, 
purified smectite clays that ha ve been cation-exchanged with qua- 
ternary ammonium salts, are widely used in solvent-borne coatings. 
Several grades are available for aromatic or polar solvents and non- 
polar solv ents, depending on the organic treatment. The conven- 
tional or ganoclays require a polar activator suchas methanol or 
propylene carbonate to facilitate delamination and the formation of 
a thixotro pic colloidal structure through hydrogen bond ing. Self- 
dispersing grades are modified to eliminate the need fora polar 
activator. 


Driers 


Paint driers are catalysts for the oxidation and polymerization reac- 
tions that provide binder film formation after application. Most dri- 
ers are soaps of transition metals, providing catalytic activity based 
on the ability of the metal cation to be oxidized from a stable lower 
valency to a less-stable hig her valency. The organic acids used to 
form these soaps provide compatibility in solvent-borne paints and 
enable emulsification into w aterborne systems. The earliest driers 
were linol eates, rosinates, and t allates. These have been mostly 
replaced by naphthenates and particularly 2-ethylhexanoates. Neo- 
decanoates and so-called synthetic ac id (sim ilar to 2-e thylhexa- 
onate) soaps are favored for their higher metal concentration. 
Primary driers directly promote oxidative film curing. They 
catalyze oxygen absorption into the film and accelerate the decom- 
position of the pero xides that are formed into free radicals that 
propagate the cross-linking mechanism. The most widely used pri- 
mary driers are based on cobalt and manganese, and cobalt driers 
are by far the most reactive. They are surface driers in t hat they 
quickly dry the outermost layer of the paint film, preventing fur- 
ther drying—“through dr ying”—beneath. C obalt u sed alone can 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


1314 


Industrial Minerals and Rocks 





consequently result in f ilm wrinkling. Zirconium soaps are used 
with cobalt driers to retard surface drying, accelerate through dry- 
ing, and provide harder cured films. Manganese driers are slo wer 
than cobalt and provide some through drying, although they are, 
like cobalt, usually used with secondary driers to properly balance 
drying properties. 

Lead driers used to be the most common secondary drier, their 
sole function being to catalyze oxygen uptake. This and their rela- 
tively low reactivity made them good through driers. Lead toxicity 
and atmospheric sulfide staining have now all but eliminated their 
use. Zirconium driers have generally replaced lead; they are not dis- 
coloring and are not considered t oxic. Aluminum driers are also 
used in place of lead, b ut the s ubstitution is not straightforward. 
The paint must be formulated specifically to promote their activity. 
Iron driers are used in heat-cured paints where their poor color can 
be accommodated. Temperatures greater than 100°C are required 
for catalytic activity, but high film hardness is obtained. 

Nonmetallic drier accelerators are commonly used to improve 
the efficiency of primary driers and to maintain catalytic activity 
during in-can aging. Metallic soap dri ers, especially those with 
cobalt, typically lose some activity between the time of manufac- 
ture and use, primarily through pigment adsorption. The heterocy- 
clic compounds 1,10-phe nanthroline and 2,2’-dip yridyl for m 
complexes with cobalt and manganese through their nitrogens, act- 
ing in effect as chelating agents. The metal-organic complex pro- 
tects the metal ag ainst deacti vation through adsorption during 
storage and modifies the metal’s catalytic activity such that through 
drying is ena bled. Proprie tary me tallic drie rs are a vailable as 
another means of pre venting the loss of ef ficiency of cobalt and 
manganese soaps durin g paint storage. These “feeder” driers dis- 
solve gradually into the paint vehicle to replace drier metals lost 
through adsorption. 


Coalescing Agents 


The dispersed polymer particles in a latex paint must coalesce after 
application to form a continuous film at room temperature or below. 
Hard and high glass transition temperature (Tg) polymers must be 
temporarily plasticized to enable film formation. Coalescing agents 
serve this function by softening the resin particles and lowering their 
minimum film formation temperature, but slowly volatilizing after 
application to allow the polymer film to attain final hardness. Slow- 
evaporating ester-alcohol sol vent is the most common coalescing 
agent because it efficiently lowers the minimum film-forming tem- 
perature of a wide v ariety of resins, has g ood hydrolytic stability , 
and is insoluble in water. The latter is important in preserving coa- 
lescent efficiency by pre venting loss of solv ent from the polymer 
phase to the aqueous medium. Lo w-volatility glycol ether ester and 
glycol ether solvents are also used as coalescing agents. 


Plasticizers 


Plasticizers are used primarily to improve the flexibility and tough- 
ness of the final coating film. They are used more often in industrial, 
appliance, and automotive coatings than in architectural paints. Plas- 
ticizers form strong polar associat ions with polymer molecules, b ut 
because there is no che mical bond, they can be lost through e xtrac- 
tion or volatility. Plasticizers are therefore typically very low volatil- 
ity, water-insoluble liquids that are selected based on compatibility 
with the resin. The major coatings plasticizers are the phthalic, trim- 
ellitic, or adipic acid esters of 2-ethylhexanol or isononanol. The sin- 
gle most commo nly used plasticizer is dio ctyl (i.e., ethylhexyl) 
phthalate. The response of dry film properties to plasti cizer addition 
level is not necessarily linear, so in most cases optimal concentration 
must be determined. In gener al, increasing the concentration of 


plasticizer increases film elongation and permeability and decreases 
tensile strength. Film toughness and adhesion, however, increase to a 
maximum and then decrease. 


Biocides 


Biocides are used in both solvent and aqueou s coatings as fungi- 
cides and algicides to k eep the dried paint film free of discoloring 
mildew and algae. Biocides are used in waterborne paints as preser- 
vatives as well. Here the y pre vent the bac terial gro wth that can 
result in of f-gassing in the can, and the enzymatic de gradation of 
cellulosic thickeners that can result in loss of viscosity. Paint bio- 
cides are preferably colorless, free of objectionable odors, nonyel- 
lowing int hepa intf ilm, of] ow toxicity,e nvironmentally 
acceptable, and cost-effective. Few, if any, of those in common use 
today meet all these criteria. Certain biocides are used exclusively 
as in-can preservatives, others as in-film fungicides, and yet others 
can serve both purposes. In the last case, the spectrum of biocidal 
activity is usually related to concentration and solubility. Some bio- 
cides, for example, are effective against bacteria at one concentra- 
tion and effective against fungi ata much higher concentration. 
Preservatives are usually w ater-soluble for best effect, whereas 
in-film fungicides need to ha ve very low water solubility to resist 
leaching. 

In the past, organomercury compounds were the most widely 
used paint biocides, functioning at very low concentrations as both 
preservatives and film fungicides. Because of their high toxicity , 
they have been replaced in most cases by the less toxic but also less 
cost-effective or ganotin comp ounds, particularly trib utyltin oxide 
and zinc oxide. Toxicity and en vironmental concerns ha ve more 
recently restricted the use of these tin compounds as well. As the 
trend in favor of aqueous products continues, the variety of a vail- 
able preserv ativeshas kept pace. Thes eca n be ge nerically 
described as nitrogen or sulfu r-containing organic biocides. Many 
of the se ar e form aldehyde releasers, which largely ac counts for 
their effectiveness but in some cases limits their use. 

Broad-spectrum biocides are generally preferred for waterborne 
paints, b ut en vironmental, t oxicity, and cost consid erations often 
necessitate tailoring of the biocide system for maximum ef fective- 
ness at minimum use levels. This involves identifying the particular 
types of microorganisms requiring control in both the manufacturing 
and end-use environments. To avoid development of resistance to a 
biocide in the manufacturing environment, it is not uncommon for 
producers to periodically alternate between preservative systems with 
different biocidal mechanisms. 


Antifoams 


The surfactants and thickeners used to stabilize water-based paints 
also stabilize air bubbles entrapped during manufacture or applica- 
tion. Ev en so lvent-borne coatings de velop bubbles un der shear . 
Bubbles that remain in the applied coating result in cratering in the 
dried film. Vehicle-insoluble liquids—silicone oils, alkyl (C6—Ci0) 
alcohols, and mineral oils—are used to destabilize the air bubbles 
so that the y break. In aq ueous systems, silicone /amorphous silica 
combinations are often used. Because antifoams can be emulsified 
and lo se ef fectiveness 0 n prol onged paint processing, th ey are 
sometimes added twice during ma nufacture—a silicone antifoam 
during pigment dispersion to prevent air entrapment and a nonsili- 
cone antifoam in the letdown to ensure performance during use. 


Glycol 


A slow-evaporating glycol is added to latex paints to serve as both 
antifreeze and humectant. E thylene glycol is most commonly 
used, followed by propylene glycol. As water freezes, its volume 
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expansion can push the latex particles together with suf ficient 
force to cause coagulati on. Glycol depresses the freezing point, 
but even those paints that become cold enough to freeze tend to 
freeze to a slush that exerts less force on the latex particles. As a 
humectant, the glycol controls evaporation from the paint film to 
facilitate wet lapping. When paint is applied by roller or brush, 
each brushful or rollerful of paint overlaps the wet edge of the 
preceding area of coverage. W ithout glycol, e vaporation can 
quickly render the pre viously ap plied film edge very viscous, 
although v ery weak because of 1 imited 1 atex coalescence. The 
brush or roller shear from the subsequent application can break up 
this film, leaving irregularities along the lapped edge. 


Antiskinning Agents 


The driers used in air-drying paints can also cause ox idative cross- 
linking at the surface of the paint in its container. This is prevented 
by adding a small amount of volatile antioxidant such as methyleth- 
ylketoxime or butyraldoxime. Volatility and use le vel (<0.2%) are 
selected so as not to interfere with the drying of the applied paint 
film, although they may not be adequate to prevent the formation of 
a skin in a container of paint that has been opened, partially used, 
and resealed for storage. 


Corrosion Inhibitors 


Corrosion of metallic surfaces requires moisture, ions, and oxygen. 
Corrosion inhibitors are most often added to paints to prevent rust- 
ing of ferrous metals. Rusting is an oxidative process that occurs 
through an electr ochemical mechan ism. For e xample, a dro p of 
water on steel, which is in effect a conductive electrolyte solution 
from ambient salts, will create an electrolytic cell. Electrons will 
flow from the anode at the cen ter of the drop to the cathode at the 
edge. At the anode, iron is oxidized to Fe 2+ and at the cathode, 
oxygen is reduced to OH’. The cationic iron migrating toward the 
cathode and the anionic hydroxyl migrating toward the anode form 
soluble ferrous hydroxide, Fe(OH)». If suf ficient oxygen is a vail- 
able, this is oxi dized to the insoluble hydrated ferric oxide (rust), 
Fe203°H20. 

Coatings can inhibit rusting in proportion to their imperme- 
ability to w ater, oxygen, and elec trolyte. Solv ent-based coatings 
provide generally less permeable polymer films than w ater-based 
coatings, but none is impermeable. Lamellar metals and minerals 
are us edinc oatings to reduce film permeabil ity by ph ysically 
inhibiting diffusion through the f ilm. Platy minerals sucha s talc 
and mica are used for this pur pose, although micaceous iron oxide 
(MIO) and aluminum flake are more widely employed. 

Primers containing high levels of zinc dust are used to protect 
steel by a sacrificial cathodic mechanism. The less noble zinc acts 
as the electrochemical anode and corrodes instead of the steel sub- 
strate. The concentration of zinc powder in the dry primer film must 
be sufficiently high to allow the particles to make contact and allow 
an electrical current to be established between these particles and 
the steel. 

Certain ino rganic compounds, us ually as_ their zinc salt, are 
used in paints as passivators to control rust formation. These inh ibi- 
tors are slightly soluble in w ater and are slowly dissolved from the 
paint film through moisture permeability. The ions formed are carried 
to the f ilm-metal interface by moisture diffusion. There the y cause 
the corrosion electrical potential to be elevated to the passive poten- 
tial at which the corrosion rat e is dramatically reduced by polariza- 
tion at the anode. Chromates have been the most wi dely used 
passivating inhibitors in coatings, although toxicity and carcinogenic- 
ity concerns ha ve prompted their replacement by molybdates (zinc 
and calcium zinc) and zinc phosphate in certai n cases. Alkali ne 


extenders such as wollastonite are used as synergists with passivators 
in some applications, providing a beneficial pH buffering effect. 


Flash Rust Inhibitors 


When water-based paints are applied over exposed ferrous metal, the 
drying film may develop a scatter of light brown spots. This “flash” 
rusting is pre vented with alkaline inhibitors such a s sodium nitrite, 
sodium b enzoate, or 2-ami no-2-methylpropan-1-ol (AMP) . Basic 
alkaline earth alkylaryl sulfonates are used as both flash rust and cor- 
rosion inhibitors. Alkaline minerals, w ollastonite in part icular, are 
also used to prevent flash rusting. 


Photostabilizers 


Many paints are prone to fading and film degradation from expo- 
sure to sunlight, particularly UV light. UV absorbers are used to 
reduce UV absorption by the binder polymer and the resultant pho- 
toinitiated oxidative degradation. UV absorbers for exterior coat- 
ings ideally have high absorption at 280 nm through 380 nm, with 
no ab sorption abo ve 38 Onmtoa_ void color ef fects. The UV 
absorber should also be nonvolatile and soluble in the coating film. 
Hydroxybenzophenones, hydroxybenzotriazoles, and hydroxyphe- 
nyltriazines are commonly used, with the last generally providing 
the lowest volatility and best permanence. Optimum photostability, 
for example, in clear automotive topcoats, is obtained with syner- 
gistic combinations of UV absorbers and hindered amine light sta- 
bilizers (HALS) based on 2,2,6,6-tetramethylpiperidine. The UV 
absorber re duces the ra te of generation of free radicals, and the 
light stabilizer reduces the rate of oxidative degradation by free 
radicals. 


TYPES OF COATINGS 


Paints and coatings can be classified in several ways: by application 
area, as with architectural versus industrial coatings; by the nature 
of the binder delivery system, as with evaporative versus nonevapo- 
rative coatings; or by the thermochemical properties of the ultimate 
dry film, as with convertible versus nonconvertible. Arguably, the 
most basic classif ication of pain ts and coatings is according to 
functionality: sealers, primers, and topcoats. A sealeris used to 
inhibit capillary action ina porous substrate such as masonry or 
wood, and is clear or only lightly pigmented. It provides a uniform 
base for the primer and pre vents the migration of extractives from 
the substr ate into the primer and to pcoats. A primeris usually 
highly pigmented, providing a dense and relatively inflexible film. 
It assists in protecting the substrate, provides a physically and opti- 
cally uniform base for the topcoats, and ensures the adhesion of the 
coating system to the substrate. The top or finish coats are less 
dense and more flexible than the primer coat, providing the f inal 
protective and aesthetic layer. 


Architectural Coatings 


Architectural coatings are the paints used to protect and decorate the 
exterior and interior of buildings. They are also called “trade sales 
paints” when so ld through retail outlets. These coatings are most 

often applied to w ood and drywall to control moistur e absorption, 
swelling, and de gradation while pro viding a durable, fle xible, and 
decorative film. Interior and exterior paints are produced in both sol- 
vent- and waterborne for mulations yielding a flat, semigloss, or 

gloss finish. Waterborne latex paints dominate trade sales mark ets 
because of th eir ease of handling, application and ease of cleanup, 
nonflammability, and low hydrocarbon solvent exposure. Within the 
collective architectural coatings are those formulated for more spe- 
cific performance. Masonry coatings, for example, are used to pre- 
vent surface deterioratio n, to bl ock the passage of moistur e and 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


1316 


Industrial Minerals and Rocks 





extractables, an d to impr ove the appear ance of concrete, brick, 
stone, and tile. 


Industrial Coatings 


Industrial coatings are designed primarily to protect metal surfaces. 
Exposed ferrous surfaces oxidize rapidly to a nonp rotective oxide 
coating. Liquid co ating systems fo r ferrous me tals are therefore 
typically based on primers containing a linseed oil or alkyd binder 
and anticorrosion pigments such as red lead, lead chromate, zinc 
chromate, potassium zi nc chro mate, and zin c dust. Primerless, 
direct-to-metal, pro tective late x coatings are also used. Although 
nonferrous metals tend to form an oxide layer that protects against 
further deterioration, they may require a coating to protect the sur- 
face from deterioration other than oxidation or, with a clear coating, 
to preserve the appearance of the unoxidized metal. Coil coating 
refers to acontinuous process of applying a coating to a coil of steel 
or aluminum strip or sheet. The coated metal is formed into many 
colored metallic prod ucts such as appliance and electronics hous- 
ings, roofing and siding material s, wind ow blinds, and furniture 
components. The common coil coatings are based on amine alkyds, 
epoxies, vin yl alk yds, solution vinyls, thermoset resins, solvent- 
type and water-reducible polyesters, and fluorocarbon resins. Many 
items, particularly appliances, which were once coil coated are now 
powder coated. 

Marine coatings are used on marine vessels and eq uipment. 
They are formulated to retard corrosion and fou ling and generally 
to protect against the harshness of the marine environment. A ship 
coating system typically consists of a preconstruction primer with 
corrosion-inhibiting properties, a multipurpose repair primer, a ship 
bottom co ating, antifouling coa tings, top side coatings, an d deck 
coatings. The en vironmental co nditions in whic h the v essel or 
equipment is required to operate determine the composition and use 
of marine coatings. 

Automotive finishes provide a hig h level of protection to the 
vehicle’s substrate and an aesthe tically appealing appe arance, so 
that the vehicle retains its origin al look for as long as possible. 
Because of the consumer e xpectation of high-finish-coat quality , 
the prim er c oat mus t pro vide excellent adhesion and cor rosion 
resistance as wel las a uniform, smooth surface for the topc oats. 
The finish coats must be compatible with the prime coat and form a 
final hard, protective, blemish -free film that can be polished and 
repaired. 


Convertible and Nonconvertible Coatings 


Coatings are also classif ied as con vertible o r noncon vertible, 
according to the nature of the dr ied or cured film. A convertible 
coating reacts chemically during film formation, con verting the 
polymeric binder into a three-di mensional cross-link ed network. 
Cross-linking may be effected through an oxidative mechanism, as 
with oil and alkyd paints; catalysts, as with UF coatings; amine cur- 
ing agents, as with epoxy systems; or UV radiation. The film is per- 
manently altered and cannot be reliquified by heat or contact with 
most solvents. 

Nonconvertible coatings form thermoplastic f ilms, usual ly 
through the evaporation of organic solvent or water. Solvent coat- 
ings, in simplest terms, are made by dissolving a polymer of suit- 
ably high molecular we ight at suf ficiently lo w c oncentration to 
obtain the appropriate coating viscosity. As the solvent evaporates, 
the resin concentration increases, forming first a tacky film and 
then the final polymer film after the solvent is completely released. 

Aqueous coatings are typically a latex emulsion consisting of 
colloidal polymer partic les, usually smaller than 0.5 um, that ar e 


stabilized w ith an emulsifier to pre vent flocculation and coales- 
cence. After a la tex paint is applied, water begins to e vaporate and 
the polymer partic les become increasingly concentrated. The parti- 
cles eventually touch and pack t ogether, leaving v oids filled with 
water, which mu ste ventually be lost toe vaporation or porou s 
absorption by the substrate. Ev entually, the particle s comple tely 
coalesce and fuse into a continuous film. Coalescing agents are used 
as temporary plasticizers, so that as the water evaporates, they have 
an increasing softening effect on the polymer particles, helping them 
coalesce more easily. 


Evaporative and Nonevaporative Coatings 


Yet another way to consider coat ings is according to whether or 
not film formation depends on the loss of volatiles, either water or 
solvent. 


Evaporative Coatings 


Evaporative coa tings include t he con ventional solv ent-borne and 
aqueous emulsion types described in a previous section. For solvent 
coatings, high-solids systems, containing less than 30% v_ olatile 
organic solvents, are generally preferred for environmental reasons. 
The viscosity of these systems is ma intained sufficiently low for 
acceptable application properties by using oligomeric binders with 
carefully controlled mol ecular we ight distri butions and reactive 
diluents such as unsaturated monomers. Coatings with water-solu- 
ble binders are made with convertible resins modified with carbox- 
ylic, h ydroxyl, or amino groups. These are essentially solv ent 
coatings with water as the solvent. Polymeric film formation occurs 
in a sequence similar to that described for solvent coatings, with the 
final film oxidatively cross-linked. 

An important factor in the production of an evaporative coat- 
ing is the dispersion of the primary and extender pigments in the 
vehicle. To provide a uniform film with the desired surface charac- 
teristics, agglomerates must be broken down by mechanical shear 
into finely divided particles coated with the vehicle. Deagglomera- 
tion, particle-size reduction (if | necessary), and dispersion are 
accomplished ina variety of e quipment, from the con ventional 
roller mills, ball mills, and pebble mills to high-shear media mills 
and dispersers. High-shear media mills are the most common type 
used in the production of paint and coatings. These mills can p ro- 
cess high volumes of a wide range of coatings formulations, from 
very fluid compositions to high-viscosity materials, at rel atively 
low operating cost. They consist of a hollow cylindrical shell with a 
rotating vertical or horizontal shaft and discs or pins located inter- 
mittently along the shaft length. These drive the grindin g media 
through the coating formulation at very high velocity. The grinding 
media can be specially sized san d or, more commonly, small steel 
or ceramic balls. Media mills can be incorporated into either batch 
or continuous production processes. 

The high-speed disperser is used i n batch operations because 
of its relative ease of operation and cleanup. The viscosity of the for- 
mulations appropriate for this type of equipment must be in a well- 
defined range. If the v iscosity is too low, no shearing action will 
occur, and if the viscosity is too high, the movement of the particles 
will not be rapid enough to break the agglomerates. 

Evaporative coatings are typically produced in two steps: the 
“pigment grind” an d “letdown.” For example, with a waterborne 
coating, the pigments ande xtender pigments are f irst thoroughly 
dispersed into a portion of the water and glycol to which surfactant, 
dispersant, and defoamer ha ve been added. This pigment concen- 
trate is then diluted or “let down” with the balance of w ater plus 
binder, coalescent, thickener, and other additives. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Paint and Coatings 


1317 





Nonevaporative Coatings 

Two component catalyzed systems are used as nonevaporative liq- 
uid coatings. One com ponent contains a reac tive polymer such as 
an epoxy, and the other contains the cross-linking agent. After the 
two parts are mixed, the coating has a limited pot life during which 
it must be applied before reac tion and hardening occur. Thick er 
films can be obtained from this type of coating than are practical or 
possible from evaporative coatings. 

Radiation cure coatings are typically solvent-free, high-solids 
systems based on acrylated epoxy or urethane oligomers with mul- 
tifunctional acrylate mon omers as diluent. These coatings cross- 
link rapidly at ambient temperat ure on exposure to UV or electron 
beam radiation. This mak es them particularly suitable for heat- 
sensitive substrates such as pa per, w ood, and cer tain plastics. 
Because radiatio n inte nsity v aries signif icantly with distance 
between the radiation source and the coated substrate, this technol- 
ogy isusedalmoste xclusively on flat or rotatable — cylindrical 
objects. Infrared and microwave cured coatings are sometimes also 
considered radiation cured, b ut in these systems the radiation is 
simply converted to heat, which initiates thermal curing. 

Electrodeposition coatings for met al use w ater for its electro- 
lytic properties rather than for its volatility. Binder particles, usually 
thermoset resin, are dispersed in an aqueous vehicle. The metal part 
can ser ve as eith er anode or ca thode. In anodic systems, current 
causes the negatively charged paint particles to deposit on the anode 
through precipitation by the hydrogen ions generated there by elec- 
trolysis of the water. In cathodic systems, the posi tively cha rged 
paint particles deposit on the cathode through precipitation by gen- 
erated hydroxide ions. Filmt hickness is essentially self-limiting 
because as f ilm thickness increases , electrical resistance increases 
and deposition rate decreases until the film thickness at which depo- 
sition stops is reached. The coated article is removed from the elec- 
trodeposition bath , rin sed, and baked to cure. Bec ause the entire 
surface of the metal object acts as an elec trode, ele ctrodeposition 
coatings are used to provide complete, void-free coverage. This is of 
particular value in the application of anticorrosion coatings. 

Powder coatings use air as the medium through which resin is 
applied. Powder coatings are most often applied to bare metal as an 
electrostatic spray. The metal is grounded and the powder is given a 
negative electrostatic charge by the spray gun. The powder particles 
coat the metal surface thro ugh el ectrostatic attr action. Co verage 
tends to be uniform but self-limiting because the coating of powder 
acts as an insulator. The powder-covered article is baked, allowing 
the powder particles to fuse to a continuous film, flow, level, and 
cross-link. Heat-tolerant plastics and pre viously coated metal can 
be powder coated after preparation with a conductive primer. Pow- 
der coatings are widely used asi ndustrial finishes on appliances, 
machinery, and outdoor fixtures and furniture because they provide 
ahard durable coating with es sentially no VOC emissions and 
nearly 100% powder utilization—any overspray is easily collected 
and reused. 

The coating powders are actually more like formulated plas- 
tics than like paint resins. They are prepared by premixing all ingre- 
dients (resin, pigments , extenders, reinforcements, and additi ves), 
melt extruding, and then pulverizing. Powder coatings are generally 
based on epoxy or po lyester binders, although acrylic binders ar e 
used for particular applications such as for superior detergent resis- 
tance on washing machines. Thermoplastic powders, based on vinyl 
chloride copolymers, polyamides, fluoropolymers, and thermoplas- 
tic polyesters, are less commonly used because they are difficult to 
pulverize to fine particle sizes, resulting in relatively thick films, 
and because they provide relatively poor flow and leveling. 


Thermoplastic po wders are used in fluidized bed coating, 
although the resultant films are still relatively thick. The article to 
be coated is he ated above the Tg of the binder resin and then sus- 
pended in an air-fluidized bed of coating powder. Powder particles 
fuse onto the hot objec t unt il the powder la yer bec omes thi ck 
enough to act as a thermal insulator and prevent additional fusing. 
The operation is c ompleted in a separate oven, since the surface 
may contain incompletely fused pa _rticles. El ectrostatic fl uidized 
beds are also used, with char ged powder and grounded substrates, 
which may or may not be preheated. 

Flame spr ay technology is also used to apply thermoplastic 
powder coatings. A flame spray gun instantaneously melts the pow- 
der as it is sprayed so that themolten plastic flows and fuses onto the 
article. This process can b e used on noncond uctive, heat-to lerant 
surfaces such as concrete, wood, and certain plastics in addition to 
metals. It has the adv antage of portability o ver the other po wder- 
coating techniques, which require a lar ge-scale, carefully controlled 
industrial setting. Flame spray apparatus can be used in the field to 
coat objects and to repair pre viously applied th ermoplastic flame 
spray coatings. 


TEST METHODS 


The test methods employed in the evaluation of paints and coatings 
fall into two basic categories: 


1. Those tests used to evaluate the properties and characteristics 
of a coatings formulation for a particular application 


2. A selected subset of these tests used for the quality control of 
production material 


The most widely used quality control tests for paints and coat- 
ing are described in the sections that follow. 


Solids Content 


The “solids” of a paint in clude all nonvolatile c omponents that 
remain in the dry paint film. Measuring solids is important to ensur- 
ing control of the manufacturing process. Paints that de viate from 
the specified solids co ntent may ha ve variations in color and film 
durability. The solids content is also important in ca Iculating the 
amount of coverage a paint will provide. 


Specific Gravity 


Specific gravity is an important, easy-to-measure property that indi- 
cates the weight of the paint for a given volume. Specific gravity is 
used as an in-process quality control test and as an end-product test 
to determine if all the major components were added in the correct 
amounts. It can be measured simply by filling a tared container of 
known volume and then weighing. F or a higher level of precision, 
pycnometers are used. 


Fineness of Grind 


During the dispersion process, it is important to be able to measure 
the degree of breakdown of agglomerates and aggregate particles. If 
the grind is not fine enough, poor color uniformity, gloss, or hiding 
power can result. A convenient tool for measuring the “fineness of 
grind” is the Hegman gauge. This is a steel plate ha ving a channel 
of declining depth from 0 to about 100 um. Samples are drawn over 
the gauge with a straightedge. The depth of the channel at which 
particles are evident is taken as the Hegman reading for pa rticle 
size. T able 4 lists He gman fineness and corr esponding channel 
depth. Hegman fineness of grind is commonly used as a specifica- 
tion test for mineral extenders to ensure that they do not contain any 
particles that are too large for the intended coating film. 
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Table 4. Hegman fineness and size (as channel depth) 


Hegman Fineness Channel Depth, pm 





0 101.6 
Yo 95.3 
] 88.9 
1% 82.6 
2 76.2 
2% 69.9 
3 63.5 
3% 57.2 
4 50.8 
Ave 44.5 
5 38.1 
5% 31.8 
6 25.4 
6% 19.1 
7 12.7 
7V2 6.4 
8 0 





Viscosity 


Viscosity measurements are taken as in-process tests and end-pr od- 
uct tests. Simple viscosity tests such as the Ford cup and Zahn cup 

tests measure the time required for a given volume of sample to pass 
through a standard size orifice. The Brookfield viscometer measures 
viscosity from shear resistance on a standard spindle rotating at a 
constant speed. A Storme r viscometer measures the time required 

fora standard pad dle to re volve 100 revolutions from a co nstant 
force provided by a weight and pu Iley. The Gardner -Holdt bubble 
viscometer is used for varnishes. It quickly indicates varnish viscos- 
ity by measuring the time required for a bubble to rise to the top of a 
standard tube after being inverted under stan dard cond itions. The 
problem with most viscometers is that they measure viscosity at rel- 
atively low shear. They can be used as good production control tests, 
but they do not necessarily relate well to the paint’s rheology when 
applied under high-shear brush, roller, or spray application. 


Wet Hiding Power 


To measure the ability of the wet coating to produce an opaque 
film, it is un iformly brushed onto an impervious, black-and-white 
striped surface until complete hiding is achieved. The weight of the 
coating required to do this is determined and the hiding power in 
square feet is calculated. Wet hiding power is inversely proportional 
to coverage: the more paint needed, the less area that can be coated 
per gallon. 


Dry Hiding Power 

The dry hiding test uses the same striped panel and coating proce- 
dure previously described. Five brushouts are made, however, apply- 
ing a different amount of paint each time. After each brushout, the 
panels are allowed to dry for 24 hours, and then the contrast ratio is 
measured. Contrast ratio is equal to t he reflectance over the black 
area divided by the reflectance 0 ver the white area. The weight of 
the paint is plotted against the contrast ratio, and the amount of the 
paint required to give a contrast ratio of 98 is read from the resulting 
curve. The dry hiding power is calculated accordingly. 


Specular Gloss 


A 60° gloss reading on a standardized test panel is used to deter- 
mine film smoothness and th us visual gloss. Increases in surf ace 


roughness or imperfections promote diffuse reflection and lower 
gloss. 


Color 


The color of a finished coating can be qualitati vely evaluated by 
visual comparison to an established standard. Most color compari- 
sons, however, are made quantitatively by measuring test panels on 
color measurement instruments that calculate color coordinates and 
determine the color difference. 

Table 5 lists the recognized American Society for Testing and 
Materials (ASTM) procedures used primarily for e valuating coat- 
ings formulations and determining coating characteristics. 


TRENDS AND OPPORTUNITIES 


Improved coating properties and lower emissions of volatile organ- 
ics have been concurrent goals of the coatings industry for many 
years, with the latter often frustrating progress toward the former. 
Lowering VOCs is an ongoin g process of replacing solv ent-borne 
coatings with w aterborne a nd so lIventless ( organic so Ivent a nd 
water-free) alternatives. Because mineral e xtenders exert consider- 
able influence on the rheological, optical, and performance proper- 
ties of coatings, manipulation of particle size, shape, and surface 
properties remains a challenge and an opportunity. Low extender 
vehicle demand is preferred, for example, when formulating high 
solids and 100% solids coatings. This is an opportunity for the pro- 
ducers of naturally low demand extenders and a challenge to the 
producers of con ventionally hi gh-performance b ut high-demand 
extenders. 

An appreciation of particle -packing phenomena is increas- 
ingly im portant as the coating formulator strives to optimize the 
extender loading for the required balance of application properties, 
optical properties, durability, and substrate protection. Emphasis is 
accordingly placed on man ipulating the distribution o f particle 
shapes and sizes of t he minerals sold as extenders. T he surfac e 
properties of extenders are likewise subject to further customiza- 
tion. B ecause most mi neral e xtenders ha ve hy drophilic sur faces, 
modification with addi tives such as silanes an d titanates becomes 
more important to ensure compatibility with and reinforcement of 
the coating polymer film. This is reaso nably straightfor ward for 
nonaqueous coatings, b ut less so for waterborne alternatives. The 
mineral surface must be suf ficiently hydrophobic or e ven reactive 
for greater functionality in th e binder f ilm without being unduly 
difficult to disperse intimately in the aqueous vehicle. 
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Table 5. ASTM test methods for coatings 
D281 Standard Test Method for Oil Absorption of Pigments by Spatula Rub-Out 
D344 Standard Test Method for Relative Hiding Power of Paints by the Visual Evaluation of Brushouts 
D523 Standard Test Method for Specular Gloss 
D609 Standard Practice for Preparation of Gold-Rolled Steel Panels for Testing Paint, Varnish, Conversion Coatings, and Related Coating Products 
D610 Standard Test Method for Evaluating Degree of Rusting on Painted Steel Surfaces 
D660 Standard Test Method for Evaluating Degree of Checking of Exterior Paints 
D661 Standard Test Method for Evaluating Degree of Cracking of Exterior Paints 
D662 Standard Test Method for Evaluating Degree of Erosion of Exterior Paints 
D714 Standard Test Method for Evaluating Degree of Blistering of Paints 
D772 Standard Test Method for Evaluating Degree of Flaking of Exterior Paints. 
D869 Standard Test Method for Evaluating Degree of Settling of Paints 
D870 Standard Practice for Testing Water Resistance of Coatings Using Water Immersion 
D968 Standard Test Methods for Abrasion Resistance of Organic Coatings by Falling Abrasive 
D1006 Standard Practice for Conducting Exterior Exposure Tests of Paints on Wood 
D1014 Standard Practice for Conducting Exterior Exposure Tests of Paints and Coatings on Metal Substrates 
D1210 Standard Test Method for Fineness of Dispersion of PigmentVehicle Systems by Hegman-Type Gage 
D1308 Standard Test Method for Effect of Household Chemicals on Clear and Pigmented Organic Finishes 
D1474 Standard Test Method for Indentation Hardness of Organic Coatings 
D1475 Standard Test Method for Density of Paint, Varnish, Lacquer, and Related Products 
D1735 Standard Practice for Testing Water Resistance of Coatings Using Water Fog Apparatus 
D2197 Standard Test Method for Adhesion of Organic Coatings by Scrape Adhesion 
D2486 Standard Test Method for Scrub Resistance of Interior Latex Flat Wall Paint 
D2793 Standard Test Method for Block Resistance of Organic Coatings and Wood Substrates 
D2805 Standard Test Method for Hiding Power of Paints by Reflectometry 
D2832 Standard Guide for Determining Volatile and Nonvolatile Content of Paint and Related Coatings 
D3170 Standard Test Method for Chipping Resistance of Coatings 
D3258 Standard Test Method for Porosity of White or Near White Paint Films by Staining 
D3359 Standard Test Methods for Measuring Adhesion by Tape Test 
D3450 Standard Test Method for Washability Properties of Interior Architectural Coatings 
D3730 Standard Guide for Testing High-Performance Interior Architectural Wall Coatings 
D3794 Standard Guide for Testing Coil Coatings 
D3960 Standard Practice for Determining Volatile Organic Compound (VOC) Content of Paints and Related Coatings 
D4062 Standard Test Method for Leveling Characteristics of Paints by Draw Down Method 
D4400 Standard Test Method for Sag Resistance of Paints Using a Multinotch Applicator 
D4414 Standard Practice for Measurement of Wet Film Thickness by Notch Gauges 
D4707 Standard Test Method for Measuring Paint Spatter Resistance During Roller Application 
DA946 Standard Test Method for Blocking Resistance of Architectural Paints 
D4958 Standard Test Method for the Comparison of Brush Drag of Latex Paints 
D5150 Standard Test Method for Hiding Power of Architectural Paints Applied by Roller 
D5178 Standard Test Method for Mar Resistance of Organic Coatings 
D5324 Standard Guide for Testing Water-Borne Architectural Coatings 
D6736 Standard Test Method for Burnish Resistance of Latex Paints 
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FILLER AND EXTENDER USES 


Bath wae. aa a 2 ee eee 
Plastics 


George Hawley 


INTRODUCTION 


Plastics can be defined as a mixture of polymers with additives. The 
polymer is a long twisted chain madeupmainly of methylene 
groups, but it may also contain some amino and carboxy | groups. 
Side chains and subs titute groups fo r hydrogen are also common. 

Industrial minerals and their derivatives are used as additives to 
overcome some of the def iciencies of the properties of p lastics 
when compared to metals and cementitious materials. These addi- 
tives may be roughly di vided into a filler, which contributes some 
bulking and cost-reduction properties but is mainly used to improve 
some physical property, and an extender, which is used to augment 
the hiding power of a primary pigment and reduce cost. F avorable 
properties c onferred by t hese additives are enhanced stiffness, 
strength, hardness, impact resistance, surface appearance, opacity, 
dimensional sta bility, t hermal sta bility, serv ice temperature, fire 
resistance, permeability to gases and liquids, chemical and solvent 
resistance, di electric pro perties, th ermal conductivity, e lectrical 
properties, resistance to ul traviolet (UV) and other radiation, and 
processability. These same improvements may be achieved through 
the use of specialty polymers or by chemical additives, but at much 
higher cost (and often the mineral confers a balance of several dif- 
ferent property enhancements). At the same time, mineral additives 
may have an adverse affect on certain properties such as flexibility 
and impact resistance. 

The leading mineral add itive used in the plastics industry is 
dry or wet ground calcium carbonate (GCC) or dolomite, followed 
by talc, kaolin, mica, wollastonite, natural and synthetic silicas, alu- 
minah ydrate, a ndp recipitated (synthetic) c alciumc arbonate 
(PCC). 

Some of the more common polym ers used i n the plastics 
industry are 


¢ Polyolefin—polymer composed of chains of carbon atoms 
with h ydrogen or meth yl side groups (e.g., polyethylene, 
polypropylene) 

¢ PVC—polyvinyl chloride polymer 

¢« PP—polypropylene 

¢ PE—polyethylene (HDPE, hi gh-density PE; LDPE , lo w- 
density PE; LLDPE, linear low-density PE) 

¢« PA—polyamide (nylon) 

¢ PS—polystyrene 
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¢« ABS—acrylonitrile-butadiene-styrene copolymers 
¢« SMC—sheet molding compound 
* BMC—bulk molding compound 


¢ RRIM/PU—teinforced reaction-injection molded polyurethane 


TYPES OF PLASTICS 


Plastics are gener ally divided into two classes: thermoplastics and 
thermosetting. Thermoplastics are solid polymer pellets that can be 
melted and molded into specific shapes. They can also be recycled 
by remelting and remolding. Alt hough there is some de gradation 
with each melt cycle, up to 30% of a recycled thermoplastic can be 
used in a final product with no significant effect on properties, pro- 
viding that stabilizing additives are used. Typical thermoplastics are 
PVC, PP, PE, ABS, and PA. 

Thermosetting polymers are usually liquids at room tempera- 
ture (because heat causes decomposition). They require the addi- 
tion of catalysts to convert the polymer into a solid by cross-linking 
reactive groups on the chain. Once “cured,” the polymer is infus- 
ible. Thermosetting polymers are not usually recycled, unless pul- 
verized and used as af iller. Typical thermosets include epoxy, 
unsaturated polyester, and polyurethane. 

Plastics are further divided into amorphous, crystalline, and 
semicrystalline types. Amor phous polymers tend to be lo w in cost 
and to have more flexibility and good impact resistance, b ut they 
also exhibit low strength and stiffness characteristics. Typical amor- 
phous polymers are LDPE (as used in agricultural and packaging 
films), PS, and ABS. In contrast, crystalline polymers tend to have 
higher strength and stiffness but lower impact pr operties. Crystal- 
line polymers include PP, HDPE, and LLDPE. 


MINERAL FILLERS IN PLASTICS 


In general, when minerals are incorporated in plastics, they reduce 
shrinkage on demolding and speed up the molding cycle. Negative 
effects are the lowering of strength, impact resistance, and flexibil- 
ity. Fil ler co ntent usua lly increases pla stic de nsity to a sp ecific 
gravity (SG) of ab out 1.5 compared to that of unf illed polymer, 
which ranges from 0.9 to 1.1. Although this is generally deleteri- 
ous, the improved plastic properties may make it possible to substi- 
tute for steel at SG 7.0, leading to substantial weight savings. This 
is a major factor that is spurring the automobile industry, for exam- 
ple, to switch to plastics. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


1322 


Industrial Minerals and Rocks 





Table 1. World consumption of major fillers in plastics (2002) 








Filler kt % 
GCC 7 250 66 
Talc 660 6 
Kaolin 660 6 
Wollastonite 330 3 
Mica 110 ] 
Other” 18 
Total 11,000 100 





Courtesy of USGS. 


* Includes silicas (natural and synthetic) and alumina hydrate. 


Table 2. U.S. consumption of major fillers in plastics (2003) 








Filler kt % 
GCC 1,500 66 
Talc 30 6 
Kaolin 50 6 
Wollastonite 50 3 
Mica 20 ] 
Other” 18 
Total 2,250 100 





Courtesy of USGS. 


* Includes silicas (natural and synthetic) and alumina hydrate. 


Table 3. Consumption of ground calcium carbonate in plastics, by 
country 





Country Mt % 
Asia/Oceania 3:2 43 
China 2 27 
Japan 0.5 7 
South Korea 0.3 4 
European Economic Community (EEC) 1.7 23 
United States ES: 20 
South and Central America 0.4 6 
Middle East and Africa 0.6 8 
Total “7A “100 





Mineral fillers act as true reinforcements only in crystalline 
polymers. One of their beneficial functions is to catalyze crystalli- 
zation. In addition to their gen eric effects, mentioned p reviously, 
they increase strength, stiffness, and heat resistance. These plastics 
tend to warp on cooling because of the orientation of the crystallites 
in the flow direction, which results in a substa ntial differential in 
thermal c ontractionin the fl ow and cro ss-flow directions. This 
problem is w orsened by f ibrous fillers but is improved by using 
flake minerals such as mica, talc, kaolin, and graphite. 


PROCESSING OF MINERAL-FILLED PLASTICS 


Mineral-filled plastics are processed by the same machines as the 
unfilled v ersions. The main proc esses used aree xtrusion, blo w 
molding, and injection molding. 

In extrusion, the largest volume process, the plastic is melted, 
forced through a die to give the correct profile, and then cooled to 
set it. Typical products are pipes, tubing, siding , door and windo w 


profiles, and win dow blinds, and t ypical filled polymers used are 
PVC, LDPE, PP, HDPE, and ABS. In a variation of this process, a 
pipe is extruded and then blown by internal air pressure to a bubble 
of the correct thickness, making film. Films of LDPE, LLDPE, PP, 
and HDPE are not generally filled, except in specialty applications 
such as diapers (see section on GCC in Microporous Films in this 
chapter). These films represent a huge market. 

In blow molding, a v ariation of extrusion, a pipe section is 
extruded into a mold where internal gas pressure forces it to take its 
shape. All plastic bottles and drums are made by this process, as 
well as toys, air-conditioning ducts, and seat backs in cars. Typical 
filled polymers used are PVC, PP, LDPE, HDPE, and ABS. 

In inj ection mo Iding, the molten pla stic is inje cted into a 
closed mold that is then cooled to set the plastic. This is the most 
common w ay to mak e three-dimensional plastic objects r anging 
from tiny computer contacts to 1,500-Ib. truck cabs. Although all 
thermoplastic types are used, the most common are PVC, PP, PE, 
PA, and ABS. 

One variation of this process is thermoset injection of filled 
sheet and b ulk molding compounds where the mold is heated to 
cure the polymer. This process is used with unsaturated polyesters 
to make BMC plumbing fixtures (such as laundry sinks and shower 
pans) and SMC automobile parts (such as hoods and trunk lids). 
BMC and SMC contain high levels of GCC. 

Another variation is RRIM/PU, in which mica- or wollastonite- 
filled polyurethane or polyurea liquid po lymers ar e fo rced into 
molds. Very large parts such as truck cabs can b e made with this 
low-pressure process. The largest end use is for front and rear fas- 
cias and wraparound fender assemblies on most cars. 


Supply and Demand 


The size of the market for minerals used in plastics is small relative 
to the large-scale commodity markets often served by the same sup- 
pliers. In f act, the f ines from the productio n of mineral products 
used for the metallur gical, ceramics, and glass industries are often 
the starting point for production of mineral fillers. Overall, the sup- 
ply of mineral f illers exceeds demand. To counter the relatively 
small tonnage of minerals required, however, the plastics market is 
important in that it requires more specialized products that com- 
mand higher prices and generate higher profits. It is estimated that 
the total tonnage of mineral prod ucts used in th e plastics indu stry 
worldwide exceeds 10 Mt (see Tables 1-3). 


Prices 


Prices range from $0.02 /Ib to $0.05/lb for coarse commodity-lik e 
powders and up to $4.00/lb for sophisticated, high -tech products 
such as nanoclays (see Table 4). 


Classification 
Natural Fillers 


Carbonates are by far the largest volume of minerals used. In this 
class, calcium carbonate with some dolomite predominates because 
its higher hardness lends increased durability to floor tiles. Silicates 
are the next largest class, mainly as talc, followed by kaolin. Wol- 
lastonite and mica, although relatively low-volume minerals, com- 
mand high prices because of thei r unique reinf orcing abi lities. 
Magnesium minerals such as bru cite, huntite, and hydromagnesite 
are used in small amounts as a flame retardant. Silica is used for its 
high hardness, chemic al resistance, andthe rmal con ductivity. 
Graphite consumption is currently small but has great potential for 
increased use in electrically co nductive plastics—in particular, in 
fuel cell plates and antistatic plastics. 
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Synthetic Fillers 


Alumina hydrate, the largest of the synthetic mineral products used 
in pla stics, is used as afl ame re tardant inc arpet bac king a nd 
plumbing fixtures. Synthetic silicas are mainly used as_ thickening 
agents in liquid polymers, as reinforcements in sili cones, and as 

antisticking agents in films. Precipitated calcium carbonate is used 
in plastics, but to a much lesser extent than GCC. Some magnesium 
hydroxide is also used but in small volumes, although this should 
increase because competitive fire retardants are being banned. 


General Considerations 


The demand for and value of industrial minerals increases with 
enhancements in the following characteristics: 


¢ Purity—Heavy metals, toxins, and environmentally undesir- 
able impurities are absent. 


¢ Color—Generally, the highest whiteness or blackness is 
preferred. 

¢ Fineness—The finer, the better. The trend is to submicrometer 
and increasingly, to particles that have their larger dimension 
in the nanometer rather than the micrometer re gion (with a 
narrow range). 

¢ Surface modification—This improves particle dispersion and 
optimizes property enhancement by improved bonding. 


INDUSTRY STRUCTURE 


Infrastructure 

Although it is obvious that amine may not be sited n ear the end 
user, secondary processing can and should be located near the point 
of consumption. The use of minerals in plastics is highly technical, 
requiring a highly trained staff, and R&D is often conducted in con- 
cert with university and government laboratories. Fine grinding is 
energy intensive, necessitating that a signif icant power source be 
nearby. Technological requirements are for fine comminution, con- 
trol of agglomeration, surface chemistry, and awareness of current 
status and future directions of the plastics industry. 


Barriers to Entry 


Supplying the plastics industry is a marketing-driven business. Tech- 
nological expertise is mandatory, as is a deep purse, because pene- 
tration into ma rkets such as automoti ve, aerospace, and medic al/ 
dental supplies may take 4 years or more. User confidence is hard 
won and ISO (International Organization for Standardization) certi- 
fication is a must. The producers tend to be a small number of glo- 
bal suppliers of a suit eof minerals that ar e supplied to all the 
markets, including plastics. Th ese producers ha ve sophisticated 
special-purpose | aboratories that are equipped for plastics R&D 

work; these lab oratories also enable producers to furnish th e spe- 
cialized technical services required by their customers. 


Economic Factors 


For the lower-value industrial minerals, the freight costs may be as 
high as the mineral value. For this reason, location near the markets 
or near low-cost transportation avenues such as waterways may be 
vital. Markets are now global and it may be less costly, for example, 
to supply Europe by sea than to truck product to a North American 
user. Major suppliers seek out mines and locate processing facilities 
as near to their customers as possible. 


Specifications 


The end user sets the specifications—even in the same application, 
different end users may specify products that vary widely in charac- 


Table 4. Pricing of major minerals used in plastics 





Mineral Specification S/t 
Calcium carbonate 
GCC A5 pm 50-100 
5-7 pm 110-160 
0.5-2.0 pm 140-290 
Fine PCC 0.4-1.0 pm 250-270 
Ultrafine treated PCC 0.02-0.36 pm 375-750 
Talc 
20-25 pm 185-195 
10-20 pm 200-205 
Kaolin 
Hydrous filler 80-185 
Calcined 320-375 
Wollastonite 
200 mesh 205 
325 mesh 248 
400 mesh 275 
High aspect ratio 345-1,000 
Mica 
Dry ground 210-400 
Micronized 535-930 
Wet ground 535-1,300 





Adapted from Anon. 2004. 


ter. Particle sizes range from 140 um down to submicrometer and 
even nanometer sizes. 


PRODUCTION TECHNIQUES 

Raw and Intermediate Materials 

Originally, filling plastics was re garded as a w ay to di spose of 
unwanted fines—for instance, fines from marble, soapstone, or cal- 
cium carbonate aggre gate operations. Subsequently, user require- 

ments became more restrictive and, because the prices commanded 
were orders of magnitude higher than those of the original end use, 
it became normal practice to produce fillers directly from ore. Ores 
are sought that are high in purity; preferably little or no benef icia- 
tion should be required. This is pos sible with carbonates, talc, sil- 
ica,a nds ome c lays. W ith ot her si licates such as mi ca and 

wollastonite, however, beneficiation is normally required. 


Mining and Processing 


In general, mining methods used are con ventional; carbonates and 
silicates require drilling and blasting, and clays are commonly mined 
using scrapers or loaders. Small amounts of | arge sheet mi ca and 
lump graphite are mined by hand fo r high purity, to produce larger- 
size flakes or lumps, or to preserve the character of the deposit. 
Initial size reduction is gene rally by jaw crusher followed by 
hammer mills. Beneficiation may be _ by fl otation, b ut residual 
reagents may interfere with performance in plastics. Dry processes 
such as gravity and magnetic and electrostatic separation are pre- 
ferred and are also less harmful to the environment. Low-value prod- 
ucts may be made by ball milling, but this process generally reduces 
the quality of minerals such as m ica, w ollastonite, and graphite . 
Hammer and cage mills are used to make products down to 20 pm. 
Air-swept mills reduce these products down to 2— 10 um. Fluid- 
energy milling is the standard method for producing finer particles, 
but it isc ostly in capital e xpense and operations. Stirred-media 
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Table 5. Surface modification and treatment 





Chemical Type Fillers Wt % on Filler 
Stearic acid and Calcium and magnesium carbonates 1-3 
stearates 
Silanes Silicates (mica, wollastonite, kaolin, 0.25-2.0 
and talc); natural and synthetic silicas; 
oxides (titanium dioxide and iron 
oxides) 
Titanates, zirconates, Silicates, silicas, and oxides, plus 0.5-3.0 
zirco-aluminates carbonates 
Carboxylated Mica, wollastonite, talc, kaolin 5-25 
polymers 
Chlorinated Mica, wollastonite 1-5 
hydrocarbons 





milling and vibro-energy milling ar e less expensive and are being 
used increasingly to make the finest particle sizes. 

The filler surface is commonly treated. This may involve sur- 
face modification whereby the filler is reacted with a chemical that in 
turn reacts with the polymer to form a large molecule, ensuring that 
the polymer bonds to the filler (see Table 5). Or surf ace treatment 
that encourages wetting of the filler by polymer may be appl ied to 
the filler, improving dispersion and reducing viscosity. Surface treat- 
ment does not form any chemical bonds and is reversible. 

Other treatments include pelletization or granulation to reduce 
dustiness and air entrainment and to facilitate feeding into plastics- 
compounding equipment. 


FINISHED PRODUCTS 

Specifications 

Specifications always include particle-size analysis that is given as 
a curve or as quoting a verage and top size. Surf ace area is com- 
monly quoted because it is a measure of particle size. Moisture con- 
tent is a required measurement, because moisture is de leterious to 
most plastics. Brightness is often quoted for white fillers. Other 
common measurements quoted are refractive inde x, pH, specif ic 
gravity, bulk density (loose an d compacted), oil absorption, and 
water-soluble salts. Chemical composition is sometimes quoted but 
is of no real interest to the plastics end user. 


Uses and Applications 


As pre viously discussed, industrial minerals and their derivatives 
are used as lo w-cost functional additives in plastics to overcome 
some of th e deficiencies of the properties of plas tics when c om- 
pared tom etals and c ementitious ma terials. The mo re common 
minerals are outlined in the following sections. 


Ground Calcium Carbonate 
GCC in PVC 


GCC, by f ar the most im portant filler mineral use d in the plastics 
industry, is used in large volumes in PVC. The main functions are as 


¢ A low-cost opacifier, substituting for titanium dioxide 
¢ A stabilizer against thermal degradation during processing 


- Anagent to increase service temperature to protect against 
weathering 


¢ An agent to increase stiffness and surface hardness 
¢ An agent to reduce shrinkage out of the mold 

¢ An agent to increase chemical resistance 

¢ An agent to improve impact properties 

¢ A processing aid to increase throughput 


GCC is used extensively in PVC sewer, pressure, and potable 
water pipes; fittings; floor tiles and other flooring; outdoor furni- 
ture; windo w and doo re xtrusions; automobile pl astics; | eather- 
cloth; wallpaper; and blinds. GCC is used at levels of 20%—30% by 
weight of products ranging from 1 to5 pm. The level is much 
higher in flooring (up to 70%) using coarser particles (325 mesh 
and larger). 


GCC in PP 


The second lar gest use of GCC is in polyprop ylene—approxi- 
mately 500,000 t of filled polymer in each of the EEC countries and 
in the United States. The filler level is 20%-60% of 1-3-pm GCC. 
End uses include 


¢ Automotive (interior and e xterior trim, | under-the-hood 


parts)—53% 
¢ Appliance parts—24% 
¢ Garden furniture—8% 


GCC in Microporous Films 


Although polyolefin film is a hug e market, it has not used much 
filler in the past e xcept some GCC, P CC, talc, and diat omaceous 
earth at levels of 2%—5% as antiblocking agents. A new market has 
developed an d grown rap idly—the pr oduction o f micro porous 
films, which hold liquid w ater but allo w water v apor to pass 
through. These have become an industry standard in diapers, with a 
65% market share in the United States, 50% in the EEC, and 40% in 
Asia. GCC content is 43%—70% by weight, with particles 1-2 pm in 
size. Another growing market is film underlay for walls and roofing. 
Current consumption is about 100,000 t and growing. 


Other Minerals 


Talc is mainly used in PP and HDPE where its hydrophobic nature 
ensures good compatibility without surface treatment. Talc-filled 
plastics tend to scratch easily and are being supplanted by GCC in 
wear-prone applicatio ns. End uses are automobiles, appliances, 
housewares, and business machines. 

Kaolin is largely limited to use in electrical wire and cable, 
and calcined kaolin is the prefer red type. Calcination con verts the 
kaolinite to mul lite, spin el, and c ristobalite. Because it is anhy- 
drous, it has excellent electrical properties. Surface treatments are 
used to improve adhesion and thus mechanical and electrical prop- 
erties. Mic a a nd w ollastonite are used—mainly in _ polyolefins, 
polyamides, and polyurethanes—to increase stiffness, strength, and 
surface hardness, as well as to reduce shrinkage and warping. The 
main end uses are in the automotive industry (i.e., interior/exterior 
body parts, under-the-hood parts, glove boxes, and fender liners), 
and in dishw ashers, washers, tubs, and pumps. Silane treatments 
are common for enhancing mechanical properties. 


Competitive Alternatives 


Ironically, industrial minerals tend not to reduce the cost of a plastic 
article because their high specif ic gravity (2.5—-3.0) versus that of 
polymers (0.9-1.1) means that it takes 2.5 to 3 times the weight of 
filler to replace the same volume of polymer. Thus, to compete with 
PP at SG 0.9 and a cost of $0.45/lb, the competitive price of a cal- 
cium carbonate filler would have to be about $0.15/lb . This also 
ignores the cost of compoun ding the filler into the polymer, which 
may be $0.15/lb or more. 

Because the only true cheap filler is air or another gas, plas- 
tics may be foamed, but this reduces the mechan ical properties 
greatly and some additional filler is required. With improved vehi- 
cle fuel efficiency (Corporate Average Fuel Economy [CAFE]) 
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standards for U.S. passenger cars and light trucks invariably man- 
dating weight reductions, the use of dense fillers is a pro blem for 
the automotive industry. This has encouraged the use of wood fill- 
ers in nonstructural applications. Synthetic w ood for decks and 
benches ar e fast- growing markets f or wood-filled HDPE. Gl ass 
fibers are by far the largest reinforcing filler used in plastics. But 
the growth of carbon fibers has increased with its reduction in cost, 
and with an SG of 2.0 (v ersus 2.65 for gl ass) and much hi gher 
reinforcing properties, carbon fibers will find more applications in 
automobile end uses. 


MARKETING AND DISTRIBUTION 


Use-Specific Marketing and Transportation 


Because it is common for grades of minerals to be produced that 
are specific to a certain se gment of the p lastics industry—such as 
automotive, PVC profiles, and packaging—use-specific marketing 
is the do minant force in the industry . These are almost commod i- 
ties, but there is enough v ariation among ind ividual plastics end 
users that special subgrades must be tailor-made for a user’s specs 
or even for that user’s particular plant. The result is that the filler 
producer must make dozens of grades from each ore body. Selling 
to these markets is highly technical, and sales engineers with plas- 
tics experience are the norm and are supported by major invest- 
ments in technical service and research laboratories. 

The f iller manuf acturer normal ly has it s o wn sa les force . 
Small orders are often handed off to distributors who stock small 
amounts and service small accounts for a commission fee of 10% 
or so. 

The regular packaging in the filler industry is 25-kg or 50- Ib 
multiwall paper bags on pallets, but the industry is mo ving toward 
packaging in cardbo ard Gaylord boxes or woven plastic semib ulk 
bags that contain 500—2,000 lb of product. The decision is one of 
economics. Paper bags are cheaper and need no special handling, 
but they are labor intensive. Bulk bags need special handling equip- 
ment, but the product is not prohibitively expensive. Very lar ge 
compounders buy in bulk, and the y find putting in bulk tanks and 
distribution systems to be cost-e ffective. Bulk handling, however, 
creates special problems for the filler supplier. 

Just-in-time delivery is the norm and, in North America, this 
is best supplied by trucking. Vans carrying 40,000-Ib loads are pre- 
ferred for pro tection against the weather. Over a long haul, some 
cost advantages may be realized by piggyback road/rail transporta- 
tion. Boxcars may carr y up to thre e times the amount of material, 
but the load must be bulk-headed to prevent damage because of the 
poor quality of the track in some areas. Overseas ship ments are 
handled by 20- or 40-ft con tainers, or by bulk bags carried in b ulk 
carriers on top of the regular large-volume bulk commodity. 


GOVERNMENTAL, ENVIRONMENTAL, 
AND HEALTH CONSIDERATIONS 


Since the 1970s, the health effects of the unintelligent use of indus- 
trial minerals have bec ome apparent, with the correlation of, for 
example, exposure to asbestos fibers with cancer. Regulations that 
control the production and utilization of fibers in the workplace are 
now in place. This affects not only asbestos itself but also any min- 
eral that contains asbestiform fibers. Minerals where such fibers 
have been found or may be present include talc, vermiculite, and 
wollastonite. 

The World Health Organization has classified fine crystalline 
silica as a carcinogen, triggering regulation that controls its use in 
the workplace. Silica is a very common impurity in most industrial 
minerals. 


Lead has also been classified as a seri ous health hazard, as 
have other heavy metals such as chromium and toxic elements such 
as arsenic. 

Minerals producers must determine that their products do not 
contain any of these compounds in regulated amounts, and also 
ensure that they are not releasing such agents into the atmosphere 
or into groundwaters. 


TRENDS AND OPPORTUNITIES 


The trend is toward substitution of plastics for conventional materi- 
als, not only because of cost but because the final products can be 
made very rapidly and much more cheaply, with less energy and 
more design fle xibility. Wood products are becoming scarcer and 
more expensive. Cement-based products are very energy intensive 
and much more polluting than plas tics; about 5% of all Canadian 
carbon emissions, fo re xample, come from cement production. 
Metals are heavy, energy intensive, limited in design potential, have 
to be protected or decorated, and are more expensive on a volume 
basis than plastics. Plastics growth, which is virtually recession 
proof, is expected to continue at an average rate of 2% —3% per 
year. 

Trends in filler production are toward finer particles do wn to 
submicrometer size and belo w. Opportunities exist in the produc- 
tion of nanometer-sized particles, which generally are much more 
effective as reinforcements for plastics. World production of nano- 
composites was estimated in 2004 at only 104,000 t but has high 
growth potential. Modified montmorillonite clay, vermiculite, and 
graphite confer the same reinfo rcement characteristics at 2%—-10% 
by weight that normally require 30%—40% of glass fibers, mica, or 
wollastonite. Th is in creases pr oduct weight only slightly, a big 
advantage for the automotive and aerospace industries as well as 
the personal electronics industry. Other b enefits include enhanced 
fire resistance without the toxicity of the conventional bromine-, 
chlorine-, and antimony-based addi tives—which are being c lassi- 
fied as carcinogen ic—plus reduced permeability to g ases, espe- 
cially oxygen, which is an im portant co nsideration forf ilm 
packaging of meat. 


USEFUL WEB SITES 


¢ Industrial Minerals journal, monthly: http://www.indmin.com 
¢ Kline & Company: http://www.klinegroup.com 


¢ Modern Plastics W orld Encyclopedia , annual: http://www. 
modplas.com 


¢ Modern Plastics magazine, monthly: http://www.modplas.com 
* Society of Plastics Engineers: http://www.4spe.org 


¢ U.S. Geological Survey (USGS) Minerals Info rmation, Com- 
modity Statistics and Informa tion: ht tp://www.minerals.usgs. 
gov/minerals/ pubs/commodity 
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FILLER AND EXTENDER USES 


Diath ee. a a 2 i oe a eee 
Rubber 


Peter W. Harben and Edward M. Dickson 


INTRODUCTION 


Elastomers are amorphous polymers that when mi xed with v ari- 
ous ingredients form a compound that can be “vulcanized” to pro- 
duce rubber. The y are elastic in that the y can be st retched to 
several times their original length and can return or “bounce” 
back into their original shape without permanent deformation. In 
addition to being elastic and rubbery, these materials also dissi- 
pate energy because of their viscoelastic nature. They are further 
characterized by a great toughness under static or dynamic stress, 
an abrasion resistance that is high er than that of steel, an imper- 
meability to air and water, and often a high resistance to swelling 
in solvents and attack by chemicals. Polymers that are elastomers 
include polyisoprene or natural rubber (NR) plus ah ost of syn- 
thetic elastomers, including synt hetic isoprene rubber (IR), sty- 
rene-butadiene ru bber (SBR), ethylene-propylene ru bber (EPR ), 
ethylene-propylenediene mono mer ru bber (EPDM), and_nitrylic 
rubber (NBR) (see Table 1). 


Natural Rubber 


Natural rubber exists as a colloidal suspension in milky white latex. 
This latex is the protective fluid made up of small particles of rub- 
ber dispersed in an aqueous me dium and contained in tissue 
beneath the bark of rubber-producing plants such as the tree Hevea 
brasiliensis of the spur ge f amily and other species in the same 
genus. These species constituted th e sources of the original South 
American Para rubber, a commer cial term that was applied to th e 
rubber produced in the plantations of the tropics. Latex is collected 
as it exudes from a diagonal cut angled downward through the bark 
of the plantation trees that yield, on a verage, 450 kg/ha (400 Ib/ 
acre) of dry crude rubber per year with about 250 trees planted per 
hectare (100/acre). The g athered latex is strained, d iluted with 
water, and treated with acid to cause the suspended rubber particles 
within t he la tex to c lump toge ther. After being pressed between 
rollers to conso lidate the rubber into 0.6 -cm slabs or thin crep e 
sheets, the rubber is air- or smoke-dried for shipment. 

The resulting pure crude rubber is a white or colorless hydro- 
carbon with the simplest unit being isoprene (C5Hg). The physical 
characteristics cha nge as the temperatures cha nge: rubber is a 
hard, transparent solid at —195°C (the temperature of liquid air); 
brittle and opaque from 0° to 10°C; soft, resilient, and translucent 
above 20°C; plastic and sticky whe n mec hanically knea ded or 
heated above 50°C; and decomposes above 200°C. Crude rubber is 


insoluble in water, alkali, and weak acid, but soluble in benzene, 
gasoline, chlorinated hydrocarbons, and carbon disulfide. It is oxi- 
dized readily by che mical oxidizing agents and slowly by at mo- 
spheric oxygen. Crude rubber such as gutta-percha and balata from 
other plant sources is generally contaminated by an admixture of 
resins that must be removed before commercial use. 


Synthetic Rubber 


Synthetic rubber, defined as any artificially produced substance that 
resembles natural rubber in essential chemical and physical proper- 
ties, is produced by the condensati on or polymerization of cer tain 
unsaturated hydrocarbons. The basic units of synth etic rubber are 
monomers, which are compounds of relatively low molecular 
weight that form huge molecules called polymers. 

Table 1 lists the main commer cial synthetic rubbers. Neo- 
prene, which was developed in 1931 and became one of the first 
successful synthetic rubbers, is the polymer of the monomer chlo- 
roprene [CH 2:C(Cl)CH:CHz2] formed from acetylene and _ hydro- 
chloric acid. Because neoprene resists heat and v arious chemicals 
such as oils and gasoline, it is used in hoses for gasoline and as an 
insulating material for cables and in machinery. In 1935, the buna- 
type rubber group was developed through the polymerization of 
two monomers including butadiene. (The name buna wa s 
derived from the initial letters of butadiene, used as one of the 
co-monomers, and natrium [sodium] used as a catalyst). One of the 
most p opular buna rubbers, Bu na-N, is based on _ acrylonitrile 
[CH2:CH(CN)] as the second co-monomer. Buna-N is resistant to 
the action of oils or abrasion. In 1940, butyl rubber was prepared by 
copolymerizing isobutylene with butadiene or isoprene. Altho ugh 
not as resilient as na tural rubber and other s ynthetics, butyl rubber 
resists oxidation and corrosion and has low permeability to g as. 
Specialty synthetic r ubbers include Koroseal, a polymer of vin yl 
chloride (CH2:CHC1), which is heat-, electricity-, and corrosion- 
resistant and unaf fected by exposure to ligh t or long storage. 
Another is Thiokol, produced by copolymerization of eth ylene 
dichloride (CHCI:CHCl), a nd sodium tetrasu Ifide (Na2S4), which 
when compounded and vulcanized like natural rubber is resistant to 
the action of oils and to organic solvents used for lacquers. Thiokol 
is useful for electrical insulation. 

Other types include synthetic foam rubber, used mainly for 
upholstery, mattresses, and pillows, and cellular-crepe rubber, used 
by the shoe industry. 
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Table 1. Selected types and properties of rubber 





Chemical Name Common Name Abbreviation Properties 

Isoprene, natural Natural rubber NR Offer a good balance of properties with resilience and flexibility at lower 

| . : temperatures. NR superior to most synthetics, but less resistant to chemical attack 

soprene, synthetic Polyisoprene IR : 
than some synthetics. 

Styrene-butadiene copolymer SBR SBR Similar to NR 

Terpolymer of ethylene, propylene, © EPDM EPDM Outstanding resistance to aging, weathering, and chemical attack. Low- 

(with a small amount of diene) temperature stability. Resistant to steam and water. Good resistance to glycol- 
ether hydraulic fluids, but not suitable for contact with petroleum liquids. 

Isobutene isoprene polymer Butyl IIR Very low gas and moisture permeability with excellent resistance to heat, aging, 
weathering, and ozone and chemical attack. Good electrical insulation 
properties. Not suitable for use with petroleum oils and fluids. 

Chloroprene Neoprene CR More resistant than NR to sunlight, ozone, and oxidation. Good resistance to 
heat, and softens less than NR under severe exposure. Not suitable for use with 
gasoline. Can be compounded to add flame-retardant properties. 

Acrylonitrile-butadiene copolymer Nitrile NBR Resistant to water, oil, fuel, and other petroleum products. Superior to most 
elastomers in compression set, cold flow, and abrasion resistance. Poor resistance 
to ozone, sunlight, or weather. 

Chlorosulfonated polyethylene Hypalon CSM Resistant to water, ozone, abrasion, flex cracking, acids, and weather. Good 
flame-resistant properties. 

Polysiloxanes Silicone rubber “Q" Group Resistant to temperature extremes (up to 2,000°C). Poor tensile strength, tear, 
abrasion, and steam resistance. Very good resistance to sunlight, ozone, and 
gases. Good electrical insulation and water repellent properties. 

Polyesters Polyurethane AU Abrasion resistant at moderate temperatures. Very high tensile strength, tear 
strength, and load-bearing capabilities. Resistant to oils, certain solvents, greases, 
ozone, sunlight, and weather. Poor resistance to acids and alkalis. 

Fluorinated hydrocarbon Viton FPM Resistant to most chemicals and commercial fluids. Retains strength at elevated 


temperatures and withstands embrittlement during long-term heat exposure. 





PRODUCTION PROCESSES 
Compounding 


Raw rubber undergoes a mechanical grinding process called masti- 
cation that renders it soft, plastic, and sticky (1.e., it is plasticized). 
Commercial applications for uncured rubber, however, are limited 
to certain spe cialized c ements; various adhesive, insulating, and 

friction tapes; and cr epe rubber used in insu lating blank ets and 
footwear. Therefore, most rubber undergoes a process of curing or 
vulcanization, which imparts a pe rmanent change and renders the 
rubber heat stable. Chemicals known as “curatives,” which include 
vulcanizing agents, accelerators, and activators, facilitate this cur- 
ing process when they are added during the comp ounding process. 
At the same time, to broaden the range of properties required to 
meet the demands of modern ma _nufacturing, raw rubber is com- 
bined with an appropriate range and quantity of additives such as 
plasticizers, antioxid ants and anti ozonants, and functional f illers 
and pigments. The amount of additives introduced in compounding 
varies from just 2%—3% by weight for simple rubber bands to more 
than 60% for some highly specialized and sophisticated rubber 
products. The resulting compound, then, is u nvulcanized rubber 
based on a p articular formulation or “recipe” of rubber and com- 
pounding ingredients. Ad ditives introduced in compoundin g are 
classified into the following categories: 

* Curatives: Active chemicals that bring about the cross-linking 
of the long-chain rubber polymer (vulcanization). Sulfur is the 
traditional curative. 

¢ Accelerators and activators: Chemicals such as zinc oxide that 
vary the speed and timing of the curing reaction. 

¢ Plasticizers: Chemicals added to aid processability or to pro- 
duce specified properties. 

¢ Antioxidants/antiozonants: Chemicals added to help the com- 
pound resist surface attack, especially by ozone. 


Process aids: Substances that include resins, soaps, and low- 
weight polyethylene. 


Reinforcing fillers: Materials that increase the strength of the 
material. Carbon bl ack and spe cialty si licas are t he most 
common. 


Fillers: Relatively inert ground minerals used to increase the 
bulk of the compound. Ground calcium carbonate (GCC) and 
kaolin are the most common. 


Pigments: Minerals and chemi cals added to produce speci- 
fied colors. Only used with compounds that do not con tain 
carbon black. 


Curing or Vulcanization 


Back in 1839, Charl es Goodyear in the Un ited States and T homas 
Hancock in England found that heating a mixture of natural rubber 
and sulfur to 130°-140°C formed an elastic, nonsticky material with 
good mechanical strength that w as insoluble in all solvents and did 
not soften furt her when heat ed. This process turned out t o be the 
cross-linking of polymer molecul es (i.e., the process in which the 
entangled chains are chemically linked together to form a network) 
known as curing, or, in more picturesque terminology, hot vulcaniza- 
tion. In the curing process, the compound is transformed from a plas- 
tic to elastic st ate, accompanie dby the modification of the 
physicomechanical properties of the cured or vulcanized material. In 
particular, the product exhibits increased strength and elastic ity and 
greater resistance to changes in temperature. At the same time, vulca- 
nized rubber is impermeable to gases; resistant to abrasion, chemical 
action, heat, and electricity; and exhibits high frictional resistance on 
dry surfaces and low frictional resistance on water-wet surfaces (this 
in turn led to the invention of the pneumatic tire in 1877). 
Subsequently, cold vulcanization (at room temperature) in the 
presence of sul fur chloride (S 2Cl2) was discovered, along with a 
range of ot her che mical vul canizing agent s t hat can irre versibly 
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convert raw rubber froma _ plastic into an el astic material. These 
agents incl ude selenium, tellurium, nit roderivatives, peroxides and 
hydroperoxides, diazoderi_ vatives,or ganometallic compounds, 
oxides, and modified phenol-formaldehyde resins. These vulcanizing 
agents have specific applications so that sulfur is a vulcanizing agent 
for natural rubber, polybutadiene, and butadiene-styrene copolymers, 
but it is not required in the vulcanization of polychloroprene or some 
specialty elastomers. 

In the common hot vulcanizing process the vulcanizing agent 
is ground and mixed with the rubber and other dry ingredients; the 
proportion of sulfur to rubber varies from 1:40 in soft rubber goods 
to as much as 1:1 in hard rubber. In addition, most rubber products 
can be vulcanized under high temperature and pressure, often dur- 
ing the molding process. In some cases, the high pressures neces- 
sary for effective vul canization are achie ved by subjecting the 
rubber to external or internal steam pressure dur ing heating (for 
example, garden hose may be clamped into sh ape and vulcanized 
by passing high-pressure steam through the opening). 

Modern rubber curing systems vary both with the polymer type 
and withthe property requirements ofa particular application. 
Although native sulfur was the original curing agent, it now has a 
variety of c ompetitors, including ot her forms of sulfur , peroxides, 
metal oxides, amines, and phenolic resins. In addition to the wide 
range of ru bbers now in use, the rubber manuf acturer has to d eal 
with prevulcanization inhibitors (PVIs) and antireversion chemicals. 

Sulfur is the traditional and main vulcanizing agent. Utiliza- 
tion is mainly in the form of rubbermaker’s sulfur, which is ground 
sulfur available in a range of purity with a uniform small particle 
size, generally in the range of 44-74 pm. Coar sely ground grades 
tend to be less dusty; finely ground grades have dispersion advan- 
tages. Additives may be included—for example, up to 2.5% ofa 
conditioning agent may be added to improve flowability, handling, 
and dispersion characteristics of finely ground sulfur, and between 
0.5% and 1.0% oil may be added as a dust suppressant to reduce the 
risk of a sulfur dust explosion. In cold vulcanization of sof t, thin 
rubber goods such as gloves and sheeting, however, vulcanization is 
accomplished by e xposing the uncured articles to the vapor of 
S2Cl2 manufactured by heating mo Iten sulfur and chlorine g as to 
240°C, followed by distillative purification. 

Compounds that contain sulfur in a heat-labile form are used 
because they liberate sulfur at the vulcanization temperature. These 
so-called sulfur donors are subdivided into those that (1) exhibit an 
accelerator activity and can be subs tituted directly for sulfur wit h- 
out drastic change of the vulcanization characteristics [dithiodimor- 
pholine, DTDM()), and caprolactamdisulfide CLD(ID], and (2) are 
simultaneously vulcanization accelerators [2- morpholino-dithio- 
benzothiazole, MBSS (IID); dipentamet hylene thiuramtetrasulf ide, 
DPTT(IV); and tetramethyl thiuramdisufide, TMTD(VD]. 


Accelerators and Activators 


On its own, sulfur is a slow vulcanizing agent and increasing the 
amount of sulfur, temperature, and heating periods generates cross- 
linking inefficiencies. But through his research on rubber recycling 
in the early part of the twentieth century, the American chemist 
George Oenslager discovered that adding certain or ganic chemicals 
such as aniline and thiocarbanilide reduced the curing time and cut 
back on the oxidative degradation of the elastomers during vulcani- 
zation, thus improving the properties of the products or vulcanizates. 
Initially, these so-called vulcanization accelerators were confined to 
metallic oxides such as white lead and lime but they have since been 
expanded to include f ive major cate gories: guanidines, th iazoles, 
dithiocarbamates, xanthates, and thiurams. Of these, the guanidine- 


type accelerators give the lowest rate of vulcanization as well as a 
relatively slow onset of vulcanization (scorch). 

In general, these or ganic acce lerators requ ire acti vators to 
increase the efficiency of the accelerators by increasing the vulca- 
nizing rate, reducing the vulcanization temperature, and improving 
the mechanical properties of the vulcanizates. Zinc oxide (ZnO) or 
zinc white is a popular and efficient activator because it leads toa 
decrease of the sulfidic cross-links while encouraging the formation 
of C—C bonds. The formation of these bonds in turn increases the 
thermal stability of vulcanizates. The very fine grades of zinc oxide 
in use contain a minimum of 99.5% ZnO and process a high surface 
area. 

Product is man ufactured b y one of thr ee pr ocesses: (1 ) the 
American process, where zinc ox ideis obtained from the di rect 
smelting of zinc ingot and the resu Iting zinc fumes are oxidized; (2) 
the French (or indirect) process, where zinc ash or dross is produced 
and sulfuric acid is used to vaporize it to zinc fumes that are then oxi- 
dized; and (3) the wet process, using precipitation from a carefully 
purified zinc-salt solution. In addition to activating sulfur cures, 
when dispersed into latex emulsion compounds, zinc oxide acts as a 
cross-linking agent f or p olymers co ntaining halo gen o r car boxyl 
groups, such as chl oroprene rubber (CR), br ominated isob utylene- 
isoprene ru bber (BIIR), chlo rinated isob utylene-isoprene rubber 
(CIIR) or carboxylated nitrile butadiene rubber (CNBR), and carbox- 
ylated styrene-butadiene rubber (XSBR). Zinc oxide also has some 
pigmenting qualities. 

Other compounds used as activators in rubber vulcanization are 


¢ Magnesium oxide (MgO), which is mainly used with neoprene- 
type elastomers 


¢ Litharge (PbO), which is less popular but still used along wi th 
thiazole-, dithiocarbamate- or thiuram sulfide-type accelerators 


¢ Fatty acids, used as such or as zinc salts; these also improve 
the dispersion of zinc ox ide. Examples include stearic acid, 
oleic acid, and dibutyl ammonium oleate. 


Vulcanization Inhibitors/Scorch Retarders 


Vulcanization inhibitors or scorch retarders such as MgO, salicylic 
acid, benzoic acid, acetylsalicylic acid, phthalic anh ydride, 
N-nitroso-diphenylamine, or stea ric acid are used pre vent prema- 
ture vulcanization or scorching during processing. The concep t is 
that the addition of a scorch retarder in the concentration range of 
0.2%-1.0% extends the scor ching period without decreasing the 
rate of the vulcanization process. This is particularly appl icable 
where high-efficiency accelerators trigger the vulcanization process 
prematurely during processing; th at is, mixing, preheating, extru- 
sion, and calendering (for the most part, scorching occurs during 
extrusion or in inner mixers where temperatures exceed 100°C). 

Caustic calcined magnesia formed at 700°—1,000°C is chemi- 
cally active and f unctions as an acid acceptor , vulcanizing agent, 
stabilizer, and curing agent in a variety of ru bber and elastomeric 
compounds including neoprene, hypalon, natural rubber, styrene- 
butadiene rubber, viton, butyl rubber, chlorobutyl rubber, and fluo- 
roelastomers. In addition, micronized, high-activity grades are used 
as scorch retarders in chloroprene and fluoroelastomers. Moderate- 
activity MgO is a scorch retarder and acid acceptor in diamine-cure 
fluoroelastomers. 


Processing Aids 


Processing aids used in the manufacture of rubber include plasticiz- 
ers or softeners, antioxidants a nd antiozonants ( antidegradants), 
and tackifiers. 
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Because the mixing of rubber compounds requires consider- 
able energy, plasticizers or softeners are used to lower viscosity and 
thus reduce the energy required in fabrication. At t he same time, 
these plasticizers—di vided into chemical peptizers and ph _ ysical 
plasticizers—may inc rease p rocessing speed b y impro ving melt 
stability. Typically added at 1-3 parts phr (by weight per hundred 
rubber), ch emical peptizers such sulfonic acids and pentachlo- 
rothiophenol reduce molecular weight by increasing the rate of oxi- 
dative c hain sc ission. Th ese c hemical pept izers are used in th e 
initial grinding or mastication of natural rubber. Physical plasticiz- 
ers such as animal and vegetable oils, wool grease, fish oil, pine tar, 
and soya oil act to soften a compound by reducing entanglements 
and decreasing internal friction. 

Other processing aids include mica used as a mold lubricant; 
magnesium sulfate used as a coagulating agent; ammonia used to 
prevent the coagulation of raw latex; salt to promote coagulation in 
emulsified latex de rived from chlori nated butadiene and used in 
the production of neoprene, white, and buna rubber; and carbon 
disulfide (CS2), used as a solubilizer. 

Oxygen and ozone can react with elastomers and alter net- 
work structure by causing chain scission and/or cross-linking. Anti- 
oxidants and antiozon ants inhi bit the ac tion of the se de gradants 
(and are therefore termed antidegradants) through a ch emical or 
physical process. Chem ical protectants such as amines, pheno lics, 
and phosphites react with the degradant or interfere with the chain 
of reactions that causes degration. Physical protectants such as var- 
ious waxes function by migrating (1.e., blooming), thus forming a 
barrier to degradant attack. 

Tackifiers are materials added to elastomers to improve tack; 
that is, the ability of two materials to resist separation after being in 
contact for a short time under light pressure. The function of tacki- 
fiers such as rosin derivates that are typically added in the range of 
1-10 phr is to increase initial tack and to prevent tack degration 
after a stock has been processed. 


Reinforcing Fillers 


Reinforcing f illers i ncrease t he stiffness of un vulcanized com- 
pounds and improve a variety of vulcanizate properties such as ten- 
sile strength, abrasion resistance, and tear resistance. At the same 
time, stress values and hardness may be increased while elongation 
at break, rebound, and other properties (depending on the property) 
are lowered. A reinforcing filler has the ability to change the vis- 
cosity of acompo und andthe vulcanizate properties with an 
increasing amount o f filler loading, wher eas a nonreinfo rcing or 
nonactive filler such as GCC or kaolin (see section on Nonreinforc- 
ing Fillers in t his chapter) sli ghtly inc reases the viscosity of th e 
compound and actually diminishes the mechanical properties of the 
vulcanizate. 

To add signif icant reinforcement, filler particles must be of a 
small particle size (less than 1 mm), which generates a large surface 
area that can interact with the rubber and diminish particle-to-particle 
distance. At the same time, structure (irregularity in the shape of filler 
particles) and surf ace chemistry of the filler are cri tical because t he 
extent and type of interaction between the filler and the rubber 
depends on functional groups on the filler surface. A filler with high 
structure has a large “void volume” within its structure, allowing rub- 
ber molecules to become “occluded.” This results in an occluded rub- 
ber-filler microcomposite that ef fectively becomes the reinforcing 
entity. Generally, high structure and strong bonding between the filler 
and the rubber increase reinforcement. 

The two main commercial reinfo rcing fillers are carbon bl ack 
and silica. Carbon black has an organic surface chemistry that makes 
the interaction between carbon bl ack and the elastomer possible. In 


contrast, silica has an inor ganic surface chemistry that lacks a good 
interaction with the elastomer; therefore, silica fillers may be treated 
with silane coupling agents to chemically bond them to rubber. These 
fillers are available with a primary particle size as low as 100 A. 


Carbon Black 


The traditional reinforcing filler in modern industrial rubber and tire 
manufacture has been car bon black, an intensely b __ lack, f inely 
divided form of amorphous carbon in the form of spheres and their 
fused aggregates with sizes below 1,000 nm. This product is usually 
obtained by decomposing a hydrocarbon feedstock under precisely 
controlled conditions. For example, oil is heated above 2,000°F in a 
specially designed furnace where it “cracks,” producing a gas stream 
laden with carbon black powder. The gas stream passes through a 
series of f ilters, where the carbon bla ck is separated as a powder, 
bound with water to create larger beads or granules, and dried. There 
are more than 100 commercial grades of carbon black characterized 
by spherical particles ranging from 10 to 100 nm th at agglomerate 
into powders, pellets, and dispersions. 

Anestimated 70% of the w orld’s con sumption of carbon 
black is used in the production of tires and tire products for auto- 
mobiles and other vehicles, with an additional 20% going into sun- 
dry rubber products such as hoses, belting, mechanical and molded 
goods, and foo twear. In general, carbon black accounts for about 
one quarter of the weight of a standard automobile tire. Tires used 
on vehicles requiring minimum elec trostatic buildup, such as oil 
trucks and hospital operating carts, have even higher loadings. Non- 
rubber uses include plastics, ink, paper, and paint. 


Precipitated Silica 


Traditionally, precipitated silicas are used as reinforcement fillers in 
rubber applications. These products are mad e from a mixture of 
sodium silicate, sulfuric or hydrochloric acid, and metallic ions agi- 
tated to form precipitated silica with high brightness (97%), a 20-nm 
average particle size, and low porosity. Precipitated silica’s ultimate 
fine particle size generates a high surface area (25-700 m2/g) that 
allows for int eraction wi th pol ymer cha ins. Pre cipitated sili ca is 
physically reacti ve when disper sed in_ silicone rubber , forming 

physical bonds with the polymer chains to enhance the vulcanized 

compound’s properties. 

The rubber industry is the largest single consumer of precipi- 
tated silica, with the bulk used in the manufacture of tires plus a 
variety of industries including ae _rospace, appliances, medical, 
transportation, co nstruction, electrical, and el ectronics. Rhéne- 
Poulenc and Michelin pioneered the development of the so- called 
“green” tire in which b etween 5% and 25% of the carbon black is 
replaced with a hig hly dispersible silica (HDS, sometimes called 
“white carbon”) together with a bonding agent, usually a sulf ur- 
bearing silane (i.e., silica-silane). The use of precipitated silica in the 
manufacture of tires as well as other technical rubber goods is based 
on the st rengthening properties of silica , which pro vide t ear and 
wear resistance. In tire manufacture, precipitated silica is used to 


Promote adhesion between brass-coated wire and fabric cord 


Alter stiffness in the bead area and thus increase the structural 
integrity of tires 


Reduce the tendency for “chunk out” of of f-road tire treads 
through impro ved co mpound tear resistance (the chemical 
nature of the lattice structure is such that silica increases the 
energy required to propagate the tear, so adding 5%-8% silica 
increases the tear strength by 25%) 


Improve rolling resistance, wet traction, and other dynamic 
properties 
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It is claimed that green tires improve fuel efficiency by 5%-8% 
by reducing rolling resistance by up to 30%, compared with conven- 
tional tires filled with carbon black. This efficiency is achieved with- 
out sacrificing tread life, traction, or ot her properties. Silica-sil ane, 
however, costs approximately three times as much as carbon black, 
and there are increased compounding and processing costs. In addi- 
tion, green tires tend to generate static buildup, although this can be 
countered through compounding and engineering modifications. 

In the footwear industry, reinforcing silicas increases abrasion 
resistance and tear str ength in rubber footwear and shoe soles. 
Because it is white, precipitated silica allows the formulator to pro- 
duce either colored or translucent nonmarking soles. The silica pro- 
vides superior durability and resilience while improving compound 
stiffness and modulus for all types of rub ber-soled footwear. In 
industrial rubber, precipitated sili ca confers superior strength and 
durability on industrial belts and hoses, together with impro ved 
heat resistance and tear strength. The filler also improves adhesion 
in wire and f abric coat compou nds and allo ws for rapid and easy 
processing, resultin g in smooth f inished surf aces in molded and 
extruded products. 

In a related use, precipitated silica is used as a carrier to con- 
vert, for example, liquid plasticizers, process oils, and other rub- 
ber comp ounding ingredients to free-flo wing po wders for 
introduction into rubber compounds. This pro vides consistent 
loading performance and high ab sorption capability, making pre- 
cipitated silica a more cost -effective carrier than mined products 
such as diatomaceous-earth-based calcium silicate. 


Fumed (Pyrogenic) Silica 


Formed from the hydrolysis of silicon tetrachloride in a hydrogen/ 
oxygen flame reactor at 1,000°C, fumed or “pyrogenic” silica is a 
fine, particulate, amorphous silica composed of 7- to 20-nm spheri- 
cal particles. This structure provides a high surface-area-to-volume 
ratio, and close control of the process parameters allows for the pro- 
duction of a number of grades that have specific particle sizes and 
particle-size distributions. Fumed silica is used for thickening, vis- 
cosity control, thixotropy, and reinforcement purposes in the rubber 
and other industries. For example, a loading of 6%—12% in silicone 
rubber products improves the mechanical strength of footwear, and 
0.25%-—3.00% in latex rubber incr eases the tear resistance of 
gloves, condoms, and the like. 


Asbestos 


In some asbestos pap er, group 7 as bestos that is f iber coated with 
latex rubber via a chemical precipitation method forms a continu- 
ous sheet on a paper machine. This may be used as an underlay- 
ment for vinyl rolled flo or co vering or it can be densif ied for 
gasketing. Group 4 to 5 asbestos fiber blended with natural or syn- 
thetic ru bber, plasticizers, and other ingredients in a high-shear 
mixer may be calendered to form sheet packing. 


Nonreinforcing Fillers 


The main nonreinforcing mineral fillers used in the modern rubber 
industry include the following: 


¢ GCC and precipitated calcium carbonate (PCC) 
¢ Kaolin and special clays 

¢ Talc 

¢ Mica 

¢ Wollastonite 


¢ Natural silica 


¢ Barite and barium chemicals 


¢ A variety of minerals such as diatomite, feldspar , nepheline 
syenite, gypsum, pyrophyllite, and zeolites 


In addition to the minerals, oil extension of rubber, especially 
in tire treads, is common. Oil levels of 30-40 phr permit the use of 
elastomers with higher mo lecular weight and higher f iller le vels 
than would otherwise be possible. 


Calcium Carbonate 


Generally regarded as the most common and cheapest white min- 
eral filler, GCC is used to reduce the cost of production. Dolomite 
may also be used and is preferred in certain circumstances, such as 
when there is a need for greater abrasion resistance. Ultrafine PCC 
adds strength without stiffness; acts as a white pigment; and gener- 
ates smo oth extrusions for wire and cable coating, footwear, and 
sporting goods. 


Clays 


Air-floated kaolin is a common function filler used in rubber prod- 
ucts. This clay is processed dr y simply by cr ushing, drying , and 
pulverizing, as well as by air flotation where kaolin is pulv erized 
and separated from its abrasive “grit” mineral impurities on a mov- 
ing column of air . Processing does not impro ve brightness and 
whiteness no r mak e signif icant im provements t 0 pa rticle si ze. 
Water-washed grades of kaolin are suited for e xtrusions where a 
low grit content is important and calcined kaolin is used in making 
heavy-duty insulation rubber . Overall, kaolinhe Ips to stif fen 
uncured rubber and reinforce cured rubber, improving resistance to 
abrasion and tear and tensile strength, as well as to inc reasing the 
stiffness of the vulcanizate. The amount of reinforcement increases 
with smaller particle sizes of the filler so that the main characteris- 
tic of filler used as a re inforcement agent is a sma II particle size. 
There is a general division into hard kaolin used in nonblack rubber 
goods where high abrasion resistance is important, such as in shoe 
heels and soles, floor tiles and mats, wire and cable insulation, con- 
veyor belts, and bicycle tires; and soft kaolin used in molded goods 
such as household products, toys, and rubber clothing. 
Micronized sepiolite is a reinfor cing filler in rubber com- 

pounds and acts as a processing aid by avoiding deformities during 
rubber extrusion when the rubber is in the green state. 


Barite 


Fine-grained (virtually all passing 325 mesh) barite is used as a 
filler in rubber and other products such as brake linings and clutch 
facings. As a functional filler, barite is white and relatively bright, 
chemically i nert, rela tively nonabrasive, resi sts weathering, has 
low oil absor ption, and is dense. Related products are blanc fixe 
(reprecipitated chemically pure barium sulfate [BaSO4]) and litho- 
pone (a blend of 70% BaSOg and 30% zinc sulfide). 

Barite is used as a filler in certain rubber products that must be 
weighty (automobile mud flaps, floor mats, rollers and their cover- 
ings, traffic cones) and/or chemically resist ant (tank lini ngs, indus- 
trial belts and hoses), or toimpart sound-deadening qualities 
(insulation in automobile engine compartments). Rubber and rubber- 
covered rollers are used in numerous industries including paper, steel, 
textile, leather, and lithography, as well as for pressure functions such 
as inking or wringing and in typewriter platens. Loadings with barite 
may be around 20% by weight. 


Silica 
Silica sand ground to specific particle sizes forming ground silica 
or silica flour is used in cert ainrubb er formulations, based on 
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whiteness, brightness of 84-91, hardness, inertness, low oil absorp- 
tion, and low cost. Similarly, in the United States, trip oli (or th e 
misnomer amorphous silica) is a friable microcrystalline silica with 
a natural a verage particle size of 0 .1-0.5 pm. It is white (dry) to 
gray (wet) with an ind ex of refraction of 1 .550 and an oil adsorp- 
tion (rubout method) of 17% —20%, making it usef ul as a f iller in 
rubber and other products. 


Other Fillers 


Other functional fillers in the rubber industry include diatomite, 
talc, p yrophyllite, mica, w ollastonite, ne pheline syenite, and 
magnesite. 

Diatomite’s brightness of up to 90%, refractive index of 1.42— 
1.49, low bulk density, inertness, moderate refractoriness (softening 
range 1,400°-1,600°C), high absorptive capacity, and high surface 
area allow it to be used as a functional filler in rubber. 

Talc is an e xtremely soft, nonabrasive, inert mineral that can 
be ground easily to form alo w-cost, white and brig ht (>78 GE 
brightness), fine to micronized powder that acts as a white func- 
tional filler in rubber including carp et backing, valve rubber, and 
cable insulation. Additional advantages include its flak y habit 
(which allows for the ease of grinding), structural strength, pigmen- 
tation, opacity, rheology, viscosity, corrosion weathering resistance, 
and enhanced thermal properties. In addition, talc is used as a dust- 
ing agent and as a mold release agent for wires, cables, and in tire 
manufacture where it acts as a processing aid that lubricates molds 
and prevents surfaces from sticking together. 

Pyrophyllite may be suf ficiently white to be f ine ground and 
used as a filler in certain rubbers. Agalmatolite, mainly produced in 
Brazil, is white, cream, or gray to greenish in color; is chemically 
inert; and has a brightness of up to 95%, a specific gravity of 2.7—-3.0, 
and M ohs hardness of 2 .5—3.0. These properties mak e it a useful 
filler in rubber. 

Wet-ground and micronize d mica in the 90- to 45-ym rang e 
retains its characteristic laminar crystalline structure. It is used as a 
specialized filler in rubber, as an antisticking and antifriction pow- 
der between the inner tube and __ casing of tires, and as a dusting 
agent and mold lubricant in rubber. 

Wollastonite is used as a functional filler based on its acicular- 
ity, high brightness (9 0%-—93%), ch emical inertness, p H of 9.9, 
thermal stability and high melting point (1,540°C), good electrical 
insulation, and lo w moisture and oil absorption. It is particular ly 
useful for increasing resistance to abrasion. 

Nepheline syenite is used as a filler for impro ving resistance 
to staining, abrasion, and chemical attack, plus it has a high bright- 
ness and lo w tint str ength and e xhibits low viscosity at high pig- 
ment loadings. Specific examples of its use include silicone rubber 
automobile parts and neoprene rubber gaskets. It is categorized as 
generally recognized as safe (GRAS) for indirect food contact. 

Ground natural magnesite and synthetic magnesium carbonate 
(MgCOs3) are white, relatively soft, and chemically inert powders 
used as fillers/pigments in rubber. 


Fire Retardants 


A number of minerals and chemicals used as fillers in rubber also 
serve as aflame retardant, smoke suppressant, after glow suppres- 
sant, and/or antiarcing/antitracking agent. For example, aluminum 
trihydrate or ATH [Al(OH)3], is a bright white powder produced as 
a by-product of the Bayer alumina pro cess. ATH may be dried in 
hot air to form a white, bright, fine, and platy powder with good oil 
and water absorption properties and the ability to absorb UV light. 
Boron compounds melt during af ire to forma glass char barrier 
between oxygen and the burning surface. For example, zinc borate 


(2ZnO0+3B20393.5H20; trade name Firebrake ZB) is a leading f ire 
retardant for interior uses such as carpet backing and exterior uses 
such as wire and cable covering. 

Antimony oxide acts as the synergistic a gent with h alogens 
(chlorine and br omine), form ing halog enated compounds with 
excellent fireproofing and fire-retardant properties with rubber and 
other products. Antimony oxide alone is not a fire retardant and the 
halogens are weak f ire retard ants, but a combination of approxi- 
mately 3-4 parts of halogenated flame retardants to 1 part of anti- 
mony oxide on a weight basis generates a synergistic and extremely 
effective flame-retardant system for plastics. Styrene butadiene rub- 
ber, ethylene propylene rubber, and other elastomers can be flame 
retarded with halogenated compounds and 5%-30% antimony 
oxide. Polyurethane is flame retarded with a brominated hydrocar- 
bon and up to 10% antimony oxide. 


Pigments 


Certain minerals and chemicals are added to rubber compounds that 
do not contain carbon black to produce specified colors. Most of 
the white functional fillers outlined pre viously—titanium dioxide, 
iron oxide, zinc oxide, lithopone, and a number of organic dyes, for 
example—are also pigments. 

Titanium dioxide is re garded as the premier white pigment 
based on its hig h refractive index of 2.55—2.80, which provides 
good opacif ying streng th or hiding power, and its reflectivity, 
which generates brightness and whiteness (or “lightening power”). 
Other attributes include inertness and nontoxicity, chemical stabil- 
ity, resistance to UV degradation (color retention), tinting strength, 
and thermal stability over a wide range of temperatures. 

Natural and synthetic iron oxides can be used as a pigment in 
rubber. Natural hematite, Fe 203, is a bro wn to red earth y mineral 
that is ground toa low-cost red pigmen t used in rubber . Natural 
reds such as Spanish, Indian, or Persian red, the most common of 
the iron oxide pigments, contain about 50% iron oxide as hematite 
with tinting strength increasing with o1-Fe2O3 content (up to 95%). 
Compared with natural ir on oxides, synthetic iron oxide has supe- 
rior un iformity, c olor pur ity (i.e., chroma), tinting strength, and 
tighter control over color consistency. Synthetics are used in rubber 
because the manganese content of naturals accelerates aging. 

Chromic oxide green, a dark-green powder consisting of about 
99% chromic oxide mixed with small amounts of cobalt oxide, is the 
most stable green pigment kn own, with strong resistance to ligh t, 
heat, acids, and alkalis. 


Forming 


After compounding, the rubber may undergo calendering where it 
is sque ezed be tween rollers, forming sheets of the desired _ thick- 
ness, with or with out impressed de signs such as tire-tread mark- 
ings. Some times “blanks” are cut fromthe — sheet, like pas try 
cutting. Alternati vely, the warmedru bber compound may be 
squeezed or extruded through a shaped die to form flat, tubular, or 
specially shaped pieces such as window and door sealers. Any rea- 
sonable length of shaped material can be produced and fed, once 
cooled, into direct in jection presses. At th e same time, rubber can 
form a coating on fabric and be molded. 

In contrast, foam ru bber is ma nufactured directly from latex 
by mixing in emulsif ied com pounding ingredients and whipping 
mechanically in a frothing machine to produce a foam comprising 
millions of air bubbles. The foam is poured into molds and vulca- 
nized by heating to form mattresses, seat cushions, and so forth. In 
addition, latex toys or gloves may be manufactured by dipping por- 
celain or plaster-of-paris forms into concentrated latex that adheres 
to the form and is stripped off after vulcanization. 
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The basic p rocesses of mold ing are compression, transfer 
injection, and direct injection. In compression molding, uncured 
rubber of a given size is placed between tw o halves of a heated 
mold that is closed in a press under a pressure of about 1 st/sq in. 
and the rubber is forced into the exact shape of the cavity. The rub- 
ber gains heat by conduction from the mold surfaces and, given suf- 
ficient time, “cures.” This is a re latively simple process used for 
components with simple shapes required in f airly low quantities. 
Some secondary finishing is required, however, to remove the flash 
or excess ru bber formed b y the blank in apr ocess k nown as 
“deflashing.” In tran sfer injection, the heated mold is closed ina 
press and the rubber injected by a hydraulic cylinder through a feed 
hole in t he cavity that has a means to al low airto escape. This 
method yields high-precision parts produced in moderate quantities 
without high tooling costs. In the simplest case, the mold can be the 
same as a compression mold with the addition of a feed hole. With 
direct injection, a screw injection system delivers a metered quan- 
tity of rubber into the closed mold from a continuous strip or a res- 
ervoir of uncured rubber, then is cooled to avoid premature curing. 
This process, which is utilized for multicavity molds, can produce 
hundreds of components per press cycle, and is also suitable for rel- 
atively large quantities of products that have a large number of cav- 
ities and infr equent changes of materials or mol ds. Parts a re 
repeatable and can be made to a high level of precision. 

Finishing 

Where necessary, the method of deflashing depends on the shape 
and size of the component and the type of rubber used. For exam- 
ple, in subzero finishing that uses modern cryogenics, parts are fro- 
zen to temperatures as lo w as —120°C and then tumbled and/or 
bead-blasted to re move the brittle flash. In tear finishing, the sys- 
tem is set to produce flash sufficiently thin to be torn off at the press 
during demolding. Han d-finishing in cludes buffing, in which th e 
parts are smooth ed using a variety of abrasive belts, wheels, and 
mops; and cutting, in which a range of tools from precision steel 
knives to scissors are used to die-cut parts. 


PROPERTIES OF RUBBER 


Although most commercial applications of rubber are based on the 
ability to provide elastic properties across a wide range of tempera- 
tures, the combination of various types of rubber and compounding 
gives a diversity of properties: 

¢ Utilization over a temperature range from —80°C to +300°C 

¢ Availability in a wide range of colors 


Electrically insulating, conductive, or antistatic 
Withstands e xtremes of weather and outdoor en vironments 
indefinitely 


Withstands exposure to fuels, oils, and chemicals while retain- 
ing its properties 


Ability to be rendered flame-retardant and self-extinguishing, 
with halogen-free and smoke-suppressant types available 


¢ Maintains tension and compression forces indefinitely; e.g., in 
seals 


Conformable, adaptable, an d accommodating of movement, 
shock, thermal changes, tolerances, and roughness 

¢ Absorbs vibration and noise and acts as an insulator 

* Can be gas tight and used as a fluid seal or separator 


Possesses low thermal conductivity and can be used to reduce 
heat transfer 


Friction properties similar to human skin and comf ortable to 
grip 


¢ Surface may be clean and smooth, which is nonstick and suit- 
able for hygienic applications 

¢ Compatibility with other engineering materials such as metals, 
plastics, and ce ramics, andca_ n be combined with these 
through bonding. 


USES 


Although native South Americans used rubber before the Spaniards 
arrived, the first widespread commercial application was the open- 
ing of a waterproof cloth and rainproof garment plant in Glasgow in 
1823 by the British inventor and chemist Charles Macintosh; hence 
the name for the practical garments. Since then, the types or rubber 
and compounds h ave increased dramatically along with the range 

of everyday applications. At one end, resistance to abrasion makes 
softer types of rubber ideal f or the treads of v ehicle tires and con- 
veyor belts. At the other, hard rubber may be used for pump hous- 

ings and piping where abrasion could be problematic. Rubber’ s 
flexibility is applicable to hoses, tires, and rollers, and its elasticity 
translates into shock absorbers and machinery mountings designed 
to reduce vibration. Because it is relatively impermeable to gases, 
rubber is used to manufacture air hoses, balloons, balls, and cush- 
ions; and its resistance to w ater andto the action of most fluid 
chemicals is utilized in everything from rainwear and wet suits to 
flexible tubing and tank lining. Electrical resistance allows soft rub- 
ber to be used in protective gloves, shoes, and blank ets, and hard 
rubber to be used in v arious parts in electrical instruments. R_ub- 
ber’s coefficient of friction, which is high on dr y surfaces and low 
on wet surfaces, leads to its use both for power-transmission belting 
and for water-lubricated bearings in deep-well pumps. 


Tires 


The feedstock for tire manufacturing may include up to 30 different 
kinds of rubber, plus process oils, carbon black, pigments, antioxi- 
dants, acc elerators, and other additi ves. This is mix ed in g iant 
blenders called Banb ury machines that op erate under tremendous 

heat and pressure to forma hot, black, gummy compound. This 
compound, in addition to cord fabrics and bead wire, is shaped and 
cured in a curing press at >300°F for 12 to 25 minutes depending 
on size. According to Goodyear Tire and Rubber Company, a P195/ 
75R14 all-season passenger tir e, the most popular size, weighs 
about 21 Ib and is composed of the following approximate amounts 
of these materials: 


¢ 4 1b of eight types of natural rubber 

¢ 5 Ib of eight types of carbon black 

¢ 1 lb of steel cord for belts 

¢ 1 1b of polyester and nylon 

¢ 1 lb of steel bead wire 

¢ 3 lb of forty kinds of chemicals, waxes, oils, pigments, etc. 
* 6 lb of five types of synthetic rubber 


Typical percentages of synthetic rubber and natural rubber in 
various types of tires, respectively, are 55% and 45% in passenger 
tires, 50% and 50% in light- truck tires, 65% and 35% in racing 
tires, and 20% and 80% in off-highway (giant/earthmover) tires. 


Rubber Production 


Modern natural rubber production can be traced back to 1876 when 
the British explorer Sir Henry Wickham smuggled seeds of H. bra- 
siliensis out of Braz il, successfully germinated them in the hot- 
houses of the Ro yal Botanical Gardens in London, and established 
plantations in Ce ylon (no w Sri Lanka). Sub sequently, the British 
developed commercial rubber plantations within a narrow equatorial 
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belt in the eastern hemisphere. Natural rubber production in India, 
Ceylon, the Malay Peninsula and Archipelago (now Malaysia), and 
the Dutch East Indies (now Indonesia) peaked prior to World War 
II, when supply was halted. The re sulting shortage encouraged the 
development and use of synthetic rubber, which had previously 
been restricted to specialty use because of the high price. In particu- 
lar, the U.S. government launched a $700 million program in th e 
1940s to establish syn thetic-rubber production plants that suc- 
ceeded in, among other things, bringing the price of synthetic rub- 
ber down to that of natural rubber. Since that time, synthetic rubber 
production has increased rapidly , becoming the dominant form of 
rubber currently manufactured. 

Synthetic rubber was developed in Germany during the 1930s 
in order to make up for a deficiency of supply of natural rubber and 
for natural rubber’ s functional defects. The United States w as cut 
off from virtually all sources of natural rubber in the Pacific during 
World War II. To meet the nation’s needs for this vital material, the 
government built synthetic-rubber production plants and the rubber 
industry operated them . Synthetic rubber production jumped from 
8,000 t in 1941 to 820,000 t in 1945. After the war, the government 
sold the plants to private industry. 

World rubber consumption is approximately 20 Mt, more than 
three qu arters of which is synt hetic. The vehicle se ctor (tires 
together with components) uses about 70%—75% of all rubber. The 
tire industr y is estima ted to grow at a slightly slo wer pace than 
other rubb er indu stries. Globally, most rubber products are con- 
sumed in North America, Western Europe, and Japan. The growth 
rate, ho wever, is f aster in Chin a and oth er countries in the Asia- 
Pacific area. 

Synthetic rubber comprises about 60% of the to tal volumes. 
Approximately 44% of synthetic rubber and 77% of natural rubber 
are consumed by the tire industry (see Table 2). Of synthetic rubber 
types, styrene-butadiene ru bber is used the most. Ethylene propy- 
lene diene, however, has af aster growth rate. The f astest growing 
demand ise xperienced by thermoplastic elastomers, which are 
materials with properties falling between those of traditional rubbers 
and thermoplastics. 


GOVERNMENT, ENVIRONMENT, AND HEALTH 


Rubber and the products used to manuf acture it ha ve come under 
intense scrutiny by regulatory authorities because of concems about 
potential environmental and health effects. The increasing use of 
precipitated and other forms of silica in rubber brings up the usual 
concerns ab out silico sis. Zinc compounds, considered harmful to 
aquatic environments, could be released in the effluent generated 
during the manu facturing process, through wear (esp ecially tires), 
by extraction from rubber products in contact with w ater such as 
pipe seals or faucet washers, or after disposal in landfills. The prob- 
lem is that elimination would require a change in rubber vulcaniza- 
tion technology and the s ubstitutes (lead, cadmium, and mercury) 
are unacceptable. 

There are increasing go vernment-imposed restrictions on t he 
use of volatile organic compounds (VOCs) in the rubber industry and 
in other industries that make use of a lar ge quantity of solv ents. For 
example, a European Union (EU) Directive on solv ent e missions 
adopted in March 1999 aims t o reduce VOC emissions throughout 
Europe by 1.5 Mtpy. The main use o f VOCs is f or rubber-to-metal 
bonding, incl uding metal cleani ng and _ solvent-based adh esives. 
These are being replaced, however, by aqueous adhesi ves that may 
include silane-coupling agents for specific assemblies. 

Another prob lematic ingredient is the _ distillate a romatic 
extracts (DAE) that are used as_ extenders and sof teners in rubber 
compounding. These oils contain _ relatively high le vels of poly- 


Table 2. North American tire sales 





Company Sales, million $ 
Goodyear Tire & Rubber Co. 6,500 
Michelin North America Inc. 5,800 
Bridgestone-Firestone Inc. 4,000 
Cooper Tire & Rubber Co. 1,700 
Continental Tire North America Inc. 1,600 
Yokohama Tire Corp. 500 
Toyo Tire (USA) Corp. 400 
Kumho Tire USA 350 
Hankook Tire America Corp. 250 
Pirelli Tire North American 235 
Carlisle Companies Inc. 225 
China Manufacturers Alliance 185 
GTY Tire 180 
Ohtsu/Falken 160 
Cheng Shin/Maxxis International 140 
Titan Wheel International Inc. 135 
Sumitomo Tire 130 
Hulera Tornel S.A. 125 
Denman Tire Corp. 75 
Specialty Tires of America Inc. 65 





cyclic aromatic hydrocarbons (PAHs), and some are classified as a 
Category 2 carcinogen by the EU Dangerous Substances Directive. 
These must be labeled R45, “m ay cause cancer.” Manufacturers 
(especially of tires) are under increasing pressure to eliminate DAE 
from their products. 


TRENDS AND OPPORTUNITIES 


World rubber consumption is forecast to reach more than 21 Mt by 
2006, with tire production reaching 1.3 billion units based on strong 
gains in the g lobal vehicle industry combined with replacemen t 
needs within a steadily rising global motor vehicle inventory. Tradi- 
tionally, growth in rubber consumption has been driven by the auto- 
mobile industry , with production concentrated in industrialized 
regions such as North America, Western Europe, and Japan. These 
regions should experience modest growth, however, as manufactur- 
ing expands in Asia and to a lesser extent in Africa, the Middle 
East, Eastern Europe, and Latin America. Auto mobile output in 
Asia reached almost 22 million units in 2003 or some 36% _— of 
worldwide production. The topf ive au tomobile-manufacturing 
countries in Asia—Japan, China, South K orea, India, and Thai- 
land—account for 90% of total re gion pro duction capacity with 
future growth expected to be largely centered in China, Thailand, 
and Vietnam. 

The need to improve fuel consumption rates may enco urage 
the use of precipitated silica in OEM tires. Replacement tires, how- 
ever, do not have to comply with Corporate Average Fuel Economy 
(CAFE) standar ds and the like, af act that ma y dampen the 
increased use of precipitated silica in aftermarket tires. Historically, 
many aftermarket tires were retreads, but because modern tires are 
so light and thin-bod ied, retreading has decreased greatly in the 
passenger-tire market. At the same time, tire rubber demand will 
benefit from the continuing popular ity of performance tires and 
sport utility v ehicles in man y developed countries, raising the 
amount of rubber incorporated into new tires and vehicles. Perfor- 
mance tires also ha ve short er service lives re lative to al 1-season 
radials, thus stimulating replacement demand. 
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According to the Freedonia Group, the nontire rubber market 
will grow to become the dominant market for rubber by about 2006. 
This growth will be driven by increased demand for mid-range elas- 
tomers (e.g., ethylene-propylene, nitrile, and polychloroprene) in 
numerous types of industrial rubber products such as hoses, belts, 
gaskets, and weatherstripping. 
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Diath a. a a 2 oe A eee 
Filters and Process Aids 
Sharad Mathur and SA. Ravishankar 


Process aids enable the desir edresultsfr omaprocesstob  e 
achieved. The filtration process, for example, uses filters to remove 
dissolved and particulate matter from suspension to purify, clarify, 
and clean liquids. Ab sorbents are a convenient way to handle liq- 
uids and to clean up liquid wastes or spills. Rheological modifiers 
change the flow behavior of formulations such as paints, cosmetics, 
and inks. Lubricants allow for mold detachment t hat re sults in 
smooth surf ace finish. Binders are process aids thatimpro ve 
mechanical integrity of bea ds to e nable better flow, for example. 
Finally, proppants ar e beads that help create and k eep open the 
cracks caused in oil and natural gas bearing rocks to allow access to 
these raw materials from the surface. 

The underlying phenomenon behind the action of the various 
process aids can be either chemical action or mechanical action or 
both. Mechanical action is derived from physical properties of th e 
particles, such as si ze, size distribution, shape, surface area, and 
hardness, whereas chemical action is derived from surface chemical 
properties that are either native to the material or modified in a con- 
trolled manner. Filtration or absorptive processes are accomplished 
either mechanically, as in absorption and filtration, or chemically, 
as in adsorption. Rheology modifiers typically use both the chemi- 
cal and mechanical forces. 

Table 1 sh ows a number of pro cesses, end-use applications, 
and minerals and rocks that are used as process aids. 

This chapter focuses on the industrial minerals and rocks used 
as process aids for filtration, absorbents, rh eology modif ication, 
and proppants. The selection of the minerals and markets reviewed 
was based solely on the total volume of material used or the value 
of the market and material. The materials include diatomite, perlite, 
sand, gravel, glauconite; specialty clays such as kaolinite, montmo- 
rillonite, and attapulgite; and their modified forms such as activated 
montmorillonite or surf ace-treated montmorillonite and kaolinite. 
Throughout this chapter the term specialty clays is used to describe 
clays used in such value-added markets. 


RAW MATERIALS 


Ona volume b asis, the most c ommon ind ustrial m inerals a nd 
rocks—sand and gra vel, along with diatomite—are used as filters 
and absorbents. High-quality sand finds more value when used as 
proppants. High v alue-added applications such as _ pet litter absor- 
bents and edible and ine dible oils filtration and clarif ication use 
specialty clays. 


Table 1. End-use applications, processes, and the minerals and 
rocks that are used as process aids 





Process End-Use Application Process Aid 
Filtration Liquid food products Perlite 
Diatomite 
Water treatment Perlite 
Diatomite 
Glauconite 
Petroleum and chemicals Perlite 
Diatomite 
Pharmaceuticals and drugs Perlite 
Diatomite 
Absorption Pet litter Perlite, diatomite, attapulgite 
Oils and grease spills Attapulgite 
Pesticides and fertilizers Attapulgite 
Rheology Plastics Montmorillonite, kaolin 
modification Paints Attapulgite, kaolin 
Paper coatings Bentonite 
Inks Kaolin 


Pressurization Petroleum and natural gas Sand, kaolin, bauxite 





(proppants) 

Binding Attapulgite 
Lubrication Attapulgite 
MINERALOGY 


The com mon mineralogic trait of al most a ll ind ustrial mi nerals 
used as process aids is that the y belong to the silicate group. Sili- 
cates have an inherent chemical stability, unique molecular struc - 
tures, and surface activity that can be used as is or modif ied for a 
given application. The se characteristics en able the silicates to be 
used as process aids. Silica (SiOz), the common chemical constitu- 
ent, exists by itself in nature as an inert crystalline form as quartz or 
in an amorphous form such as diatomite. The fundamental building 
block of both for ms is the SiO 4 te trahedra. By combining with 
other chemical groups and rearranging the SiO, tetrahedra, a multi- 
tude of silicates, including specia Ity clays, are obtained in nature 
with varying physical and chemical properties. 
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Table 2. Classification of the major specialty clays used as process aids 


Clay Group/Principal Mineral Synonymous Term 


Theoretical Chemical Formula 





Smectite (three-layer structure) 

Montmorillonite Bentonite (fuller’s earth) 
Calcium montmorillonite Nonswelling bentonite 
Sodium montmorillonite 


Lithium 


Swelling bentonite 

Hectorite 

Hormite (chain structure) 
Palygorskite Attapulgite (fuller’s earth) 
Sepiolite 

Kaolin (two-layer structure) 


Kaolinite Kaolin 


(OH)4M*0.66Sig(Al3.3¢[Mg3.3 to Nao.66]) O20 + H2O 


Same formula as montmorillonite where M* is generally Ca2* 


Same formula as montmorillonite where M* is generally Na* 
(OH)4Sig (Mgs.34°[Lio.66 to Nao.66]) O20 


(OH2)4 (OH)2 Mgs Sig O20e°4H2O0 
HeMggSi12030(OH)10°6H20 


Ala(Si4010) (OH)s 





Adapted from Clarke 1985. 





O and ©% = Hydroxyls @ Aluminums, magnesiums, etc. 

Source: Van Kouteren 1994. 

Figure 1. Geometric representation of octahedron showing (A) a 
single octahedral unit and (B) the sheet structure of the octahedral 
units 





O and ©= Oxygens 


O and @ = Silicons 


Source: Van Kouteren 1994. 

Figure 2. Geometric representation of silica tetrahedron showing 
(A) a single silica tetrahedron and (B) the sheet structure of the silica 
tetrahedrons arranged in a hexagonal network 


Diatomite and Perlite 


Although the mineralogy and origin of diatomite and perlite are 
very dif ferent, they have a physical trait in common that yields 
excellent filtration prop erties: both have cell structures th at form 
microscopic voids, which aid in filtering by allowing the passage of 
fluids while retaining the solid particulate matter. 

Diatomite is a chalk-lik e, soft, friable, earthy, v ery f ine- 
grained, siliceous sedimentary rock, usually light in color. Diato- 
maceous silica is the preferred name for the principal mineral 
component. It is the fossilized skeletal remains of the diatom—a 
unicellular, microscopic aquatic plant related to algae (Kade y 
1983). The silica of the fossilized diatom skeleton closely resem- 
bles opal or hydrous silicaan dhas_ the chemical formulation 
S$i02enH20. 


Naturally o ccurring perlite,on the other hand,is adense, 
amorphous, hydrated (2% to 6% combined water) volcanic glass, 
generally of rhyolitic composition. It has a dual nomenclature in the 
industry because of its commercial applications. It is known by the 
same name as both the naturally occurring rock and, after process- 
ing and thermal e xpansion, as the lightweight aggre gate ( Kadey 
1983). 

Specialty Clays 

Compared to other minerals used as process aids, the clay minerals 
are much more mineralogically co mplex. As a general def inition, 
clays are naturally occurrin g, earthy, fine-grained hydrous silicates 
(Patterson and Murray 1983). Collectively, they are classified as 
phyllosilicates, a group of silicate minerals characterized by silica— 
oxygen tetrahedr a link ed tog etherin two-dimensional sheets 
(Thrush 1968). Their uses in value-added applications may require 
extensive beneficiation to improve purity and control physical char- 
acteristics. Montmorillonite and attapulgite are known by their min- 
eral name for the raw materialas well asthe final product. 
Montmorillonite is the principal mineral constituent of ben tonite, 
and the two terms are used synonymously in the industry. Kaolinite, 
on the other hand, is known by the ore-bo dy name kaolin for the 
end-use product. 

The phyllosilicate group of clays consists of several minerals, 
each having different geologic occurrence, mineralogy, technology 
to beneficiate and engineer to its final form, and uses. The thr ee 
major clay mineral groups, which account for the majority of the 
volume of clays used as process aids, are the smectite, hormite, and 
halloysite clay groups. Table 2 lists these clay groups, commonly 
used names, and mineralogical compositions. Although the mineral- 
ogy is complex, it is easier to think of these minerals as containing 
crystal structures that can be brok en down into two simple building 
blocks: tetrahedra and octahedra. These building blocks form sheets 
or layers by joining at the corners (tetrahedra) or at the edges (octa- 
hedra) (Moll and Goss 1987), as shown in Figures 1 and 2. 

Given these basic building blocks, the distinguishing struc- 
tural difference between the different types of specialty clays is the 
arrangement of these blocks to generate layered and chain types of 
silicates. 


Smectite Group 


Two members of the smectite group, montmorillonite and hectorite, 
are used as process aids. Smectite minerals have a three-layer struc- 
ture. Two outer layers of silica tetrahedra are attached to a central 
octahedral layerofh ydrous metal oxide (usually aluminum, 

sodium, magnesium, calcium, or lithium). The layers are combined 
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in such a way that the oxygen atoms at the tips of the tetrahedra of 
each silica layer are shared with the octahedral metal oxide/hydrox- 
ide layer. A small p roportion of the metal cations in the central 

octahedral layer is replaced by cations of lower valence but similar 
size. This leads to an electrical charge imbalance that is corrected 
by the presence of cations held outside and between each of _ the 
three-layer units. The electrical charge deficiency of the three-layer 
units and the pr esence of the exchangeable cations (commonly 
sodium or calcium) impart the characteristic expansion properties 
to the smectite group of clays (Clarke 1985). 


Palygorskite and Sepiolite (Hormite) Group 


Palygorskite (attapulgite), which is used primarily as an absorbent, 
is based on the hormite group. Sepiolite, a related mineral, is also 
used to a limited extent. Hormites are markedly different in terms 
of their structural characteristics in that they form chain-type rather 
than layered structures, which result inaf ibrous morphology 
(Clarke 1985). Unlike the smectite minerals, which have sheets that 
extend laterally, the sheets in hormite minerals extend only a short 
distance and then flip up or flip down inacontinuou s pattern to 
yield a three-dimensional structure that includes long tubes instead 
of layers. Because of this structure, hormite minerals do not swell 
as do smectite minerals. Crystal lattice substitutions, or e xchange 
capacity, however, do occur at the broken bonds on the edges of the 
crystal (Moll and Goss 1987). 


Kaolin Group 


Kaolin is the principal industrial mineral used as a process aid based 
on this group. This group consists of minerals that form a two-layer 
structure. The two layers comprise tetrahedral and octahedral sheets. 
The tetrahedra contain silicon and oxygen and the octahedra contain 
aluminum, oxygen, and hydroxyl, arranged in sheets (Figures 1 and 
2). The apices of the te trahedra join with the octa hedra to form the 
two-layer structure with w ater molecules be tween the tw o layers. 
These sheets generally are neutral, except on the edges where bro- 
ken bonds create unbalanced charges. These sites are ar eas where 
cation exchange can occur (Moll and Goss 1987). 


Sand and Gravel 


In the strictest sense, these two materials are defined by size rather 
than by composition or mineralogical mak eup. Sand and gravel 
consist of separate grains or particles of detrital rock with a particu- 
lar size range of !/16 to 2 mm in diameter. For filtration and proppant 
applications, however, sand consists mainly of pure, rounded quartz 
(SiOz) grains (Davis and Tepordei 1985), and gravel typically con- 
sists of rock fragments. 


Glauconite 


Glauconite is a h ydrous iron potassium silicate containing varying 
amounts of aluminum, calcium, magnesium, sodium, and numerous 
trace elements such as beryllium, cobalt, chromium, nickel, molyb- 
denum, vanadium, titanium, and ur anium. It has the chemical for- 
mula 3X »(Fe*?, Fe +”, Y) 6(SigO10)(OH)4enH20, where X_ is K *, 
Na‘, or Cat? and Y is Al or Mg. Its exchangeable sites are on the 
outside of the silica— alumina—iron fram ework, and the e xchange 
reaction generally does not affect the glauconite structure. Both cat- 
ions and anions are exchangeable, but little information is available 
on the latter (Spoljaric 1994). 


Minor Minerals 


Other minerals used as process ai ds include vermiculite, talc, ball 
clay, ba uxite, cr ushed li mestone, g ypsum, i lmenite, a nd garn et. 
Vermiculite, talc, and ball clay are also in the phyllosilicate group. 


As a consequence, these minerals, especially vermiculite, are com- 
monly used in certain absorbent applications. Such heavy minerals 
as garnet and ilmenite (and sometimes anthracite coal) are often 
used as filter media in wastewater treatment plants. Calcium car- 
bonate (especially as lime) and gypsum are two nonsilicate miner- 
als that f ind limited applications as filters, absorbents, and 
theology modifiers. Bauxite is used as the raw material to produce 
superior-performing proppants to sand. 


CHEMICAL AND PHYSICAL PROPERTIES 


Silica or silicon dioxide, the main constituent of process aids, is 
responsible for t heir c hemical s tability. Phys ical c haracteristics 
such as high amount of porosity resulting from micropores allo w 
for efficient filtration and absorbent materials. Good mineral filters 
and absorbents thus are chemically stable and ha ve high porosity 
that allows liquids to either flow through or be retained in the struc- 
ture. In addition to immobilizing the water, high aspect ratios of 
specialty cla y pa rticles suc ha s ne edles (a ttapulgite) or pl ates 
(montmorillonite) play a critical role in modifying rheology of sus- 
pensions and pastes. Chemical modification of montmorillonites to 
result in an or ganoclay or acid-activated form e nables application 
as rheology modifiers and sor bents, respectively. Round-grain 
deposits of high-purity sand are used to maximize the permeability 
and strength for proppant application Thus it is not surprising that 
the minerals used as process aids in a given application have a num- 
ber of similar c hemical and ph ysical prope rties. Table 3 sho ws 
chemical analyses of the major materials used as process aids. 


Diatomite and Perlite 


Minerals used as filtration aids typically are lightweight, structur- 
ally ri gid, the rmally st able, and c hemically inert, and the y form 
high-porosity filter cakes to maintain free flow of the liquid. Both 
diatomite and perlite ha ve such characteristics. The ma jor dif fer- 
ences between these minerals, however, are in density and flo w 
rate. Perlite is typically less dense or weighs less per unit of volume 
and thus yields additio nal filtering capacity per unit weight (V an 
Kouteren 1994). 


Diatomife 


The diatom structure, wh ich provides hi gh surface area, 1ow-bulk 
density (floating on water at le ast until saturated), high absorptive 
capacity, and relatively low abrasion, consists of openings or pores 
at re gular intervals, which int urn re sult in avery ope nla ttice 
(Kadey 1983). The pore structure can account for about 50% of the 
volume of a diato m, which is typically only a fe w micrometers in 
thickness and 50 to 150 m in diameter (Miles 1990). 


Perlite 


Perlite is kno wn for it s unique internal cellular structure, which 
forms on heating and subsequent expansion. The integrity of the cel- 
lular structure is dependent on the source rock. Hard perlites, which 
have coarse cel] walls, are relatively dense and thus are typically 
used as aggregate. Soft perlites, which have finer cell walls and are 
less dense, are typically used as filtration aids (Kadey 1983). 


Specialty Clays 

The layer and chain structures, combined w ith cation-exchange 
characteristics, are responsible for specialty clays’ unique chemical 
and physical properties. Clays are platy, are extremely fine grained, 
have flexible crystals with large surface areas, are naturally reac- 
tive, and have a house-of-cards structure (Moll 1986). During heat- 
ing andthe subsequent r elease of w ater, the clay’s structure 
maintains its integrity. Structural inte grity is responsible for the 
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Table 3. Typical chemical composition of the major industrial minerals and rocks used as process aids 





Mineral Type 

(Oxides), % Sand" Diatomitet Perlite* AttapulgiteS Montmorillonite” Kaolinitett Glauconites 
SiO2 99.45 89.7 72.1 54.0 50.2 44-46 46.9-52.9 
AlzO3 0.05 3.7 13.5 8.6 16.2 36-39 5.8-15.2 
H2O ND# ND 3.0 21.4 22.7 14 4.3-7.2 
Loss on ignition 0.0788 3.7 ND ND ND ND ND 
Fe2O3 0.02 1.1 0.8 3.1 4.1 0.3-1.0 9.3-24.1 
TiO2 0.01 0.1 0.1 0.2 0.2 0.3-2.0 0-1.8 
CaO 0.04 0.3 0.9 2.0 2.2 0.5 2:1 
MgO 0.02 0.5 0.5 10.1 4.1 0.5 2.3-4.6 
NazO and K2O ND 0.7 9.0 0.4 0.3 0.8 Traces—1.9 

5.1-9.3 

P205 ND 0.2 ND ND ND ND 1.0-6.3 
Other 0.34 ND 0.1 0.2 ND ND 10.52 

Total 100. 100. 100 100. 100. 100. 100 





* LaSalle, Illinois (Murphy and Henderson 1983). 

t Lompoc, California (Kadey 1983). 

+tNo Agua, New Mexico (Kadey 1983). 

§ Attapulgus, Georgia (Patterson and Murray 1983). 
** Polkville, Mississippi (Patterson and Murray 1983). 
tt Macon, Georgia (Patterson and Murray 1983). 
++ ND = not determined. 

§8§ Fusion loss. 


clay’s low b ulk density , high liquid-holding capacity, and high 
absorptivity (Moll and Goss 1987). 


Glauconite 


Glauconite grains range in size from 1 mm (coarse sand) to the sub- 
micron and de velop different shap es. The lar gest per centage by 
weight is 0.49 to 0.125 mm in size. Grains are usually smooth and 
round. Like other layer minerals, glauconite has the c apacity to 
absorb ions fro m solution. Ion e xchange is important in chemical 

separations, water softening, and the properties of soil for both agii- 
culture and engineering (Spoljaric 1994). 


Sand and Gravel 


The important chemical and ph ysical characteristics of sand a nd 
gravel use d as f ilters are che mical ine rtness a nd pr oper particle 
shape and size. As filter media, the removal of particulate matter is 
a function of both media size and filter bed depth. Optimal packing 
of sand grains, which are supported by the gravel, occurs in filtra- 
tion applications when a high proportion of the sand particles are 
rounded and tend to ward a generally spherical or equid imensional 
shape (AWWA 2002). When used as proppants, the sand has tighter 
requirements for its physical characteristics. 


DISTRIBUTION OF MAJOR DEPOSITS 
United States 


The United States contains major deposits of all the industrial min- 
erals and rocks used as filters and absorbents. In fact, the diatomite, 
kaolin, attapulgite, a nd sand d eposits are w orld class in terms of 

size and purity. These deposits, however, occur in select areas of the 
country. Diatomite and perlite deposits are in the W est, the spe- 
cialty clay deposits are in the South, and sand and gravel deposits 
occur in all re gions. The biggest disadvantage in regard to deposit 
location and market demand is that diatomite and perlite are mined 


in the West and the demand is concentrated in the Midwest and the 
East. 


Diatomite and Perlite 


All of the commercial deposits of diatomite and perlite occur in the 
western United States. Diatomite is currently mined in California, 
Oregon, Washington, and Ne vada. California and Nevada are the 
principal producing states; they accounted for 79% of U.S. produc- 
tion in 2002 (Dolley 2004). 

New Mexico accounts for the majority of perlite mined in the 
United States, with the remaining portions mined in Arizona, Cali- 
fornia, Colorado, Idaho, and Ne vada. Given that expanded perlite 
has a very low bulk density and that the majority of perlite is con- 
sumed in the East, crushed perlit e ore is typically transported to 
expander plants, which are located close to major end-use mark ets 
(Meisinger 1988). 


Specialty Clays 

Commercial deposits of nonswelling or ca lcium montmorillonites 
are, for the most part, in T exas, Mississippi, and Alabama, which 
account for the majority of calcium montmorillonite. The swelling 
or sodium montmorillon ite depos its are primarily in Wyoming, 
South Dakota, and Montana. Florida and Georgia account for al 1 
the attapulgite prod uction. Sepiolite primarily occurs in Ne vada. 
Hectorite is mined in Califo ria and Nevada. Georgia accounts for 
a majority of high-class deposits of kaolin. 


Glauconite 


The most important glauconitic greensands are developed in the 
Mid-Atlantic Coast al Pl ain. Gla uconite is found as an ac cessory 
mineral in many coastal plain sediments of New Jersey, Delaware, 
and Maryland, but highly glauconitic gr eensand is best de veloped 
in Upper Cretaceous and Lower Tertiary formations. 
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Table 4. Key properties for diatomite and perlite used as filters 








Density, kg/m? 
Mineral/Grade Color Wet Dry Relative Flow Rate’ Ignition Loss, % Medium Pore Size, pm 
Diatomite 
Flux calcined White 330 220 700-2,300 0.2 15.0 
Calcined Pink 375 140 100-430 0.5 3.5 
Natural Gray 260 105 <100 2.5 2.0 
Perlite White 300 120 170-930 3.0 Unknown 
Source: Van Kouteren 1994. 
* Water permeability flow ratio (basis: Grefco’s Dicalite 215 as 100). 
Sand and Gravel TECHNOLOGY 


The occurrence of sand and gravel deposits is pervasive throughout 
the United States. From a strictly geologic view, the quantity of 
sand and gravel is essentially inexhaustible (Dunn 1983). Although 
this is true for gravel used in filtration, it is n ot true for sand. The 
sand used in filtration and proppant applications has rigid specifica- 
tions as to the purity, size, and shape of the individual grains. As a 
consequence, the major deposits that naturally yield such material 
are limited to locations in northern Illinois and central Texas (Van 
Kouteren 1994). 


Other Parts of the World 


A review of the U.S. Bureau of Mines mineral production statistics 
indicates that n 0 one country dominates in producing materials 
used as filters and absorbents. A number of countries , however, are 
major producers of these raw materials. 


Diatomite and Perlite 


The production of f ilter-grade diato mite in the r est of the world is 
concentrated mainly in such European countries as France, Spain, 
and Germany. Korea, Romania, and the former U.S.S.R. are all large 
producers, but they are believed to have very limited, if any, produc- 
tion of filter grades. For perlite, nearly 80% of the production out- 
side the United S tates is concentrate d in Hungary, Greece, Turkey, 
and the former U.S.S.R. Perlit e production has increased _ signifi- 
cantly in Greec e at the e xpense of west ern state s in the United 
States. Several developmental projects are under way in China and 
other Asian countries (Barker, Santini, and Alatorre 2003). 


Specialty Clays 


Production of specialty clays occurs mainly in Brazil, Canada, and 
Mexico. Europe and the P acific Rim ar e also major producing 
areas, with Germany, Gree ce, Italy, Japan, Malaysia, and T urkey 
accounting for most of the production. 


Glauconite 


Glauconitic greensands are de veloped on all continents and ha_ ve 
been geologically mapped in man y countries. At some locations, 
glauconite is the most ab undant constituent of the for mation. In 
most cases, however, it is present in relatively small amounts or as a 
minor component of the sediment (Spoljaric 1994). 


Sand and Gravel 


Given that the geologic occurrence of sand and gravel deposits is 
pervasive, sand suita ble for filtration applications exists in ma ny 
countries. The location and production of sand from these deposits 
are closely correlated to the location of population and indu strial- 
ized areas (Bolen 1988). 


Processing and Specifications 
Diatomite and Perlite 


The most important processing aspect for these materials is main- 
taining the integrity of the diatom cell walls and the expanded per- 
lite ce llular st ructure. Aft er pr ocessing, t hese ma terials are 
subjected to filtration tests that measure flow rate through a f ilter 
cake under controlled conditions and the clarity of the resulting fil- 
trate (Kadey 1983). Because of the difference in physical structures 
of perlite and diatomite, their performance varies from one grade to 
another. Table 4 lists th e performance and specif ications for these 
materials. 

Diatomite. The degree of processi ng is highly dependen t on 
the desired physical and chemical properties needed by the end-use 
industry. Depending on the desired filtration flow rates, diatomite is 
sold in three different forms: natural, calcined, and flux calcined. 
The natural products have the higher densities, smaller median pore 
sizes, and lo wer flow rates. Calcination of natural products yields 
less dense, larger median particle sizes, and, consequently, higher 
flow rates (Van Kouteren 1994), 

Diatomite cannot be subjected to intense crushing or grinding; 
thus, it is crushed in spiked rolls and hammer mills, passed through 
air cyclones, and then fed to air separators to yield various sizes 
(Miles 1990). Material at this stage is classified as natural diato- 
mite. For faster flow rates, the natural material is heated in rotary 
calciners to b urn a way both or ganic residu es and the combined 
water that is part of the opaline structure. As a result, the diatom 
structure shrinks and hardens, a nd many of the diatom fragments 
are sintered into agglomerates (Kadey 1983). This heating process 
yields calcined products, which ar e usually for medium flow rate 
grades and typically are pink beca use of the oxidation of iron dur- 
ing the heating. 

Filtration applications that cannot tolerate the presence of iron 
oxide or applications that require faster flow rates use flux-calcined 
diatomite produ cts (Anon. 1987). Th ese pro ducts are fo rmed by 
adding a flux, usually soda ash or sodium chloride, before the sin- 
tering or calcination stage. The flux allows iron oxides to enter a 
glassy phase in which it is colorless and produces greater agglomer- 
ation of the diatom fragments. V ariations in th e kiln temperature, 
the amount and composition of the flux, and the heating time in the 
kiln enable su ppliers to cr eate pro ducts with dif fering f iltration 
rates (Miles 1990). 

Perlite. Perlite is used in its expanded form in filtration appli- 
cations. The application for which it is intended plays a major role 
in the particle size range into which the material must be crushe d 
and sized before e xpansion. Crude perlite ore is crushed with jaw 
crushers and impact milling and then sent to vibratory screening 
and air c lassification to se parate the mi Iled m aterial into basic 
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Table 5. Key properties for select specialty clays used as absorbents 





Bulk Density, Surface Area, Free Moisture, Base Exchange 

Grade Color kg/m? m?/g (110°C), % Capacity’ pH 
Attapulgite 

RVM Gray 545 125 a 20 8.0 

LVM Tan 545 125 2 20 8.0 

Othert Cream 275 120 ] nat 8.5 
Montmorillonite 

Acid activated na 640 250 16 na 3.28 





Source: Van Kouteren 1994. 
* Milliequivalents/100 g. 
t Powdered grade. 
tna = not available. 
§ 25 g of product in 75 ml deionized H20. 


grades. The size range of the expanded perlite dictates the size of 
the furnace feed (Kadey 1983). 

During heating, perlite particles reach a softening range, coin- 
cident with the volatilization of combined water at about 800°C. As 
a result, the particles can expand or pop in a manner similar to pop- 
corn with the creation of count less tiny bubbles. The lightweig ht 
cellular aggregate that forms is 20 times or more the original vol- 
ume of perlite. During the heating process, a good balance between 
the softening of the glass and the volatilization of the combined 
water must be maintained. If not, excess combined water will cause 
some perlites to explode with the subsequent production of fines. In 
contrast, insufficient water or an overly viscous glass will result in 
partially expanded, higher density perlite (Kadey 1983). 

On expansion, the perlite is then milled and classified to a 
specified size and density. The perlite bubble aggregates must be 
broken into curved glass platelets and bubble junctions. Filter aids 
require the right proportion of these with a min imum of unmilled 
cells. Residual unmilled cells, or floaters, are undesirable in f ilter 
applications (Kadey 1983). 


Specialty Clays 


The processing of specialty clays for use in absorbent applications 
is f airly sim ilar for a ttapulgite, hectorite,and montmorillonite. 
Because clay ore may contain up to 60% water, the main objective 
for processing is to remo ve water and to reduce the material to the 
appropriate size. Befor e the crude c lay is drie d, it must first be 
passed through shredders to reduce it to fist-sized pieces for feed to 
a dryer (Moll 1986). 

Proper dryin g techniq ues are essential for de veloping and 
maintaining the open structure in montmorillonite and attapulgite. 
Between 100° and 200°C, water in the interlayer region of mont- 
morillonite or in the tubes of attapulgite be gins to e vaporate. At 
higher temperatures, certain tightly bound water molecules in atta- 
pulgite begin to evaporate. Between 500° and 800°C, the hydroxyl 
ions be gin to co mbine to form w ater, which leaves the structure 
(Moll and Goss 1987). 

Once the clay is dried, the material is typically crushed in cor- 
rugated roll er or ha mmer m ills and passed o ver lar ge shaking 
screens. Oversize material goes back to the crushers, and under- 
sized material goes to the next set of smaller sized screens to make 
products of increasingly smaller granule sizes. These smaller prod- 
ucts are typically destined for the p et litter and flo or absorbe nts 
markets (Moll 1986). 

Kaolin is processed either in a dry state (air-float grades) or in 
a slurry state (water-washed grades). The water-washed grades are 


extensively beneficiated and thus contain less impurity, have higher 
degree of whiteness, are less abrasive, and ha ve tight control on 
particle size distribution. Hydrous kaolin can be heated to eliminate 
the h ydroxyls from the structure and _thus resulting in calcined 
grades. 

Absorbents. The key properties for clays used as floor absor- 
bents are proper granule size, lo w bulk density, the ability of the 
product to absorb liquids readily and rapidly, and durability so that 
the granules do not br eak down in normal shipment and use (see 
Table 5). Floor absorbents, mainly used for oil and grease, are sold 
in sizes ranging from 4.00 to 0.43 mm. The other key properties 
typically are a b ulk density of ab out 625 kg/m? and the ability to 
absorb about 65% to 100 % of their weight in w ater or oil (Moll 
1986). 

In cat litter, the pH and the granule size are the important fac- 
tors that affect the clay’s performance. Low-pH products are more 
effective in co ntrolling the fermentation of urea inc at urine. The 
size of clay granules is important so as to avoid dustiness in use and 
to avoid tracking by the cat. Acommon size range for cat litter 
products is often 4.75 to 0.60 mm (Van Kouteren 1994). 

Carriers. Specialty cl ays used i n pesti cide, fert ilizer, a nd 
other carrier applications often require further drying. Products that 
do not under go additional heating, called re gular volatile material 
(RVM), are ty pically softer and di spersible in wat er. Low volatile 
material (LVM), however, undergoes additional heating to result in 
a moisture content of less than 3% compared to 7% in RVM prod- 
ucts (Ross 1983). These products tend to be harder and far less dis- 
persible in w ater because of the tightening of _ the interlocking 
crystals of the clay caused by further heating (Moll and Goss 1987). 

Another key property is surface acidity, also known as Lewis 
acidity. The surface acidity of the clay granules can degrade some 
chemicals absorbed into the granule. To prevent the degradation, 
formulators must measure the strength of the Lewis acid sites to 
determine how much deactivation is required. High surface acidity 
clays, measured by t he Hammett acidity function unit (pKa), are 
deactivated with alcohol s or glycols to neutralize the acid sites 
(Moll and Goss 1987). Table 6 gives examples of the important end 
uses for carrier minerals. 

Filtering and Clarifying. Acid-activated montmorillonite clays 
used for filtering and clarifying or bleaching vegetable and petroleum 
oils are an important part of the market. Although the tonnage of 
acid-activated clay is relatively small, it represents one of the highest 
value products. 

Treating calcium mo ntmorillonite c lay with HCl o rH 2SO4 
yields a modif ied clay p roduct with significantly greater surf ace 
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area and acidity. The acid-activated clay offers enhanced absorptive 
and catalytic properties. These products, commonly called bleach- 
ing clays or bleaching earths, are not to be confused with fuller’s 
earth, which is processed onl y by dry ing and grinding. Acid- 
activated clays are processed by predrying t he cl ay t o re move 
excess moisture. The material is then mixed with either HCl or 
H2SOz4 to form a clay—water slurry that is then transferred to a reac- 
tion vessel. Once inside the v essel, it is heated to near b oiling by 
steam or other means until the desired degree of activation has been 
achieved (Taylor and Jenkins 1986). 

Generally, physical factors such as particle size and poro sity 
along with surface acidity determine the suitability of a particular 
activated clay to perform in a pa rticular environment. Small parti- 
cles and larger pores are usually preferred when large molecules are 
involved (e.g., v egetable oils) and diffusivity limits transport of a 
molecule to an ac tive site. Another consideration, more che mical 
than physical, is the strength of the acidity associated with the sor- 
bent/catalyst. In some cases, excessive functionality may be detri- 
mental. Fore xample, str ong acid sites can catalyze undesired 
reactions (e.g., disprop ortionation of toluene — to benzene and 
xylene; Dombrowski and Henderson 1997). 

Rheology Modification. Naturally occurring clay mineral s 
such as hectorite and bentonite (sodium montmorillonite with some 
nonclay impurities) are hydrophilic in nat ure. When dispersed in 
water, the clay particles swell and separate into individual clay plate- 
lets. Because of platelet in teraction, a thr ee-dimensional “house of 
cards” structure is de veloped. This c olloidal st ructure pro vides 
thickening properties. In oil or solvent systems, however, the natural 
clays do not disperse and do not provide rheological properties. To 
thicken oil and solvent systems, the hydrophilic clays are modified 
with v arious types of hydrophobic q uaternary ammonium com- 
pounds. To make an organoclay, the smectite clay is reacted with a 
quaternary ammonium compound. The quaternary amine ion (Cl>) 
exchanges with the sodium cation s on the surface of the c lay. The 
resultant product is an or ganoclay, where the or ganic component is 
firmly bonded to the clay surface. During this reaction, the salt p ro- 
duced is washed out. Supplied as powders, the organoclays are in the 
form of agglomerated platelet stacks. A combination of wetting and 
mechanical energy is needed to deagglomerate these platelet stacks. 
Adding a polar group containing materials like low-molecular alco- 
hols, water, or propylene carbonate help force the clay platelets fur- 
ther apart, resulting in a completely dispersed rheological structure 
(Braun and Rosen 2000). 

In recent years, organoclay-type products have been improved 
to increase the ease of di spersability of these products. The new 
types of or ganoclays offer a more open structure compared to th e 
conventional or ganoclays. The open structure he Ips dispersability 
of the product under low shear and short processing times and elim- 
inates the milling stage of the ink manufacture. In most cases, the 
overall throughput is impr oved by reducing the production cost 
(Braun and Rosen 2000). 

Glauconite. Processing at Sewell, New Jersey, involves first 
screening crude, mine-run greensand. Approximatel y two thirds 
of the crude is reco vered as —1.0 +0.25 mm feed for the produc- 
tion of manganese greensand for use as a water filtration medium. 
Washing with water and chemical treatments with an intervening 
freshwater rinse cycle follows the screening to build a manganese 
dioxide coating on the glauconite. This coating is the active agent 
in rem oval of iron, manganese, and hydrogen sulfide from well 
water. The coated glauconite is dried and packed in 0.03-m? bags 
or 1-t supersacks, pallet ized, and stretch-wrapped for shipment 
(Spoljaric 1994). 
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Table 6. End uses for industrial minerals and rocks used as filters 


and absorbents 


Absorbents 


Hazardous wastes 
Oil and grease 
Pet litter 

Water 


Waxes and varnishes 
Carriers 


Fertilizers 

Pesticides 

Chemicals 

Acids (sulfuric, phosphoric, 
organic) 

Dyestuffs and intermediates 

Inorganic-general 

Organic-general 

Solvents 

Sulfur 

Titanium pigments 


Desiccants 
Documents 
Electronic packaging 
Equipment storage 
Food packaging 

Drugs and Pharmaceuticals 
Antibiotics 
Cosmetics 


Enzymes, serums, vitamins, etc. 


Pharmaceuticals 
Food Products 


Beverages (beer, wine, whisky) 
Corn products (sugar, glucose, 
oil) 


Industrial 


Alginates 

Catalytic reactions (hydrogenation) 

Cellulose liquors 

Electroplating 

Dry cleaning 

Metalworking industries (coolants, 
cutting oils, etc.) 

Nonedible oils and greases 

Nylon and rayon liquids 

Soaps and glycerine 

Synthetic resins 

Varnishes and lacquers 


Metallurgy 


Cyanidation 

Metal extraction (Be, W, others) 
Recovery of metal values 
Uranium processing 


Petroleum 


Contact filtration (clay removal) 
Dewaxing 

Greases and lubricants 

Hydraulic fluid 

Jet fuel 

Oil well pressurizing 

Petrochemical 

Still residues 

Used oils (crank case, transformers) 
Waxes 


Waste Disposal 


Paper mill effluents 





Sewage 
Fruit products (apple, grape, Radioactive (underground 
citrus) injections) 
Miscellaneous (casein, dairy Laundry waste waters 
products) Industrial wastes, general 
Oils and fats (vegetable, 
imal] Waters 
anima 
Packing house products Industrial 
Sugars (cane, beet, plantation, Military (potable, engine 
etc. condensate) 
Yeast Municipal 
Super-clarified (electronics, 
beverages) 
Swimming pools 
Sand and Gravel 


The mining and pro cessing of sa nd and gra vel vary considerably 
with the type of deposit and the physical and chemical requirements 
of the desired product. Gra vels are typically quarried or dr edged 
and processed by screening. Sand is_ typically hydraulically mined 
because of the friable nature of the deposits (Van Kouteren 1994). 
The sand slurry is purified in cyclones where clays and other impu- 
rities are removed. The material is then drained and placed into 
fluid-bed dryers. After dr ying, vibratory screens, gyratory screens, 
mechanical or air classifiers are used to yield various sizes and size 
distributions (Davis and Tepordei 1985). 

The American Water Works Association (AWWA) has pre- 
pared standard specifications for sand and gravel to cover such water 
filtration applications as surf ace water, sewage disp osal, industrial 
waste, and swimming pools. The ma in specifications include free- 
dom from or ganic matter, silt, minerals that fracture or deteriorate, 
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and aci d-soluble compone nts, and minimum specif ic gra vity 
requirements (Se veringhaus 198 3). Filter gra vel should contain a 
high proportion of particles that are rounded and tend toward gener- 
ally spherical or equidimen sional shape. For sand, the grains must 
be rounded or angular, very durable, and ha ve a uniformity coeffi- 
cient of 1.7 or less. The required size of sand and gravel is a factor of 
the viscosity of t he filtrate, the type of contaminant, and the flow 
rate desired. Sand size typically ranges from 0.35 to 0.65 mm and 
gravel ranges from 2 to more than 60 mm (AWWA 2002). 

Proppants have the same requirements of sand as in f iltration 
except that high pur ity and inte grity is r equired to deli ver crush 
resistance to high pressures pres ent in the oil and gas wells up to 
2,400 m deep. 


TESTING 


As is common with most industrial minerals, the testing procedures 
by which processed minerals and aggregates are evaluated and stan- 
dardized are designed to quantify anattribute required in the perfor- 
mance of a product (Kadey 1983). 


Filtration 


The two important characteristics that filter aids must produce ar e 
clarity and flow rate. A filter aid grade, then, must be subjected to a 
filtration test under co ntrolled c onditions. The test will measur e 
how efficient the filter aid is in obtaining the required clarity at a 
reasonable flow rate. 

Diatomite and perlite suppliers provide such bench-scale pres- 
sure or v acuum filtration tests as the bomb f ilter, Buchner fun nel, 
and Walton filter. These tests help to determine the best balance of 
variables to obtain required clarity, maximum throughput, and min- 
imum filter aid dosage. Befo re laboratory filtration tests, materials 
are tested for such physical properties as particle- and pore-size dis- 
tribution, turbidity, and surface area. Wet and dry bulk densities are 
also important because diatomit e and perlite are purchased on a 
weight basis and used on a volume basis (Severinghaus 1983). 

The use of sand and gra vel in the filtration of surface and 
wastewaters requires tests for acid solubility, sand and gravel shape, 
specific gravity, and particle size to ensure proper quality. AWWA, 
the American National Standards Institute (ANSI), and the Ameri- 
can Society for T esting and Mate rials (ASTM) ha ve established 
standard tests for these properties. For details on the testing proce- 
dures, contact either AWWA or ASTM (AWWA 2002). 


Absorbents 


For a bsorbents, the im portant c haracteristics to m easure in clude 
clay’s ability to absorb li quids easily and quickly, to have a high 
liquid-holding capacity, to have granules that do not break down 
during shipment, and to have relatively low bulk densities. Standard 
tests and techniques to measure a granule’s maximum absorption 
and resistance to attrition are outlined by federal specifications. In 
addition, agr icultural carriers undergo a liquid-holding capacity 
test. The Rhone—Poulenc method MP-12 is a test that measures the 
amount of liquid the granules can absorb without sticking together 
(Moll 1986). 

Particle-size distribution, surface and titratable acidity, c on- 
centration of minor co mponents, moisture le vel, and de gree of 
leaching are all properties that make one acid-activated clay differ- 
ent from another, and these nuances are major considerations in 
selection of the right grade (Dombro wski and Henderson 1997). In 
filtering and clarifying applications, the final color of the bleached 
oil is the critical property. Test methods for evaluating montmoril- 
lonite and other types of fuller’s earth for bleaching edible oils are 
outlined in the American Oil Chem ists’ Society (AOCS) Official 


Method Cc 8b—52 and AOCS Official Method Cc 8a—52 (Patterson 
and Mur ray 1983 ). Th ese specif ications contain instructions on 
bench-type tests, including stirring time, heating rates and tempera- 
tures, approved equipment, quantities of clay and raw oil required, 
and other items (Patterson and Murray 1983). 


Rheology Modifiers 


The selection of the rheological additive is dependent on the appli- 
cation as well as the composition of the f ormulation in gredients 
such as solvents, binders, extenders and pigments, and the nature 
of their interactions. The viscosity profile in Figure 3 illustrates the 
relationship between sh ear rate and other important properties of 
two different paint formulations. Settling, sag, and leveling occur at 
low to ultralow shear rates. Package appearance and stirred consis- 
tency are determined by rheo _ logical beha vior at medium shear 
rates. Application usually occur s athigh shear rates (Elementis 
2002). 

Viscometers with we lIl-defined geometry such as ca pillary, 
cone and plate, coaxial cylinders, falling balls/needles/rods, or cup is 
used for testing rheo logy. A gr eat range of such equipment was 
designed over the past se veral years. These range fro m equipment 
with well-defined geometries capable of providing shear stress data 
at well-defined shear rate s to equipment wit hout suc h ca pability. 
The former type is highly useful for measurement of Newtonian flu- 
ids as well as non-Newtonian types; the latter types are equally use- 
ful to the practical rheologist and for quality control. There are many 
situations where it is possible to obtain a reproducible set of numeri- 
cal data that correlates with some critical aspect of product formula- 
tion, behavior, or control (Braun and Rosen 2000). 


Proppants 
The critical properties for sand, or bauxite- and kaolin-based beads, 
to be used as proppants are as follows: 


¢ Size—coarser size is better to improve permeability but needs 
to be optimized to ensure that transportation is not prohibited. 


Shape—equidimensional shape is better to enable improved 
porosity and thus permeability and withstand load. Thus only 
Ottawa and Jordan sand are deemed fit for use as proppants. 


Concentration in the suspension—higher concentration results 
in improved permeability. 


Strength—higher strength allows for use in deeper wells. 


Density—for given concentration in the fracture, there is pro- 
portionate decrease in propp ed fracture width for aden ser 


proppant. 
USES 


Industrial minerals andr ocks are used in man y process-related 
applications, as shown in Tables 1 and 6. On a tonnage basis, ho w- 
ever, the majority of these minerals, including sand, diatomite, per- 
lite, attapulgite, and montmorillonite, are used in such end uses as 
municipal w aters, food pro ducts, chemicals, pet litter, oil and 
grease, and carriers. 


Filtration 


Filtration is commonly referred to as the separation of solid particu- 
late matter from the solvent media via use of a poro us medium. 
Minerals comprise only a small part of the total market for materi- 
als used in the filtration of liquids. Such materials as membranes, 
cartridges, fabrics, and centrifuges account for the majority of the 
materials (Rees 1990). 

The main mechanisms of filtration that use minerals are depth 
filtration and cak e filtration. In depth filtration, solids are trapped 
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Figure 3. Relationship between shear rate and other important properties of two different paint formulations 


within the medium using such granular media as sand. In cake fil- 
tration, solids are separated from the liquid by forcing the liquid to 
flow through a porous medium, such as diatomite or perlite, and 
depositing the solids to form a filter cake (Thrush 1968). 


Depth Filtration 


The major applications that utilize depth f iltration are municipal 

water facilities that process surface water and sewage. These con- 
sumers use sand, anthracite, and, occasionally, gravel to remove 
impurities from water and other liquids. Gravel, however, is gener- 
ally used— primarily in w ater treatment f acilities—as a support 
media for the filtration sand (Van Kouteren 1994). 

In depth filtration, the filter media is the portion of the filter 
bed that removes particulate matter from the water. The removal of 
particulate matter is typically a function of both media size and fil- 
ter bed depth, and removal generally improves with greater depth or 
smaller media size or both. Selecting filter bed depth and media 
size is typically a function of the raw water conditions, plant pre- 
treatment f acilities, and designer preference . Therefore, th e be d 
depths, particle sizes, materials, and the number of mediums v ary 
widely plant to plant (AWWA 2002). 

Most sand f ilters, or single -medium filters, are horizontal 
beds of carefully graded grains beginning with coarse particles to 
form the bed and becoming progressively finer toward the top 
layer ( Severinghaus 19 83). F or imp roved 0 verall performance, 
dual- or multimedia filters have been used instead of si ngle- 
medium filters in many water treatment applications, and in some 
cases high specific gravity filter media, usually garnet or ilmenite, 
are used to remove more suspended solids at higher filtration rates 
(AWWA 2002). 


Cake Filtration 


Cake filtration uses a filter aid that controls the flow and amount of 
solids remo ved fro m the liquid. Filter aids form a poro us layer 


known as the filter cake on the septum, which may be cloth, screen, 
porous stone, or metal. The f ilter cake on the septum traps solids 
from suspension and prevents them from blocking the septum. 

Good filter aids require a suitable particle size and shape to 
achieve opti mum cak e pe rmeability, partic le retention on surf ace 
versus depth, minimum flow resistance, good cake release, and rela- 
tively low cost. Because cake filtration is a mechanical process, the 
structure of the particles must be such that they will not pack too 
closely. For example, diatomite ’s sk eletal struc ture and irre gular- 
shaped particles interlock to leave 85% to 95% voids. These v oids 
form billions of microscopically fine interstices in which suspended 
particles can be trapped (Anon. 1991) and are responsible for filtra- 
tion flow rate and the final filtrate clarity. 

The selection of the proper grade of filter aid in cake filtration 
depends on the size of the suspe nded particles to be remo ved. As 
the particle size and thus the flow rate increase, the ability of the fil- 
ter aid to rem ove small particles of suspended matter decreases. 
Conversely, as f ilter aid pa rticle size and fl ow rate decrease, the 
ability of the filter aid to remove small particles of suspended mat- 
ter increases (Kadey 1983). 

The two major types of filters used to remove solids from food 
products, chemicals, petroleum, and drugs and pharmaceuticals are 
pressure filters and rotary filters. The most common types of pres- 
sure filters include horizontal tanks with rotating leafs, sluicing fil- 
ters, tube or candle filters, horizontal plate filters, vertical tank or 
vertical leaf filters, and the filter press. Pressure filters are used for 
many different types of applications; for thick, difficult-to-filter liq- 
uids or when solids content is high, however, vacuum rotary filters 
are typically used. 

Pressure Filtration. Filtration ina pressure filter isatw o- 
stage operation. First, a thin protective layer of filter aid called the 
“precoat: is built up on the filter septum by recirculating a filter aid 
slurry. This slurry is either diatomite or perlite and the liquid. The 
mixture continues to circulate until the liquid becomes clear, which 
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is when a precoat bed about 2 mm thick has been established and 
filtration is ready to begin (Anon. 1985). 

The next step is called the body feed because, as the liquid is 
pumped through the filter, small amounts of filter aid are constantly 
fed into the liquid. As filtering progresses, the filter aid mixed with 
the suspended solids from the unfiltered liquid is depo sited on the 
precoat. Th us,ane wf iltering surface is continuously formed 
(Anon. 1985). 

Body feed rate is increased or decreased depending on the tur- 
bidity of the unfiltered liquid. As filtration proceeds, the volume of 
the cake increases until the solids trapped in the bed cause the flow 
to drop to an unacceptable le vel or the pressure to inc rease to an 
unacceptable level. At the end of the cycle, the filter is opened, cake 
is removed from the septum, and a fresh precoat is established for 
another cycle (Anon. 1985). 

Rotary Vacuum Precoat Filters. Asm entioned previously, 
these filters are generally used only where a lar ge percentage of 
suspended solids is to be remo ved. A rotary vacuum precoat filter 
consists of a horizontal drum, of which 30% to 50% is submerged 
in a filter bowl containing the unfiltered liquid. This drum is co v- 
ered with a septum capable of retaining af ilter aid. Vacuum is 
applied to the surf ace of the drum b y means of internal piping 
(Anon. 1985). 

In operation, a precoat of diatomite or perlite up to 150 mm 
thick is built up on the drum by revolving the drum under vacuum 
ina filter aid slurry. After the precoat is built up to the desired 
thickness, unfiltered liquid is introduced into the filter bowl. As the 
drum rotates, a blade running across the face of the drum above the 
liquid level continually adv ances toward the dr um. This peels off 
the solids plus a very small amount of precoat, thereby presenting a 
new precoat surface for the next submergence. This continues until 
the knife is within 6 to 10 mm of the drum, at which time the drum 
is cleaned and precoated again (Anon. 1985). 


Absorbents 
Consumer 


Specialty clays in the pet litter market have proved to be very effec- 
tive in abso rbing liquid pet waste and related odors. Th ey can 
absorb large quantities of liquid cat waste and retard the formation 
of ammonia, which is created wh en urea from cat urine ferments 
(Harris and Eckert 1989). 


Industrial 


Any user of oil and grease or machinery requiring oil and grease 
may ulti mately require specialty claysto absorb and control 

spills. Slippery films of oil and grease and puddles of water and 
other chemicals often create dangerous conditions on the floors of 
machinery repair shops, factories, service stations, and numerous 
large and small industrial facilities (Harris and Eckert 1989). Spe- 
cialty clays can absorb upt o their own weight in oil , grease, 

water, and a variety of other che micals. The clays also are safe, 
absorb rapidly, and can be cleaned up with a br oom or shovel 
(Moll 1986). 


Carriers 


Specialty clays used as m ineral carriers have a wide v ariety of 
applications in the field of agricultural chemicals. Most pesticides, 
including herbicides, fungicides, and insecticides, are highly toxic 
and typically require only a kilogram per hectare (Moll 1986). The 
primary fu nction o f th ese carriers is ther efore to dilute high- 

potency chemicals to a sprea dable field concentration so that they 
can be applied to a location wh ere the pest can be destroyed but 


damage to desirable plants, wildlife, and the environment is mini- 
mized (Swayer 1983). 

The two main types of mineral carriers are absorbent and non- 
absorbent. The absorbent carriers, which account for the majority 
of demand, provide a highly porous structure that accounts for their 
high absorptivity and low density. The nonabsorbent types provide 
only surface area to ca rry the chemicals and typi cally have high 
bulk densities, which limits the amount of chemicals they can carry. 
Montmorillonite, attapulgite, and diatomite are the absorbent carri- 
ers. Minerals such as ball clay, calctum carbonate, quartz sand, and 
talc are considered nonabsorbent (Moll and Goss 1987). 

Clays are also used as anticaking additives in dry fertilizer 
mixes. The anticaking function of the clay works by coating fertil- 
izer particles and absor bing solvents or water that may be present. 
This reduces the formation of crystals that often bind particles and 
cause caking problems (Harris and Eckert 1989). 


Filtering and Clarifying 


Acid-activated mo ntmorillonite c lays and at tapulgite clays (also 
called bleaching clays or fuller’s earth) are used to filter and clarify 
such liquids as edible and in edible oils, petroleum pro ducts, and 
beverages. Alth ough filtration is a part of the process, selecti ve 
adsorption plays a major role in clarifying these products. Bleach- 
ing or clarifying these products is necessary to remove organic pig- 
ments from plant oils, sulfur compounds from mineral oils, and 
contaminants from fuel and lubrication oils (Anon. 1968). 

The two main methods used for commercial bleachin g are 
contact and percolation. The contact process is commonly used in 
refining edible oils and consists of mixing clay (0.5% to 3.0%) with 
the crude oil and heating the slurry to about 80° to 120°C for about 
15 min. The slurry of clay and oil is then filter-pressed to remove 
the clay (Anon. 1968). 

The percolation method, which is also a filtration process, is 
generally used to clarify lubricating oils. Granular clay is placed in 
a column and oil is then trickled through the clay by way of gravity. 
To obtain maximum efficiency, the viscosity of the oil is lowered by 
heating or dilution. This allows the oil to penetrate the minute pores 
of the clay. At the end of the cycle, the clay is washed with naphtha, 
steamed, and burned in ar otary kiln to re generate the adsorbent, 
which then can be reused (Anon. 1968). 


Other Markets 


The most significant other abs orbent market for spe cialty clays is 
desiccants and catalysts. Clay desiccants are used to adsorb m ois- 
ture from the air enclosed in su ch packaged produc ts as military 
equipment and electronic components. This helps prevent corrosion 
of the product and retards the formation of mildew. The desiccants 
are calcium montmorillonite clays that are oven dried, crushed, and 
packaged in bags or canisters. These products are most effective in 
conditions of moderate relati ve humidity (15% to 4 0%) and are 
generally preferred because of th eir a bility to adsorb more than 
20% of their equi valent weight in w ater without an y apparent 
change in size, shape, or texture. Furthermore, they are also avail- 
able at a relatively low cost (Harris and Eckert 1989). 

Acid-activated montmorill onite cl ays are unique in that these 
possess not only high solid acid properties but also regular pore open- 
ings of about 20 A. This latter feature is not found on zeolites or 
molecular si eve catalyst s. This combinati on permit s aci d-activated 
montmorillonite to be used in v arious catalyst applications such as 
manufacture of silicone oils used in sealants. Acid-acti vated mont- 
morillonite is also used as a _ catalyst in esterification, dehydration, 
and alkylation processes (Dombrowski and Henderson 1997). 
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Rheology Modifiers 


Specialty clay additi ves are adde d to formu lations primarily for 
theological control. Dispensing viscosity and flo w properties can 
be customized by using one of these clay additives in a formulation. 
These pro ducts pro vide unique rheology without the ropiness or 
tackiness often encountered with gums or other thickeners. Associ- 
ated functions of these clay additives are emulsion stabilization and 
solids suspension. These clay additives can also be used as carriers 
for therapeutic or medicinal compounds. A variety of clay additives 
provide virtually all water-based and solvent-based consumer prod- 
ucts with unique rheological properties and superior stability. 

Applications in personal care, cosmetics, and pharmaceuticals 
are numerous, for example, facial masks, color cosmetics, moistur- 
izing lotions, medicated creams, hair conditioners, and sunscreens. 
The unique rheological properties pr ovided by these clay additives 
are ideal f or products th at are applied topically. Applications in 
household, industrial, and institutional cleaners are also numer ous. 
The specialty clay products can also be used to create formulations 
that adhere to surfaces with a minimum amount of dripping or sag. 
These products can be used in a wide pH range and are compatible 
with bleaches. Common applicati ons in these areas include hard 
surface cleaners, toilet bowl cleaners, bleach cleaners, oven clean- 
ers, metal polishes, and laundry products (Braun and Rosen 2000). 

Organoclays, prepared bye xchange of sodium ions of th e 
montmorillonite with the organic compounds, are used in oil-based 
paints, in high-temperature grease, in o il-based drilling muds, and 
in inks (Braun and Rosen 2000). 


Proppants 


Hydraulic fracturing is a technique used to allow oil and natural gas 
to move more freely from the rock pores where they are trapped to 
a producing well that can bring them to the surface. The fracturing 
is accomplished by pumping a highly viscous fluid containing sand 
particles into the well bore. The extent of the fracture is controlled 
by the characteristics of the geologic formation, its depth, the fluid 
type, and pumping pressure. When the fracture reaches the shale 
above (or belo w) the geologic fo rmation being fractured, it will 
stop; shale does not fracture easily. A hydraulically created fracture 
will always take the path of least resistance, which means staying 
within the formation that fractures most easily. Hydraulic fractures 
typically extend 250 to 750 ft from the wellbore. The fracture in i- 
tiates from the wellbore and extends out in two wings in opposite 
directions. Therefore, the total distance of the fracture from tip to 
tip is 500 to 1,500 ft, with the wellbore located in the middle. 

To carry sand horizontally for 250 to 750 ft, a viscous fluid is 
used to keep the proppant in suspension during its journey through 
the fracture. After the operator has completed the fracture job, the 
viscous fracturing fluid needs to be removed from the reservoir so 
that the oil or gas molecules can move easily through the fracture. 
After all, the operator doesn’t want a thick fluid similar to instant 
pudding in the sandstone or coal re servoir; it would just block the 
pathways to the wellbore. W ith this in m ind, fracture fluids are 
designed to “break do wn” after th e job has been completed. Th e 
break-down technology has improved dramatically over the years. 
For example, when a predetermined amount of time passes after the 
fluid has been pump ed, the viscous fluid begins to thin. Typically, 
the fluid will break down until it has the relative consistency of 
water, so it can easily pass th rough the propped fr acture into th e 
wellbore for production to the surface. The only substance intended 
to remain downhole is the sand proppant. The fluid used to carry 
the proppant is pumped into the well but then is recovered once the 
job is complete. Th e process of creating these fractures sounds 
complex, but, in rea lity, it relies on the laws of nature and ta kes 


only a few hours. The actual time spent pumping fluid into the well 
depends on the formation, the fluid type, and the depth, b ut it can 
be as little as 30 min. Th_e fluids themselves are the pr oduct of 
extensive research to develop the right combination of ingredients 
to efficiently create fractures, prop the m open, then return the car- 
rier fluid to the surface to open the way for oil or g as to flow. The 
appropriate fluid depends on the formation being fractured. 

Hydraulic fracturing is a safe, ef fective, and valuable tool for 
increasing the recovery of oil or gas. Many oil and gas formations 
cannot be economically produced without fracturing. By creating a 
“highway” with a fracture, the h ydrocarbon molecules are more 
inclined to “travel” to the wellbore, increasing production and help- 
ing oil andg as producer s meet growing demands forener gy 
(IOGCC 1999). 


INDUSTRY STRUCTURE 


As with most other mineral-based industries, the industry structure 
determines the c ompetitive environment in whic h the se mine ral 
process aids are sold. The four major factors that determine the 
industry structure are 
1. The concentration of the supply and the demand side of the 
business 


The barriers to entry 


3. The availability of substitutes or not-in-kind products that can 
compete on a cost performance basis 


4. Deposit quality and technology with the existing suppliers 


These major factors play a signif icant role in the prof itability of 
suppliers of minerals and rocks to this industry. 


Industry Concentration 


Supply 
Because of the limited number of high-quality deposits, a few sup- 
pliers control the supply of the minerals. 

Diatomite and Perlite. The p erlite indu stryin the United 
States is changing, and competition is increasing. U.S. production 
in 2003 was 512 kt, a fourth consecutive year of decreasing produc- 
tion from the record 711 kt in 1999. The economic downturn result- 
ing ind ecreased consumption a nd thea vailability of cheaper 
imported perlite to the eastern and Gulf Coast states from Greece 
were the major reasons f or the shortfall in production. In 2003, 
crude ore production in the United States came from 10 mines oper- 
ated by eight companies in seven western states. Processed ore was 
expanded at 63 plants in 30 states, and 9% of processed perlite was 
sold as filter aids (Barker, Santini, and Alatorre 2003). 

The United States is the world’s lar gest producer and con- 
sumer of diatomite, which is primarily used for filtration. Diatomite 
production in the United States in 2003 was estimated to be 624 kt. 
Production came from seven companies with 12 processing facili- 
ties in four states, and 63% of finished product was used as filtra- 
tion aids and 13% was used as absorbents. Dia tomite filter aids 
have been used in about 200 locations throughout the United States 
to treat potable water. Celite, Eagle-Picher, and Oil-Dri are major 
producers of diatomite (Dolley 2004). 

Specialty Clays. Specialty clay production inthe Un ited 
States is highly concentrated. The major producers of attapulgite 
are Oil-Dri (Zemex), Milwhite, Engelhard, and ITC (Kline & Com- 
pany 2002). IMV Nevada is a supplier of sepiolite, a mineral simi- 
lar to attapulgite and used in similar applications as attapulgite. 
American Colloid, BPM Minerals, and Black Hills Bentonite have 
similar market share of sorbent granular products based on bento- 
nite (Landis 2004). Stid-Chemie, Laporte Inorganics, En gelhard, 
Mizusawa Industrial Chemicals, and Wembley Activated Clay are 
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major producers of activated bentonite (Dombrowski and Hender- 
son 1997). R.T. Vanderbilt, Elementis, Sud Chemice, and Southern 
Clay Products are the major suppliers of bentonite used as rheolog- 
ical modifiers (Kline & Company 2002). For kaolin, the major pro- 
ducers are Engelhard, Imerys, J.M. Huber, and Thiele Kaolin. 

Silica Sand. Although the supply of high-purity silica sand is 
also concentrated, it is much less so than diatomite, perlite, and the 
specialty clays. The to p 7 to 10 companies that supply high-purity 
sand to the filtration industry are estimated to account for about 
50% of the total sales. The major suppliers of the se materials are 
Unimin, U.S. Silica, an d Vulcan Materials (V an Kouteren 1994). 
Unimin, U.S. Silica, Oglebay Norton, Badger Mining Corporation, 
and F airmount Minerals are the sand suppliers for the proppant 
application. 

Glauconite. Glauconite production is concentratedinth  e 
coastal plain of New Jersey, where greensand is extracted from Cre- 
taceous and Tertiary sediments. Inversand Co., a division of Hun- 
gerford & T erry, Inc., produces pr ocessed greensa nd, also called 
manganese greensand, in the United States. 


Demand 


On the demand side, the filtration industry is generally more con- 
centrated than the absorbent industry. 

Filtration. The demand side of the filtration market is highly 
concentrated. Beer brewing is considered the largest end-use appli- 
cation and on this basis the market can be considered to be highly 
concentrated. Five consumers account for about 80% to 85% of 
total diatomite and perlite use in such food product markets as soft 
drinks, juices, sugars, and beer. The concentration of consumers in 
the chemical, petroleum, and drugs and pharmaceutical industries is 
also hi gh. Le ss c oncentrated filtration markets i nclude i ndustrial 
varnishes and lacquers, industrial water filtration, and dry cleaning. 
Another exception is the waste and surface water filtration market. 
The demand for sand and gravel in filtration is mainly from munic- 
ipal water treatment plants, which exist in nearly every county in 
the United States. 

There are two avenues of distribution for manganese green- 
sand: dealers and original equipment manufacturers (OEMs). Deal- 
ers are primarily small- to medium-size water treatment companies 
that resell tanks, chemicals, and so forth, and pro vide service for 
domestic and other small water systems. OEMs design and manu- 
facture equipment for large-scale municipal and industrial installa- 
tions as well as smaller commercial and domestic systems, and 
service these water treatment facilities. They receive a small price 
incentive for mak ing large, single ord ers and promoting the prod- 
uct. Ma ny dealers are loc ated in the midwestern Uni ted S tates. 
Large dealers in Europe distribute greensand from ports of entry in 
Sweden and _ Italy. Inversand Co. has also shipped greensan d to 
Indonesia, South K orea, Trinidad, Chile, and Thailand in the past 
few years. A large manganese greensand water treatment system, 
possibly the largest ever, has been built in Saudi Arabia. 

Absorbents. The demand side of the absorbent mark et is rela- 
tively unconcentrated. The pet litte r and oil and grease mark ets con- 
sist of hu ndreds o fb rokers or wholesalers wh o purchase and 
distribute the clay products to th ousands of retail stores. The carrier 
market is the only major end-use market for absorbent applications 
that is fairly concentrated: about 10 firms account for more than 50% 
of the demand for clays in this industry. The pet litter market could be 
considered highly con centrated with companies lik e Ralston Purina 
(Nestle) and Clorox controlling most of the major brands. 

Rheology Modifiers. These m odifiers are us ed in nume rous 
applications in the personal care, cosmetics, household, and indus- 
trial markets. 


Proppants. Three well services companies—Halliburton, M-I 
Drilling Fluids, Schlumberger, Ltd., and BJ Serv ices—account for 
more than 90% of the global de mand for proppants. The well ser- 
vices companies typically purchase the proppants and resell them to 
well owners as part of their well-fracturing service. 


Barriers to Entry 


Industry competition is also af fected by the threat of new entrants. 
New entrants to an industry bring new capacity an d the desire to 
gain market share; they also often add ne w resources, which can 
result in lower profitability. The threat of entry into an industry in 
part depends on the barriers to entry combined with expected reac- 
tion from existing competitors. 

The m ajor en try barriers for the ma terials used a s f ilters, 
absorbents, rheology modifiers, and proppants are related to the 
availability and locatio n of economical deposits and sig nificant 
capital investment. The limited availability of high -grade deposits 
of diatomite, sand, and specialty clay materials is the most signifi- 
cant barrier to entry in this industry. New entrants into the specialty 
clay mark ets are probab ly further deterred by the need toh ave 
access to distribution channels for the pet litter and oil and grease 
markets. In addition, brand or brand name recognition is especially 
important in the pet litter market. 


Not-in-Kind Materials 


The availability of not-in-kind or substitute materials that are com- 
petitive on a cost-performance basis plays an important role in indus- 
try structure. Substitutes limit the pote ntial returns of an industry by 
placing a ceiling on the prices that firms charge. A number of good 
organic and inorganic substitutes for filter and absorbent applications 
are being used in the market today. Such materials as synthetic f ab- 
rics, ground corncobs, paper-based product, cellulose products (wood 
based), and ground alfalfa play a role in the absorbent markets. A dis- 
cussion of these materials and others, their markets, and performance 
is in the Economi c Factors and Government Regulations section of 
this chapter. Rheology modifiers are being ch allenged by synthetic 
polymeric products such as car boxymethylcellulose (CMC), for 
example. In the proppants area, the need to dig to deeper 1 evels for 
natural gas is shifting the material requirement and the mark et share 
from sand to higher performance ceramic proppants. 


ECONOMIC FACTORS AND GOVERNMENT REGULATIONS 
Costs 


The major cost f actor for mining, processing, and transporting 
industrial minerals and rocks used as filters and absorbents is typi- 
cally the energy costs associated with drying and calcining. Mining 
costs are relatively low because material is mined in open pits and 
generally does not require blasting. Processing costs are high, how- 
ever, because of th e moisture content of the se deposits, which is 
often inthe 30% to60% range (Miles 1990). The — significant 
increase in the natural gas pricing (about three times from 1997 to 
2004) with little or no gain in product pricing has strained the prof- 
itability of the industrial minerals. 

The cost, on a tonnage basis, to transport filtration and absor- 
bent raw materials to the market is typically higher than with other 
industrial minerals and rocks because of thei r low bulk densities. 
As a result, transportation costs are a significant portion of the total 
cost of the delivered product. This is especially true for diatomite 
and perlite because production is in the West and the major markets 
are east of the Mis sissippi Ri ver. Thus, b ecause imports from 
Greece to the East Coast are cheaper, these imports are increasing. 
Furthermore, perlite must be shi pped in a crude form to the major 
markets and then processed or expanded. 
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Table 7. Breakdown of demand for major industrial minerals used in filtration and absorbents markets (2003 USGS data), Mt 





Mineral Filtration Absorbent, Pet Waste Absorbent, Others 
Bentonite (calcium and sodium) 127,000° 987,000 wt 
Fuller’s earth (montmorillonite and attapulgite) 66,200 2,400,000 353,000 
Diatomite 425,290 65,890 
Perlite 59,600 NAS NA 





* Data for 2002. 
t W = Withheld to protect company proprietary information. 
t Includes both pet waste and other absorbents. 


§ NA = Not applicable. 


Another cost f actor, although not directly related to mining, 
processing, and transporting produc ts tothe market, is disposal 
costs. C onsumers of in dustrial minerals and rocks are f acing 
increasing disposal costs for spent filter cakes and absorbent mate- 
rials. The cost to transport the spent materials to an acceptable land- 
fill, c ombined witht he costs a nd 1 iabilities of disposing th e 
materials, is rapidly incr easing. Also, clay absorbe nts cannot be 
incinerated because most incinerators do not run hot enough to dis- 
integrate them. Thus nonclay absorbent usage is on the increase. A 
good example is oil spills on water. Clay absorbents will absorb the 
oil but quickly sink, carrying the pollution from the top of the water 
to the bottom. This market is now dominated by synthetics—which 
are treated to absorb only oil and not water—that float for gathering 
and then incineration. 


Markets 


Table 7 shows the breakdown of demand for the major industrial 
minerals used in the filtration and absorbent markets. 

Sand and gra vel used in the filtration application are typicall y 
the lowest priced materials whereas acid-activated clays are the most 
expensive. Attapulgite pricing can range up to $400/t for some spe- 
cialty applications, including cosmetics (T. Harris, personal commu- 
nication). The acid-activated clays have the hi ghest average price; 
however, the total demand for these claysi_ s relatively minor (Van 
Kouteren 1994). 


Filtration 


The filter aid market is the single largest application for diatomite, 
accounting for 73% of total diatomite consumption in a given year 
(Kline & Company 2002). High-purity quartz sand, diatomite, and 
perlite accounted for the majority of the volume used in such major 
uses as w astewater, food products , and chemical in dustries. The 
wastewater mark ets account for the most tonnage because of the 
large v olumes of municipal an d industrial w ater and w aste that 
require treatment. Th ese applications use sand and gra vel, along 
with anthracite and, in some cases, such high specific gravity min- 
erals as garnet and ilmenite. 


Absorbents 


The cat litter and oil-specific filtration media markets generate 
$1 billion eac h at the ret ail level; spill c lean-up absorbents is esti- 

mated to be a yearly market approaching $120 million (International 
Absorbents Inc. 2004). This in cludes both industrial minerals and 

not-in-kind pro ducts. R oskill (1997) estimated that the total world 
market for bentonite and allie d clays in absorbent uses is between 

4.3 and 4.5 Mt with mod est annual growth. Bentonite’s gain in the 
pet litter market since the mid-1980s has resulted from (1) clumping 
of its granules versus those of hormite clays, making it easier to 
remove soiled litter; (2) reduction in dispersal or “tracking” because 


of its high density; (3 ) stronger and longer lasting granules; and (4) 
the presence of free silica in the form of cristobalite (considered 
harmless from a safety viewpoint) in sepiolite grades. 

Although the volume of clays used in filtering and clarifying 
oils is only 4% of thet otal v olume, t hese a cid-activated c lays 
account for nearly 15% of the total value. 


Rheology Modifiers 


The total demand for min erals used as rheology modifiers (includ- 
ing organoclays) in paint and health and personal care products was 
about 16 kt, v alued at about $81 million, in 2001 (Kline & Com- 
pany 2002). 


Proppants 


The 2001 sales of sand in the proppant market are estimated to be 
$150 million. 


Substitute Materials 


Until recently, the threat to mi nerals from substit ute materials or 
alternative te chnologies w as some what limited. Re cent e nviron- 
mental and health regulations, however, combined with impr ove- 
ments in such alternative technologies as |= membrane or 
ultrafiltration, have and will continue to have an adverse impact on 
the demand for minerals. 


Filtration 


Competitive m aterials and alternative te chnologies are curre ntly 
decreasing demand for diatomite and perlite. Perlite, a competitive 
material to diatomite in filter cake applications where clarity is not 
so critical, has ga ined market share in recent ye ars. The rivalry 
between the use of diat omite and perlite has intensified because of 
regulations on cr ystalline silica as well as the growing volume of 
low-priced perlite imports. Some perlite suppliers have increased 
their marketing efforts to exploit the fact that perlite’s crystalline 
silica content is much less than that of diatomite. As a result, perlite 
has made gains in such food product markets as juices (Rees 1990; 
Van Kouteren 1994). 

Ultrafiltration technology or cr oss-flow membrane f iltration 
uses pressure gradients, chemical and electrical potentials, and syn- 
thetic membranes to separate macromolecular and colloidal solutes 
or particles (Clark e 1985). Inrecent years, this tech nology has 
gained market share in the f ood products, biomed icine, and bio- 
technology markets. The gain is due in part to the increasing dis- 
posal costs of spent diatomite and perlite filter cake. In addition, the 
cost to use this technology has decreased because of advances in 
membrane and equipment performance and durability (Rees 1990). 

Unusually high levels of dissolved iron in w ater are com- 
monly caused by low pH. This problem can be corrected with a 
neutralizing calcite f ilter, a water softener, raising the pHt oa 
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minimum of 6.7, or oxidation with chlorine bleach followed by fil- 
tration. Manganese can be removed from water by reverse osmosis 
and by oxidation with chlorine bleach followed by filtration. Small 
concentrations of manganese can be removed with a w ater sof t- 
ener. Hydrogen sulf ide inc oncentrations greater than 6 ppm is 
treated with constant chlori nation followed by f iltration/dechlori- 
nation (Spoljaric 1994). 


Absorbents 


Substitute mate rials for absorbent minerals include such or ganic 
materials as pap er, sa wdust, grou nd alfalfa, corn cobs, and citrus 
fruit grinds. Their major advantage over specialty clays is little or no 
dust with these not-in-kind products. But, altho ugh these materials 
are typically less expensive, they are not as ef fective as spec ialty 
clays. On the other hand, suc h synthetic ma terials as m olecular 
sieves, silica gel, precip itated silica, and nonw oven polyeth ylene 
fabrics are v ery effective but are too expensive. In more limited 
cases, such mineral products as vermiculite, gypsum, lime, sand, 
and zeolites are used in specific applications where low cost or per- 
formance is desired. Other substitutes include diatomite and perlite, 
especially in the western United States, because of the transportation 
cost advantage that they have over clays (Harris and Eckert 1989). 
Waste fiber produc ts from Inte rnational Absorbents | ook and feel 
like clay, are healthier than clay, and are flushable and price compet- 
itive. The agriculture granular mark et is sta gnant for the clays 
because new biotechnology products have taken some market share 
and because of U. S. Environmental Protection Agency (EPA) can- 
cellation action against some granular clay products. 

Polyethylene f abric has had the lar gest impact on the 
demand for mineral absorbents. These nonwoven fabrics have a 
natural af finity for petroleum- based p roducts, and so they can 
absorb up to 20 times their weig ht of oil and grease. The use of 
these materials has gro wn because of the classif ication of spent 
clay asa hazardous material and the subsequent disposal costs 
associated with these clays. The big advantage of these nonwoven 
fabrics is that they c an be incinerated with less than 1% ash 
remaining (Harris and Eckert 1989). 


Rheology Modifiers 


Minerals used as rheology modifiers receive competition from nat- 
urally occurring or synthetic polymeric additives. 


Proppants 


The demand for high-quality proppants at depths e xceeding those 
that can be adequately serv ed by sand has resulted in sand being 
increasingly replaced by ceramic proppants based o n mixtures of 
kaolin and bauxite or bauxite alone. 


ENVIRONMENTAL AND HEALTH REGULATIONS 


Governmental regulations concerning crystalline silica have had an 
adverse ef fect on t he demand for diatomite. This trend began in 
1988 when the Intern ational Agency for Re search on Cancer 
(IARC) classified crystalline silica as a probable carcinogen. The 
classification triggered regulation of crystalline silica at a threshold 
concentration of 0.1% in materi als under the Oc cupational Health 
and Safety Admin istration’s Hazard Comm unication St andard 
(Miles 1990). 

Diatomite and other minerals suppliers responded to this ina 
number of dif ferent w ays, inclu ding w orker and user trainer p ro- 
grams, product labeling, and dust reduction programs. The diatomite 
industry also created the International Diatomite Producers Associa- 
tion (IDPA) to study and issue reports on health, safety, and environ- 
mental issues related to the use of diatomite. Other mineral and 


chemical producers forme da Chemstar Crystal line Si lica P anel. 
This panel, formed in 1989 and sponsored by the Chemical Manu- 
facturers Association (CMA), w orks with government agencies to 
avoid random banning of minerals suspected of being hazardous. 

Another g overnmental regulation th at h as reduced d emand 
for minerals and rocks used as filters and absorbents was the 1991 
EPA ban on disposing of wastes containing oil in landfills. This 
ruling caused some consumers of clays for oil and grease a bsor- 
bents to switch to other products. The switch was mainly because 
organic products could be incinerated instead of being placed in 
landfills. Clay suppliers are curr ently fighting to have new tests 
approved for measur ing the leaching or leak ing of abso rbed oil 
from clay pro ducts. Under the current regulations, a toxicity test 
renders the clays hazardous, but if proposed liquid release tests are 
accepted, the absorbent minerals may prove to be less hazardous. 

The area of southern Ne w Jersey where glauconitic gre en- 
sand is being produced is heavily populated. It is likely, therefore, 
that any new mining permits or changes to current land use zoning 
to accommodate expansion of the greensand mines will be difficult 
to obtain. In 1988, however, Inversand Co. had reserves estimated 
to be sufficient for at least 20 to 25 years of production. 

Inversand Co. is required to comply with a number of environ- 
mental regulations and to operate a wastewater treatment plant under 
the jurisdiction of the New Jerse y Department of En vironmental 
Protection (New Jersey Pollutant Discharge Elimination System, or 
NJPDS). The com pany must ha ve permits for both surf ace w ater 
discharge and g roundwater dischar ge. Its operations are inspected 
periodically by the Mine Safe ty and He alth Administration 
(MSHA), which checks w orkers for exposure to c rystalline silica 
dust and enforces regulations regarding safety practices 


PROBLEMS AND FUTURE TRENDS 


Although health and en vironmental regulations will continue to 
lessen demand for industrial minerals and rocks, they will not cause 
the demise of the use of the se materials. Overall, the minerals and 
rocks used as filters and absorbents do their job very effectively and 
economically. The regulations may increase the cost, b ut in most 
cases the increased cost will not immediately result in the substitu- 
tion of alternative materials or technology. Therefore, despite the 
regulations, the use of minerals and rocks as filters and absorbents 
will continue to be cost-effective. 


Market Developments 


Environmental issues will continue to affect the demand for indus- 
trial minerals and rocks. In many areas of the United States, the clo- 
sure of landfills has been increasing the total cost to dump material. 
The total cost includes fees for material disposal and the added cost 
to transport the material to a more distant landfill. In addition, land- 
fill users ca nincur additional li ability if asi te requires future 
cleanup because of another user’s disposal practices (Miles 1990). 

The EPA ruling that spent clay oil and grease absorbents are 
classified as hazardous w_astes al so will contin ue to reduce the 
demand in this application. Another area that has caused problems 
in the past is the disposal of spent clays from edible oil filtration. 
The problem is that the spent clay product is highly flammable and 
special pre cautions m ust be ta ken when dumping _ the material. 
Although procedures have been developed to safely dispose of used 
material, some landfills still do not accept such material (Harris and 
Eckert 1989). 

The end result of increasing disposal costs for spent filter cake 
and clay absorbents will be increased substitution or new technology 
to circumvent these problems. For example, diatomite and perlite 
will continue to lose mark et share to ultrafiltration or mem brane 
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technology. Another example of consumers switching to a dif fer- 
ent technology because of increasing spent clay disposal cost is in 
the petroleum ref ining in dustry. Refineries are increasing their 
hydrogenation capabilities, which is another way of cleaning or 
purifying petroleum products without incurring the additional cost 
and liability associated with disposing the spent cl ay (Harris and 
Eckert 1991). 

The crystalline silica issue will continue to be a problem for 
the industry. The initial negative impact of the regulation appears to 
have peak ed in 199 1. Consumers ha ve either tak en protective 
actions and continued to u se diat omite or the y have switched to 
another material. The 0.1% tar get, however, may n ot be final and 
could actually be changed. If it is lowered, more problems await 
both suppliers and users of any mineral product containing crystal- 
line silica. 

On the other hand, increased environmental re gulations will 
also ha ve a positi ve impact on the de mand for the se ma terials. 
Because of more stringent r egulations on was tewater, companies 
will be required to clean their effluents, and filtration will be one of 
the methods. 

Specialty clays used as pet litter is another area that will show 
good growth. The cat population in the United States is expected to 
continue to increase as the population ages. Cats are, in many ways, 
ideal companions, especially for the elderly and apartment dwell- 
ers, because they care for them selves, require no outdoor exercise, 
and consume little food. 

In light of declining demand for greensand, efforts have been 
made recently to de velop new uses. Glauconite’s catalytic proper- 
ties have been investigated in some detail in the United States, the 
former U.S.S.R., Japan, Germany, and France (Hartough and Kosak 
1947; Kvirikashvili 1962, 1964). Ac ylating reactions, deh ydration 
of cyclohexane to benzene, an d condensation o f aldeh ydes ha ve 
been carried out with glauconite-based catalysts. The relationship 
between catalytic activity and cation-exchange capacity (CEC) has 
encouraged efforts to enhance the former by incr easing the latter 
through heat treatment and chem ical method s. Because CEC 
increases with the amount of mixed-layer component present, these 
efforts also have focused on replacing more of the potassium in the 
glauconite structure with hydroxyl ions. Heating of glauconite in a 
reducing atmosphere leads to the formation of metaglauconite, the 
sorptive properties of which are being studied. 

An entirely different approach is the dest ructive dissolution 
of glauconite and recovery of at least three marketable products: 
high-purity silica, potash, and iro n oxides. This process was first 
proposed in the mid-1920s. Efforts are under way to prove its eco- 
nomic feasibility with the help of up-to-date chemical engineering 
practices. 

Some extensive greensand deposits are situated near popula- 
tion centers. As a result, glauconite’s capacity to absorb hazardous 
waste fluids is being investigated, and an increasi ng demand for 
this mineral in solving pre ssing pollution problems can therefore 
be anticipated. Food shortages in several parts of the world may 
also bring about renewed interest in glauconite as an inexpensive 
fertilizer. 


Outlook 


The outlook for filtration and absorbent materials will vary consid- 
erably by end use. For the most part, however, many of the markets 
are mature and the gro wth is e xpected to foll ow the o verall econ- 
omy. Average annual growth of filtration and absorbent materials in 
the 2000s will range from most ly flat to 2% a year (T . Harris, per- 
sonal communication). Most end use applications for diatomite are 
mature with relatively static projections for future growth. Although 


pet litter demand tends to grow with the population, the loss of mar- 
kets to substitute mat erials and alternate technologies be cause of 
environmental and health problems could worsen and thus lower the 
average annual gr owth rate. Consumption of or ganoclays in con - 
sumer and industrial ma rkets is forecast t o grow at a compounded 
annual growth rate of less than 1% a year. This low rate is almost 
entirely caused by flat sales to the pai nt sector (T. Harris, personal 
communication). 
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Fine Ceramic Products 


Denis A. Brosnan and John P. Sanders 


INTRODUCTION 

Fine ceramics such as ceramic dishes, toilets, tile, and related prod- 
ucts (Figure 1 A—D) are part of our everyday lives. Clay minerals 
are used in the composition of all these products, which are pro- 
cessed at high temperatures to cause limited melting or fusion. This 
produces a glass or vitrified phase that creates a per manent bond 
within the articles and gives them their permanence and utility. 

Ceramic products are composed of nonmetallic and inorganic 
constituents. In other words, ceramics are composed of oxides, and 
traditional ceramics have constituents that commonly occur in the 
earth’s crust. This means that traditional ceramics contain oxides of 
aluminum, silicon, ma gnesium, c alcium, iron, and alkali metals 
(sodium and potassium) , along with trace quantities of other ele- 
ments. 

Fine ceramics are essentially made from fine particles, with 
particle sizes less than about 150 um and typically less than 75 pm. 
After heating (also known as firing), such ceramics ha ve a fine 
texture—meaning that the solid material consists of crystals and 
amorphous phases with dispersed areas of pores of small diameter. 

By contrast, some traditional ceramics are made from large or 
coarse particles ranging in size up to about 6,000 pm. These include 
products such as clay bricks, clay roofing tile, refractory bricks, and 
clay pipe. Although coarse particulate ceramics are fired in kilns or 
furnaces to ac hieve per manence, the y generally exhibit lo wer 
strength than fine ceramic products. Another important distinction 
is that many coarse particulate ceramics may contain iron oxide in 
their composition in the r ange of 2% to 8% by weight, producing 
colors in the f ired products ranging from pink to red to blue (or 
black). 

Technologists ap ply the name whitewares to fine c eramic 
products, and the term simply reflects the fact that most of the prod- 
ucts are white (or near white) in color. Ware is the technical name 
for a ceramic object that is sold in commerce. Whitewares include 
many different classes of functional products (Table 1). Whitewares 
are distinguished or classified in commerce according to technical 
subgroups based on use. The classifications are also correlated with 
the amount of void space in th e fired ceramic, whic h is called its 
porosity. In the historical development of traditional ceramics, 
porosity w as measured indirectly as water absorption (i.e., the 
weight of water the ceramic would absorb on immersion compared 
to the dry weight of the ceramic object), expressed as a percentage 
of the dry weight. 


The general relationship in whitewares is that low porosity is 
associated with high mechanical strength, high resi stance to chip- 
page (or breakage), and excellent durability. Adjusting the compo- 
sition or mineral co nstitution and increasing the amount or degree 
of vitrif ication in firing are means to achie ve lo w porosity in 
whiteware manufacturing. 

With re spect to c omposition, mixtures of clay, flint (ground 
silica), and fel dspar minerals achieve high strengths in clay-based 
whitewares. These products are called triaxial whitewares because 
of the three components in thei r composition. Fu rther impr ove- 
ments in strength are obtained when aluminum oxide (alumina) or 
other minerals such as zircon are added to the composition. 

Vitrification is ac hieved in kilns as the ceramic composition 
melts when te mperatures ac hieve red heat (i.e., rise above about 
950°C). As temperature increases further in the kiln, more melted 
phase is for med, and this glass is distributed by capillary forces 
throughout the ceramic. When te mperatures increase above 
1,000°C, ane w mineral, mullite, appears. Simultaneously, the 
ceramic ware shrinks, effectively increasing density and reducing 
porosity. Residual pores tend to “grow” or increase in size during 
the highest temperature period of firing. After co oling in the k iln, 
the fired product has mechanical properties that ref lect the degree 
of vitrification and densification achieved in the firing process. 

The degree of vitrification is the percentage of melting of the 
original constituents that has occurred in manufacturing. In white- 
ware ceramics, the amount of melting may exceed 40% to 60%. In 
glass products, the extent of me lted phase approaches 100% . In 
manufacturing o f white wares, me asurements of f iring shrinkage 
and porosity (w ater absor ption) reflect the extent of vit rification 
during firing (i.e., the quality of the fired product). 

Whiteware products may be glazed to increase their utility and 
improve their appearance. A glaze isa glass coating formed by 
melting or fusing an applied particulate mass over all or part of the 
ceramic ware’s surface. Glazes provide a sm ooth surface that can 
easily be cleaned, and they also prevent water from being absorbed 
by the product, promoting sanitation and improving performance. 
Glazesc an alsobe colored using pigmenting o xides, which 
enhance the appearance of the finished product. 

One advantage of glazing over a white surface is that it is rela- 
tively easy to achie ve light colors without color bleeding through 
from the substrate ceramic. This is a distinct advantage of white- 
ware products overred clay (red body) ceramics. With red clay 
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Figure 1. (A) Fine china cup and saucer (Lenox, United States); 
(B) cup with unique black porcelain saucer (Rosenthal, Germany); 
(C) toilet in a bathroom with porcelain wall and floor tile; and 

(D) kitchen application of tile products 


ceramics, it is frequently necessary to apply double layers of glaze 
(a white underglazed, or engobe layer covered by a colored outer 
layer) to achieve a desired light color. 


RAW MATERIALS AND REACTIONS ON FIRING 


General Information 


A variety of raw materials are used in the production of white ware 
ceramics. These raw materials or minerals can be broken down into 
three categories: clay (kaolin and ball clay), flux, and f illers (or 
nonplastics). Each material has a specific function, but in general, 
the clay is the co mponent that pr ovides plasticity or cohesio n for 
forming and the flux promotes vitrification. The filler is inert, but it 
also may ser ve to modify the glass viscosity durin g vitrification, 
which effectively extends the usab le range of firing temperatures 
for the composition. 

Clay, which is composed of kaolinite, is a hydrous sheet sili- 
cate produced by the weathering of feldspathic rock, is the compo- 
nent of primary impo rtance in traditional ceramic compositions. 
Characterized by plasticity when mixed with water, clays exhibit 
an extremely small particle size in an unagglomerated state. Figure 
2 gives a typical particle-size distribution. The small particle size 
and the plate-like morphology of the particles result in a large sur- 
face area. The particle surfaces, then, tend to have an affinity for 
water. The clay’s affinity for water gives rise toa monolayer of 
water around the particle. The water layer promotes cohesion and 
allows the particles to slip relative to one another during forming. 

Because kaolins are the product of weathering of the parent 
feldspathic rock, they can exist as either primary (residual) deposits 
or secondary (sedimen tary) deposits. Primary deposits are formed 
by geological processes in situ, and they typically have the coarsest 
particle size and highest impurity le vel among clay sources. Sec- 
ondary deposits o f clay in volved transportation of min erals by 


water, with eventual deposition in the location where they are now 
mined. Secondary depo sits typically e xhibit smaller particle sizes 
and lower impurity levels when compared to primary deposits. 

As a product of weathering, clays are capable of a wide rangeof 
atomic substitution in the silicat e structure, which gives rise to the 
large variety of clay minerals. Clays also contain nonclay impurities 
or accessory minerals. 

The major accessory mineral found with clay deposits is crys- 
talline silica (quartz). Sulfides, sulfates, carbonates, and hydroxides 
can also be present. Clays also contain organic impurities. The 
organic impurity can play a role in the plasticity of the body, and it 
can be a rate-limiting factor in fast-firing applications, because car- 
bon must be removed by oxidation in firing. A variety of processing 
and refining steps can remove impurities before the clay is incorpo- 
rated in whiteware compositions, but the cost of these treatments 
may be prohibitive. Clays are available in lump or prill, po wdered 
(air-floated), and slurry forms. 

There are three main groups o f clay minerals used in white- 
wares—kaolin, illite, and smectite. Kaolin clays are the most com- 
mon group, andthe yha ve th e approximate comp osition of 
Alx(Si205)(OH)4. White clays of this type are composed of the clay 
mineral kaolinite. Kaolinite is also the major clay mineral in ball 
clay—a highly plastic and coh esive sedimentary clay . Depending 
on the origin or geologic history, kaolins are used in several form- 
ing processes (product shaping), ranging from pressing for kaolins 
from Geor gia (secondary k aolins with e xtremely small particle 
sizes) to casting for the coarser kaolins. 


Kaolin 


Table 2 gives selected chemical analyses of kaolins. Because fired 
color is a concern with kaolins, the iron content (reported as Fe2O3) 
and titanium (reported as TiO) content are very important. As the 
iron content increases, the fired color develops a red shade. Increas- 
ing titanium content imparts a buff or tan color. For products where 
extreme whiteness is desired, clay with a minimum level of these 
impurities must be selected. 

Kaolinite undergoes chemical reactions during firing. The first 
and most important reaction is de hydroxylation. During this reac- 
tion, the crystalline water (or hy droxyl units) is evolved from the 
clay mineral above 500°C. Evidence of deydroxylation is given in 
Figure 3, which is a simultaneous thermogravimetric (TG) and dif- 
ferential scanning calorimetry (DSC) analysis withe volved gas 
analysis of a commercial kaolin . After dehy droxylation, the clay 
mineral is ina disordered form that exists as a residual material 
called metakaolin. 

A second reaction, at about 1,000°C, is apparent in Figure 3, 
and it is a ssociated with mullite (3Al,03°2SiO2) for mation. This 
reaction is characterized by a large exothermic peak indicating the 
reaction. During the reaction, a p ortion of the clay mineral reo rga- 
nizes or recrystallizes to form mul lite. Mullite formed during the 
initial heatingisc alled primary m ullite. Mullite is considered 
advantageous because it has ane edlelike c rystal ha bit, a ndit 
mechanically reinforces the gl assy ma trix ofthe whiteware 
ceramic. 

On heating above about 950°C, some of the residual material 
from th e clay dehyd roxylation for ms amorphous material as 
melted phase or glass. Impurities and other minerals contribute to 
the overall quantity of vitrified material during firing. On cooling, 
additional mullite (called secondary mullite) can crystallize from 
the glass present. The proce ssof forming secondary mullite 
involves expansion reactions, and it may help prevent excessive 
shrinkage or slumpage of the ware at the elevated temperatures in 
the kiln. 
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Table 1. Classification of unglazed ceramic whiteware products 





Class Description Distinguishing Factor for this Class 

Earthenware Clay-based ceramic ware of medium porosity. Water absorption of 4%-20%. Earthenware is typically off-white 
to red because of its iron content. 

Stoneware Ceramics made from a single clay or clay blend with other Water absorption of 0%-5%. Stoneware is typically off-white to 


Vitreous china 


minerals (including silica) fired to produce harder and more 
durable products. 


Very low porosity and highly vitrified products. Product 


gray because of its iron content and the presence of nonclay 
minerals. 


All product classes typically exhibit water absorption of less 


classes include: 
Hotel china 
Bone china 
Frit china 
Vitreous plumbing fixtures 
Cookware 


Porcelain 
ceramic products. Product classes include: 
Hard porcelain 
Vitreous porcelain 
Electrical porcelain 
Dental porcelain 


Electrical porcelain 
application. Product classes include: 
Steatite ceramics 
Electrical ceramics 


Technical whiteware ceramics 


The lowest porosity and highest strength of traditional 


Compositions are adjusted depending on the intended 


This general classification includes many low-absorption 
ceramics for structural and chemical applications. 


than 0.5% except for cookware, which may exhibit up to 5% 
absorption. The low water absorption creates high strength and 
negligible water transmission in use. 


The products may be compositions of flint (quartz), clay, and 
feldspar (vitrification enhancer), and they may contain 
additional minerals to increase their strength (such as aluminum 
oxide). 


Steatite ceramics contain the mineral talc to enhance the 
product performance in high-frequency electrical applications. 
Electrical ceramics are usually porcelains of high aluminum 
oxide content (such as spark plug insulators). 


Compositions are altered to include aluminum oxide, zircon, 
and other minerals to obtain specific properties. 





Ball Clays and Other Clay Minerals 


In addition to kao lin, there are other commercially important clay 
minerals. Ba ll cl ays arec ommonly use din whi tewares whe re 
higher plasticity is required. Ball clays typically fire to buff or tan 
because of their iron or titanium dioxide c ontent. Table 3 gi ves 
selected ball clay chemistries. 

Smectite is another class of clay minerals. Often referred to as 
montmorillonites [(Al,Mg)Si 4010(OH)2], smectites are c haracter- 
ized by small particle size and a very high level of plasticity. As the 
chemical formula implies, montmorillonites are subject toa high 
degree of atomic substitution. Montmorillonite, in the form of ben- 
tonite, is used in limited quantities to improve plasticity in whitew- 
are compositions. Their fine particle sizes cause montmorillonites 
to produce high drying shrinkage, and their presence can make dry- 
ing more difficult. They fire to darker colors than kaolins or ball 
clays because of their impurity levels. 

Another c lay mineral used in whit ewares is i llite, whic h is 
sometimes known as hydrous mica. Illites have a variable composi- 
tion because of the wide variety of atomic substitutions that can 
take pl ace. Ill ites a re de sirable for f ast-fired tile formu lations 
because they exhibit lower weight loss and shrinkage on firing than 
most other clay minerals. Table 3 gives examples of illite and mont- 
morillonite chemistries. 


Fluxes Used in Whitewares 


Fluxes promote the formation of a glassy bond during vitrification. 
Fluxes provide alkali (Na2O and K 0) or alkaline earth (C aO or 
MgO) elements to the composition, promoting glass formation and 
reducing glass viscosity during firing. This serves to enhance vitri- 
fication. The le vel of flux ing components must be opti mized to 
achieve the desired fired property in the selected f iring rang e. 
Feldspars and nephe line syenite are the usual fluxes, but recycled 
glass powders and other waste materials are gaining popularity for 
cost reasons. Materials such as spodumene [(Li,A])SiO3], calcined 
bone ash [( Ca(POxq)2], | imestone (CaCO3), dolomit ic limestone 
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Figure 2. Typical clay particle-size distribution 


Table 2. Examples of kaolin chemistry, wt % 


Georgia Kaolin Florida Kaolin 





Oxide (United States) (United States) 
SiOz (silicon dioxide) 44.4 45.7 
AlzO3 (aluminum oxide) 39.6 37.4 
Fe2O3 (ferrous oxide) 0.4 0.8 
TiOg (titanium dioxide) 1.7 0.4 
P2Os (phosphorous pentoxide) trace 0.3 
CaO (calcium oxide) trace 0.2 
MgO (magnesium oxide) trace 0.1 
NagO (sodium oxide) 0.1 0.06 
K2O (potassium oxide) 0.1 0.3 
Loss on ignition (LOI) 13.7 13.9 
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Figure 3. TG and DSC analysis of kaolin in air 
Table 3. Selected clay chemistries, wt % 
Oxide Ball Clay A — Ball ClayB_=— Montmorillonite Illite 
SiO2 61.2 55.2 64.3 49.3 
AlzO3 24.3 27.9 20.7 24.3 
Fe2O3 1.4 1.2 3.5 7.3 
TiO2 1.0 1.1 0.1 0.6 
CaO 0.3 0.3 0.5 0.4 
MgO 0.4 0.4 2.26 235) 
Na2O 0.2 0.3 trace trace 
K20 1.3 1.0 2.9 7.8 
LOl 99 12.6 5.2 8.0 





[(Ca,Mg)CO3], wollastonite (CaSi03), and talc [Mg3Si40j9(OH)2] 
are also used as fluxes. 

Several types of feldspar ar e used in white wares, including 
soda feldspar (albite, NaAlSi 30g), potash feldspar (micro cline or 
orthoclase, KAISi3O0g), and lime feldspar (anorthite, Ca Al2Si2Og). 
Feldspar does not e xist as pu re al bite or pur e anorthite, but it is 
found as mixtures of these major t ypes. It is possible to buy a soda 
feldspar, for example, but this simply means that albite is the pre- 
dominant mineral. Particle sizes can range from granular to pow- 
ders, and the selection of particle size depends on the application. 
Feldspar usually contains quartz as an impurity. Table 4 gives some 
examples of feldspar chemistries. 

Another fl ux u sed in white wares is nepheline syenite, a 
material that is hi gher in alkali and alumina and __ lower in silica 
than feldspar. Nepheline syenite is a naturally occurring mixture 
of nepheline (K2NagAlgSi9034) with microcline and albite feld- 
spars. It is relati vely expensive, but it pro vides greater fluxing 
power (effectiveness) and a wider firing range than feldspars in 
porcelain compositions. Additionally, it does not usually have sig- 
nificant quartz contamination, although it may contain a trace of 
mica. 


Fillers for Whitewares 


The nonplastic or filler portion of the whiteware composition con- 
sists of flint (ground quartz), and it may include alu mina (A103), 
pyrophyllite [Al 2Si4019(OH)], or sericite depending on desired 
function of the filler. Ground quartz used in wh iteware composi- 
tions is frequently called potter’s flint. 

In the case of quartz, the silica particles are partially melted at 
high temperatures ( above r ed he at) and ent ert he glassy pha se 
formed by the fluxing components. One result is the increase of the 
viscosity of the glassy phase, thereby allowing for a relatively wide 


Table 4. Examples of feldspar chemistry, wt % 



















North Carolina Potash Nepheline 
Oxide Feldspar Feldspar Syenite 
SiO2 68.3 67.6 60.7 
Al203 18.8 18.0 23.3 
Fe2O3 0.1 0.1 0.1 
CaO 1.4 0.8 0.7 
MgO trace trace 0.1 
Na2O 6.8 3.0 9.8 
K20 4.1 10.4 4.6 
LO! 0.1 0.2 0.7 
0 pore 
pon Cooling 
D_ (1.1) 
= 0.10 
ad Heating 
° (1.2) 
-0.20 
-0.25 ! 1 | 1 ! ! 1 L : | 
520 540 560 580 600 620 
Temperature, °C 
Figure 4. Quartz inversion by DSC 


firing range characteristic of porcelain compositions. The residual 
or unmelted quartz serves as a “skeleton,” which prevents the prod- 
uct from slumping under its own weight at elevated temperatures. 

Quartz undergoes are versible p hase change dur ing f iring, 
requiring special care during cooling of the f ired ware in the 
kiln. On heating, quartz inverts from the & quartz polymorph to the 
B quartz polymorph at 573°C with an accompan ying expansion. 
The reverse reaction takes place on cooling for any residual quartz 
grains. Figure 4 shows an example, illustrating the heat associated 
with the quartz inversion on heating and cooling. 

On heating, the phase change consumes heat (is endothermic), 
but on cooling, the reaction releases heat (is exothermic). A poten- 
tial problem arises from the 2% volume expansion on heating and 
an equal contraction on cooling. Excessive cooling rates in the kiln 
can result in a defect known as dunting (cracking), where the vol- 
ume contraction during the quartz inversion is the cause of crack 
formation and extension. 

When alumina is added to a whiteware composition, increased 
mullite formation increases the strength of the fired ceramic. Alu- 
mina porcelains are commonly used when very high strength is 
required. When alumina is substituted for quartz as the filler, dunt- 
ing becomes less of a concern, compared to compositions contain- 
ing a high content of flint. 

In steatite compositions, talc is used as a source of magne- 
sium. Talc is also used inthe production of cordierite ceramics, 
which have a very low thermal expansion and are used as substrates 
in catalytic reactor products. 


Glazes 


Raw materials used for glazes include clay , finely ground silica, 
and fluxes. High alkali and alkaline earth contents and low silica 
contents are desired in glazes to achie ve good flow (co verage) 
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during firing. Changing the alumina content, for example, makes 
glazes with a gloss f inish exhibit a matte finish instead. In some 
cases, lithium silicates (such as spodumene) are added to glazes to 
modify their thermal e xpansion characteristics to achie ve bett er 
thermal expansion match (equivalence or f it) between the glaze 
and the ceramic body. 

Because the use of lead as a flux has been curtailed, borates and 
zinc oxide are employed in small quantities as fluxes. Zinc oxide also 
promotes color development in the fired glaze. A common source of 
borates is borax (sodium tetraborate decahydrate). The levels of both 
zinc oxide and borates must be limited to avoid glaze defects. 

Glazes arenow commonly prepared from frits (premelted 
glass compositions). Frits have the advantage of requiring lo w 
energy to melt, and t hey involve less batching and material han- 
dling ef fort. Frits simply require milling and mixing withth e 
remaining glaze components to prepare th e glaze suspension prior 
to application. Frits are used to achieve a particular effect for which 
they were specifically prepared. 

Clays are used in glazes as suspending agents in preparing the 
glaze slurry. It is p ossible to purchase premix ed combinations of 
frit and clay (kno wn as compostos). These formulations simp ly 
require a water admixture to form a suspension, and coloring agents 
are added to achieve visual effects. 

Transition me tal o xides such as he matite (Fe203) or cobalt 
oxide (CoO) can be added directly to formulations to impart color. 
These oxides are dissolved by th e glassy phased uring f iring. 
Recently, ceramic pigments base d on zircon have become popular 
because of their stability and coloring po wer in glaze formulation. 
These c olorants are zirconium silicate crysta ls with additions of 
transition metal oxides to achieve a coloring effect. Pink colors are 
based on chemically doped alumina. 

Zircon (ZrSiO 4) is used as an opacifier for whi te glazes and 
engobes (thick coatings). On cooling of the molten glaze, the zircon 
that has been dissolved in the melt precipitates and forms disc rete 
crystals in the glassy matrix. These crystals block the transmission 
of light and scatter light entering the glaze, effectively masking the 
substrate. 


FORMING METHODS FOR WHITEWARE PRODUCTS 


Whiteware products are shaped (formed) by the conventional pro- 
cesses of plastic forming (turning, jiggering, extrusion, or combina- 
tions thereof); slip casting; or compaction (wet or dry pressing). In 
a few products, dry isostatic compaction may be followed by turn- 
ing in lathe-like machines to achieve a formed shape. Drying, fir- 
ing, and quality in spection follow these processes. Glazes may be 
applied bef ore firing (in single-f ire processes) or after firing (in 
double-fire processes); the latter product is then fired a second time 
to melt the applied glaze to the surface. 

The object of forming is to achieve near-perfect particle pack- 
ing inthe formed mass. This me ans that entrained air has been 
reduced to the extent practically possible. In addition, constituents 
of the mixture are uniformly dispersed in the mass before the form- 
ing process is used. The wetting of materials, as required by the 
forming process, is achieved in special mixers, and it is frequently 
aided by the “aging” of wetted raw material mixtures. There is con- 
siderable art and science in preparing raw materials for the forming 
process to achieve optimum properties in the formed ware. 


Plastic Forming 


As the name implies, plastic forming involves deformation of a plas- 
tic mass of raw materials into a de sired shape before the product is 
dried and fired. By definition, plasticity (in ceramics) is the property 
allowing the mix to be deformed without breaking or cracking. Plas- 


ticity originates from the clay constituent of the mix, and it may be 
increased through mineral additions and polymeric additives. 

The sim plest plastic forming process is ha nd forming, as is 
practiced by potters. In high-volume manufacturing, jigs are used to 
force the plastic mass into a consistent shape. In many cases, the 
plastic forming process forces th e mass into a mold cavity under 
pressure, in a process called plastic pressing. If the mold is perme- 
able, air may be used to assist in ejecting the formed product from 
the mold after pressing, in a process called ram pressing. 

The most common plastic-forming process is extrusion, where 
the plastic mass is forced through an orifice (die), which forms two 
of the three dimensions of the desired product. Extrusion is carried 
out in piston-ty pe or auger-type devices. In higher volume manu- 
facturing, the auger e xtrusion device may be p referred because of 
high production output. The “column” of the composition is then 
cut with wires to form the third dimension of the formed product. 
Some products, such as electrical insulators, may be formed by 
extrusion into plastic “blanks, ” and the blank is subsequently 
pressed or turned i n lathe-like processes to accomplish additional 
forming of surface features. T 0 avoid slumpage of the wet clay 
mass a fter form ing, some de gree of dr ying may be required 
between extrusion and the subsequent turning operation. 

Formed ware is always purposefully greater in dimension than 
the fired product because of shrinkage in drying and shrinkage in 
firing. The drying and firing shrinkage can exceed 5% to 8% linear 
shrinkage in p lastic formed products. For this reason, the formed 
dimension is al ways adjusted so that the net dimension after f iring 
is the required product size. 


Slip Casting 


In slip casting, a suspension of ceramic particles is poured (cast) 
into a permeable or absorptive mold to draw a layer of particles to 
the surface of the mold, forming the product. Slip casting can be 
used to make both solid and hollo w objects. Drain casting is the 
process of timing the casting process until the desired wall thick- 
ness of cast product has formed, and then draining the mold, pre- 
serving a void or cavity in the cast object. 

After the casting process or draining is completed, the cast 
object is left in the mold until the mass has been dewatered suffi- 
ciently to allow handling of the formed object without deforming it. 
Then, the mold is opened and the cast object is withdrawn. The 
object is placed on a tray or other fixture and conveyed into a condi- 
tioning room before drying. 

The slip casting process is preceded by the production of a 
batch of the required proportions of minerals. This batch is mixed 
with w ater and c hemicals in special mixers called blungers. The 
mixed material is stored in tanks that are agitated to prevent settling 
of the constituents of the suspension. The suspension is typically 
called the slurry. 

The sl urry cont ains ch emicals that cause deflocculation or 
separation of the fine mix constit uents. Some chemicals assist in 
wetting of the particulate matter and stabilization of the slurries. 
The solids content of the slurry is carefully controlled by meeting 
goals for the specific gravity of the slurry, and the viscosity of the 
slurry is monitored. Controlling the solids content of the slurry and 
its viscosity keeps the casting rate (rate of b uildup of solid on the 
mold surface) consistent, allowing the use of discrete schedules for 
draining molds. 

The usual mold material in slip casting is pl aster of paris. 
Such molds must be handled carefully to avoid breakage or wear, 
and c onsistent mold moisture content before reuse is important. 
Polymer molds have been introduced in pressure casting operations 
where applied pressure over the mold increases the casting rate. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


1358 


Industrial Minerals and Rocks 





Dry Pressing or Dust Pressing 


Powdered mineral mixtures can be formed by compaction in molds 
using large presses. The process is called dry pressing or dust press- 
ing, and it is used extensively in producing ceramic tile and certain 
electrical ceramics. The process begins with the preparation of the 
powdered material using a gra __ nulation process. Granulation is 
required so that the dry or near-dry powders will flow into mold 
cavities, achieving e ven fill before compaction. In high-v olume 
manufacturing, spray drying is used to form granules 1 mm or less 
in diameter, and these granules, or pellets, are stored before use in 
pressing. In lower volume manufacturing, mix-pelletizing may b e 
used to produce granules. Granules can have a small per centage 
addition of moisture, binders, or plasticizers added before their use 
in the pressing operation. 

Modern pre sses employ isosta tic mo Ids that allow for even 
pressure application to the surfaces of the part during compaction. 
The rate of compaction is important to allow de-airing during the 
press cycle, and the total pres sure a pplied in c ompaction largely 
determines the as-pressed or “green” strength of the pressed ware. 


DRYING AND FIRING OF WHITEWARES 

Drying 

Drying is conducted in continuous con vection dryers containing 
zones to control evaporation rate. The initial drying may be accom- 
plished in predryers in which the rate of evaporation is held as low 
(using low temperature and hig h relative humidity) as needed to 
avoid high shrinkage rates and asso_ ciated cra cking. Int he first 
dryer zone, temperatures are k ept just below the boiling point of 
water to avoid steam spallatio nin the product. In the final dryer 
zone, the temperature can reach 150° to 200°C. 

Radio frequency and microwave dryers speed up the process- 
ing of high-v alued whiteware ceramics. Such dryer s allo w for 
greatly reduced drying time, and they are amenable to larger objects 
like electrical insulators. Convection dryers remain popular because 
most ceramic plants have excess waste heat available from the cool- 
ing section of their kilns. 

Firing 

Firing ceramics involves heating the dried ceramic to high tempera- 
ture at a defined heating rate, holding (soaking) for a discrete time, 
and cooling back to room temp erature under a defined cooling 
schedule. Firing is accomplished in batch kilns or continuous kilns. 
Batch kilns hold a def ined quantity of pro duct and g o though a 
complete firing schedule before unloading of the fired product. In 
continuous kilns, the product is continuously charged to one end of 
the kiln, and it moves through the kiln at a uniform rate before dis- 
charge. Continuous kilns include tunnel kilns (where the product is 
set on kiln cars) and roller h earth kilns (where the prod uct sits on 
and is propelled by ceramic rollers). 


PHYSICAL PROPERTIES OF WHITEWARES 

Key Physical Properties 

The product requirements determine the physical properties of fired 
whiteware ceramics, and the properties can vary widely depending 
on the specific formulation, additives, forming method, and firing. 
Table 5 lists key physical properties by product. 

Water adsorption, or p orosity, is ac ritical physical property 
for all types of whiteware ceramics. Low values of porosity indicate 
a high degree of vitrification. Some product standards specify that a 
product must be impervious, which is defined as exhibiting a water 
adsorption of less than 0.5%. Many products are glazed on any sur- 
face that will be exposed to water during use to improve their resis- 
tance to water adsorption. 


Methods fo r d etermining w ater adso rption and porosity fo r 
whiteware ceramics are described in ASTM C373 or in ISO 10545-3. 
In these met hods, the ware is e xposed to saturation for a speci fic 
period of time to determine the quantity of w ater that the w are can 
adsorb. Satu rationcan be achieved thr ough boiling or vacuum, 
depending on the method. 


Mechanical Properties 


The mechanical strength of a whiteware product is important for 
many types of applications. For sanitary ware, the product must be 
able to resis t the stresses applied during normal use; for tile, the 
product must be able to withsta nd the compressive load applied to 
the floor . Strength tests canbe used to mea sure com pressive 
strength or tensile strength, depending on the application. The most 
common type of test for the mechanical strength of whitewares is a 
simple bending or flexure test. Bending tests such as a modu lus of 
rupture test measure the tensile strength of the ceramic in flexure. 
As with all cera mics, whitewares tend to fail more readily under a 
tensile stress than under a compressive stress because of their brittle 
nature. 

The flexure test method is given in ASTM C648, ASTM C674 
or ISO 10545-4. In these tests, a load is applied that flexes the ware, 
and this loa d is appl ied until failure occurs. For many intricately 
shaped products such as toilets or other sanitary ware, it is difficult 
to measure strength on the finished product because of the irregular 
geometry. For these pro ducts,sa mplescanbec ut tome asure 
mechanical properties. Table 6 gives typical mechanical properties 
of whiteware products. 

Another aspect of me chanical strength is impact re sistance. 
For tableware, the product must have sufficient impact resistance to 
withstand dropped utensils or to resist impact stress in handling. 
Impact resistance not only is a function of the mechanical proper- 
ties of the fired ware but also has to do with the physical design of 
the pr oduct. ASTM C368 gives methods for measuring imp act 
resistance for tableware. A pe ndulum arrangement can determine 
the magnitude of impact that will initiate failure and the amount of 
energy required to pro duce comple te failure. A similar method, 
described in ISO 10545-5, exists for ceramic tile. 

For products subjected to wear in flooring applications, resis- 
tance to abrasion is a ke y concern. For glazed ceramics, the abra- 
sion resistance test measures the resistance of the glaze and not that 
of the underlyin g ceramic ware. Tableware must be able to resist 
degradation by abrasive cleaning agents. 

ASTM C1027 and ISO 1 0545-7 describe the measurement of 
abrasion resistance of ceramic tile. In these methods, an abrasive load 
is agitated on the glazed surface of the tile for a set number of cycles. 
The surf ace is inspected at specif ic interv als. Observ ers not e the 
number of cycles that the product passes through before the surface is 
degraded and that observ ation determines the cate gory of abrasion 
resistance. 

For unglazed surf aces, the proc edure for measurin g abrasion 
resistance is slightly different. In these methods, a large wheel is 
rotated over the ceramic surface. The wheel can be made of abra- 
sive material or abrasive grit can be introduced to the rotating wheel 
just above the surface of the ceramic. The loss of ma ss after a 
defined number of rotations is used to determine the abrasion resis- 
tance. ASTM C1243 and ISO 10545-6 give examples of this type of 
measurement. 


Chemical Resistance 


Chemical resistance is especially important for products that are in 
contact with food o rexposed to harsh cleaning agents. Staining 
resistance is important for similar reasons. Properly formulated and 
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Table 5. Key physical properties 
Product Type Physical Properties 
Tile Water adsorption (porosity), strength, abrasion resistance, chemical resistance, dimensional tolerance, surface finish and color 


Sanitary ware 


Tableware 
cadmium release, and color 


Electrical porcelain 


Water adsorption (porosity), strength, resistance to staining and color 


Impact resistance, abrasion resistance, chemical and staining resistance, resistance to metal marking, resistance to lead and 


Mechanical strength, water adsorption (porosity), and electrical resistance 





Table 6. Typical mechanical properties of whiteware ceramics 





Bone Hotel Normal Electrical Hard Electrical 

Property Earthenware Porcelain China China Porcelain Porcelain 
Water absorption, % 6-8 0.0-0.5 0.0-1.0 0.1-0.3 0.0 0.0 

Bulk density, g/cm? 2.20 2.70 2.60 2.40 2.77 
Compressive strength, MPa na na” na 700 700 
Modulus of rupture, MPa 55-72 39-69 97-111 82-96 105 175 
Modulus of elasticity, GPa 55 69-79 96 82 na na 
Thermal expansion coefficient, per °C, 20°-500°C 7.3-8.3 8.4 7.3-8.3 5.7 6.7 
Thermal expansion coefficient, per °C, 20°-1,000°C na 3.5-4.5 na na na na 





Adapted from Wood 1991. 
* na = not available. 


fired glaze compositions should _ be v ery resistant to househo Id 
chemical attacks and easy to clean. Some unglazed surfaces such as 
mechanically polished porcelain tile can exhibit poor staining resis- 
tance because closed pores near the surface can be exposed by the 
polishing process. 

Most chemical and staining resistance tests involve exposure to 
the chemical or staining agent followed by a specified cleaning pro- 
cedure. After the cleaning procedure, the surface is inspected under 
specified viewing conditions, and the results are qualitatively deter- 
mined. Staining resistance indicates how easy the surface will be to 
clean after use. ASTM C650 and ISO 10545 -13 give examples of 
methods for measuring chemical resistance, and ASTM C1378 and 
ISO 10545-14 give examples of staining resistance methods. 

The resistance of ta bleware to “metal marking” is rela ted to 
staining resistance. In this case, the glaze must resist staining when 
cutlery is passed across the surface. Resistance to metal marking is 
a function of both the condition of the glaze surface and the compo- 
sition of t he g laze. Typically, gl ossy surf aces are more re sistant 
than matte surfaces. 

The leaching of metals from tableware is also related to chem- 
ical resistance. Test methods have been de veloped specifically for 
cadmium and lead release from ceramic products. One concern is 
that acidic components of food or beverages may leach small quan- 
tities of these species from the glaze. Test methods such as ASTM 
C738 detail an accelerated leaching test for glazed ceramic surfaces 
that can be used to determine the potential risk of metal exposure 
from a particular glazed surface. The leaching takes place in an ace- 
tic acid medium, and atomic adsorption spectroscopy measures the 
quantity of metal leached from the surface. 


Thermal Shock 


Resistance to thermal shock is important for products such as sani- 
tary ware, which may be subjected to rapid switching between cold 
and hot water. ASTM C484 reports a method for measuring thermal 
shock resi stance. In t his me thod, t he ware is soak ed in w ater at 
16°C and then immediately moved to an oven operated at 145°C for 
up to 10 cycles. 






CTE = 7.1E+06/°C 


50 100 150 200 250 300 350 400 
Temperature, °C 


Figure 5. Thermal expansion of fired whiteware body and glaze 


Thermal Expansion 


In most cases, it is desirable to measure the thermal expansion of 
the ware. This is often done in product development to match the 
thermal expansion of the glaze andthe body. The coefficient of 
thermal expansion (CTE) is measured according to the following 


equation: 
(= os ‘) 
Ly 


To=Tj 





CTE = 


where L; is the length at temperature T;, and Ly is the length at 
temperature T7. Thermal expansion can be useful for architects or 
engineers de termining whe re to pl ace e xpansion j oints in lar ge 
ceramic tile installations. The dimensions of the CTE are in./in./°F 
or simply /°F (and similarly cm/cm/°C or /°C). 

Thermal expansion is measur ed using a dil atometer, which 
employs a ceramic pushrod to follow the dimensional change of a 
sample as it is being heated. AS TM C372 gives test methods for 
measuring thermal e xpansion with a dilatometer , and Figure 5 
shows an example measurement of the CTE on a glaze sample. 
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Color and Gloss 


Color and gloss are routinely measured on whiteware products. The 
first step in measuring color is to quantitatively describe color. The 
phenomenon percei ved ascolo r derives from th e interaction 
between visible light and matter. This i nteractionc an include 
adsorption, reflection, refraction, diffraction, scattering, and fluo- 
rescence. Adding to this interaction is the fact that color perception 
is strongly influenced by the illumination source. 

The science of describing color received a great deal of atten- 
tion in the last century. Of the several color measurement systems, 
the most common is based on the International Commission on 
Tlumination (CIE) L*a*b* color system. These measurements 
describe a thre e-dimensional c olor space whe re t he L * va lue 
describes the white ness or lightness of the ar ticle, the a” va lue 
describes a red to green ax is, and the b* v alue defines a yellow to 
blue axis. 

Two types of instruments for measuring color are available. 
These instruments ha ve a sel ection of standardized illumination 
sources an d ill umination a ngles. Color imeters are the simplest 
color-measuring instruments, and they use a set of filters to approx- 
imate the color space measurements and relate them to the standard 
observer curves published by CIE. Spectrop hotometers are more 
advanced c olor m easurement tool s t hat me asure reflectance a nd 
transmission data versus wavelength in small steps to describe the 
color. 

Several stan dards, such as ASTM C609 and ISO 10545-16, 
exist to quantify small color differences bet ween glazed surfaces. 
The color difference, AF, is defined as the magnitude of the dif fer- 
ence between the vectors describing the color of each sample, as is 
shown in the following equation: 


AE = (AL) +(Aa)’ + (Ab) 


The measurement of gloss is related to col or perception. One 
common method fo rq uantifying the perception o f gl ossis the 
method for measuring specular gloss described in ASTM C584. In 
essence, high-gloss surfaces result in very little scattering of the inci- 
dent light. More scattering occurs as the amount of surface texture 
increases. Opac ity measurements can also be made on translucen t 
glazed products. 


Electrical Properties 


ASTM D116 summarizes the met hod to deter mine the electrical 
properties of whiteware ceramics. This method describes measure- 
ment of dielectric strength, electrical resist ively, and other proper- 
ties of ceramics intended for electrical insulating applications. 


GLAZES FOR WHITEWARES 


Glazes are thin glass coatings applied to the whiteware surf ace. 
Glazes can be decorative layers or they may serve a purpose such as 
making the surface impervious so that it resist s water penetration 
and staining. Glazes can be used to increase the electrical resistance 
or the mechanical strength of a particular product. Glazes are gen- 
erally applied as susp ensions (slips) of ceramic p articles in water, 
but dry applications of particles are available. Functionally , the 
glaze formulation must readily bond to the ceramic surface and pro- 
vide even surface coverage during melting in the firing cycle. The 
glaze should also have a similar thermal expansion to the body to 
avoid defects on cooling in the kiln. 

A variety of constituents are used in glaze formulations; these 
can include materials used in the body formulations (clay, feldspar, 
and silica), and othe r components such as coloring agents, zinc 
oxide, carbonates of barium and strontium, and borates are usually 
present. 


Silica (SiOz) is the primary constituent of the glass formulation; 
it provides the netw ork structure of the glass. The silica is deri ved 
from quartz (flint), clay, feldspar, or any other silicates in the formu- 
lation. Borates are unique in that they serve as network formers and 
they typically decrease the melting temperature. Excessive levels of 
borates can result in durability problems with the glaze. Borax 
(Na2B407*°10H20) is the primary source of borates, but other miner- 
als such as colemanite (Ca 2B6011°5H20) are alsoa_ vailable. The 
boron content of a glaze is generally reported on a chemical analysis 
as bor ic ox ide (B2O03). Lead (as PbO) was an inte gral part of an y 
glaze formulation in the past. Adding lead to the glaze alloweda 
lower f iring temperature andi mproved glaze co verage inf iring. 
Leaded glazes produce a superior fired finish, but, because of heal th 
concems, manufacturers severely curtailed lead usage, using instead 
zinc oxide and borates in gl aze formulations. Zinc oxide acts as a 
flux, and it enhances the effect of other fluxes. 

The silicate structure is modified by alkalies and alkaline earth 
components, which act as fluxes (reduce the melting temperature). 
These components “disrupt” the silicate structure, reducing the vis- 
cosity of the melt. The more alkalies and alkaline earth elements in 
the gla ze, the | ower the me Iting poi nt, b ut c are must be_ taken 
because excessive levels of these elements can result in durability 
or devitrification problems. 

Alkalies and alkaline earths are introduced into the glaze from 
silicates such as feldspar, but they can also be contributed by soda 
ash or other carbonates and hydroxides. Care must be tak en when 
dealing with solu ble carbonates or hydroxides because they alter 
the rheology of the glaze. Also, high levels of alkalies and alkaline 
earth components increase the thermal expansion of the glaze. As 
the ther mal expansion of the glaze increases, the likelihood of 
defects in the fired product increases. 

Oxides such as alumina (Al2O3) are known as “modifiers” and 
help improve the chemical durability of glasses. Alumina can also 
be added to glazes to prod uce matte or satin finishes. Similarly, 
when zirconia is added to glazes, usually in the form of zircon 
(ZrSiOg), it acts as an opacifier by precipitating zirconia cr ystals. 
Opacifiers based on titanium oxide and tin oxide may be required in 
combination with certain pigments. 


Glaze Application 


Glazes are applied in liquid or paste form, re quiring th at the 
ceramic components be in aque _ ous suspension. Glazes can be 
milled to achieve the proper particle size or, if the components are 
fine enough, can be simply mixed with water in a high-intensity 
mixer to disperse the suspension. 

Frits are commonly used in glaze formulations. Frits allow the 
use of soluble components such as B2O3, which would be difficult 
to incorporate in ra w mineral form. Frits offer an ener gy savings 
because they are premelted and require less batching when prepar- 
ing the glaze application. 

Glaze formulations that require particle size reduction are ball 
milled to create homogeneous suspensions. As with slips for spray 
drying, the residue, solids content, and viscosity are monitored dur- 
ing milling of glaze suspensions. The residue is simply the amount 
of material retained on a selected screen, usually 200 or 325 mesh, 
after a sam ple of the glaze has been washed over the screen. The 
higher the amount of material retained on the screen, the coarser the 
glaze. Specific gravity can be measured with a pycnometer, and vis- 
cosity can be measured with either Zahn or Ford cups, the latter of 
which measure the time required for a sample of the suspens ion to 
drain through a specific diameter orifice. 

The specific gravity (or viscosity) can vary widely with glaze 
slurries used for spr aying and with thick pastes used for screen 
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applications. Binders or suspending agents are commonly added to 
glazes to achieve desired effects. Organic binders such as carboxy 
methyl cellulose (CMC) are commonly used, or a lternately bento- 
nite or hectorite clay minerals are added to thicken the glaze and 
improve green strength. Suspending agents such as kao lin, bento- 
nite, or colloidal silica can be used to prevent settling in the glaze 
before application. 

The oldest method of glaze application is dipping the w are 
into a bath of the glaze composition. This leaves a uniform coating 
of the glaze on the surface of the ware and facilitates application to 
intricate shap es. Ha ndling the gl azed w are, espe cially la rge or 
heavy pieces, can be problematic. Brushing is another simple tech- 
nique to achieve uniform coatings of glaze. 

A modern glaze line is a collection of modular glazing equip- 
ment that is assembled to achieve particular effects. The simplest 
operation is the bell or w aterfall. In this system, a continuous flow 
of glaze is allowed to flow across a curved metal surface. The glaze, 
as a continuou s “waterfall,” is ap plied as the w are passes un der. 
This application met hod is chosen to appl y uniform coatings of 
engobes or glazes on wall tile. 

Spray booths are also used to app ly uniform glaze coatings. 
For some v ery intricate shapes, the glaze may be spray ed on by 
atomizing the glaze in a moving air stream. The glaze adheres to 
the surface of the ware when the droplets impact the surface. This 
application requires a skilled operator to achieve a uniform coating. 

Excess glaze from these systems is col lected and recycled in 
the glaze system. Usually screening is used to remove contamina- 
tion from the glaze. Brushes or fettling systems remo ve e xcess 
glaze from the edges of tile. Ins ome systems, brushes partially 
remove the applied glaze after an application, to achieve a particu- 
lar visual effect. 

For many applications, uniform coatings are not desired. Either 
patterns or random effects may be desired. Spray guns are used to 
apply mists of glaze called fumes. The gu ns can be stationary or 
move as the product, usually a tile, passes underneath. Timers are 
also used to turn the gun on and of f to achieve a random effect. Pat- 
terns are applied with silk screens. A paste or thickened glaze com- 
position is placed on the back of the screen, and when a tile passes 
under the screen , a squee gee moves across the screen, pushing the 
glaze through the screen and thereby applying the pattern to the tile. 

Modern systems producing highly decorated tile use banks of 
screens that can apply multiple patt erns to a single tile. Other sys- 
tems apply a particular pattern intermittently to give a randomized 
decoration to the tile. In addition to flat screens, roller systems are 
popular. These roller systems can be op erated asynchronou sly, 
which randomizes the decoration. 

When a granular texture is desired, dry glazes or crushed frits 
can be applied to the tile. In these systems, a liquid glaze is first 
applied to the surface of the ware, and the dry glaze is then distrib- 
uted onthe surf ace. The li quid glaze helps the granular glaze 
adhere to the surf ace. This application technique can be used to 
apply abrasive to the surface of the ware to improve the slip resis- 
tance of the fired surface. 

Hand painting and decals are used to apply a final decoration. 
This is especially true for fine china, where a ceramic decal may be 
applied to the fired glaze followed by a final firing to bond the pig- 
ments in the decal to the glazed surface. Decals made from ceramic 
pigments are available from a variety of sources. 


Firing of Glazed Ware 


During the maturing of the glaze in the kiln, a number of processes 
take place, including decompositions, solid-state reactions, vitrifi- 
cation, fusion, and crystallization. Although these processes tend to 
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Figure 6. Backscatter scanning electron microscopy (SEM) image of 
gas bubbles in a sanitary ware glaze 


take place in the order listed, in fast firing this may not be the case. 
For example, decompositions may still be taking place as a glassy 
phase is developing, in effect retarding the rate of decompositions. 
Decompositions include the oxidation of organic binder s, deh y- 
droxylation of clays used as suspending agents, and decomposition 
of hydroxides, carbonates, or sulfates. These decompositions yield 
porous, high-surface-area components that react readily with other 
glaze constitutents. 

Before the formation of a gla ssy phase, some solid constitu- 
ents react to form new compounds. These can generally be charac- 
terized as acid/base reactions. The acidic species is silica and the 
basic species are either alkalies or alkaline earth constituents. New 
compounds such as CaSiO 3 can be formed from CaO and SiO; at 
relatively low te mperatures. The extent of the formation of new 
compounds is limited by the low mobility (ow diffusion rate) of 
oxides in the solid state. 

During vitrification, a glassy phase forms. The formation of 
this phase is a kinetic process, meaning that both temperature and 
time are important variables. This temperature/time relationship is 
called heat work. As the heat work increases, the quantity of glassy 
phase increases. This glassy phase tends to wet t he ceramic parti- 
cles. The phase continues to grow by dissolving residual ceramic 
particles. The liquid phase pulls the unmelted particles toge ther, 
resulting in shrinkage and reduced water adsorption. Additionally , 
the presence of the glassy phase improves the mobility of the vari- 
ous oxides in the glaze during firing. This improved mobility helps 
homogenize the glass composition and enhances the rate of glass 
formation. 

As the quantity of glassy phase increases because of the h eat 
work, the viscosity of the glaze de creases and eventually the glaze 
becomes molten. The surface tension of the glaze allows it to wet 
the surface of the ware, which promotes adherence of the glaze to 
the ceramic surface. Once the glass is molten, degassing must occur 
to achieve a defect-free surface. Gases can be the result of incom- 
plete decompositions in either the glaze constituents or the underly- 
ing body. Components of the ce ramic body formulation, such as 
talc and carbonates, can contribute to gas evolution since they begin 
to decompose only after the glaze has begun to vitrify. Gas trapped 
between glaze particles or adsorb ed on surf aces can contribute to 
bubble formation. Figure 6 shows an example of bubbles in a fired 
glaze. 
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On cooling, some species are not soluble in the glaze compo- 
sition and precipitate crystals in the melt. The most common crys- 
tallization process that tak es placeis the precipitation o f zircon 
crystals, which opacify the glaze. Precipitated opacifier crystals are 
visible under magnification as bright spots in the sanitary w are 
glaze. Crystallization of either alumina or other aluminates on cool- 
ing produces matte or satin glaze finishes. Other unintentional crys- 
tallizations, re ferred to as de_ vitrification, can occur . These ar e 
mainly caused by a high level of alkalies or alkaline earth constitu- 
ents in the glaze. 

To impart color, pigments are added to the glaze composition. 
The array of pigments and their potential interactions are extensive. 
There are three methods of imparting color to a glaze: 


1. For body colors in porcelains, finely ground transition metal 
oxides such as CoO (cobalt oxide), Cr203 (chromium oxide), 
and Fe 703 are added t 0 the glaze formulation. These metals 
dissolve into the glaze during firing. This method is not 
frequently used because of problems obtaining sufficient color 
intensity. 

2. Asecond method for coloring glazes is to specially formulate 
the glaze, allowing c olored crystals to precipitate from the 
melt on cooling. 


3. Adding insoluble colorants to the glaze is the most common 
method for coloring glazes. The most frequently used pigments 
are d oped zircon co mpounds, alth ough a w_ ide v ariety of 
synthetic spinels and other oxides are available. The doped 
zircon compounds are the most stable over a wide temperature 
range. Some e xamples of thes e colorants include (Zr ,Pr)SiO4 
(yellow), (Z1r,Fe)SiO4 (pink or coral), and (Zr, V)SiO4 (b lue). 
These crystals are capable of small substitutions of transition 
metals into the Zr** sites in the crystal struct ure to achieve the 
desired colors. 


Defects in Glazes 


Several types of defects are observed in glazed ceramic ware. The 
defects are related to g as evolution from the ceramic ware or from 
the glaze constituents, thermal expansion mismatch, or the lack of 
adhesion of the glaze to the ceramic substrate. 

Bubbles or pinholes in the glaze are the most common defect. 
They are more frequently observed in leadless glazes, because these 
glazes do not flow as well as the older leaded glazes. The gases can 
originate from de compositions ta king pl ace inthe glaze compo- 
nents, from decompositions taking place in the body, or from the air 
trapped between particles in the glaze. To avoid these gas entrap- 
ments, thin applications are used to shorten the path that the bubbles 
have to travel to be expelled. More heat work or more fluid glazes at 
the firing temperature help in bubble removal. Alternatively, materi- 
als that decompose once the glazeis molten should be remo ved 
from the glaze or body composition. Examples of materials to avoid 
if gase volutionisa problem are lime stone and talc . Another 
approach is to prefire the ceramic ware before glazing. Double fir- 
ing of wall tile is relatively common. An uneven surface texture can 
indicate that better firing or a more fluid glaze is needed. 

Thermal expansion mismatch between the glaze and the body 
can result in crazing or peeling, depending on the type of mismatch. 
Commonly the glaze has ahig her thermale xpansion than the 
ceramic ware. In this event, the glaze shrinks faster than the ware 
on cooling, resulting in _ tensile stre ss in th e gla ze. T he t ensile 
stresses can literally “ pull” the glaze apart. C razing is a pattern of 
cracks that radiate outward from t he center of t he ware. The ten- 
dency to craze can be corrected by using thinner glaze applications, 
which reduce st ress ac cumulation, o rb y re ducing the thermal 


expansion of a glaze. Remo ving some of the alkali co ntent of the 
glaze can reduce thermal expansion. In some cases, lithium is used 
to replace some sodium (or potassium) in the formulation to reduce 
thermal expansion. 

Excessive dimensional change during the quartz in version on 
cooling the ware can also res ult in crazing. Reducing the quartz 
content or reducing the particle size of the quartz can help minimize 
the crazing that results from dunting. 

When the glaze has a lower thermal expansion than the ware, 
compressive stress es result. Exce ssive co mpressive stre sses p ro- 
duce a defect known as p eeling or shivering, where defects are a 
section of glaze that separates from the edge of the w are. The 
stresses can be corrected by using a thick er glaze application and 
increasing the thermal expansion of the glaze. Increased alkali con- 
tent of the glaze typically increases the thermal expansion. 

Adhesion defects kno wn as cr awling or tearing can result 
from several sources. These defects appear as irregular areas with 
poor glaze coverage. Drying problems with the glaze are a common 
source of adhesion defects. When the glaze has excessive shrinkage 
resulting froma _ very fine particle size or high clay content, the 
coating can tear. An or ganic binder can b e added to impr ove the 
green strength of the glaze to reduce tearing. A minimum applica- 
tion thickness, clay content, and grinding will help reduce the ten- 
dency to tear. When there are multiple glaze appl ications, drying 
problems can result if adequate drying does not take place between 
the application layers. Surface contamination can interfere with the 
adhesion of the glaze to the surface and result in crawling. Green or 
bisque ware should be handled as little as possible to avoid contam- 
ination by dust or oils, fore xample. Finally, e xcessive levels of 
opacifier in the glaze can result in poor wetting of the ceramic ware 
by the glaze. 

Foreign matter in the glaze can result in defects. Inadequately 
ground frit or granular contamin ation can result in surface irre gu- 
larities. Metal contamination can result in discoloration. The source 
of the foreign matter should be identified and removed from the 
system. It is also possible for pr oblems with the ceramic ware to 
show through the glaze. Large pyrite or marcasite (FeS2) agglomer- 
ates in the clay can erupt through the glaze surface during firing. 
Typically, the source of the contamination can be identified by sec- 
tioning at the defect and examining the limited area of the defect 
(body or glaze) by microscopy. Chemical analysis of the contami- 
nation may also help identify the source of the defect. 


ECONOMIC TRENDS IN NORTH AMERICA 


Globalization and consumer preferences are causing rapid changes 
in the fine ceramics economic sector in North America. Globaliza- 
tion is placing pressure on manufacturing costs, and the volume of 
imported products is growing rapidly. This is, in part, based on new 
consumption patterns, with lar ge quantities of products purchased 
through wholesale and retail outlets that ar e part of national chain 
stores. The purchasing policies of chain stores focus on price. F or 
toilet bowls, nonclay refractory, and ceramic tile, the selling price is 
relatively high compared to the unit weight of the product, making 
importation economically feasible. By contrast, import penetration 
for lower valued products like clay brick is limited to land shipment 
from Mexico or Canada in North America (Table 7). 

Changes in consumer preference have affected sales for some 
whiteware sectors, including fine china. As ane xample, pre vious 
generations preferred fine china for wedding gifts, but many people 
today prefer other consumer products. 

Quality impro vements in imported white ware pr oducts and 
product innovation have been factors in increased import growth. In 
sanitary ware, “one-piece” toilets and innovative glazes that reduce 
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Table 7. Estimated production and import statistics for North 
America for 2004 





Flat Toilet Nonclay Ceramic 

Brick Glass Bowls _— Refractory _Tile 
Annual domestic 8.0 1.4 0.2 0 10-20 
production 
increase, % 
Current import <0.25 8 8 18 50+ 
percentage 
Growth in market = <1.4 -0.3 Ountil 1998 2.2 2.7 
share by imports, 
%/year 





home maintenance and provide a measure of protection from mold 
and bacteria are available with some imported products. These 
products provide added value for the consumer and the potential for 
additional profits for builders. 

With sales of white ware products link ed to slow population 
growth and housing starts in developed countries, the prospects for 
rapid market expansion appear to be limited. Growth in import per- 
centages is likely. 
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INTRODUCTION 


Container glass, a mature product category that traces its roots back 
through mor e than 200 years, is distin guished from other glass 
industry sectors by both manufacturing method and end-use mar- 
ket. The container glass industry has undergone numerous technical 
changes in the past 30 years. For many years, glass containers were 
the primary packaging for be verages and most food products. 
Today, glass has been replaced in many of those markets with other 
competitive materials such as plastic, aluminum, and in some cases, 
polymer-lined cardboard contain ers. Yet in many applications and 
markets, glass holds its own, and in fact, the container glass indus- 
try has experienced a minor resurgence in recent years. Increases in 
container glass production and value have been very modest, aver- 
aging only 0.2 % compounded annual gr owth over the last 5 years 
(Tincher 2004). 

The container glass industry is of great importance to many 
industrial minerals producers. Glass manufacturing, including con- 
tainers, consumes millions of metric tons of mineral raw materials 
annually, and may use up to 15 or 20 different mineral materials, 
depending on the specific glass batch requirement for the product 
being manufactured. The major mineral co mponents consumed in 
container glass manufacturing are silica sand, soda ash (Na2O), and 
limestone, although other minerals are also critical tothe glass- 
forming process. 


GLASS PRODUCTION 


Glass containers are highly engine ered products from both a struc- 
tural an d an aesthetic perspecti ve. The design of th e container 
includes multiple points of stress, which can be points of weakness 
and/or failure if there is an error in either the glass batch composi- 
tion or the manufacturing process. On the aesthetic side, glass can 
be made in many colors and hues, but in most instances, it must be 
uniform throughout with no signs of bubbles or inclusions, which 
are frequently referred to as “‘seeds.” 

In the glass-manuf acturing pr ocess, ra w materials are com- 
bined, or batched, before entering a throated furnace where they are 
melted together. Clark-Monks (1996) notes that t his is the critical 
point, because the understanding and control of interdependent f ac- 
tors—starting with time/temperature relationships, consistent melting 
and forming properties, and consis tency of ra w materials—are t he 
keys to furnace balance and quality control. The melting process fol- 
lows a “critical current path” that represents the lo west temperature 


and shortest time the molten glass will experience within the furnace 
and becomes the point at which the glass quality is defined. As noted 
in the discussion later on raw material, consistency in both the chem- 
istry of each raw material and its particle-size distri bution plays a 
critical role in the uniformity and consistency of the molten batch and 
the quality of the container produced. 

The glass batch begins to melt at 600° to 900°C, and as melting 
continues, carbon dioxide (CO2) and other gases are released, form- 
ing bubbles in the molten glass. The temperature of the batch contin- 
ues to increase until it reaches ap proximately 1,30 0° to 1,400°C, 
although the temperature may vary depending on the type of furnace. 
Currently, about 25% of glass fu. maces int he United States are 
newer-generation o xy-fuel sy stems ( Tincher 200 4) that are mo re 
thermally efficient in reaching and maintaining higher temperatures. 
This is important because the molten glass is ref ined at these higher 
temperatures. It is here that the last bubbles are driven off and the 
melt is in motion, becoming homogenized, which is crit ical to the 
uniformity of each container produced and to the elimination of slag 
or scum forming on or in the glass. 

Once the glass has been refined, the temperature of the batch 
is cooled to 1,100°C to achieve the proper viscosity for glass form- 
ing. As the more viscous glass exits the throat of the melter, it flows 
to one of several f orming machines. Here, a spec ific v olume of 
glass, or “gob,” is metered from the melt. The gob is_ the molten 
glass required to form one con tainer. Each gob drops into a mold 
where air is injected to form the “parison,” or prel iminary shaped 
blank of molten glass. While still glowing hot, the glass is flipped 
and air is injected again to finish forming the container. The newly 
formed container is cooled to maintain its integrity, but it is not yet 
fully cooled nor structurally stable. Once formed, the glass moves 
to the annealing ovens where it is reheated slowly and then cooled 
at a specific rate to allow the stresses in the glass to stabilize (i.e., 
be relieved), thus preventing premature or excess breakage. 


MANUFACTURING COMPANIES AND LOCATIONS 


In the past two decades, the container glass industry has undergone 
extensive rationalization in the United States and throughout the 

world. Ball, Kerr, Diamond, and Thatcher—once household names 
as U.S. glass producers—no longer exist. Consolidation within the 
North American glass industry has left three primar y container 
glass ma nufacturers in the Unit ed St ates—Owens-Illinois, Sain t 
Gobain, and Anchor Glass Container—along with a limited number 
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Table 1. Container glass plants in the United States 


Container Glass Plants 





Los Angeles, CA 
Muskogee, OK 


Anchor Glass Saint Gobain 
Elmira, NY Burlington, WI 
Henryetta, OK Carteret, NJ 
Jacksonville, FL Dolton, IL 
Lawrenceburg, IN Dunkirk, IN 
Salem, NJ El Monte, CA 
Shakopee, MN Henderson, NC 
Warner Robins, GA Lincoln, IL 
Winchester, IN Madera, CA 

Owens-lllinois Milford, MA 
Atlanta, GA Pevely, MO 
Auburn, NY Port Allegany, PA 
Charlotte, MI Ruston, LA 
Chicago Heights, IL Sapulpa, OK 
Clarion, PA Seattle, WA 
Crenshaw, PA Waxahachie, TX 
Danville, VA Wilson, NC 
Lapel, IN Arkansas Glass 


Jonesboro, AR 
Carr Lowery Glass 


Oakland, CA Baltimore, MD 
Portland, OR Demptos Glass 
Streator, IL Louisville, KY 
Toano, VA Napa, CA 
Tracy, CA Flat River Glass 
Waco, TX Flat River, MO 
Winston-Salem, NC Gallo Glass 
Zanesville, OH Modesto, CA 
Wheat Ridge, CO Longhorn Glass 
Houston, TX 





Specialty-Glass Producers 





Anchor Hocking Leona Industries 
Lancaster, OH Bridgeton, NJ 
Monaca, PA Libby Glass 

Corning Glass Toledo, OH 
Harrodsburg, KY Industry, CA 

Durand Glass Spectrum Glass 
Bridgeport, NJ Woodville, WA 

Gentile Glass Saint Gobain 
Star City, WV Covington, GA 

Indiana Glass Wheaton Glass 
Dunkirk, IN Millville, NJ 
Sapulpa, OK 





of small single-plant or specia Ity-glass manufacturers. The only 
new p roducer is Longhorn Glass in Houston, T exas, which is 
owned by Anheuser-Busch. 

Anchor Glass Container, which operates eight glass plants, is 
the third lar gest producer of contai ner glass in the United States. 
Over the years, Anchor acq uired both Diamond Bathurst and 
Thatcher Glass before being ac quired by Vitro (Mexico). Next, it 
was bought by Consumers P ackaging of Canada befo re filing for 
bankruptcy. The compan y emer ged from bankr uptcy in 2 001 as 
Anchor Glass Container C orporation and is now on solid financial 


footing. Anchor Glass produces a diverse line of glass, including 
flint (clear), amber, and green containers for the food and beverage 
markets. 

Owens-Illinois, formerly Owens Brockway after the ac quisi- 
tion of Brockway Glass in 1988, purchased the Canadian assets of 
Consumers Packaging, Inc., i n 2001 and became the largest pro- 
ducer of glass container s in North America. Owens has 19 glass- 
production facilities in the United States, including the former Coors 
Glass plant in Colorado. The company is the only one of the three 
major U.S. glass producers to manufacture plastic containers; its 
Web site (www.owens-illinois.com) notes that they have 33 plastics 
plants in the United States and that plastics account for one third of 
corporate sales worldwide. Owens has bee n a le ader in gl ass tech- 
nology andr ecycling, reporting that 35% ofits glass batchra w 
materials are from rec ycled glass. Outsi de of North Am erica, the 
company’s international container gla ss plants include facilities in 
several European and South American countries and China. 

Saint Gobain, a French-owned company headquartered in Les 
Miroirs, France, is the second largest container-glass pro ducer in 
the Uni ted S tates. In 199 9, the company purc hased Ba Il Glass 
(which had previously acquired Kerr Glass), along with the Foster 
Forbes Glass Division of Americ an Can Company, and combined 
the two under the Saint Gobain name. Today the company operates 
17 glass plants, producing a full ar ray of container glass pro ducts. 
Saint Gobain’s worldwide operations produce container glass, float 
glass, fiberglass, and ceramics (O’Driscoll 1977) . The company’s 
container-glass pr oduction f acilities are locatedin the United 
States, Europe, and Brazil. 

Other major non-U.S. producers of glass include Swed ish- 
based Rexam PhC, one of the world’s 10 largest packing producers 
(Kendall 1999). Rexam operates plants that produce glass, metal, 
and plastic containers. Rockware Glass Ltd. is the largest container 
glass producer in the United King dom, followed b y TT Gr oup 
PLC. Owe ns-Illinois, the w orld’s lar gest pro ducer of consumer 
packing, is one of the most dominant producers in Asia through its 
ACI Australian glass subsidiary and a ffiliated plants in Japan and 
China. 

Although consolidation within the North American container 
glass industry has had an impact on industrial minerals producers, 
that is only part of the story. Many glass plants have closed in the 
United States, se veral of whic h were older, smaller, and less- 
efficient plants. Others repre sented excess capacity that could no 
longer be justified by the industry. At the same time, other plants 
were rebuilt, modernized, and expanded. Table 1 lists the locations 
of container glass plants in the United States. 


CONTAINER GLASS MARKETS 


For many years, the container glass industry experienced extensive 
competitive pressure from the al uminum can and p lastics indus- 
tries, particularly those that manufacture polyethylene terephthalate 
(PET) containers. Soft drinks and other beverages as well as numer- 
ous food and household products that were once packaged in glass 
are now marketed in pl astic and/or aluminu m. The k ey f actors 
affecting the shift from glass to aluminum and plastic packaging are 
their light weight and ease of handling. The full impact on the con- 
tainer glass industry , which w as at overcapacity both in North 
America and Europe, resulted in many plant closings during the 
1980s. Plan ts continued to close th rough 200 4, when Anchor 
announced the closing of its plan t in Connellsville , Pennsylvania. 
The overcapacity also re sulted in pricing pressure that ultimately 
led to consolidation in the industry. 

For the last decade, U.S. container glass production has been 
fairly flat at 270 to 275 million units per year; the only se gment 
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showing any real growth is the beer market. Kendall (1998) noted 
that glass shipments h ad increased near ly 25 % throughout th e 
1990s, and that apparent growth has continued into the ear ly 
twenty-first century. Today, narrow-neck beer b ottles account for 
nearly 60% _ of the container glass consumed. The gro wth in the 
beer bottle mark et has been of fset largely by losses in other con- 
tainer glass markets as plastic continues to replace glass. 

Although beer bottles have been the major bright spot for con- 
tainer glass producers, it is not without its challenges. Plastic beer 
bottles, which have been produced in Europe for more than 10 years, 
have now found limited acceptance in the United States. The key to 
producing plastic beer bottles is the co-extrusion of a barrier film 
that prevents the gas migration that causes the beer to become flat. 
Although se veral polymer systems have been used successfully, 
they are expensive and provide only limited shelf life for the beer. 
U.S. beer consumers have been reluctant to accept plastic beer bot- 
tles, so distribution has been limited to athletic stadiums and recre- 
ational beach locations wher e br oken glass poses serious safety 
risks. Currently in the United States, it appears that plastic beer bot- 
tles will have a greater impact on the aluminum can market than on 
the container glass market. 

Looking to ward the futu re, the prospects for the container 
glass industry are positive. Rationalization is essentially complete, 
and most prod uction facilities have been upgraded. More impor- 
tantly, the trend from glass to plastic has slowed considerably now 
that the conversion of soft drink and milk packaging from glass to 
plastic is complete. Specialty ice tea and boutique beverages, along 
with the emer gence of microbr ewery beers, have had a p ositive 
impact on container glass consumption. That, combined with con- 
tinuing growth in beer consump tion, suggests that the mark et for 
glass containers has stabilized, and the market is actually growing 
at a modest 1.5% to 3.0% per year (Fredonia Group 1999) 


RAW MATERIAL REQUIREMENTS 


Each glass pr oducer has its own formulation for the production of 
glass containers, and each includes high-purity silica sand as th e 
primary batch raw material. Table 2 lists the general raw materials 
required for container glass, and Table 3 shows a typical composi- 
tion for container glass as oxides. It is critical in the manufacture of 
container glass that all mineral raw materials be consistent in both 
chemical composition and particle-size distribution. Four excellent 
articles on raw materials for co ntainer glass are Lines (2004 ); 
Kephart, Pool an d Ryder (19 86); Lavender ( 1988); and Vogel 
(1985). 

Silica (SiO2) is the basic building block in glass formation. As 
the dominant oxide in glass, it provides much of the body bulk. Sil- 
ica must have a minimum value of 99.0% SiOz; some specifications 
may require a minimum of 99.5% SiO 2. High-purity quartz sand is 
the primary source of silica in the glass batch. Several of the other 
batch raw materials, however, include small amounts of silica that 
must also be accounted for in the batch. Some glass formulations, 
particularly where high thermal s hock or c hemical resistance are 
critical to end use, require a very small amount of borosilicate that 
can be added with the silica sand. 

Soda ash, the secon d most co mmon ingred ient in container 
glass, is the predominant glass modifier. As a modif ier, Na2O acts 
as a flux that allows the melting point of the batch to be approxi- 
mately 200°C lower. An additional benefit is that the lower temper- 
ature extends refractory life. 

Limestone contributes calcium oxide (CaO) to the batch, which 
modifies the glass, increasing its strength and resistance to abrasion. 
Much of the v alue of the limestone is realized during the annealing 
phase of glass production. Most limestone speci fications require a 


Table 2. Raw materials required for container glass 





Raw Material Percentage 
Silica sand 60 
Soda ash 19 
Limestone 14-18 
Alumina* 4-5 
Sulfate 1 





* Usually feldspar or nepheline syenite. 


Table 3. Typical oxide composition for container glass 





Oxide Percentage 
SiO2 73 
Na2O 14 
CaO 10 
Al2O03 2 
sO." 1 





* Sulfate from salt cake or gypsum. 


minimum of 97% calcium carbonate (CaCO 3) and a maximum of 
0.12% iron oxide (Fe203). 

The specification for iron in limestone for standard container 
glass is 0.12% Fe 203; however, there are several spec ialty-glass 
producers with alo wer maximu m iron specif ication of 0.0 4% 
Fe203. These producers make very clear flint glass and /or crystal 
and cannot tolerate iron discoloration. Traditionally they use arago- 
nite with low iron from the Bahamas, but this source was sold and 
aragonite production was curtailed sharply in late 2003. 

Feldspar is the most common source of alumina (Al203) for 
glass production, although in man y instances nepheline syenite is 
used instead. Alumina is an important glass modifier, and its inclu- 
sion in the batch increases durability of the glass and reduces its 
tendency to devitrify. 

Several minerals are used as coloring agents or chromophors 
in container glass. Clear, or flint glass, may be tinted for reasons of 
both function and appearance. When tinting is required, the follow- 
ing elements commonly are used to produce specific colors: 

¢ Green—chromium and iron 

* Yellow—chromium, vanadium, and cadmium 
¢ Blue—cobalt and iron 

¢ Amber—iron 

¢ Red—selenium 

Other minerals may be used in container glass formulations to 
assist in de veloping other sp ecific properties, particularly for spe- 
cialty cont ainers (e.g. , containers that requi re an op acifier to be 
added). The chapter on Specialty Glass presents an e xcellent dis- 
cussion on the use and application of these minor constituents. 

As mentioned pr eviously, the chemical and physical c onsis- 
tency of batch raw materials is vital to quality glass production. It is 
necessary to maintain homogeneity in molten glass and to sustain 
constant, uniform viscosity throughout the g lass-forming process. 
Medalyer (1996) notes that the homogeneity of glass is affected by 
both the chemical uniformity of batch raw materials and their mois- 
ture | evels. Be cause ra w ma terials are blended onthe basis of 
weight evaporation, moisture can affect the comp osition of g lass 
during melting. 

Cullet, or re cycled glass, is an ingredient used in most glass 
batches. Bottle laws and environmental initiati ves on rec ycled 
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content have mandated that more culle t be emplo yed in batch ra w 
materials. The amount of cullet being handled an d blended varies 
significantly from one glass plan t to another (Rosenthal 1996). But 
from a minerals standpoint, the greater the content of cullet, the 
lower the requirement for natural mineral raw materials. 


SUMMARY AND CONCLUSION 


Glass container production in the United States and throughout the 
world has declined as other types of packaging have replaced glass. 
Nevertheless, the industry has now stabilized and is growing at a 
very modest rate. As glass container producers loo k ahead, three 
major issues receive the most attention: container weight, increased 
melting and ener gy efficiencies, and ever-changing environmental 
laws and requirements. 

As plastic com petes with glass, and as bottles are rec ycled 
rather than refilled, cont ainer weight recei ves mo re attention. A 
container weighin g less means reduced w all thickness and less 
glass by volume. As t he wall thickness decreases, stresses within 
the glass container increase and durability and strength suffer. Min- 
erals producers are concerned that decreasing container weight will 
result in a decr ease in the v olume of miner als that the p roducer 
requires. 

Because energy is a major cost component of glass manufac- 
turing, melter efficiency has been the focus of industry research for 
many years. Futur e goals of th e industry leaders for 2020 are (1) 
reduction in production cost to 20% below 1995 levels, (2) reduc- 
ing energy use by 50% below 1995 levels, and (3) reducing air and 
water emissions by 20% below base-year le vels (T incher 2004). 
These goals can be met with a ggressive technological inno vations 
such as the oxy-gas-fired submerged combustion me Iter; (Gre en- 
man 2004). 

The manufacture of glass requires melting of a number of raw 
materials that, when th ermally altered, emit various compounds in 
the atmosphere. Major emissions include CO2, sulfur, and nitrous 
oxides with lesser amounts of hydrochloric acid, hydrofluoric acid, 
and carbon monoxide. 

Norman and Shulver (1999) present a complete discussion of 
these em issions al ong w ith a di scussion of other impacts on th e 
glass industry. Emphasis on environmental quality has been ongo- 
ing in both the United States and Europe, with the U.S. Environ- 
mental Protection Agenc y (EP A) emphasizing th e use of best 
available control technolog y (BACT). BACT will ha ve associated 
costs that most likely will increase the focus on using recycled glass 
to reduce emissions from unmelted natural raw materials, but the 
full impact of this has yet to be determined. 


In conclusion, the supply of industrial minerals materials to 
the pro ducers of glass co ntainers represents a v ery high-volume 
market. The container glass market is a mature market that is stable 
to slowly growing. As industrial minerals producers recognize con- 
tainer glass as a major market for their products, they must be ready 
toma intain consistently high-q uality sp ecification st andards 
because these standards will probably increase over time. The move 
to lightweight containers and the increased use of cullet will reduce 
the volume of raw materials consumed, but the demand for higher- 
quality industrial minerals will exist for many years to come. 
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GLASS 


Di ae. a a a ee 
Fiberglass 


Kevin Schaal 


INTRODUCTION 


It is estimated that there are about 600 glass-melting furnaces operat- 
ing in North America. These furnaces produce glass for a variety of 
products ranging from architectural and automotive glass, glass con- 
tainers, and specialty glass to fiberglass. Of the 600 furnaces, approx- 
imately one-sixth produce fiberglass, including both insulation glass 
and textile glass. 

Insulation and textile fiberglass are differentiated on the basis 
of their end use, the raw materials used and their specifications, and 
toasome whatlesser degree bythe manufacturing methods 
employed to produce these two products. This chapter discusses the 
manufacture of fiberglass, the raw materials required, and the end- 
use markets for both insulation-grade and textile-grade fiberglass. 


GLASS-MAKING FURNACES 


Glass furnaces are generally first categorized by the fuel sources 
used to heat them. Some furnaces are heated electrically, others are 
heated by the comb ustion of natur al gas or propane, and in man y 
cases, comb ustion and electric bo ost are used in combination. 
Combustion-heated furnaces are further categorized by the method 
used to recover heat from the exhaust gas stream, and by whether 
air or oxygen is used in burning the fuel. 

The use of oxy gen in place of combustion air is one of th e 
more recent developments in the fiberglass industry and is becom- 
ing widely accepted and highly successful. When oxygen is used, 
an oxygen-generating plant is often constructed on site in the gen- 
eral vicinity of the glassmaking furnace. In cases where the glass 
furnace is smaller in size, tanker trucks make deliveries of oxygen. 

When the furnace is heated with natural gas and combustion 
air, it is common to recover some of the waste heat from the exhaust 
gas with a recuperator or less of ten with a regenerator. Recupera- 
tors are heat exchangers in which the outgoing h ot waste gases 
transfer some of their energy to cold air needed for comb ustion by 
transfer through metal or ceramic pipes. In a regenerator, the waste 
gases pass through a chamber in which refractories are stacked in 
such a way that the hot flue gases pass between them and the reby 
transfer some of the thermal energy to the refractories. After abo ut 
20 minutes, the flue gases are diverted through an alternative cham- 
ber while cold air is passed through the first chamber in the reverse 
direction, thus absorbing thermal energy. The air then passes as pre- 
heated combustion air to the burners. 


When the f urnace is heated with natural g as but oxygen is 
used in place of combustion air, the volume of exhaust gases is 
reduced by approximately 80% , making it uneconomical to install 
and operate a recuperator or a regenerator. 

For electrically heated furnaces, current can be passed through 
the glass bath using submerged ele ctrodes made from metallic 
molybdenum, because glass at elevated temperatures is electrically 
conductive. The electrode-holders are water cooled on the cold face 
of the furnace to pre vent the molybdenum from overheating, as 
molybdenum oxid izes rapidly when temperaturese xceed 60 0°C 
(1,112°F). Electrodes can be inserted into the furnace from the top, 
the bottom, or thro ugh the side walls. Electrodes are slo wly con- 
sumed in the process of melting the glass, making it ne cessary to 
add replacement electrodes periodically. Electrodes come supplied 
with threaded ends so replac ement electrodes are scre wed into the 
end of the existing electrodes and pushed into the glass bath. 

Operating glass furnaces produce from as little as several met- 
ric tons of glass per day to upwards of 227 tpd. The dimensions of 
the larger furnaces might be 18 m (60 ft) long by 6 m (20 ft) wide, 
with a glass depth of slightly more than | m (40 in.). Smaller all- 
electric furnaces might be 2 to 3 m (6.6 to 9.8 ft) in diameter and 
hold 0.6 m (24 in.) of glass. The life of a combustion-fired furnace 
can be as long as 7 or 8 years, whereas the life of an all-electric fur- 
nace, depending on design, can be as short as 6 months. One advan- 
tage toa small all-electric furn ace isthe short 1 ength of t ime 
required to re- brick a furnace. For some furnaces, the glassmaking 
operation can be resumed in as few as 24 hours. 

Charging of mix ed batch to th e furnac eis us ually accom- 
plished through the use of feed screws or augers that deposit the 
well-blended ingredients directly onto th e surface of the molten 
glass. As the batch melts and moves downstream, the glass is often 
stirred or agitated by the use of bubblers pulsing air or oxygen into 
the glass from the bottom of the melter via metal bubbler tubes. 

The glass exits the melter into a refining chamber or into dis- 
tribution channels or a forehearth that directs the glass to the device 
used to convert it to fibers. 


FIBERIZATION TECHNOLOGIES 
Rotary Fiberization 


Rotary fiberization uses a metal disc with multiple rows of holes 
precisely drilled aro und the circumference of the disc. Ho t glass 
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enters the spinning disc and centr ifugal force causes the hot liquid 
glass toe xit the holes inthe fo rmoff ine, disco ntinuous fibers 
required for insulation products. Ad ditional attenu ation is accom- 
plished by putting the fibers in the path of a high-velocity stream of 
air or combustion gases. Next, liquid binders ar e applied, and the 
fibers are collected in a vacuum box in the form of a blanket. Bind- 
ers are cured by passing the glass mat containing the uncured binder 
through an oven. The a verage diameter of f ibers prod uced by the 
rotary process ranges from 2 to 6 pm, with the diameter distribution 
running from submicr ometer to as high as 20 p_m. The velocity of 
fibers exiting the rotating spinner is in the range of 150 m_ per sec 
(500 ft per sec) and the throughput of one spinner can be as high as 
1,135 kg per hr (2,500 Ib per hr). 


Flame Attenuation 


Flame attenuation fiberization is one of the oldest techniques used 
to make fiberglass insulation products. The flame attenuation pro- 
cess is sometimes referred to as the pot and marble process. In this 
process, glass marbles a re melted in smal l-volume, c ylindrical- 
shaped Inconel pots. The pot bottom contains concentric rings of 
holes from which a primary gla ss fiber, approximately 1mm in 
diameter, are dra wn. Secondary attenuation occurs when the pr_ i- 
mary fibers are carefully placed in fro nt of a high-temperature, 
high-velocity b urner. T he fl ame breaks the f ilaments into long 
fibers with a narrow diameter distribution that then pass through the 
binder spray. Fibers less than 0.5 um in diameter can be produced 
by this process. The drawbacks of the flame attenuation process are 
that it is v ery inefficient in terms of ener gy consumption and th e 
production rate per pot hour is very low. 


Continuous Process 


Textile fibers produced by the continuous filament process are made 
by drawing molten glass through orifices in platinum-alloy bushings 
and then rapidly pulling them to red uce their diameters to the pre- 
scribed size. Each orifice ranges from 0.8 to 3 mm (0.03 to 0.12 in.) 
in diameter and b ushings have been constructed with as man y as 
6,000 orifices producing at a rate of more than 210 kg per hr (460 Ib 
per hr). A bushing is heated by the hot glass entering it f rom the 
glass distribution channel and by supplemental heat applied electri- 
cally. The indi vidual filaments from ea ch bushing orifice are g ath- 
ered into one strand or b undle, which is then either chopped into 
discrete length pieces from 3 mm to 50 mm (1/8 in. to 2 in.) long by 
a mechanical chop per or w ound into cak es by filament winders. 
These mecha nical de vices operate at speeds up to 120m pe r sec 
(394 ft per sec) and result in fiber having diameters that range from 
3to20 um. Because glass f ilaments are highly abrasi ve when 
rubbed against one another, size coatings are applied to the indi vid- 
ual filaments before the strand is gathered to minimize degradation 
of strength. An integral part of the bushing design is cooling fins or 
water-circulating cooling tubes that extract heat from the bundle of 
fibers as the y exit the bushing orifices and before the size c oatings 
are applied. 


RAW MATERIALS USED IN THE MANUFACTURE 
OF FIBERGLASS 


Overview 


The major criteria for se lecting raw materials for the manuf acture 
of fiberglass are composition and part icle si ze. W ith respect to 
composition, purity and consistenc y need to be closely e valuated. 
The fiberglass producer must be ab le to make a glass that is com - 
patible with its fiberizing process and that has excellent consistency 
in the short term as well as over days and weeks. To accomplish the 


necessary degree of consistency of the glass composition, it is nec- 
essary that the starting raw materials have an equivalent degree of 
consistency. With respect to purity, if a particular raw material is 
slightly less pure but has excellent consistency, the fiberglass pro- 
ducer will often be able to compensate for that impurity by adjust- 
ing the quantity of other batch ingredients used. 

In terms of im purities, iron oxide receives a high le vel of 
attention. Iron oxide present in the glass in the reduced form as FeO 
plays a major role in how the glass isableto transmit rad iant 
energy. In most fiber-producing processes, it is desirable to limit the 
amount of FeO, so this places a limit on the iron oxide content of 
the starting raw materials. The level of organic matter present in a 
glass raw material is also important. Organic matter acts as a reduc- 
ing agent to the glass and reduces iron oxide from the oxidized 
state, Fe2O3, to the reduced st ate, FeO, which has already been 
noted as undesirable from a heat transmission point of view. 

Other imp urities of concer n that need to b e minimized or 
eliminated are hazardous elements that ar e volatile, p articularly 
during the batch melting process. Arsenic, mercury, selenium, and 
the like are included in that list. Additionally, refractory minerals 
that are hard to melt in the glass are undesirable. These minerals 
include anorthite, beryl, tourma line, g arnet, co rundum, ilmenite, 
rutile, and zircon. 

In considering the specifications for the particle-size distribu- 
tion of glass batch ra w materials, the fiberglass manufacturer needs 
to have materials that e xhibit good flow properties so that feeding 
materials into and out of storage silos is done without mater ial 
bridging over the silo discharge opening. Good flo wability is al so 
necessary so that the material can be weighed accurately as the glass 
batch is being prepared. It is also important that no si ngle material 
segregates from the other materials in the batch during blending and 
conveying. Finally, the materials need to be small enough in size so 
that they melt in the allotted time and at the operating temperature of 
the glass-melting furnace, but yet not so small that excessive dust is 
generated in the batching and unloading operation. 

For the raw materials that supply silicon dioxide (SiO2) and 
aluminum oxide (Al 203) to the glass, there must be a limit to the 
amount of the coarsest particles present inthe raw material. For 
these materials, the fiberglass manufacturer will want to limit the 
amount of material greater than about 425 um (40 mesh) to not 
more than 2% by weight. For controlling dust in the batching pro- 
cess, the amount of material finer than 75 pm (200 mesh) is limited 
to not more than about 2%. 

For other materials that are not as difficult to melt, such as the 
alkali, alkaline earth, and borate minerals, there is not as stringent a 
requirement on coarse particles. The particle-size distribution that 
imparts the best flow properties to these materials is m ore impor- 
tant, as is making sure that the particle-size distribution of the entire 
mixed batch is cohesive and not prone to having one or more mate- 
rials segregate from the other materials. 


RAW MATERIALS USED IN THE MANUFACTURE 
OF INSULATION FIBERGLASS 


Silica Sources 


Silica is present in the highest concentration of any oxide in the glass 
formula. As the backbone of _ the glass structure, it tak es on great 

importance. Sands that are used to supply this oxide are therefore 

equally important. Sands used in the manufacture of insulation fiber- 
glass are cate gorized into tw o classes: glass sands and _ feldspathic 
sands. Glass sands are very high in quartz content with some minor 
clay-bearing minerals present as contaminants. They have a SiO 9 
content of 99% or higher, with SiOz being held between +0.4% of 
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the nominal value. The Fe203 content can be as low as 0.025% and 
cannot v ary by more than +0. 02%-0.03%. Feldspathic sands, 
which are combinations of quartz and feldspar, consequently have 
SiO2 contents that are less than those for glass sands and Al203 
contents as high as 8% to 12% . Feldspathic sands are generally 
characterized by higher concentrations of iron oxide, and the chem- 
ical composition is | ess c onsistent overall. For feldspathic sands, 
the iron oxide content can be as high as 0.25%. Other o xides that 
accompany feldspathic sands are sodium oxide (Na2O), potassium 
oxide (K 20), or calcium oxide (CaO _), depending on the type of 
feldspar present in the deposit. Na 20 can range from about 1.5% 
to 5%. K2O can be present from about 2% to 4.5%, and CaO is 
generally present at levels of less than 1%. 

The fiberglass manufacturer will set limits to the particle-size 
distribution of the silica source independent of whether it is glass 
sand or fe ldspathic sand. The primary requirement is t 0 limit the 
quantity of coarse particles so that the sand completely melts in the 
glass furnace at the furnace melting temperature and in the length 
of time it spends in the furnace. The second requirement is to limit 
the fine particle-size fraction for dust contro 1 during the material 
unloading step. The limit onthe coarse particles is generally no 
more than 1% to 2% as coarse as 425 um (40 mesh), with o nly a 
trace allowed as coarse as 600 um (30 mesh). The limit on the fine 
end of the particle-size distribution is no more than 1% to 2% finer 
than 75 um (2 00 mesh). Th e trend for sand sp ecifications wi th 
respect to particle size is to seek finer and finer sands. 


Borates 


The most commonly used borate mi nerals in the manufacture of 
insulation fiberglass is 5-mol borax. The composition of 5-mol 
borax is Na 2B407 x 5H20. It is produced from tincal _ ore that is 
mined in the California desert, in central Turkey, or from solution 
mining operations in Searles V alley, California. Five-mol borax is 
the preferred source for adding boric oxide (B203) to the fiberglass 
composition because it is v ery highly refined, which gi ves it high 
purity and consistency. The B203 content of 5-mol borax is consis- 
tently 49% with Na 20 being 2 1.7%. It contains 5 molecules of 
chemically combined water that comprises 29.3% by weight. 

Ulexite is also used as a source of B203 to fiberglass composi- 
tions. Ulexite is a sodium, calcium borate mineral, mined in Turkey, 
having the approximate composition of 37% B203, 6% Na2O, 17% 
CaO, and lesser amounts of SiO2, Al203, and magnesium oxide 
(MgO). The major oxides, B203, Na2O, and CaO, are all controlled 
within +1% of th eir nominal v alues. For the equivalent amount of 
B203, 25% more ulexite must be used compared to 5-mol borax. 
Additionally, because ulexite is a less highly ref ined material, its 
chemical co nsistency is poorer than 5 -mol borax. The amou nt of 
chemically combined water in ulexite is about 34%. 

Because bor ate miner als are not particularly refractory in 
nature, there is less concern about ease of melting in the glassmak- 
ing furnace, so the limits set on the coarse particles are not as strin- 
gent. Particles as coarse as 1,400 um (12 mesh) are commonly seen 
in both 5-mol borax and ule xite. Again, dust control is of concern , 
so the amo unt of par ticles finer than 75 ym (200 mesh) is ideally 
limited to a few percent. 


Alkali 


The alkali oxides, Na2O, K20, and lithium oxide (Li20), are classi- 
fied as mod ifier oxides in the glass structure. They are added toa 
glass formula be cause they serve as fluxes for me lting the more 
resistant quartz grains. The primary alkali oxide used by fiberglass 
manufacturers is sodium oxide, but there are occasional needs for 
potassium or lithium oxides. Soda ash is almost universally used to 


supply sodium oxide to the glass. Potassium carbonate is used to 
supply potassium oxide, and either lithium carbonate or spodumene 
is used to supply lithium oxide. 

The chemical composition of sodaashis Na 2CO3. Most 
domestic soda ash is produced from trona ore deposits in the Green 
River, Wyoming, area with lesser amounts produced from solution 
mining operations in Searles Valley, California. Soda ash is highly 
refined and chemically consistent, so the ability of the fiberglass 
manufacturer to closely contr ol the sodium oxide content of the 
glass is excellent. In melting, the carbon dioxide in soda ash is 
evolved as a g as and lea ves sodium oxide to e nter into the glass 
structure. Sodium ash contains 58.4% Na2O and 41.6% car bon 
dioxide (CO2). 

In some specialty fiberglass compositions, potassium carbon- 
ate or potash is used to supply K2O to the glass. The chemical com- 
position of potassium carbonate is K 2CO3. In melting, the car bon 
dioxide in potash is evolved as a gas and leaves potassium oxide to 
enter into the glass structure. Potassium carbonate contains 67.5% 
K20 and 3 2.5% CO2. Asis soda ash, potassium carbonate is a 
highly refined and very consistent material. 

Potassium oxide is added to the glass because—when used in 
conjunction with sodium oxide—it provides a more comple x glass 
structure, which is benef icial in preventing alkali ions fro m leach- 
ing from the glass surface when exposed to liquids. 

Lithium oxide is touted as a melting aid in glass batch formu- 
lations and is seeing some ap plication within the industry. When 
used, LizO is typically added to the glass in concentrations of 0.2% 
to 0.4% by weight with either lithium carbonate or spodumene used 
as the source of this oxide. Th euse of lithium oxide has been 
reported to increase the capacity of a given furnace by as much as 
10%, or instead of pulling the gl ass furnace atthe highe r da ily 
throughput, significant energy reductions have been realized. There 
is debate about whet her lithium carbonate or spodumene is the 
more effective melting aid. Lithium carbonate contains 40% Li2O, 
with the balan ce being CO 2. Glass-grade sp odumene contains 5% 
Li2O, with the balance being mad e up of 75% SiO2, 18% Al203, 
and less than 0.5% of Na2O and K20. 

As with the borate minerals, alkali-bearing minerals are not par- 
ticularly refractory in nature. Concern with dif ficulty of melti ng in 
the glassmaking furnace is diminished, so the limits set on the coarse 
particles is not as stringent. Particles as coarse as 600 pm (30 mesh) 
are commonly seen in these materials. Dust control is again required, 
so the amount of particles finer than 75 pm (200 mesh) is ideally lim- 
ited to several percent. Sizing the alkali materials to match the parti- 
cle-size distribution of the other batch ingredients to avoid material 
segregation is another important consideration. 


Alkaline Earth 


Alkaline earth oxides are added to a glass formula to serve as stabi- 
lizers within the glass structure, imparting chemical durability to the 
glass. For insulation fiberglass, limestone or quicklime is used to 
provide CaO to the glass. Limestone, CaCOs3, is converted to quick- 
lime by burning the CO? out of the raw stone in a high-temperature 
calcining operation. Limestone ge nerally needs t o have a purit y 
level of 97% or higher with a resultant CaO content of 54.5% that is 
generally consistent to within about +0.4%. Limestone may contain 
MgO up to about 1% and Fe203 as high as 0.5 %; however, glass- 
makers generally prefer to li mit the iron oxide tonomore than 
about 0.1%. When these limestones are converted into quicklime by 
calcining, they contain 95% or more CaO, allowing for a 2% to 3% 
residual loss on ignition (LOD from incomplete burning. 

Dolomite or do lomitic quicklime is used t o provide MgO to 
the glass. Ag ain, the purity le vel needed for dolo mite is 97% or 
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higher, which results in a CaO co ntent of about 43.7% and an MgO 
content of about 31.4%. When these dolomites are con verted into 
dolomitic quicklime, the CaO content is about 57% and is consistent 
within +0.8%, and the MgO content is about 40% and is consistent 
within +0.4%. The residual LOI fr om incomplete b urning is 2% t 0 
3%. These materials may have iron oxide contents as high as 0.5%, 
but glassmakers generally prefer iron oxide to be no more than 0.1%. 

The glass com position determines the ratio of lim estone to 
dolomite that will be required in the batch formulation. If the glass 
composition requires less than about 1% MgO, it is likely that only 
limestone will be used. If the glass composition requires more than 
about 1% magnesium oxide, a corresponding amount of dolomite 
will be required. 

Limestones and dolomites comprised of material as coarse as 
2,000 pm (10 mesh), but not more than about 10% finer than 150 um 
(200 mesh), a re speci fied by the fiberglass m anufacturer. For 
quicklime and dolomitic quicklime, the raw material specifications 
are closely negotiated with the supplier. Calcining limestone and 
dolomite results in a soft er, more friable, and finer material that 
tends to be dependent on the calcining process and the downstream 
materials hand ling system. These materials are freque ntly more 
difficult for the fiberglass manufacturer to handle, and at times, 
flow ai ds are added toi mprove t heir handl ing characteristics. 
Although the fiberglass manufacturer would prefer less of the fine 
fraction, the supplier is not always able to accommodate that need. 

In some special circumstances, processed magnesium oxide is 
used in place of dolomites. In that case, the fiberglass manufacturer 
must ensure that the magnesium oxide is not so refractory or too 
coarse that it will not adequate ly melt under the time-temperature 
conditions of the melting furnace. 


Alumina 


Aluminum oxide falls into the class of stabilizer oxides, similar to 
the alkaline earths, and imparts che mical durability to the glass. 
Al 03 is generally supplied to a fiberglass composition through the 
use of f eldspar, nep heline syenite, or ap lite. These materials are 
combinations of sodium, po tassium, or calcium alumino-silicates. 
Albite is the sodium feldspar end member , and microcline and 
anorthite ar e the p otassium and c alcium fe ldspar end members, 
respectively. The appro ximate Al 203 content of feldspar is 19% 
and is consistent to ap proximately +1.0%. Nepheline syenite is a 
quartz-free rock consisting mostly of nepheline and feldspar. It has 
approximately 23.5% Al203 and is consistent to approximately 
+0.4%. Aplite is light-colored igneous rock with the same mineral 
composition as granite but with a fine-grained texture. Aplite con- 
tains 21.5% Al2O3 and is consisten t to approximately 0.7%. 
Aplite also contains trace amounts of titanium d ioxide (TiO2) and 
phosphorus pen toxide (P20s5). The iron oxide content of these 
materials ranges from about 0.05% to about 0.2% , with feldspar 
being the lowest and aplite being the highest. 

The feldspathic sands described earlier are also used to pro- 
vide Al 203 to th e glass. The particle-size requirement for these 
materials is essentially the same as that for sand. 


Zinc Oxide 


In specialty fiberglass compositions used to produce liquid f iltra- 
tion media that requires a v ery chemically resistant glass, granu- 
lated zinc oxide (ZnO) is added to the glass composition. The zin c 
oxide used for this purpose is generally 98% pure or greater. 


Barium Carbonate 


Barium oxide (BaO) is added to some specialty fiberglass composi- 
tions by the use of barium carbonate (BaCO3) as a batch ingredient. 


These glasses are use d for making liquid filtration media where 
producing a chemically re sistant glass is impor tant. The barium 
carbonate used for this purpose is generally 95% to 98% pure. The 
primary contaminates found in barium carbonate are strontium car- 
bonate and sodiu m carbonate, and they are present in concentra- 
tions of approximately 2% and 1%, respectively. 


Fluorspar 


Fluorspar is used as a flux in certain glass formulations. Typically, 
fluorspar will have a purity level of greater than 97% calcium fluo- 
ride (CaF 2) with a limit on t he Fe 203 content of less_ than 0.1%. 
Trace impurities like SiO2, Al2O3, MgO, and CO2 are found. Many 
glass companies have successfully removed fluorine (F2) from the 
glass composition following regulatory decisions preventing its use. 
Fluorine is a pa rticularly v olatile el ement in the glass. It is no t 
unusual for nearly 50% of the added fluorine to be lost as a result of 
evaporation or volatilization. 


Sodium Sulfate 


In many fiberglass compositions, a minor amount of sodium sul- 
fate, commonly called salt cake, is added as a refining agent to aid 
in the removal of seeds and blisters. Salt cake has two other func- 
tions in the glass. When molten, it functions as a surfactant, wetting 
grains of sand to assist in their melting. It also functions as an oxi- 
dizing agent, acting to of fset some of the reductan ts found as con- 
taminants in glass batch ra w mate rials. In some cases _, barium 
sulfate might be substituted for sodium sulfate. 


Cullet 


Many insulation fiberglass batches use some percentage of recycled 
glass, called cullet. Most of the cullet available for use as a batch 
ingredient is from recycled bottles or rec ycled plate glass. ASTM 
D5359 descr ibes the industry-accepted specification f or cullet. 
Both bottl e a nd pla te c ullet a re soda -lime-silica gl asses, so the 
oxides supplied from cullet need not be supplied from the other 
batch ingredients. The use of cullet in a fiberglass composition will 
lessen the requirement for sand, soda ash, and limes or limestones. 
The particle-size requirement from the ASTM specification is that 
cullet shall be smaller than 6 mm (‘4 in.) in size and can contain no 
more than 15% finer than 75 pm (200 mesh). 


Synthetic Minerals 


A recent development in the fiberglass industry is the availability of 
manufactured minerals in the family of calcium and calcium-magne- 
sium silicates. These materials are manufactured by spray-drying fine 
silica sands, together with quicklime or dolomitic quicklime, to form 
the precursors of dio pside (CaMgSi20¢) or w ollastonite (C aSiO3), 
respectively. These m aterials, when heated rapidly upon entry into 
the glass furnace, con vert completely to diopsi de or w ollastonite 
because of the intimate contact of the mineral particles and the heat 
of the furnace. The report ed advantage to these materials is that the 
melting reactions take place faster so that more glass can be produced 
per day for a given furnace or so that melting energy can be reduced. 
These materials are effective because, with their use, the quantity of 
coarser-grained sand is re duced, and th e resultant ratio of flux to 
quartz particles is increased. 


RAW MATERIALS USED IN THE MANUFACTURE 
OF TEXTILE FIBERGLASS 
Overview 


One fundamental difference between insulation fiberglass and tex- 
tile fiberglass made by the continuous filament process is the glass 
composition. E-glass, the historical industr y standard for te xtile 
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Table 1. E-glass definitions from ASTM D578-00 


E-Glass for General 


E-Glass Used in Aerospace 
Applications, 


and Printed Circuit Boards, 





Chemical wt % wt % 
B203 0-10 5-10 
CaO 16-25 16-25 
Al2O3 12-16 12-16 
SiO2 52-56 52-56 
MgO 0-5 0-5 
Alkali” 0-2 0-2 
TiO2 0-1.5 0- 0.8 
Fe2O3 0.05-0.80 0.05-0.40 
Fluoride 0-1.0 0-1.0 





* For general applications, alkali is defined as NazO + K2O + LigO. For aero- 
space and printed circuit boards, alkali is defined as only Na2O + K20. 


fiberglass, is limitedin alkali content to amaximum of 2%, as 
defined in ASTM D578- 00). In this standard, ASTM makes a dis- 
tinction between glass compositions used f or general applications 
and those used in aero space and printed circuit board applications. 
Table 1 shows the allowable glass compositional ranges for each of 
these categories. 

The two most significant differences between the general use 
category and the aerospace and prin ted circuit board cate gory are 
the allowable level of boric oxide and the inclusion of lithium oxide 
as one of the alkali oxide member s. For general use applications, 
E-glass can now bef ree of bor ic oxide, and lith ium oxide is 
included in the def inition of to tal a kali. Owens Corni ng f iber- 
glass’s patented Advantex composition contains no boric oxide. For 
textile fiberglass sold into aerospace app lications and for p rinted 
circuit boards, E- glass must contain between 5% and 10% B 203 
and the use of LigO is prohibited. 

In addition to the low level of alkali oxides found in E-glasses, 
they have Al203 and CaO contents significantly higher than insula- 
tion fiberglass compositions. In E-glasses, Al203 typically ranges 
from 12% to 16%, and CaO can be as high as 23%, whereas in insu- 
lation glasses the Al 203 content is generally less than 5% and the 
CaO content is generally between 5% and 10%. Silica, however, is 
still the most prevalent oxide in E-glasses, and as the backbone of 
the glass structure, it takes on great importance. 

Silica 

The most critical raw material for the manufacture of textile fiber- 
glass is the silica sand source. Because the glass composition is 
limited in allowable alkali content as described previously, the glass 
is much harder to melt than an insulation fiberglass composition. 
Furnaces melting these glasses operate at temperatures that are hun- 
dreds of degrees higher than those found in furnaces melting insula- 
tion glass compositions. In order for furnaces melting E-glass to 
produce a daily quantity of high-quality glass large enough to be 
economically viable, it is necessary for the particle size of the silica 
source to be f iner than that of insulation glasses. Stated another 
way, unless the silica sand is much finer in particle size than that 
used in insulation glasses, the furnace pull rate would be so low as 
to be financially impractical. 

The fiberglass manufacturer will specify that the silica sup- 
plier grind or mill the sand into silica flour with a particle-size dis- 
tribution having 90% or more of the particles smaller than 45) m 
(325 mesh), with essentially no particles as coarse as 250 um 


(60 mesh). The chemical requir ements of the ground silica are 
essentially the same as those for glass-grade sands used for insula- 
tion fiberglass; the SiOz content is gr eater than 99% and must be 
held between +0.4% of the nominal value. The Fe 203 content is 
generally less than 0.1% and cannot vary more than 0.03%. Trace 
impurities that are refractory in nature and will not melt in the glass 
furnace are unacceptable, similar to what was described for sand 
usage in insulation glasses. 


Borates 


Where the glass composi tion calls for the inclusion of B 203, boric 
acid, colemanite, and 5-mol borax are the minerals usually specified. 

Boric acid has the chemical composition of H3B03. The B203 
available to enter the glass structure is 56%, with the balance being 
chemically com bined w ater. Col emanite is a naturally occ urring 
calcium borate mineral that contains from 25% to 28% CaO and 
41% to 43% B 203, with impurities of SiO 2, Al203, Na20, MgO, 
and strontium oxide (SrO) that range from 0.2% in the case of 
sodium oxide to more than 4% for SiO 2. Be cause colemanite is 
lower in B203 than boric acid, and because it is less highly refined 
and contains more impurities, many fiberglass manufacturers prefer 
boric acid over colemanite. One advantage that colemanite has over 
boric acid is it contains a lower amount of chemically combined 
water, 25%, versus 44% for boric acid. 

Five-mol borax w as described in the se ction on insula tion 
fiberglass. Because 5-mol borax contains 21.7% sodium oxide, and 
because textile fiberglass compositions are limited in the allowable 
alkali content, the use of 5-mol borax as a batch material is limited. 
For a general purpose E-glass composition where the B2O3 content 
can be as high as 10%, however, a typical batch will employ two of 
the borate minerals in a mi xed-borate formulation. The practice is 
to add 5-mol borax until the sodium oxide requirement of the final 
glass composition is satisfied. Then either boric acid or colemanite 
is used to satisfy the balance of the boron content of the glass. 


Alkali 


Because alkali oxides in textile glass compositions are limited to 
2% or less, the use of alkali-c ontaining minerals is much lower 
compared to glasses used to produce insulation fiberglass. Five-mol 
borax or soda ash can be used to supply the limited alkali content of 
these glasses. In cases where lithium oxide is added, the practice 
described in the section on insulation fiberglass is appl icable for 
E-glasses as well. 


Alkaline Earth 


For te xtile fiberglass, limestone or quic klime is use d to pro vide 
CaO to the glass, and dolomite or dolomitic quicklime is used to 
supply MgO. The chemical requirements described in the section 
for insulation fiberglass are applicable to textile fiberglass as well. 

The requirement for the particle-size distribution of limestone 
used in the manufacture of textile fiberglass is generally that 80% of 
the product must be finer than 75 um (200 mesh), and less than 1% 
can be as coarse as 250 pm (60 me sh). For quicklime or dolomitic 
quicklime, the particle-size requirements described in the section on 
insulation fiberglass apply here as well. 


Alumina 


In the manu facture of te xtile fiberglass, the primary sour ce of 
Aly03 is ai r-floated kao lin pro duced in the sou theastern Un ited 
States. It is the preferred source of Al203 because it is low in alkali 
content and is consistent with the requirement that the glass be low 
in alkali. Kaolin clay contains 45% SiOz, consistent within +0.5%, 
and 38.5% Al 203, also consistent within +0.5%. The particle-size 
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Table 2. Composition ranges, descriptions, and uses for other textile fiberglass compositions 
C-Glass, D-Glass, E-CR Glass, AR Glass, R-Glass, S-2 Glass, 

Oxide wt % wt % wt % wt % wt % wt % 
SiO2 64-68 72-75 54-62 55-75 55-65 64-66 
Al2O3 3-5 0-1 9-15 0-5 15-30 24-25 
B2O3 4-6 21-24 0-8 
CaO 11-15 0-1 17-25 1-10 9-25 0-0.1 
MgO 2-4 0-4 3-8 9.5-10 
ZnO 2-5 
BaO 0-1 
LizO 0-1.5 
Naz2O + K2O 7-10 0-4 0-2 11-21 0-1 0-0.2 
TiO2 0-4 0-12 
ZrO2 1-18 
Fe2O3 0-0.8 0-0.3 0-0.8 0-5 0-0.1 
Fo 0-5 0-0.3 

Descriptions and Uses 

C-Glass D-Glass E-CR Glass AR Glass R-Glass S-2 Glass 





Low dielectric constant 
for electrical 
applications 


Chemical stability in 
corrosive acid 
environment 


Where strength, 


electrical resistivity 
and acid corrosion 
resistance are needed 


For reinforcements 
where added strength 
and acid corrosion 
resistance are needed 


Alkali resistant glasses 
for reinforcing cement 
and concrete 


High strength, modulus, 
and stability under 
extreme temperature 
and corrosive 
environments 





requirement for kaolin clay is that 97% or more must be finer than 
45 ym (325 mesh). By convenience, this nearly matches the parti- 
cle-size distribution of the ground silica. This means that two of the 
major raw materials for textile glasses are similar in particle-size 
distribution. This is beneficial in pr eventing batch se gregation in 
mixed batches. Trace amounts of TiO2 and KO are present in clay, 
as well as iron oxide. TiO2 can be as high as 1.7% and K20 can be 
as high as 0.3%. Low-iron clays would be defined as having an iron 
oxide content aslo was 0. 5%;in high-iron clays, Fe 203 ma y 
approach 1%. The supplier must c ontrol the iron oxide content of 
the clay to approximately +0.05% of the nominal value. 


Fluorspar 


Fluorspar is also sometimes used in the manufacture of these types 
of fiberglass compositions, and th e req uirements are essentially 
identical to those outlined in the section on insulation fiberglass. 


Iron Oxide 


Some manufacturers use fine-ground iron oxide to control the total 
iron content of the g lass by compensating for the variation of iron 
in all the batch ingredients. This is done to control the oxidation— 
reduction state of the glass and is important for optimizing the heat 
transmission characteristics of the glass. 


Other Glass Compositions 


Although E-g lass represents the b ulk of volume of te xtile fiber- 
glass produced, other glass compositions are in use in the industry. 
Table 2 lists some of these alternate compositions and their uses. 
For some of the glasses listed in Table 2, other batch materials like 
titanium dioxide and zircon sands are required. 


Titanium Dioxide 


A 99% pure grade of granular rutile (TiO2) is often used. Low lev- 
els of iron oxide, phosphor us pentox ide, and sulfur tr ioxide are 
present as impurities. The particle-size distribution of this material 


shows a signif icant percentage being coarser than 425 pm 
(40 mesh) with only 1%—2% being finer than 45 pm (325 mesh). 


Zircon Flour 


Zircon flo ur, which is used as the source of zirconiu m dioxide 
(ZrOz) in the special glass formulations shown in Table 2, is com- 
posed of 66% ZrO 2 and 32% SiO 2 with trace quantities of Fe 203, 
TiOz, and Al 203. Hafnium is ty pically present along with zirco- 
nium in the ore body in a 50:1 zirconium to hafnium ratio. Thorium 
and uranium are also present in concentratio ns up to several hun- 
dred part s per mi Ilion. Particle-size re quirements are si milar to 
those for silica flour, namely 95% or greater being finer than 45 um 
(325 mesh). 


THE USES OF FIBERGLASS AND MARKETS SERVED 
Insulation Fiberglass 


Insulation fiberglass is made into many shapes and forms and sold 
into many markets. The sections that follow describe some of the 
common applications for insulation fiberglass. 


Building Insulation Products 


Fiberglass batt s, bl ankets, rolls, and loose f ill-blown-in insulation 
find common application in insula ting buildings of al 1 types, from 

residential homes and light commercial b uildings that use w ood 
frame construction to commercial buildings that use metal frame 
construction. Building insulation is identified and labeled by R-value. 
“R” stands for resistance to hea t flow, with high R-v alue products 
having greater insulating power. Commonly available products range 
in insulating value from R-11 to R-38. Batts and rolls are available 
unfaced or often with vapor-retarding facings already applied. These 
facings usually consist of asphalt-coated kraft paper, aluminum foil, 
or plastic film. The vapor barrier’s purpose is to resist the movement 
of moisture to cold surfaces where it could condense to liquid water 
and damage the building. Batts are sold in nominal sizes in lengths 

ranging from 1,194 mm (47 in.) to 2,438 mm (9 6 in.) and widths 
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ranging from 279 mm (11 in.) to 610 mm (to 24 in.). Rolls come in 
lengths of 11.94 m (39 ft 2 in.) to 21.49 m (70 ft 6 in.) and in widths 
of 279 mm (11 in.) to 584 mm (23 in.). A recent development is to 
encapsulate light-density batts in plastic sheathing to provide an eas- 
ier handling product that has less associated dust and itch. This type 
of insulation is insta lled in e xterior and interior w all cavities, ceil- 
ings, basements, and crawl spaces. In addition to providing thermal 
protection, it is also used for its acoustic properties of providing 
sound control. 


Air Handling Systems 


Fiberglass duct board, duct wrap, and duct liners are used to insu- 
late air handling systems. Duct board is designed for easy f abrica- 
tion into rectangular ductwork. In some ducts, the fiberglass board 
products are part of a system that also consists of coating products 
and air turning vanes. These smooth interior coatings provide a low 
resistance to air flow, will not support microbial growth, and resist 
penetration of incidental w ater into the fiberglass wool core. Duct 
liners are designed for lining sheet metal ducts in heating, ventilat- 
ing, and air-conditioning (HVAC) systems. They provide good ther- 
mal insulation and their acou stical properties also dampen sound. 

Duct wrap is used as thermal insulation for the exterior of HVAC 
systems where temperature control is required. In m any instances, 
these products meet surface burn-through requirements because of 
their limited combustibility. 


HVAC Systems 


Fiberglass blanket and board in sulation products find common use 
in air conditioners, fur naces, and o ther HVAC equipment. In some 
cases, the blank et is f aced with a sm ooth, durable, nonwoven mat 
that is used as a thermal and acoustical control liner in HVAC equip- 
ment. In others, acrylic coatings are applied. These insulation prod- 
ucts have low air friction, are resilient and flexible, have high tensile 
strength, and are easy to install. They are incombustible and nonhy- 
groscopic. Some come with acrylic coating formula ted with anti- 
microbial agents to protect ag ainst mi crobial gro wth. There are 
requirements for corrosiveness, moisture vapor sorption, fungi resis- 
tance, temperature and erosion resistance, odor emissions, surface 
burn characte ristics, therma 1 c onductivity, an d sou nd abso rption 
coefficients. 


Pipe Insulation 


Fiberglass pipe insulation is made fr om glass fibers bonded with a 
thermosetting re sin, jacketed with a reinforced vapor retarder fac- 
ing, and equipped with an adhesive closure system for sealing. It is 
used to insulate pipe where temperatures range from —20°C (-4°F) 
to as high as 454°C (850°F). Section lengths can be as long as 1.2 m 
(4 ft). For some applications, precision V-grooves are machined into 
the insulation making for amore precise fit. For lar ge diameter 
shapes such as pipes, tanks, ducts, vessels, and other round and 
irregular shapes, a high-tempe rature, semirigid blanket bonded to a 
flexible facing is used. These pr oducts are sold as r olled goods in 
0.92-m (3-ft) or 1.22-m (4-ft) widths with thickness up to 102 mm 
(4 in.). 


Acoustics 


For acoustical applications, fiberglass board products find wide use 
in office furniture, office partitions, ceiling panels, and wall panels 
where high thermal and acoustical efficiency in a minimum space is 
required. In some applications, these products have a fiberglass mat 
facing on one or both sides. Requirements f or these products 
include high tensile strength and resiliency; light weight; and resis- 
tance to vibration, settling, an dshak edown. These pr oducts are 
incombustible and will not support microbial growth. 


Appliances 


Fiberglass board and blanket-type insulation products find common 
application in househo ld applian ces such as ranges, refrigerators, 
freezers, and water heaters where thermal and acoustical require- 
ments must b e met. C ertain products are designed spec ifically for 
low-temperature applications found in freezers and refrigerators. For 
application in ovens and ranges, the insulation must be designed to 
emit minimal smoke and odor. None of these products contribute to 
or absorb odors, and all pass UL fire hazard classifications. 


Aircraft Insulation 


Insulation for use in a ircraft fusela ge wall cavities is ma de from 
blankets composed of ultrafine glass fibers. These products must be 
lightweight and flexible, with superior thermal and acoustical prop- 
erties and excellent dimensional stability. Where bonded insulation 
is required, blankets are furnished with water and oil-repellent ther- 
mosetting phenolic binders, which also make the p roducts flame 
resistant and nonpunking. The water repellency is critical for areas 
where high-altitude moisture conde nsation occurs. In some areas, 
contact with oils or oil-based liquids can occur, and providing pro- 
tection against this type of cont act is also necessary . In higher- 
temperature applicatio ns, unbonded insulation is re quired. T he 
absence of bi nders and oi Is eli minates pote ntial contamination 
from outgassing or binder vaporization. Because of the fine-diam- 
eter fibers, these products are ultra lightweight and superior in 
acoustic and thermal perf ormance per unit weight of insulation 
used. Bulk density of these products may be as low as 9.6 kg per 
m? (0.6 Ib per ft?). Special binderless fiberglass felts are also used 
to insulate aircraft and jet engines. These felts are inte nded for 
continuous exposure to hot face temperatures up to 482°C (900°F). 
Again, because these p roducts do not c ontain binder chem icals, 
there is no outgassing or binder vaporization. 


Automotive 


Fiberglass insulation is used in molded hoodliners, headliner sub- 
strates, dashboard insulators, and other automotive acoustical com- 
ponents. To reduce objectionable dust generated during installation 
of these parts, glass fibers are bonded with latex binders to encapsu- 
late the intersections of the fibers, allowing them to bend without 
shattering. These products have excellent dimensional stability and 
strength, and acoustical and thermal properties. They are also light- 
weight, flexible and odorless, easy to mold, and the y bond well to 
decorative facings. 


Marine Applications 


Fiberglass blan ket and board products are used for insulating 
marine products and ship hulls and decks, in shipboard heating and 
air-conditioning systems, and on drilling rig platforms. Some of 
these products are characterized by low organic content to improve 
their performance in c ombustibility testing. In the se applications, 
key characteristics are high thermal performance, light weight, and 
low combustibility. 


Cryogenics 


A fiberglass blanket bonded with melamine resin is used to insulate 
cryogenic tanks containing liquefied gases such as oxygen, nitro- 
gen, argon, and helium. 


Filtration 


Fiberglass roll goods are made into bag or pleated filters for indus- 
trial and c ommercial air filtration ap plications such a s ASHR AE 
(American Society of Heating, Refrigerating, and Air-Conditioning 
Engineers) high ef ficiency part iculate air (HEP A), and ultralo w 
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penetration air (ULPA) filters for clean rooms, face masks, respira- 
tors, vacuum bags, panel filters and filters for HVAC systems, and 
paint spray booths. They are also used for Food and Drug Admin- 
istration (FDA) applications. In liquid filtration applications, both 
cured and uncured roll goods are used in liq uid/gas separators, 
liquid/liquid coalescers, oil and gas coalescing, solids/liquids and 
solids/gas filter cartridges and filter pads. 


Microfibers 


Microfibers are glass fibers with diameters ranging from less than 
0.5 um to 2.5 um. The y are used in HEP A and ULPA filters in 
clean-room applications for many industries, including the manu- 
facture of microchips. Microfibers are also supplied to the lea d- 
acid batt ery market for use as ba ttery separators i n automotive, 
heavy equipment, and machinery batteries. In some highly special- 
ized applications in the health care industry, microfibers are used 
for filtering blood particles. 


Textile Fiberglass 


Textile fiberglass is produced in a variety of forms that are neces- 
sary to describe before discussing the markets into which they are 
sold. 


Textile Products 


A strand is defined by the diameter of its filaments, its linear weight 
or tex count (grams per kilometer), the direction of twist, and the 
number of tur ns per meter. Single y arn undergoes a single twist 
operation with between 20 and 40 tu rns per meter. Plied yarn is 
made from two or more single yarns twisted together in the oppo- 
site direction to the orig inal twist. The yarn is supplied on acor e 
and can be used directly on in dustrial process machinery for uses 
such as weaving, braiding, covering, and so forth. Once it has been 
transformed by te xtile processing, it is most often used as a rein- 
forcement or support for various materials such as synthetic resin, 
bitumen, mica, paper, or adhesive. 


Roving 


Roving is produced either directly from the bushing by drawing a 
large number of filaments, or by assembling several strands in par- 
allel, with no twisting. Roving consisting of filaments from 10 to 
24 um in diameter is most often used in linear weights or counts of 
600, 1,200, 2,400 and 4,800 te x. Presented as a sp ool wound on a 
tube, roving unwinds very easily. The characteristics of roving are 
stiffness, equal tension of fibers, lubricity, and ease of cutting. Rov- 
ing can be used in different processes such as weaving, continuous 
impregnation, or chopping. 


Chopped Strands 


Basic strands, which are generall y cut to lengths from 3 to 12 mm 
(/s to 1/2 in.), have numerous applications. They are used mainly in 
large series processes to reinforce thermoplastic and thermoset res- 
ins and are also used to re inforce plaster, cement, and paper. The 
characteristics with respect to integrity, flowability, and compatibil- 
ity will differ depending on the application. 


Continuous Filament Mats 


Continuous filament mats are felts of continuous filaments distrib- 
uted in uniform layers as the y leave the bushing. They are held 
together by a binder, and the type and content of the binder depend 
on the intended application. These mats are particularly well suited 
to molding between matched molds, and to the production of con- 
tinuous profiles and cir cuit boards. They are also used for foam 


reinforcement. The y are easy to dra w and area simp le way to 
obtain “pre-forms” of the shape of the part to be molded. 


Chopped Strand Mats 


Chopped strand mats are felts or mats consisting of glass strands 
chopped to lengths of mostly 50 mm (2 in.) and held together by a 
binder that is soluble in styrene. The binder content may vary 
from 3% to 6%, dep ending on the req uirements in ter ms of pro- 
cessing of the mat and the characteristics of the finished product. 
Chopped strand mats are p articularly suited to contact molding 
and to continuous molding between layers of film. 


Woven Rovings 


Woven roving fabrics are made of roving glass strands. The fabrics 
are manufactured mostly as fabrics with a uniform w arp and weft 
setting but also as unidirectional fabrics and as tapes. They are used 
for hand lay-up, injection molding, and press molding for the pro- 
duction of laminated glass-r einforced plastics for use in industry , 
transport, sports, and leisure activities. 


Glass Mat 


Glass mat is a nonwoven material, composed of uniformly distrib- 
uted glass strands. These are bo und by means of 0 rganic additives, 
mainly thermosetting resins. These form a paper wh ich, after poly- 
merization, is rolled up and packaged ready for use. Glass mat is not 
susceptible to atmospheric agents or to ultraviolet rays, is supple and 
traction-resistant, will not rot, and is dimensionally stable. Its poros- 
ity makes it easy to impregnate. It also demonstrates good chemical 
resistance and possesses excellent waterproofing, anticorrosion, and 
fire protection characteristics. The tw o processes used to manuf ac- 
ture glass mats—the wet and dry processes—produce different types 
of paper. Their diverse app lications satisfy the technical require- 
ments of a range of secto rs such as insulation, automotive, roofing, 
and construction. 


Textile Fiberglass Markets 


Markets into which textile fiberglass is sold are described in the 
following sections. 


Transportation 


Fiberglass composites are used in a number of applications within 
the transportation market. These include exterior door panels, radi- 
ators and ignition components on passenger vehicles, side panels 
on light- and heavy-duty trucks, hoods, hatchbacks, roof and truck 
panels, wing mirrors, rear light units, brake linings, ignition compo- 
nents, and mu fflers. The benefits of using composites include 

greater fuel efficiency, corrosion resistance, low weight and high 

strength, impact resistance, freedom from rust, and the ability to 
apply a high-quality finish. 

Structural and s emistructural parts made of composites have 
good flexural strength and rigidity. Parts often having a high glass 
content are front-end panels, flooring, engine blocks, bumper 
beams, leaf springs, spare wheels and covers, fuel tank supports, 
inlet manifolds, cooling modules, and oil pans. 


Construction 


Composite applications in the construction market are numerous. 
They extend from the exterior walls and the roof to the interior of 
the home or building. In some cases, glass strands are visible, and 
in others, the glass is incorporated in a plastic or cement matrix. For 
exterior applications, composites are used in the following areas: 

¢ Doors and windows 


¢ Gutters, downspouts, and outlets 
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¢ Columns, pedestals, domes, and cornices for exterior design 


Paneling, cladding, co vering for protection, and insulation 
panels 


Shingles and other roofing applications 


Translucent flat or corrugated sheets and facing for decorative 
fascia 


¢ Renovation of fascia using glass-cement composites 


¢ External in sulation and coatings of f acades wher e d imen- 
sional stability and prevention against cracking are required 


¢ Molds for concrete 


Interior application s for com posites are also numerous and 
include 


¢ Gypsum boards and wall partitions 
¢ Composite panels 
¢ Glass-reinforced plaster 


Dry-wall tapes 

¢ Flooring 

¢ Wash basins, showers, sinks, and toilets 

¢ Blinds and shades for decoration and protection from the sun 


¢ Aesthetic coverings for use on walls, partitions, ceilings, and 
doors 


Decor and furnishings 
¢ Decorative items 


Advantages t hat composit es br ing to the construct ion mark et 
are dimensional stability, high strength, reduced weight, impact resis- 
tance, low flammability, low maintenance, and design flexibility. 


Infrastructure 


In this market, fiberglass composites have numerous applications: 


¢ In primary structural items, composites are found in pilings, 
bridge decks, and cable stays. 


In infrastructure restoration, composites are found in column 
wrapping, pipes, and structural cladding, and are used for in- 
situ repair of structures. 


¢ In hybrid structural items, composites are combined with con- 
ventional materials like wood, steel, or concrete. 


In electric power transmission, composites are used in utility 
poles, transmission poles, and cross-arm members. 


¢ In highway safety and roadside installations, composites are 
used in sign supports, guardra ils, posts and supports, and 
noise barriers. 

¢ In seismic-resistant a pplications, composite s are used to 
repair damaged structures, to upgrade existing structures, and 
to build ne w construction th atis le ss prone to earthqua ke 
damage. 

¢ In bridge construction, composites provide a high load capac- 
ity with low material weight. 

¢ In pavement reinforcing, composites are also used. 

Other infrastructure applications are composite reinforcing for 
concrete products such as dowel bars, reinforcing bars, and post- 
tensioning and prestressed tendons. 

In these applications, composite materials brin g anumber of 
benefits, including h igh streng th, reduced weight, corrosion resis- 
tance, low maintenance, dimensional stability, low installation costs, 
and design flexibility. Composites are very durable and will not cor- 
rode like steel or rot like wood, so maintena nce and replace ment 
costs are reduced. 


Corrosion Resistance 


Unlike other materials, composites are ideally suited for corrosive 
environments. Applications in this mark et include pipes, fume- 
handling ducts, underground petroleum tanks, sucker rods, flood 
control, and navigational waterway structures like dam gates and 
weirs, energy production structures for oil and gas production like 
offshore platforms, and miscellaneous process equipment. 


Recreational 


Composites are found in a variety of consumer goods, particularly 
recreational and sporting goods products. These products include 
water and sn ow skis, kayaks, snowboards, golf club shafts, golf 
carts, fishing rods, and swimming pools. The benefits of using com- 
posites for consumer goods include strength, low weight, resilience, 
flexibility, and corrosion resistance. 


Marine 


Composite ma terials are used ina variety of appl ications in the 

marine market, inc luding the materials used in the construction, 
maintenance, repair, and equip ping of po werboats, sailboats, and 
other w ater craft. Composites bring myriad benef its to marine 

applications, including high stre ngth, reduced weight, corrosion 
resistance, dimensional stability, and design flexibility. 


Appliances and Business Equipment 


Composites are used in anumber of different appli cations in this 
market, including gears, pans, housings, and other comp onents for 
household appliances such as washers, washing-machine drums, dry- 
ers, waste disposal units, air conditioners, and humidifiers. Compos- 
ites are also used in comput er terminal hou sings and in _ business 
equipment such as copiers, cash registers, and mailing equipment. 


Electrical and Electronics 


Composite ap plications for electrical a nd el ectronics m arkets 
include light poles, circuit boards, electrical junction boxes, ladder 
rails, antennas, fuse box es, lamp housings, street light sh ells, and 
switchgear cabinets. 

As sheathings used in conjunction with lacquers and coatings, 
composites are used for covering wires and cables as insulators. 
The mechanical and el ectrical characteristics of composites allow 
very thin coverings to be produced, thereby reducing the volume of 
electrical equipment. 

Glass strand fabrics play an imp ortant part in the electronics 
industry, where they are used to produce copper-plated laminates in 
printed circuit board manufacturing. The benefits of using compos- 
ites in these applications include high strength, low weight, dimen- 
sional stability, design flexibility, cost performance, and corrosion 
resistance. 


Aerospace and Aircraft 


Aerospace and aircraft applications include overhead storage bins, 
aircraft toilets, and helico pter rotor blades. Benef its from u sing 
composites for these applications include cost performance, dimen- 
sional stability, and corrosion resistance. Composite materials are 
light in weight, can withstand he avy loads, and provide excellent 
resistance to bumps and impact. 


FIBERGLASS MARKET TRENDS AND FORECASTS 


In a rep ort published by the Freedonia Group (200 3), a leading 

international database b usiness research compan y, by 2007 , the 
U.S. demand for glass fibers is projected to increase 2% per year to 
3.1 billion kg (6.9 billion Ib), having a market value of $6.8 billion. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


1378 


Industrial Minerals and Rocks 





The se gment projected to have strong growth is the fiber- 
reinforced plast ics (FRP) mark et, where the gro wthra te is 
expected to be between 2.5% and 3.0%. The size of this segment is 
estimated to grow to more than 0.5 billion kg (1 billion Ib). Oppor- 
tunities in FRP will stem from their advantages over competitive 
materials, where products made from FRP are lighter in weight, 
are superior in corr osion resistance, and have a favorable cost/ 
performance profile. Building products and motor vehicles will be 
the leading applications. Good growth is also expected for electri- 
cal and e lectronic mark ets, which con tinue to be stimulated by 
rapid advances in computer and telecommunications technology. 

Demand in other reinforcements applications, such as asphalt 
construction products, mechanical rubber products, paper products, 
and fabrics is projected to rise 2.3% yearly to 0.6 billion kg (1.3 bil- 
lion Ib). The best prospects are expected in mechanical rubber rein- 
forcement appl ications, based on usageina broad ran ge of 
industrial comp onent applications. Asphalt constr uction products 
will continue to account for a large portion of overall demand as a 
result of above-average growth for laminated shin gles, which uti- 
lize 30% more glass f iber than standard asphalt shingles. Among 
nonreinforcement uses, filtration and other smaller markets such as 
battery separators will provide good opportunities based on rising 
demand in high-efficiency filtration and other applications. 

In the insula tion se gment, overall de mandis forecast to 
increase 1.7% annually to 1.9 billion kg (4.1 billion Ib), with resi- 
dential construction accounting for approximately 70% of the total. 
A projected decelerati on in re sidential c onstruction ac tivity will 
strongly limit growth prospects, but reductions in single-unit con- 
ventional housing starts will be somewhat offset by a growing after- 
market demand, as well as by more intensi ve use of fiberglass 
insulation per ne w housing unit. The best op portunities are antici- 
pated in nonresidential construction because of rebounds in of fice, 
commercial, and industrial construction applications. 
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Flat Glass 


Ed McCullah 


HISTORY 


“Flat glass” is a desi gnation given to glass that was historically 
produced for windows with the purpose of keeping out wind and 
rain while letting in light. As processes for producing flat g lass 
improved and evolved, other uses were de veloped to tak e advan- 
tage of the pro duct’s improved flatness, more uniform thickness, 
stronger durability, and better optical quality. 

The flat glass industry has undergone two technological revo- 
lutions in the twentieth century. The first of these, occurring in the 
period between World War I and World War II, transformed flat 
glass manufacturing from a batch to a continuous process. This 
period included the development of several commercially success- 
ful sheet glass production techni ques, such as the Colburn, 
Fourcault, and Pittsburgh processes. In addition, plate glass manu- 
facturing was developing to the point that, by the start of World War 
II, the technology for continuous twin grinding and polishing of the 
plate ribbon was in commercial use. 

The second revolution, which has taken place in the last 
50 years, has in volved the development of processes for forming 
flat glass on a substr ate of molten tin—the de velopment of float 
glass technology. The histor y of float glass (a type of flat glass) 
actually began in the mid-nineteenth century when Henry Bessemer 
became the f irst person to recogni ze the adv antages and f iled an 
early patent (Bessemer 1848). The first U.S. patent describing the 
manufacture of flat glass by pouring molten glass onto aliqu id 
metal bath and then dra wing the bath into an annealing lehr w as 
issued to William Heal in 1902. Further work led to an other U.S. 
patent issued to H.K. Hitchcock in 1 905. The Hitch cock patent 
dealt with the compartmentalization of the tin bath to provide tem- 
perature control of the glass ribbon. 

The great breakthrough in float glass was made by Pilkington 
Brothers in the 1950s. Starting from a clear, well-defined objective— 
to fire-polish rolled glass on a liq uid metal substrate and thus a void 
the grinding and polishing operations—they were able to develop the 
first commercially successful process. The development took 7 years 
of massive effort and expenditure. Its success is a direct result of the 
vision and pertinacity of the workers involved and to the patience and 
economic courage of Pilkington B rothers’ management. The pr ob- 
lems encountered during these years (until approximately 1962) were 
primarily of an engineering and chemical nature. It was the solution 
to these problems that ended the first phase of float glass de velop- 
ment. The U.S. patent by Pilkington Brothers was issued in 1965. 


Up to now, most activity has centered on the d evelopment of 
techniques for making a float glass ribbon thicker and thinner than 
the so-called “base/equilibrium” thickness, which is 6 mm. As the 
process matured, it was capable of displacing plate glass in the mid- 
1960s and w as, by the 1970s, clearly capable of replacing sheet 
glass as well. The advantages of hi gher qua lity, m ore flexibility, 
higher production volumes, and economics became very obvious. 


FLAT GLASS PRODUCTION 
Batching 


Batching is the process of unloading, storing, weighing, mixing, and 
conveying the raw material to the m elting furnace. T he plant of 
today is essentially fully automated with some type of computer or 
controller. Each part of this process mu _ st be tightly controlled to 
minimize cross contamination of raw materials and to achieve accu- 
rate weighing and optimum mixing. All processes also include some 
type of cullet (broken glass) recycling, not only from in-house losses 
but also from c ustomer-returned product. For lines that use se veral 
colorants to produce different colors and products, the storing and 
controlled recycling of culle t can be extremely critical. Very small 
amounts of cullet with colorants not accurately compensated for can 
lead to off-color and out-of-specification product. Although some- 
times taken for granted, the batching area is the f irst step toward a 
good product. A mistake in this area cannot be corrected later in the 
process. 

The importance of a consistent supply of raw materials cannot 
be overemphasized. Tight controls, along with monitoring of each 
raw material for composition, grain size, and impur ities, are 
required. Slight variations can result in major problems. Transporta- 
tion of the raw materials is just as important. Dedicated railcars and 
trucks are preferred, b ut not always available. In situations where 
other materials are involved,an agreed-upon and documented 
cleaning procedure may be necessary. 


Melting 


The float glass furnaces of today, although similar to those o f the 
1960s, are continually changing. The furnace has been the heart of 
the process and typi cally the limit ing factor. The driving force for 
improvement has bee n the ultimate cost and quali ty of the final 
product. The k ey areas of impro vement in the past 40 years ha ve 
been pr oduct qu ality, volume pro duced, furnace life, and energy 
usage. These items are interrelated in that changing one also has a 
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direct impact on the others. Instrumentation, computers, and model- 
ing, for example, have allowed monitoring and control to drastically 
improve. Better refractories, materials, construction, and hot-repair 
techniques have helped increase the life of the furnace (the cam- 
paign), to the point that the campaign has increased from 5 years to 
current targets of 15 years. Improved insulation packages and better 
combustion control ha ve impro ved fuel efficiencies. Furnace size 
increases and design changes have helped in all areas. 

Although most U.S. furnaces use natural gas for fuel, a fe w 
use oil. Some use oxygen/gas burners for extra melting capacity to 
increase production and improve quality. There are currently three 
100% oxygen/g as-fired float lines. Some electric boost is being 
used for furnaces that melt high- iron automotive glasses. With the 
rising energy costs facing the producers today, much work is being 
done to optimize cu rrent technology and to look for new methods 
and fuels for the future. 

Furnaces are normally considered to have three main areas: a 
melter where the raw materials are melted and liquefied, a refiner to 
allow gas bubbles to escape, and a working end where the g lass is 
cooled before exiting into the bath. Melting temperatures in excess 
of 1,600°C are common. 


Forming in the Bath 


The float bath, which contains >100 t of molten tin, is electrically 
heated and then purged with a nitrogen—hydrogen mi xture. The 
glass is poured onto molte ntin where it “floats” bec ause of the 
density difference be tween the glass and the tin . The continuo us 
ribbon of glass moves through the bath where it is controlled with 
heat and top-roll machines to form a desired thickness and width. 
The glass is pu lled by a system of rol lers that conveys the glass 
through the entire process. Glass enters the bath in the temperature 
range of 1,050° to 1,200°C and exits at 575° to 625°C. Glass thick- 
nesses from 0.3 mm to 25 mm have been produced. After more 
than 40 yea rs of use, the float bath sti Il rema ins the primary 
method for producing flat glass in high volumes at low cost. 


Annealing 


Once the ribbon of glass is formed in the bath, it enters the ann eal- 
ing lehr. The lehr has two functions and areas: the permanent and 
the temporary. The annealing range (550° to 490°C) determines the 
strength, flatness, and cutting prope rties that the glass will have at 
room temperature. This is termed the permanent zone because these 
properties will remain with the glass unless it is rehe ated or tem- 
pered. Below the annealing range, the glass enters the temporary 
zone where the goal is to rapidly cool the glass to room temperature 
for cutting. Once the glass reaches room temperat ure, the tempo- 
rary properties are gone and only the permanent remain. Improper 
cooling rates and too much stress buildup can result in breakage, 
flatness problems, or cutting problems. 


Inspection 


Once the ribbon passes through the le hr, it is inspected and out-of- 
spec defe cts are m arked. Mo st lines to day ar e using automatic 
inspection systems that employ lasers or camera systems, or both, 
for detection. The higher p roduction speeds and requirements for 
smaller defect detection and iden tification are continually p ushing 
the limit for the current equipment. 


Cutting and Packing 


The final step is the cutting an d packing of the products. Today’s 
customers require an almost endless number of sizes that range from 
130 in. x 230 in. down to 12 in. x 12 in. This has requ ired greater 
flexibility in the cutting systems and has led to complete computer- 


ization. Packing is e volving from a totally manual proc ess to one 
that uses automatic equipment. Once again, the packing equipment 
needs the flexibility to pack any number of different sizes. 


Environmental Concerns 


The impact of changing environmental regulations has not bypassed 
the glass producer. Like all other manufacturers, the impact has been 
absorbed into the product cost. In the United States, the major areas 
of environmental concern are nitrogen oxides (NOx), sulfur oxides 
(SOx), and particulates. The particulates can be controlled in several 
ways, but the electrostatic precipitator (E P) has pro ven to be the 
main method. SOx can also be controlled inside the EP using a soda 
ash slurry that is injected into the exhaust stream and collected. NOx 
has proven to be more of a problem, and many different methods for 
its reduction are being practiced throughout the float and other glass 
industries. Depending on the location of the plant, different levels of 
NOx are allowed, and this may dictate the method or practices to be 
used. Controlling NO, without dama ging the furnace or shortening 
its life, while maintaining cost controls, has become a tight balance. 


Production Locations in North America 


Table 1 lists the current 0 perating float glass production lines by 
company. The impact of the global company influence is evidenced 
by the fact that the AFG (Asahi Glass) and Pilkington (formerly 
LOF) companies are both foreign owned. 


RAW MATERIALS USED IN PRODUCTION 
Base Batch Ingredients 


There is no set or standard composition used by all the glass manu- 
facturers, but they typically run in a close range for the major ingre- 
dients, especially for cl ear glass. Table 2 sho ws a ty pical base for 
clear float glass. 

Although these are the base ingredients, a typical composition 
also includes nu merous minor elements. Their ty pes and amounts 
will vary with the location of the mine, quarry, or process, but these 
minor ingredients are typically potassium (KO), t itania (TiO2), 
alumina (Al 203), zirco nia (ZrO 2), ma nganese (MnO 2), and iron 
(Fe203). Today a full analysis of all the ingredients is compiled and 
input to a computer, which calculates the batch recipe. The process- 
ing, si zing, and transportation of these ma terials are also v ery 
important to the glassmaker to ensure no contamination, consistent 
melting, and reliable delivery. Some contaminants can be disastrous 
to the producer when they arrive as larger particles that do not have 
enough time and/or temperature in the process to melt. Two of the 
most difficult to handle are chromite and alumina. 


Additives for Color, Properties, and Forming 


For a utomotive glasses, the composition forma ny ye ars used a 

higher level of iron (0.4% to 0.6% Fe203), which gave a green prod- 
uct. Sometimes a small amount of cobalt was used with the iron to 
give a green/blue tint. As the automotive industry became more con- 
cemed with air conditioning and heat buildup in vehicles, composi- 
tions with higher iron levels were used to absorb/reflect more of the 
solar heat and ultraviolet (UV) radiation. Some compositions used 
cerium and titania for improved UV protection to prevent fabric fad- 
ing and protect passengers. With the production of minivans and 
sport utility v ehicles (SUVs) c ame even more glass usage, which 

again caused air -conditioning and heat-b uildup concerns. Glass 

manufacturers responded with wh at has been labeled as “pri vacy” 
glass, which is a very dark product that again helps control solar and 
UV properties. These glasses are made with iron (Fe 203) le vels 
>0.8% upto 1.5% and dif ferent combination s and amou nts of 
cobalt, selenium, nickel oxide, titania, cerium, niter, and manganese, 
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Table 1. Producing companies and locations (North America) 


Company and Location Float Glass Production 


Table 2. Typical base for clear float glass 


Oxide Percentage Range Source 





AFG (Asahi Glass) 
Church Hill, Tennessee 2 lines 
Cinnaminson, New Jersey 
Jerry Run, West Virginia 
Richmond, Kentucky 
Spring Hill, Kansas 
Victorville, California 
Quebec, Canada 


Mexicali, Mexico 


Cardinal Glass 


Menomonie, Wisconsin 


Joint with Vitro 


Portage, Wisconsin 

Mooresville, North Carolina 

Durant, Oklahoma 
Guardian Glass 

Carleton, Michigan 2 lines 

Geneva, New York 

De Witt, lowa 

Floreffe, Pennsylvania 

Richburg, South Carolina 

Corsicana, Texas 

Kingsburg, California 
Pilkington Glass 

Rossford, Ohio 


Ottawa, Illinois 


2 lines 


Lathrop, California 


Laurinburg, North Carolina 2 lines 


PPG Industries 

Carlisle, Pennsylvania 2 lines 
Meadville, Pennsylvania 2 lines 
Mt. Zion, Illinois 
Wichita Falls, Texas 


Fresno, California 


2 lines 


2 lines 


Owen Sound, Canada 


Visteon 
Nashville, Tennessee 


Tulsa, Oklahoma 2 lines 





among others. The color can be controlled to produce a green, gray, 
blue, or bronze product tint using combinations of the colorants and 
tight control of the furnace redox. 

For architectural glasses, mostly gray and bronze products are 
used, but several blue, blue-green, and green products are also on the 
market. These use essentially the same colorants as the automoti ve 
privacy gl asses. Se veral of t he ne wer products are essential ly t he 
automotive products under a different name. Once again, it is control 
of the solar properties that is critical in the building design in addition 
to the beautiful colors that can be selected. 

Specialty glasses such as a low-iron product are being made 
for furniture, glass shelving, industrial needs, solar products, and so 
forth. These glasses sometimes have less than 0.015% iron. They 
require that the raw materials contain very low levels of iron. Tight 
furnace control of the redox conditions is needed to maintain the 
iron at the desired color shade. A more oxidized glass will cause the 
remaining iron to turn yellow, and this sometimes requires the addi- 
tion of asmall amount of cerium and niter. Ifablue shade is 


SiO2 F532 Silica, silicon dioxide (SiO2), silica sand 
Na2O 13.4-14.2 Sodium carbonate (Na2CO3}, soda ash 
CaO 8.4-8.9 Lime, limestone (CaCO3) 

MgO 3.6-4.3 Magnesium, dolomite (CaMgCOs3) 

Al203 0.1-1.2 Alumina, nephaline, feldspar, slag 

Fe2O3 0.08-0.12 Iron, iron oxide (Fe2O3) 

SO3 0.15-0.30 Sulfate, sodium sulfate (Na2SO4), calcium 


sulfate (CaSOx) 





desired, the furnace is operated under reducing conditions and a 
small amount of cobalt might be added. 


FLOAT GLASS PRODUCTS 
Market Breakdown by Section 


Although the market end use for glass varies with the introduction 
of ne w pr oducts, it has remained reasonably stable for several 
years. The increasing number of cars has been offset by windows 
(both re sidential a nd a rchitectural/commercial) th at use m ultiple 
panes of glass. The latest numbers from the AFG Marketing Group 
(2003 data) indicates a breakdown in the sectors as follows: 


Automotive 23% 
Residential 42% 
Architectural 24% 
Specialty 11% 


Automotive Glass 


As designers continue to develop the new looks of today’s vehicles, 
the role of glass has continued to be an inte gral part of that design. 
Today’s designers are co ncerned about color , solar heat, UV rays, 
weight, styling, and security. Each of these items has forced changes 
to the basic glass product and continues to challenge the producers. 

Originally, basic automoti ve glass w as clear. This changed to 
green tints (achie ved with Fe 203) in the 1970sa_s the desire to 
increase sun sha ding became important. As designers be gan to 
increase the amount of glass used, the heat b uildup in a park ed car 
and the air conditioning required to keep a car cool were added to the 
list of concerns. The first move was to increase the amount of iron 
used to darken the green color, which lowers the light and solar trans- 
mittance. This approach w as limite d bya fe deral standa rd that 
requires a minimum of 70% light transmittance in all passenger car 
glass. For SUVs, mini vans, trucks, and so forth, this la w applies to 
the windshield and the front-door glass only. The concern about UV 
rays also came to the fore at this time in connection not only with per- 
sonal health, but also with fabric and dash fading. Glassmakers found 
that they could optimize the solar and UV protection by controlling 
furnace redox and/or using small amounts of cerium, titania, or both. 

With the success of minivans in the 1980s, SUVs in the 1990s, 
and passenger-styled trucks recently, the privacy glass wave of prod- 
ucts evolved. Light transmissions were reduced to less than 20% in 
some products to further reduce so lar heat and UV rays. This has 
also allowed color to be more of a choice. T oday’s desig ners can 
use, for example, green, gray, blue, and bronze shades of glass, and 
engineers can design smaller air-conditioning syste ms. These 
glasses have been a real challenge to the producers not only in the 
melting area, but also in the seemingly continuou s color transitions 
that generate tons of off-color product to be recycled. 

As the glass composition options became limited by the 70% 
light transmittance re gulation, the use of coatings on the glass and 
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laminating ma terials wi th addi tives ha s i ncreased. T hese ha ve 
allowed further decreases in solar and UV transmittance while con- 
tinuing to meet the 70% minimum for light transmittance. 

The continuing cycle of concern about fuel mileage has led to 
the use of thinner glass products in an effort to reduce overall vehi- 
cle weight. Although this is not a melting concern, it is a forming 
problem for the bath. Thinner products normally result in poorer 
optical properties. The o ld standard to im prove opt ics is to run 
slower and pro duce less, but this leads to higher production costs. 
Glass less than 1 mm has been us ed, but problems with fabricating 
parts, breakage, and road and wind noise, among others, continue to 
limit the reduction in thickness. 

Styling isa designer’s dream but often a pr oducer’s nigh t- 
mare. The windshields that lay down seemingly almost h orizontal 
result in increased optical problems. This, combined with thinner 
glasses, results in very tight control ranges. The large wraparound 
pieces are v ery difficult to be nd and form without pro blems. The 
many bends, numerous holes, and curvy shapes also increase the 
fabricator’s difficulties. 

Security is probably the latest item of concern to fabricators. 
The standard for many years has been laminated windshields and 
tempered side and back glass. Tempered glass, although tough to 
break, can be broken, resulting in very quick entry into the vehicle. 
Several of the high-end cars today are also using a laminated prod- 
uct for side glass. Instead of a single 3.6-mm tempered glass piece, 
the new units are two pieces of 1.6- to 1.8-mm laminated glass. 


Residential/Window Glass 


The traditional glass of choice has been and continues to be a clear 
product. Just ast he au tomotive designers be gan to b e con cerned 
about heat b uildup, heat loss, and UV rays, the homeowners have 
done lik ewise. Un fortunately, glass cannot be made to control and 
mitigate these concerns wi thout decreasing the light t ransmittance, 
which is totally undesired i n this application. The first step w as to 
improve the therm al barrier by the use of insulated glass (IG) units 
that consist of 2 and sometimes 3 lites of glass, sealed in a unit with 
an air space separating each lite. These units continue to be refined in 
design by using different and more efficient construction materials, 
spacers, and gas filling. The next step was to further control the heat 
escaping from the house and the sol ar heat and UV rays entering the 
house. This has been accomplished with the use of coat ings anda 
group of p roducts termed Low E, which stands for low emissivity. 
Low E glass is coated with microscopically thin, virtually invisible 
metal or metallic oxide layers to reduce the U-factor by suppressing 
the radiative heat flow through the window. Low E coatings can be 
applied on the float line (pyrolytic) or of fline (sputtered). The coat - 
ings differ in their durabil ity—the on-line pyrolytic type is the most 
durable, which all ows it to be e xposed to th e weather and out side 
conditions. Because the sputt ered products are less durable, they 
must be glazed inside an IG unit. 

The coating s have been further refined to include products 
that are better in col der climates than in warmer climates. Color 
control is also a key control for the coatings, as slight variations can 
change the color from a neutral toa blue or green shade, among 
others, when viewed in reflection. 

In areas whe re hurric anes and high winds are a risk, some 
building codes are now requiring that the glass be laminated lik e a 
car windshield. 


Architectural /Commercial 


Color and solar control are at the top of the designer’ s list of con- 
siderations when it comes to la rge applications. The old standby 
colors of the past were the gray and bronze tints, but today’s palette 
is almost endless. The base glass can now be of several tints, most 


of which ha ve been de veloped for automotive applications. These 
can be several shades of green, blue, blue-green, gray, bronze, and 
so forth. On top of the basic glass, an almost endless list of colors 
and properties canbe added with the coating techn ology. Both 
pyrolytic and soft coat products are used for these applications. 


Specialty Products 


One of th e fastest growing areas is the glass for sola r collectors. 
This gla ss req uires the ma ximum a mount of li ght tra nsmittance 
possible to obtain peak efficiency. As ar esult, the iron le vels are 
being reduced to the limit of the available raw materials. Products 
with <0.015% Fe 203 are being prod _uced. Som etimes sm all 
amounts of cerium and niter are used to control the redox state of 
the iron to further increase light transmittance. 

Other uses of the low-iron products are found in glass for fur- 
niture, table tops, shelving, appliances, and lighting fixtures where 
the traditional dark green edge can be a soft green, a light blue, or 
almost colorless. 

Products for liquid crystal displays, personal computers, touch 
screens, TVs, computers, and many other electronic and commer- 
cial uses are also increasing in volume. These products require very 
tight quality controls and very thin thicknesses in some applica- 
tions. Again, coatings are playing a major role in s everal of t hese 
applications. 


FUTURE MARKETS AND TRENDS 


The forecast for glass sales continues to show a gradual increase in 
volume in the coming years for the U.S. and North American mar- 
kets. Unfortunately, the supply a nd demand in the United States 
still is on the supply side, resulting in a very competitive commod- 
ity market. Glass is acommodity product, w orldwide quality is 
improving, and more imports wi Il most likely be c oming to U. S. 
shores in increasing numbers. 

Flat glass producers appear to be following the same path as 
other manufacturers because the majority of the world’s new pro- 
duction facilities are being built in the Far E ast, particularly in 
China. China, which is under going the lar gest e xpansion in the 
world today, is and will continue to be the biggest concern for the 
industry. With today’s float plant cost push ing $100 million for a 
basic plant and glass prices still very soft, the price of labor and 
energy are key variables. 

Technology and producti vity impro vements ha ve k ept the 
U.S. manufacturers competitive for along time. This trend must 
continue. Other areas that must continue to gro w are the v alue- 
added and specialty pr oducts, man y of which in volve coating s. 
These niches allo w for increased profits only until the technology 
spreads and others enter the market. At that time, a profitable value- 
added product becomes a commodity. 
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Specialty Glass 


George H. Edwards, Victor O. Aume 


INTRODUCTION 


Specialty glasses include that very broad range of glass types, com- 
positions, and end uses that are not flat (wind ow) glass, container 
glass, or fiberglass. In earlier texts this broad group was sometimes 
referred to as “pressed and blown ware,” but this definition is not 
completely satisfactory because it is not specific in terms of compo- 
sition, nor is it inclusive in capturing the process of forming the 
product. The U.S. Depar tment of Commerce has published glass- 
production da ta tha t in cludes fiberglass wi th the spec ialty gla ss 
data, which clouds the subject somewhat. 

Examples of specialty glas ses include lighting products 
(incandescent bulbs and fluorescent tubes), laborat ory ware, cath- 
ode-ray tubes (CRTs) for television and computer monitors, liquid 
crystal display flat glass, optical and ophthalmic glasses, glass- 
ceramic cooking and table ware, soda-lime and bor osilicate table- 
ware, and lead crystal and other art glasses including color sticks. 
Fused silica is a glassy form of silicon dioxide (SiO2) and is some- 
times included in the group, althou gh it is not for med by normal 
glass-making processes. Optical fiberglass, produced by the flame 
pyrolysis of silicon compounds, is not considered in this chapter. 

The complexity of the subject is re flected in the fact that at 
one time a leading specialty glassmaker listed ne arly 1,000 glass 
compositions used to manuf acture about 60,000 dif ferent products 
(Edwards and Copley 1977). More than 20 different industrial min- 
erals are consumed in the glass industry (O’Driscoll 1990), and the 
number of specialty chemicals consumed is even greater. Indeed, 
the dividing line between minerals and spec ialty chemicals can 
become blurred as th e specialty glassmaker pl aces i ncreasingly 
stringent demands on the raw material producer by requiring miner- 
als to be more highly processed. At that point it becomes difficult to 
say whether they have lost their original mineralogical identity and 
become refined chemicals. 

Many specialty glass products, such as tableware and float glass 
(window glass produced by floating molten glass on a pool of molten 
tin), use glass formulations which, although specific to the end use, 
are similar to the great bulk of container glass in that they are soda- 
lime glasses, form ulated with SiO 2, soda (NaO), calcia (CaO), and 
small amounts of alumina (Al2O3,) and perhaps magnesia (MgO) as 
a stabilizer. 

This c hapter gi ves a brie f 0 verview of se lected s pecialty 
glasses and their manuf acturing processes b ut focus es more on 
some of the industrial minerals used in their production. For greater 


detail on glass-manufacturing techniques, consult The Handbook of 
Glass Manufacture by F.V. Tooley (1984). 

The glass indust ry as a whol e refers to the oxide when dis- 
cussing the composition of a mineral or chemical, and this conven- 
tion is used here, referring to, for example, the potassium content 
of a feldspar in the form of K20, or potash, rather than as the ele- 
ment potassium. This convention is useful for the gl assmaker in 
that most glasses are described by their content of glass fo rmers 
(SiOz, b oric ox ide [ B203], etc .), intermedi ates (Al 203, ti tania 
[TiO2], etc.), and modifiers (MgO, lithia [Li20], CaO, etc.), and 
such an e xpression is used to calculate the oxide contribution of 
any given raw material in the batch to the desired oxide composi - 
tion of the final glass. This in turn facilitates the calculation of the 
batch composition needed in producing the glass, because in gen- 
eral, glassmaking is a continuous process for which the raw mate- 
rials are prepared discontinuously in discrete batches, then added 
to the continuous melting and forming stages. 


SPECIALTY GLASS PROCESSES 

Lighting 

Lighting products such as lamp en velopes (light b ulbs) are made 
from a variety of glass types, including borosilicate, soda lime, and 
aluminosilicate, although this list is not exhaustive. The processes 
used in manufacturing these lamp envelopes can be generalized into 
two categories: (1) la mp blanks (preliminary shapes from which 

finished articles are made) formed directly in some type of blowing 
process (such as the ribbon machine); or (2) lamp blanks formed by 
the lampw orking of previously manufactured glass tubing. Glass 

quality requirements vary among the different applications but are 
most critical for halogen-type bulbs because of the high operating 
temperature of the lamp. 

Vello, downdraw, and Danner forming processes are used to 
manufacture tu bing (Tooley 19 84). Historically, the Danner p ro- 
cess was preferred until the Vello process, which greatly increased 
production rates, was developed. The Danner process is still in use 
in many developing countries, and for a very few selected products 
requiring particular dimensional characteristics. The Danner pro- 
cess is a much simpler process than the Vello but is limited by the 
gravitational flow of the viscous g lass, and the stability of that 
flow down the forming mandrel to provide dimensional control. 
The Vello pr ocess could be th ought of as a pultrusion pro cess, 
where the glass is literally pulled through an annular opening by 
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the cutting machine at the cold end of the process. The downdraw 
process differs from the Vello primarily in scale and size of prod- 
ucts, rang ing up ward from roughly an ou tside diameter (OD) of 
51.0 mm (2.0 in.). It is also characterized by being a completely 
vertical process, whereas Danner and Vello are horizontal. 

The variety of sizes produced range from less than 6.0 mm 
(0.25 in.) OD to as much as 305 mm (12 in.) OD for a do wndraw 
operation, with a variety of possible wall thicknesses. Probably the 
largest application is for soda-lime fluorescent tubing. 

Amid the variety of blowing processes, the ribbon machine for 
standard light bulbs is the best known. The ribbon machine is capa- 
ble of making a variety of bulb blank sizes, up to lar ger specialty 
bulbs for x-ray tubes and stadium lighting, fore xample. A stream 
of glass is formed into a relatively thin ribbon and pulled across the 
top of a bank of molds. The glass is pressed into the top of each 
mold and blown out into a bulb. The finished bulb is cracked off the 
ribbon, and the majority of the ribbon is return ed for rec ycling. 
Larger bulbs can also be made on gob-and-blow machines, where a 
small gob of glass is extruded from an orifice, cut and pressed into a 
patty, and then sagged and bl own into a rotating mold. This latter 
process produces blanks without mold seams because the mold 
rotates around the glass piece, cushioned by a film of steam. 

In developing countries, many such lighting products are pro- 
duced by hand. 

Glass quality requirements for lighting applications can be chal- 
lenging because the products are re latively thin-walled, | eaving no 
room for inclusions that might be tolerated in thicker ware, such as a 
bottle. For process stability in high-speed manufacturing processes, a 
constant and stable viscosity is required, implying that the glass com- 
position must be very stable and also requiring tight control of raw 
material assays and thorough mixing. 


Laboratory Ware and Pharmaceutical Glass 


Glasses produced for this industry segment are nearly all borosili- 
cates of one type or another, which have the highest chemical dura- 
bilities of common glass compositions. 

The dura bility and inertness is are sult of the composition, 
which is more than 80% si lica in the case of heat-resistant glass, 
with the remainder being boro n, soda, and alumina. The resulting 
low coefficient of thermal expansion also makes this hard borosili- 
cate especially useful in the laboratory where it can withstand direct 
heating without suffering thermal shock damage. The high amount 
of silica in the composition also makes this glass relatively difficult 
to melt, and so the selection of the particle-size distribution of the 
silica sand used is the most critical element of the raw materials 
portfolio. Many melting studies have been performed in an attempt 
to understand the melting dy namics of any particular sand , and 
although no definitive conclusion has been reached, sands for boro- 
silicate glass are gene rally finer than those used for other applica- 
tions. More subtle differences, such as whether the sand source is a 
rounded beach grain, or acrushe d, angular, fractured grain, will 
also affect the melting process. 

The basic forming processes for laboratory ware are similar to 
those for lighting, with tub ing and blo wnware being the pr imary 
manufacturing products. From thes e basic components, a __ great 
variety of products are produced through secondary manufacturing, 
based on the lampworking process—reheating, shaping, and con- 
necting previously made compone nts. A small samplin g of prod- 
ucts w ould include petcocks, distillation a nd condensation 
apparatus, reaction vessels, andtransfer piping. Nearlye very 
research university with any reasonable interest in chemistry will 


have a lampworking department (or at least an expert individual) to 
custom fabricate the desired process glassware. 

The glasses for pharmaceutical applications retain most of the 
chemical durability attributes of he at-resistant glass but do so with 
much less silica in the composition, which makes the glass a bit eas- 
ier to me It and manuf acture. These compositions will also contain 
varying amounts of potassia and calcia, and likely higher amounts of 
alumina, so da, and boron . They also ha ve the distinction of being 
produced in an amber color, for ultraviolet (UV) light protection of 
the contents. Altho ugh easier to melt because of lesser amounts of 
silica, their quality is difficult to maintain because of sensitivity to 
the oxidation state of the glass, a function of trace residual organics 
in the raw materials interacting with the mel ting process. This can 
affect not only the glass color but also the number of small gas bub- 
bles retained in the melt. Pharmaceutical glass is most often pro- 
duced as a glass tube initially, with a secondary product forming into 
an ampoule. 


Cathode-Ray Tubes 


CRTs, such as television tubes and computer monitors, were devel- 
oped in the 19 30s and 1940s and became a major manufacturing 
activity in the 19 50s and 1960s in North America. The ad vent of 
color television in the 1950s required further improvements in the 
glass composi tions, and larger tube sizes pushed the lim its of 
pressing capability. 

The composition of the faceplate (panel) glass is based on the 
need for x-ray abso rption to protect the vie wer from the radiation 
produced within the tube when the electron beam is generated to 
excite the fluorescent coating on the inside surface of the optical- 
quality faceplate. The glass composition has generally been high in 
the heavy alkaline earth components and with a small amount of 
lead to provide the x-ray absorption. With the advent of computer 
monitors and their problem with x-ray browning (burned-in ghost 
images), the composition evolved once more toe xclude lead and 
add zirconia (ZrO 2) instead. The funnel glass (so named for its 
shape) continues to be a high-le ad composition, as browning is of 
no consequence there. Theneck tubing for the electron beam 
source is also high in lead. 

Pressing is the most common process for manufacturing panel 
and funnel glass. A large, precious-metal-clad or refractory gobber 
is used at the delivery end of the process to extrude the desired 
quantity of glass (the gob) through an orifice. The gob is then cut, 
falls into a mold, and is pressed to the desired shape. Once cool 
enough (a limiting factor because of the relatively high thickness of 
the panel glass), the glass has a variety of metal components imbed- 
ded. It is then annealed and made ready for tube production, which 
involves applying phosphors; installing various metal components; 
and welding together the glass parts of the tube, followed by evacu- 
ation and sealing. 

Because of the str ingent quality requirements for the panel 
glass and the large amount of glass required to produce a panel (in 
excess of 45 kg [100 Ib] each for large specialty tubes), a great deal 
of effort has been expended to study melting characteristics of vari- 
ous raw materials, w orking to ward the goal o f defect-free glass. 
The high amount of fluxes and modifiers in the composition means 
that melting (e.g., sand grain dissolution) is not necessarily the pri- 
mary concern. Instea d, residual b ubbles, cord (glass inhomogene- 
ities), and refracto ry dissolution and interactions are the cri tical 
criteria for successful production. 

The production of CRTs has been, until recently, a premier 
activity of any glassmaker. In North America and Western Europe, 
however, the last fe w years ha ve been e xtraordinarily difficult for 
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the CRT glass producer. Significant capacity increases, as well as 
efficiency improvements, have been implemented in Asia. Econom- 
ically, only the top-of-the-line products can be manufactured profit- 
ably in the developed countries, but as technical and manufacturing 
capabilities continue their rapid progression in Asia, it is expected 
that more of the se products will be moved there as well. It is not 
very likely that any primary gl ass manufacturing will rem ain in 
North America by 20 10, and the pres sures will be very similar in 
Western Europe. 

In any case, the rapidly increasing po pularity of flat-screen 
displays for televisions and computers means that these sheet-glass 
displays will likely replace the CRT in most applications within a 
few years. 


Liquid Crystal Display Glass 


The popularity of thin, f lat disp lays for computer monitors and 
home entertainment has driven recent rapid growth in this segment 
of the sp ecialty glass indu stry, alth ough de velopment has been 
under way for at least 30 years. The basic forming technology was 
developed 30-40 years ago with the intention of producing window 
and automotive glass by a smaller scale alternative to the float glass 
process. 

Although tonnage produced is small, these products are highly 
profitable for their producers and have evolved into important and 
proprietary b usinesses. Assumin g that p roduct costs follow the 
decay curve seen in most newly developed electronic items, flat dis- 
play panels are expected to replace the CRT as the preferred prod- 
uct for television sets and computer monitors within a few years’ 
time. 

The glass material used for these flat-panel displays is unusual 
in that soda and potassia are contaminants to the ensuing semicon- 
ductor application and must be controlled to absolutely minimum 
levels. Often trace levels of alkalis in the raw materials are sources 
of serious product performance problems for the glass. In addition, 
the variabilities of the contaminants and material assay cause major 
instabilities in the melting process. 

Because of the semiconductor application requirements, the 
composition has an extremely high softening point, requiring melt- 
ing temperatures that exceed 1,700°C (3,092°F) and special materi- 
als in the construction of the melting furnaces and glass-handling 
equipment. Primary melting is powered by gas/oxygen combustion 
in combination with joule heating. The glass is ref ined, often in a 
vacuum-fining process, before proceeding through a platinum-clad 
mixing, conditioning, and stirring section. 

One major producer’s forming process consists of a trough that 
allows glass to overflow both sides and flow down to rejoin below 
the trough to form a vertical sheet with two optically perfect air- 
contact surfaces. A sheet is produced up to 2 m (6.6 ft) in width, and 
as thin as 0.7 mm (0.03 in.) at the current state of the technology. It 
is then inspected and graded for quality and allocated to its optimum 
utilization, depending on its quality grade. All processes after the 
forming pipe are in tightly controlled, clean-room environments. 


Optical and Ophthalmic Glass 


Optical glasses are e xtremely sp ecialized, lo w-volume products. 
Raw m aterial pu rity and st ability req uirements ar e demanding, 
often pushing the limits of suppl iers’ processes and approaching 
specialty chemical specifications. Because nearly perfect homoge- 
neity is necessary for optical transparency and image formation, 
glass/refractory contact is ofte n minimized thro ugh the e xtensive 
use of precious metals, at least in the conditioning and stirr ing sec- 
tions of the process. Very precise control of the refractive index is 
also key to producing these materials. 


Ophthalmic glasses are nearly as demanding in terms of qual- 
ity and purity requirements and often employ similar melting tech- 
nologies, including precious metals and intense stirring. One of the 
key product criteria, refracti ve index control, is a direct result of 
stable raw material assays. Photosensitive ophthalmic glasses have 
been produced that include precipitated silver halide crystals that 
react to ambient UV light levels and, therefore, adjust their degree 
of tint. Production of these glasses has been eroded by the advent of 
plastic lenses with similar performance and, undoubtedly , the 
increased popularity of contact lenses and corrective surgery. 


Glass Ceramics 


Glass ceramics is an interesting family of materials that are melted 
and formed as glasses and then, through subsequent heat treatment, 
grow crystalline phases to take on many attributes of ceramics. They 
are extremely resistant to thermal shock and have very high mechan- 
ical strength. Man y of the com positions that have been manuf ac- 
tured have been based on lithia compound crystallization, which has 
historically made this segment one of the larger consumers of lithia 
minerals. 

Although there are a v ariety of technical and scientific appli- 
cations of this type of material, the best-known ap plications are 
bakeware and sto ve-top consum er products. The manuf acture of 
these products has decreased greatl y in recent years, and it is no t 
clear whether any are still manufactured in the United States. A few 
products ha ve been replaced by a variety of tra ditional ce ramic 
materials. Curre ntly, stove-top surfaces and w oodstove windo ws 
are still produced from glass ceramics and take great advantage of 
the the rmal sho ck resi stance of thi s family of ma terials. Overall 
production is certainly well belo w historical levels and likely to 
continue at that reduced level. 


Soda-Lime Table and Cookware 


Consumer pro ducts cover a bro ad spectrum of products and glass 
compositions as we ll. Soda lime, borosilicate, fluorine opal, la mi- 
nated glass, and glass ceramic materials have all been used to make 
products such as measuring cups, bakeware, dishes, an d mixing 
bowls. Primary forming is typically done by pressing, and decorat- 
ing canbe a multistep silksc reen printing process using ceram_ ic- 
based inks that are then fired onto the ware. Melting furnaces for 
these products are typical of other glass operations for large-volume 
commodity glass manufacturing, although the production of opal 
glasses carries the burden of managing fluorine emissions. For this 
reason, cold -top m elters a re so metimes used, greatly reducing 
emissions and assisting in fluorine retention. 

Because the consumer do es not have strict technical require- 
ments forthe glass material, this has been afield where “look- 
alike” products ha ve often been applied successfully to pr oduce 
ware at reduced cost. As one example, instead of making a product 
from the more expensive and more -difficult-to-melt borosil icate 
composition, some prod ucers ha ve man ufactured products from 
soda lime and then __ heat-treated the products to result in the 
improved strength and thermal shock resistance that approaches the 
performance of borosilicate pr oducts. Similarly , some g lass 
ceramic and opal products ha_ ve be en rep laced with traditional 
ceramic bodies, using glazes chosen to mimic the surface quality of 
the original glassware. 

As if recycling glass were not challenging enough, it is further 
complicated by the mixture of products and materials found within 
the broad field of consumer products and by variations among pro- 
ducers. Glass ceramics and pottery, if mixed with cullet in postcon- 
sumer recycling operations, do not melt well when introduced into 
the glass furnace. 
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Art Glass 


Because there are few specific technical requirements for this class 
of applications, the glass compositions vary according to producers 
and their company traditions and practices, including high lead and 
soda-lime compositions. Individual studio producers often use one 
of several standardized glass compositions from the soda-lime fam- 
ily, commercially available in cullet form and as premixed batch. 

Lampworking applications tend to be _ separated int 0 two 
general f amilies: sod a li me and b orosilicate. W ithin an y gi ven 
application, however, there are technical requirements for colorant 
compatibility and proper annealing. 

Larger producers are more likely to employ continuous melters, 
which require either 2 or 3 daily production shifts, 7 days per week, 
to support the melting volume and produce consistently reliable qual- 
ity. Smaller producers are more likely to use pot melters, which offer 
the advantages of limited production rates (1 shift per day, 1 or more 
production days per week), while still producing good quality ware. 
Typically, because this type of ware is produced by hand blowing and 
forming, the character of these businesses is dominated by the atmo- 
sphere of an ar tisan’s workshop, not necessarily a technologicall y 
sophisticated industrial approach. 

Lead glass, commonly referred to as lead crystal, can range 
from 22%-30% lead oxide and is the preferred material where its 
high index of refraction is required to improve the spark le of the 
resulting products. The high density of the resulting glass also con- 
tributes to t he di stinctive ch ime when! ead cryst al gl asses ar e 
tapped. Color quality is of utmost importance to these applications, 
so the concentration of coloring oxides present in the raw materials 
must be minimized. Some producers will also add decolorizers to 
produce a neutral grayed color to mask the presence of iron oxid e 
(and other coloring oxides) instead of or in addition to minimizing 
the iron oxide in the raw materials, most notably from the silica and 
lead oxide sour ces. A few producers ha ve in vestigated melting 
lead-free compositions, instead u sing other heavy metal oxides, 
such as silver and barium, to provide the high refractive index and 
density. 

Soda-lime glass is probably the most commonly used compo- 
sition in the art glass field; it is the most readily available and has 
the fewest environmental ramifications. Some colors are easier to 
produce with soda lime, particularly those requiring reducing con- 
ditions, which would precipitate metallic lead within the glass or on 
its surface. A huge variety of “color sticks” are available to support 
soda-lime production, and often the producers melt only one or two 
colors (e.g., clear and opal), and achieve all other coloration with 
these highly concentrated colorants. 


INDIVIDUAL INDUSTRIAL MINERALS AND CHEMICALS 


The following sections gi ve an overview of indi vidual ind ustrial 
minerals and chemicals as used in the glass industry (Harben 2002), 
with some details of the specific requirements of the specialty glass 
industry. 

Most of the raw materials used in specialty glasses are ess en- 
tially the sa meas those use dint he] arger v olume c ommodity 
glasses, b ut with special conditions tof it sp ecial requirements. 
Generally the special conditions involve the level of purity or free- 
dom from contamination of various kinds, but may also include the 
physical form of the raw material. In many cases the specialty glass 
in question may have purity require ments that proh ibit the use of 
minerals, no matter how highly refined. An example of this might 
be the use of strontium carbonate rather than celestite in the produc- 
tion of CR T glasses because the formulation and manuf acturing 
process of these glasses is intolerant of sulfur. 


Alumina 


The majority of glasses used for large-volume commodity applica- 
tions, such as containers and windows, contain a small amount of 
aluminum oxide to enhance mech anical and c hemical dura bility. 
Generally these glasses, and many specialty glasses as well, derive 
their alumina from one of the various forms of feldspar. Others, 
however, must be largely free of one or more of the normal constit- 
uents of feldspars, such as soda, requiring some form of alumina or 
alumina hydrate. The ore mineral bauxite is rarely if ever used as an 
alumina source in glass because of impurities, but can be used in 
glass after it is refined into alumina. 

Glass ceramics, usually pro duced to e xploit their low coeffi- 
cient of thermal expansion, cannot contain much soda, so they must 
get their alumina content from spec ial calcined aluminas. Liquid 
crystal display (LCD) flat shee t-glass prod uction requires a soda 
content belo w 20 ppm tomeet the se miconductor a pplication 
requirements. 

Alumina is produced as one st ep in the Bayer pr ocess of 
reducing the bauxite ore to alum inum metal. The Bayer process 
involves digesting bauxite ina caustic soda solution at elevated 
temperatures. The alumina trihydrate produced in this way is elec- 
trolytically reduced to aluminum metal via the Hall—Héroult pro- 
cess, or is further processed for use in various industries, including 
ceramics and glass. 

Depending on the purity demand s, several alumina products 
are used in specialty glasses, including calcined alumina produced 
by firing Bayer -process alumina tr ihydrate, lo w-sodium alumina, 
and high- to ultra-high-purity alumina. 


Barium Carbonate 


Barium carbonate (BaC O3) is produced from the mineral barite by 
high-temperature reduction of the barium sulfate in the presence of 
sodium carbonate. 

Barium carbonate finds significant use in CRTs where the large 
nuclear cross-section of barium is useful in blocking the x-rays pro- 
duced by the elec tron beam impi nging on metals within the tube . 
The baria also serves as a flux and stabilizer. 

Baria also increases the index of refraction of the glass, giving 
decorative glassware greater brilliance. Pure grades of barium car- 
bonate are used to make optical glass, and also to increase the index 
of refraction. Barium carbonate is also used in LCD glasses. 


Boron Minerals and Compounds 


Borates—minerals containing B 03—are relatively rare in nature. 
The borate minerals used in glas s manufacture are restricted to 
desert regions that are also actively volcanic and where lakes have 
been present to dissolve the soluble borates before evaporation and 
deposition. Their high solubility means that borate deposits do not 
survive for long on the surface; they are readily washed away when 
the climate turns wetter. 

The most commonly used bo rate minerals and chemicals are 
tincal (Na 2B407°10H20), anh ydrous bo rax ( Na2B407), sodium 
pentaborate (Na20°5B203°10H20), colemanite (Ca2BeO11°5H20), 
ulexite (NaCaBs5O9*8H20), and boric acid (H3BO3). 

Even though detergent and fire retardant uses consume signif- 
icant amounts of borates, glass is by far the largest consumer of 
these minerals. B2O3 contributes a number of desirable attributes to 
the glass, including reducing the coefficient of thermal expansion, 
chemical and mechanical durability, easier melting (it is a powerful 
flux), and increasing the index of refraction. 

The form selected for use depends on the composition of the 
glass. Formulations that include sodium and calcium can use the 
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lower cost ulexite, but glasses that can tolerate no alkalis or alkaline 
earths must use boric acid, or even anhydrous boric acid, a glassy 
product made by melting boric acid to drive off the water, leaving 
only B203. 

Glass articles produced with borate minerals and che micals 
include cookware, laboratory ware, vessels for the chemical indus- 
try, laboratory glassware, and LCDs (Harben 2002). 

Borate mi nerals f ind m ajor appl ications in the f iberglass 
industry, which is covered in a separate chapter. 


Calcium Carbonate, Limestone, and Dolomites 


By far the largest use of calcium and ma gnesium minerals in the 
glass industry isas limestone in soda-lime contain er glass. 
Although a reasonable standard of pu rity an dconsistenc y is 
required for container applications, the dom inant cha racteristic 
controlling the glassmak er’s cho ice o f 1 imestone is price, a nd 
because transportation is a major part of the delivered price, most 
limestones are mined close to where they are consumed. 

Carbonate rocks and miner als comprise a wide and v aried 
range of geological circumstances. Included in this group are lime- 
stone, chalk, marble, carbonatite, vein calcite, aragonite, sand, and 
others. 

The use of the calcium and magnesium carbonates in the spe- 
cialty glass field is governed by the requirements of the individual 
glass compositions, which need to be free of specific contaminants. 

Special limitations placed on the calcium carbonate used by 
the specialty glassmaker may include iron oxide (Fe2O3), chlorides, 
and sulfates. The restrictions may be so tight that the glassmaker 
will re sort to precipitated calcium carbonate, even reagent grade, 
for limited usage. Few natural calcium carbonate sources, such as 
limestone or vein calcite, will routinely yield products with Fe 203 
of less than 0.05% and this level of iron may be too high for some 
optical applications. The nature of the glass being made will also 
dictate whether dolomite or calcite is used, as some of the glasses 
are not tolerant of significant amounts of MgO. 

In any case the use of calcium carbonate rocks and mirerals in 
glass is a very small percentage of the total worldwide consumption 
of these materials when compared to the huge tonnages consumed 
in aggre gate pro duction and the making of portland and other 
cements. Ground calcium carbonate, if sufficiently high in white- 
ness, is used in papermaking, as fillers in plastics and coatings, and 
in other industrial uses. 


Cerium and Other Rare Earths 


Along with cerium, some of the other rare earths include elements in 
the lanthanide series, including lanthanum, praseodymium, erbium, 
and neodymium. Together or individually, these elements are used to 
control index of refraction, to reduce optical dispersion, and to intro- 
duce various colors. They are also used as oxide coatings on the sur- 
face of optics to control reflection properties (Tooley 1984). 

Rare earth is quite a misnomer, as the mineral sources of these 
elements are fairly common in the earth’s crust. Overall, these ele- 
ments are more common than silver, and cerium and lanthanum are 
more common than lead (Harben 2002). Two minerals, bastnasite 
and monazite, serve as the ore sources for most of the rare earths, 
including cerium and lanthanum. These minerals oc cur in carbon- 
atite bodie s, which are ararecl ass of igneous rocks consisting 
mainly of carbonates and phosphates. Carbonatites in China, Russia, 
and the United States supply the majority of rare earth minerals. 

Cerium oxide (C eO) is used as a polish in optical and other 
glass production. It serv es a dual use in the production of CR Ts, 
because it is used both as an ingredient in the faceplate glass and as a 
polish in the finishing of the ware. Cerium oxide can also be used to 


decolorize glass by modifying the valance state of the iron contained 
in the glass. 

Erbium imparts a distinctive pink color to glass. 

Other rare ear ths, particular ly yttrium an d euro pium along 
with cerium, are used in the “phosphors” which fluoresce to pro- 
duce the colored image on the screen of the CR T when struck by 
electrons from the electron gun. 

Uses of rare earths oth er than in glass include petroleum- 
cracking catalysts, specialty ceramics, electronics, and minor medi- 
cal applications. 


Coloring Oxides 


One of the most useful characteristics of glass is that it can be col- 
ored many different shades and intensities, indeed over the entire 
visible spectrum. This attribute is used in ind ustrial and technical 
applications but is of particular value in con sumer w are and ar t 
glass. The “coloring oxides” include cadmium, chromium, cobalt, 
cerium, co pper, gold, iron, mang anese, selenium, nick el, neo dy- 
mium, and uranium. Sulfur is used in combination with iron to 
impart the familiar color to brown beer bottles. 

Cadmium is introduced as the su Ifide (along with some sele- 
nium) to produce a ruby r ed color, or without the selenium to p ro- 
duce a strong yello w. This application has been of considerable 
commercial importance in turn-signal lamps for automobiles. 

Chromium imparts the bright green to many container glasses 
such as some beer bottles. The element is produced as the mineral 
chromite, often used directly in the m etallurgical trade. Chromite 
itself tends to be highly insoluble in most glasses, and for this rea- 
son chromium is usually batch ed as_ the pot assium dichro mate, 
K2Cr207. Chromic oxide is also used in some specialty situations 
where alkalis are not tolerated. 

Cobalt is ane xtremely powerful col oring agent, just afe w 
fractions of a percent yielding the familiar deep blue seen in much 
container ware and tableware. The principle use of cobalt other than 
as acol orant in glass and glazes is as a hardening alloy in stee 1. 
Most cobalt is a by-product of nickel mining. 

Copper, usually added as one of the oxides, imparts a blue- 
green color to an oxidized glass. Under reducing c onditions, it can 
produce a red coloration. 

Tron will color oxidized glasses green, while under reducing 
conditions it produces a gray or brown tint. Magnetite is utilized for 
glasses needing reduced iron, as are siderite (FeCO3) or ferrous 
oxalate (FeC 204). In most gla ss raw materials, iron is regarded as 
one of the ma jor contaminants, and most producers of sand, lime- 
stone, feldspar, and similar raw materials strive to produce the low- 
est iron products possible. If the glassmaker wishes an iron color, the 
glassmaker prefers to add the iron during the glassmaking process. 
Silica sands for specialty art and optical glass must have Fe203 con- 
tents less than a few parts per million. Pure and carefully si zed 
Fe203, termed rou ge, is employed as a fine polishing compound in 
some glass operations. 

Manganese is usually emplo yed as the dioxide, MnO 2. The 
naturally occurring mang anese dioxide mineral pyrolusite is u sed 
unless extreme levels of purity are required, in which case purified 
manganese dioxide or potassium permanganate (KMnOzg) are used. 
Manganese can impart al avender c olor to t he glass, or in small 
quantities can be used to counteract the coloration imparted by iron, 
and thus serve as a decolorizer. 

Neodymium, praseodymium, and other rare earths are some- 
times emp loyed as colo ring oxi des. Neodymium and __ praseody- 
mium often o ccur together ,and canbe usedinthe oxide or 
carbonate form to produce a p urple color. Like mang anese, this 
combination can be used as adecolorizer. When used by it self, 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


1388 


Industrial Minerals and Rocks 





praseodymium yields a green color. There are many specific and 
small applications for other rare earths where special colors are 
required in optical or other applications. 

Nickel imparts violet hues to glasses and is sometimes used in 
the oxide form to decolor lead glas ses. Nickel is also used to pro- 
duce CRT faceplate glass, in conjunction with lesser amounts of 
cobalt and chromium, to produce the desired neutral gray color. 

Selenium is used in elem ental form as a metal po wder. Sel e- 
nium is wide ly used asa_ decolorizer to counteract contamination 
with iron. In larger amounts and with cadmium it is used to produce a 
tuby red. Selenium is largely a by-product of the smelting of copper 
ores. 

Uranium has been used in various chemical forms to impart a 
distinctive green color with fluorescent effects. This color is some- 
times seen in antique glassware, but uranium glasses have only lim- 
ited production today because of industrial hygiene considerations 
relative to handling of the uranium compounds. 


Feldspar and Nepheline Syenite 


The term feldspar as used in industry covers a wide range of miner- 
als and ro cks, and usually includes nepheline syenite, a plite, and 
feldspathic sands, all of which are used in various glass applications 
as sources of alumina, and to a lesser degree of potash, soda, and sil- 
ica. These are alkali-aluminosilicates containing a range of sodium, 
potassium, and calcium in a solid solution series (Harben 2002). 

Potassium feldspars include microcline and orthoclase, bo th 
KAISi30g in the pure state. Plagioclase feldspars are a series with 
sodium-rich and calcium-rich end members. Calcium-bearing feld- 
spars include bytownite, labradorite, and anorthite, the last being a 
calcium aluminosilicate. 

Most commercial feldspar deposits are mixtures of feldspars 
or contain feldspars intermediate between the pure end members. 
The terminology of the feldspar trade is not always clear, but if pot- 
ash predominates o ver sod a, usually in the amount of 10% or 
greater, the feldspar is called a potash feldspar, whereas a soda feld- 
spar will ha ve soda predominating, usually at the le vel of 7% or 
more soda. 

Feldspars are very common minerals, constituting som e 60% 
of the crust of the earth. They frequently occur in various types of 
igneous rocks, but feldspars weather easily to clay and soluble alkali 
carbonates. F or this rea son comme rcial deposi ts of feldspars are 
usually re stricted to mountain re gions whe re masses of rel atively 
fresh, unweathered or partially weathered feldspar-containing rocks 
are accessible. 

Rapid erosi on of granitic areas may produce unconsolidat ed 
sands enriched in grains of feld spars that ha ve not yet chemicall y 
weathered, and these feldspathic sands are exploited for glassmaking 
in several places, particularly in California, Italy, and Spain. 

Nepheline syenite is an igneous rock similar to granite is some 
aspects but undersaturated in silica, the result being that it does not 
contain quar tz b ut does con tain a silica-deficient fel dspathoid 
called nephelite with the composition (Na, K)A1SiO4. This relative 
enrichment i n A 1203 re lative t ot he alkalis an d sil ica m akes 
nepheline syenite of interest to the glassmaker as a source of alu- 
mina. Nepheline syenite is produ ced in a few localities, notably 
Brazil, Canada, and Norway. 

The majority of feldspar and related materials is consumed by 
the glass ind ustry (Bolger 1995). Specialty glassmak ers use these 
sources of alumina to the greatest extent possible, always consider- 
ing the le vels of pu rity required. CRT glass production has_ tradi- 
tionally been a major consumer of potash feldspar but has used the 
relatively high-potas h nepheline syenite from Blue Mountain, 
Ontario, in recent years. 


The various feldspathic materials compete among themselves 
for market share, and often the cost of transportation is the deciding 
factor, questions of chemical composition and purity aside. 

Residual or ganics from the froth flotation pr ocess (or other 
processing) used to benef iciate feldspars can cause problems in 
specialty glass production in th at they can change the oxidation 
state of the glass. This in turn may result in a color change by vary- 
ing the amounts of ir on in the +2 and +3 valence states. In some 
borosilicate glasses (neutr al borosilicates in pa rticular), this v ari- 
ability in oxidation state can cause bubble defects in the ware pro- 
duced. Stabilization and control of the amount of residual organics 
may help some glass producers. 


Fluorspar 


The only significant commercial source of fluorine is the mineral 
fluorite (CaF2), known industrially as fluorspar. Other fluorine min- 
erals include cryolite (Na 3AIF¢6), sell aite (MgF2), bastnasite (a 
complex rare earth carbonate with fluorine), and fluorapatite (a cal- 
cium phosphate with carbonate and fluorine). The great majority of 
fluorspar production goes to the ma nufacture of h ydrofluoric acid 
and other fluorine chemicals. 

Fluorspar is used in glassmaking as a flux and to produce a 
white opalescence. 

In some specialty glass es, sodiu m fluorosilicate (Na 2SiF6), 
called “sodium silico fluoride” by glassmakers, is used to produce 
the opalescence. 

Fluorine is volatile, and much of the fluorine introduced to the 
glass in the batch is lost to volatilization, usually into the combus- 
tion gases. This requires treatment of the ef fluent gases, often by 
wet scrubbing, or an alternative melting process such asa_ cold- 
crown furnace. This added cost has resulted ina reduction of the 
use of fluorine in glassmaking over the past several years. 


Lead 


Lead compounds, usually oxides, have long been used in glass- 
ware because they produce a high index of refraction, which gives 
the ware an attractive brilliance and sparkle. Lead is usually added 
as litharge (PbO) or re d lead (Pb304), which are formed by high- 
temperature roasting of lead metal, and not directly from the lead 
sulfide mineral galena. 

Red lead and litharge are dusty, and present a significant indus- 
trial hygiene hazard in handling and batching. To counter this prob- 
lem, lead producers developed lead silicates, with about 25% SiO2, 
which are safer to handle. Nevertheless, the melting process volatil- 
izes a significant amount of lead, and the use of lead in many large- 
volume specialty glasses such as CRTs, where it serves to block the 
transmission of x-rays, has declined significantly in recent years. 
Lead continues to be used for x-ray protection in the neck and funnel 
glasses of CRTs, but its use in the faceplate of the tube has been 
essentially discontinued because of the tendenc y of lead-containing 
glasses to turn brown after prolonged exposure to x-rays. 

Lead contin ues to f ind use in small- volume art crystal and 
optical glasses. 

Lithium 

Lithium, the lightest of the alkali metals, has traditionally been pro- 
duced from pe gmatites as the silicate minerals spodumene, petalite, 
and lepidolite. During the 1990s, the bulk of production shifted from 
spodumene mined in North America to lithium carbonate produced 
from desert dry lake brines in Chile. Some dry lake brine production 
has existed in the United States and China for several years. Austra- 
lia, Canada, and Zimb abwe continue to prod uce silicate- sourced 
lithium, but at reduced volumes compared to historical levels. 
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Inthe Salar de Atacama of Chile, shal low-well brines are 
pumped to large evaporating ponds where they are concentrated by 
solar evaporation. The resulting lithium chloride-enriched liquor is 
reacted with soda ash to precipitate the lithium carbonate. 

Lithium finds use in many specialty glasses at small fractional 
percentage additions—us ually less than 0.2% by weight. It is a 
powerful flux an d can be u sed to r educe the melting temperatur e 
and viscosity of the g lass, or to increase f urnace throughput. The 
reduced viscosity has been shown to increase the rate of fining of 
the liquid glass (fining is the process by which bubbles are removed 
from the freshly melted glass). 

Lithium can be used as a flux in p lace of fluorspar in C RT 
glass. 

A major consumption of lithium has been glass ceramics for 
cooking and tableware, where the element is an integral part of the 
microcrystalline structure of the finished ware. For many years this 
was the major app lication of pet alite from Zimbabwe, and spo- 
dumene from Manitoba, Canada. These minerals constituted a large 
portion of the batch fo r these glass ceramics. Pro duction of this 
kind of glass-ceramic ware has ceased, at least in North America. 


Magnesia 


Most MgO in glass compositions comes from dolomite or dolo- 
mitic limestone. The term “high-calcium” is some times applied to 
limestones with CaO contents of up to 56%; “dolomitic limestones” 
have up to 25% of the CaO replaced by MgO. In most applications 
the MgO serves to sta bilize the glass matrix, reducing devitrifica- 
tion (a defect in the glass caused by crystallization of certain min- 
eral phases) and improving mechanical and chemical durability. 

Pure MgO as periclase (dead-burned magnesia) is p roduced 
from sea water or brines, ei ther desert lak e bri nes or de ep wel | 
brines, and finds limited use in specialty glasses where the glass 
matrix cannot tolerate calcium. Glass ceramics, some of which ar e 
lithium-magnesium alu minosilicates, require pure grades of per i- 
clase or magnesium hydroxide. In these compositions the MgO acts 
as a flux and melting aid, as well as serving an essential role as an 
intrinsic part of the glass matrix. 


Potash 


Generally the term “potash” refers to v arious salts of potassium 
(Harben 2002), and specifically to the oxide K20. The bulk of pot- 
ash consumed in specialty glasses comes in the form of potash feld- 
spars, discussed earlier. 

For glasses where potassia is needed but low limits of AlO3 or 
other alkalies preclude the use o f a feldspar source, the glassmaker 
will resort to more e xpensive potassium salts such as the carbona te 
(K2CO3) or nitrate (KNO 3). Potassium c arbonate i s somewhat 
hygroscopic and can be difficult to handle and store. Ah ydrated 
form is known as “pearl ash” or glassmaker’s potash (Tooley 1984). 

Potassium nitrate is generally used in CRT faceplate glass pro- 
duction to force the molten glass composition to ward a more highly 
oxidized state, helping to remove any trace organics introduced with 
the raw materials and cullet, thus stabilizing the coloring effect of 
Fe203 in the glass. 


Silica Sand 


The specialty glass industry places special demands on the sand 
supplier, because in man y cases the volume glass sands produced 
for the container industry (which consumes the bulk of glass sands) 
are too coarse or contain an unacceptable level of impurities. 
Specialty silica sands can be specially sized—for e xample, 
100 mesh (15 0 pm) fo r borosilica te glasses—o r of greater than 
ordinary purity. Some of the more sophisticated glass producers 


have developed pro prietary theories ab out whether roun ded sand 
grains or angular sand grains provide worthwhile melting benefits, 
and may have specification requirements relative to grain shape. 

High-purity silica sands are generally consider ed to be those 
with less than 300 ppm of total impur ities, while u ltra-high-purity 
silica sands are those with less than 30 ppm total impurities. 

CRT glassmakers often require 50-mesh (300 pm) sands, or 
even finer, to allow faster dissolution of the quartz grains, although 
some producers e xpress a preference for coar ser sands (35 mesh 
[500 m]) to minimize the number of gas bubbles produced during 
the dissolution of the individual grains. 

As impurities are reduced, the cost o f production, recovery, 
and handling restrictions all increase, so ultra-high -purity grades 
are priced as much as US$1/Ib. The total production of such rari- 
fied grades is re latively modest, probably not exceeding 40,000 t 
worldwide in 2001. 

Markets for such grades of silica sand are complex, consisting 
of man y highly fragmented and isolated indi vidual mark et se g- 
ments. Much ultra-high-purity s ilicai s usedt o make fu sed 
quartzware. Note that fused quart z is derived from natural quartz, 
whereas fused sili ca is syn thetic, being derived from chemicals 
such as silicon tetrachloride. About half of the quartzware is used in 
the semico nductor indu stry to ma nufacture crucibles fo r single- 
crystal silicon production. 

Other speci alty glass sectors ha ve i ndividual rest rictions. 
Lead crystal makers often prefer 50-mesh (300 pm) gradings, and 
may have Fe 203 restrictions close to the ultra-high-purity level. 
Large-sized art crystal pieces may require sands with Fe2O3 as low 
as 5 ppm maximum to achieve the desired clarity. 


Zirconium 


Zirconium is used in small amount s ina limited number of — glass 
compositions, usually to increase the index of refraction. It also is 
effective in blocking x-ray transmission in CRTs and raises the vis- 
cosity and chemical durability of the glass. Zirconium is used as the 
refined oxide, ZrO2, or as the mineral zircon, ZrSiO4. Zircon is one 
of the heavy minerals and is produced from heavy mineral sands 
along with the titanium minerals ilm enite, rutile, and similar dense 
detrital minerals (Harben 2002). Baddeleyite, a naturally occurring 
ZrOz mineral, has been produced from carbonatites by open-pit 
mining. It has also been reported from mineral sands. 


PACKAGING AND TRANSPORTATION ISSUES 


Specialty glassmakers ha ve sim ilar i ssues wi th pa ckaging and 
transportation as do makers of other types o f glass, e xcept where 
limitations on contamination may demand an extra degree of clean- 
liness. Thus, bulk shipment of sand and feldspar, common in many 
glass operations, may be ruled out because shipping modes cannot 
be kept sufficiently free of contamination. 

It is possible to achieve a surprisingly high level of cleanliness, 
even in bulk shipments of industrial minerals on ocean -going ves- 
sels. Bulk shipments of lithium minerals bound fo r specialty glass 
consumption have been done on bulk ocean freighters with little or 
no contamination, but each hold of the vessel required a special 
cleaning crew to remove scale and wash down the hold, followed by 
inspections, before the car go could be accepted. Ane xperienced 
agent of the receiving customer must do such inspections. 

In a similar manner, motor trucks or railcars for bulk shipment 
of specialty industrial minerals may require individual cleaning and 
inspection by trained personnel before being certified as acceptable 
for use. 

Many specialty glassmakers receive all their raw materials in 
some kind of packaging to protect them from contamination. The 
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most common packaging for su ch raw materials is the multilayer 
kraft paper bag with a ply of polymer film for moisture proofing. 
Such bags usually contain about 25.0 kg (55.1 1b) of material. 

“Super sacks” of woven polymer may offer a semibulk solu- 
tion to large volume materials that must be kept clean. These con- 
tain a nominal 1 ton of material, and can be handled aboard ship or 
on rail with relative ease. A forklift truck, for example, can lift one 
of the sacks for loading or unloading, or for discharge into a dump 
hopper. 

Other containers, such as fiber drums of varying capacities, are 
also used where suitable, but these present some dif ficulty in han- 
dling. Usually a polymer film lining is included as added protection 
against moisture and other contaminants. 

All containers of the kinds discussed here present the end user 
with problems of disposal, and atte ntion must be paid to any ques- 
tions of environmental or industrial hygiene hazards arising from 
the material contained. 


CONSIDERATIONS FOR POTENTIAL SUPPLIERS 


The contemporary glass industry, including specialty glass, consists 
of a group of producers who have survived a pro longed period of 
downsizing and consolidation. They are sensitive to costs, and have 
limited in-house resources f or quality control. Indu strial min eral 
producers wishing to become suppliers to the glass industry will be 
met with demands for consistency of supply, and for effective pro- 
tection from upsets caused by cont aminated or off-specification 
materials. The vendor must provide these assurances without plac- 
ing undue demands on the customer’s personnel. 

Although the lo west possible delivered cost is a given, the 
glassmaker will also insist on as surances of on-time deli very of 
in-specification raw materials, and such assurances may be b uilt 
into the purchasing agreement, with severe penalties for failure to 
comply. 

Consequently, any industrial mineral producer seeking to gain 
greater penetration into the glass industry will have to be prepared 
to act as a provider of service rather than, or in addition to, just sup- 
plying a commodity. For example, certificates of analysis should be 
provided e lectronically to the gla ssmaker before t he shi pment 
arrives at the glass plant, thus avoiding any possibility of contami- 
nating (with off-specification material) any in-spe cification m ate- 
rial already in storage at the receiving plant. In fact, the vendor 
should reject of f-specification shipments independ ently witho ut 
waiting for the receiving plant to notice a discrepancy. 


Although ISO certification alone is not proof of process con- 
trol or of good quality of product, it is proof of a minimum level of 
record keeping, a necessary step in process control. 

In many cases the specialty glassmaker will ha ve purity or 
consistency req uirements, or both, that are s ufficiently s trict to 
require the industrial mineral vendor to maintain an analytical labo- 
ratory capable of performing test s set forth by the glassmak er to 
ensure in-specification material. 

A powerful marketing tool for an y vendor is indepen dent or 
joint research into the beha vior of his industr ial miner als in the 
glass. Forward-looking vendors should be expected to take part in 
glass research and raw material development, both to develop new 
products and to improve existing ones. 
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Dit ae. a a re a or A eae 


Agglomeration Processes— 
Pelletizing and Sintering 


Joseph J. Poveromo 


This chapter focuses on industrial minerals, including fluxes, used 
in the processes that produ ce ir on-bearing agglom erates (pel lets 
and sinter) for ironmaking. The predominant ironmaking process is 
the blast fur nace, which produces liquid pig iro n (hot metal) for 

feeding to the steelmaking vessel—an oxygen converter called the 
basic oxygen furnace (BOF) in North America and the L-D con- 
verter elsewhere in the world. Another important steel prod uction 
process is t he electric arc furnace (EAF), which relies mainly on 
steel scrap as a fe ed material. For example, in the United States, 
nearly 50% of the steel produ ctionis from EAF operations. 

Because the scrap used in EAF operations may carry As, Cu, Ni, 
Cr, and other deleterious contaminants, EAF operators may require 
additions of “clean” iron units in the form of direct reduced iron 

(DRI). In scrap-deficient re gions, DRI may be the principal feed 
material. DRI is produced by the solid-state reduction of iron ore, 
mainly pellets, most commonly in a shaft furnace. As a prelude to 
the discussion of agglomerating pr ocesses, an 0 verview of steel 
production and ironmaking processes is presented. All units ar e 
metric unless otherwise noted. 


IRON AND STEEL PRODUCTION PROCESSES 


The blast furnace continues to be the primary method of producing 
hot metal in large-scale steel production. Many attempts have been 


Table 1. World iron and steel production data, Mt/year 


made to replace it with v arious other process options, including 
direct reduction and cok e-free smelting reduction. Although these 
new technologies are bein g adopted in appropriate niches, the blast 
furnace process has met the challenge by being amenable to continu- 
ous improvement. The current status of the competitive direct reduc- 
tion pro cesses can be summar ized by noting that se veral (e.g., 
Midrex and HyL) are well estab lished wh ereas o thers are under 
development but not yet fully proven. After 40 years of effort, North 
American (excluding Mexican) DRI production is less than 2 Mtpy 
whereas worldwide DRI production is about 50 Mtp- y. World hot 
metal production, ho wever, is more than 600 Mtpy. Thus the blast 
furnace process pro duces more than 90% of the clean (virgin) iron 
units. Table 1 g ives world iron and steel p roduction data from the 
International Iron and Steel Institute (IISI. 

Growth in steel production has been dramatic in recent years, 
led mainly by sharp growth in Ch ina; available data indicate that 
world pig-iron production increased to 650.3 Mt in 2003, with the 
growth in China from 169 to 202 Mt being the major contrib utor. 
Steel production, based on the blast furnace process (BF/BOF), will 
also gro win ow-cost areas suchas Brazil and India , w hereas 
regions rich in natural gas resources, such as the Middle East and 
Venezuela, will see growth based on the inte grated DRI/EAF steel 
production route. 











2002 2001 
Pig Iron Crude Steel Pig Iron/ Crude Other Production, 

Region Production Production Steel BOF, % EAF, % % 
European Union (EU) 89.7 158.6 0.56 58.9 41.1 0.0 
Other Europe 22.9 45.0 0.51 60.4 39.2 0.5 
Commonwealth of Independent States (CIS) 77.9 99.9 0.78 55.4 12.5 32.1 
North America 52.9 123.6 0.43 51.5 48.5 0.0 
South America 33.4 40.9 0.82 63.9 34.9 Te 
Africa 7.1 15.7 0.45 48.5 51.5 0.0 
Mideast 2.2 11.9 0.18 18.8 81.2 0.0 
Asia 308.9 381.9 0.81 59.9 31.8 8.3 

China 169.1 181.7 0.93 37.7 24.2 18.1 
Oceania 6.7 8.3 0.81 83.4 16.6 0.0 

Totals “601.7 — 884.9 “0.68 “57.7— “35.0. EB 
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Table 2. Typical pellet chemistry, % 


Blast Furnace Pellets 








Low SiOz, DR-Grade 
Chemistry Acid Fluxed Fluxed Pellets 
Fe 65.10 65.60 63.30 65.10 67.80 
SiO2 5.20 4.50 3.75 2.50 1.65 
Al2O3 0.50 0.50 0.50 0.45 0.35 
CaO/SiO2 0.12 0.13 0.98 0.90 0.30 
CaO 0.60 0.60 3.68 2.25 0.50 
MgO 0.25 0.25 1.30 1.50 0.30 





Table 3. Development of iron ore production in the western world, 
1960-1994 





Iron Ore Type 1960 1975 1994 
Pellet, % 4 21 34 
Fine ores, % 48 49 46 
Lump ores, % 48 30 20 
Total production, Mipy 340 580 617 





Source: Poveromo 1999. 


Table 4. Consumption of ore type by application in 2000 


For Direct Reduction, Mtpy 





Fines 2.5 
Lump 12.6 
Pellets 52.5 





For Blast Furnace/Sinter Plant, Mtpy 





Fines 687.0 
Lump 121.0 
Pellets 208.0 

Total 1083.6 





Source: Poveromo 1999. 


IRON-BEARING RAW MATERIALS FOR IRONMAKING 


Historically, the feedstock for the world’s blast furnace s was natu- 
rally occurring lump ores. The depletion of deposits of higher quality 
lump ores in the 1950s forced the development of low-grade ores that 
required fine grinding for concentration. These fine, high-grade con- 
centrates had to be agglomerated, most commonly as sinter or pellets, 
ahead of the blast furnace. These agglomerates, in turn, sharpl y 
improved blast furnace performance and led to a major shift in blast 
furnace burdening. 


Iron Ore—Sintering Ore Fines 


Historically, iron ore w as sourced primarily from local or regional 
mines. Sometimes this ore was low grade when options were lim- 
ited. In the last four decades, seaborne trade of iron ore has grown 
dramatically, aided by the construction of lar ge vessels and thus 
reduced shipping costs. Now iron ore from higher-grade ore depos- 
its in Australia, Africa, South America, Canada, India, Sweden, and 
other locations can be deli vered economically w orldwide. Th e 
ready availability of these high-grade ores, which are ideal sinter 
feed, allowed steel companies to gain the advantages that uniform 
sinter feed can provide to the blast furnace by reducing operating 
costs and im proving the ir competitive p osition. For most of the 
world, the sintering process, b ased on coarse high-grade ore fines, 
is the primary means of producing ferrous raw material feed. High- 


grade ore fines are characterized byh ighiron content (64% to 
69%), moderate le vels of acidic gangue (i.e., S102 and Al ,O3 are 
less than 6%), low levels of key impurities (e.g., Mn, S, P, and alka- 
lis), and trace amounts of other elements. 


Iron Ore—Pelletizing 


In North America, depletion of higher-grade ore reserves promoted 
the development of low-grade “taconite” ores, which require v ery 
fine grinding for benef iciation. These fine concentrates we re not 
amenable to conventional sintering and led to development of the 
pelletizing process. The decline in hot metal production in the 
1980s, along with excess modern pellet plant capacity and environ- 
mental issues, caused a reduction in sintering capacity . The sub se- 
quent development of fluxed pellets and improvement of acid pellet 
properties ha ve made pellets t he p rime fe ed m aterial in Nort h 
America and parts of Europe a_ nd a v aluable supplementary feed 
material elsewhere. Table 2 shows typical pellet chemistry. 


Iron Ore—Sintering 


For blast furnace ope rations where sinter is the principal b urden 
material (65% to 90% ), imported or local sintering or es are the 
prime feed material, followed by waste oxides and then fluxes. With 
an average iron ore SiO» level of 5.0%, the CaO—SiOy ratio is set at 
about 1.5 to 2.5 to ensure good si nter physical and metallurgical 
properties and sufficient flux to minimize or eliminate the need to 
charge raw flux directly to the blast furnace. The flux must contain 
some MgO to ensure good sinter metallurgical properties and also a 
certain MgO level in the bla st furnace slag. The blast furnace slag 
MgO target varies worldwide, however, according to different strate- 
gies for slag chemistry optimization. In any event, sinter t ypically 
has the following chemistry: 55% Fe (in the form o f Fe2O3 at 71% 
and FeO at 7%); 5% SiOz; 10% CaO; 2% MgO; 1% Al203; and 4% 
other. This comp osition imp lies considerable (>2 0%) addition of 
raw flux, mainly in the form of limestone and dolomite, given calci- 
nation losses of about 50%. 


Iron-Bearing Raw Material Usage 


Sinter is the primary iron-bearing raw material worldwide. Accurate 
production data for sinter are not compiled, but world sinter produc- 
tion can be safely estimated to be well over 600 Mtpy to support pig- 
iron production of more than 600 Mtpy. W orldwide pellet plant 
capacity is abo ut 300 Mt, but this capacity is focused inth ree 
regions: the former Soviet Union (more than 70 Mt); North America 
(United States, 55 Mt; Canada, 27 Mt; and Mexico, 14 Mt); and Bra- 
zil (47 Mt). Significant production also comes from Sweden (16 Mt), 
Tran (13 Mt), India (about 10 Mt), and Venezuela (about 10 Mt). Pel- 
letizing capacity is growing rapidly in China (by the time of publica- 
tion, this total co uld reach or surpass 40 Mtpy). Indi vidual p ellet 
plants are also operated in Chile, Peru, Netherlands, Bahrain, Japan, 
and Turkey. Table 3 shows long-term trends by type of iron ore. 

Table 3 shows how pellet use grew dramatically at the expense 
of lump ore. The fine ore percen tage, mainly for sinter plant use, 
decreased only slightly; but given the dramatic overall increase in 
ore productio n, the abso lute con sumption of f ine ores incr eased 
sharply. Iron ore production data are now compiled for the w orld; 
total world iron ore production exceeded 1,200 Mt in 2 003 (Erics- 
son 2004). The breakdown among ore types is not known precisely, 
but it is believed that the lump ore proportion is somewhat lower 
and pellet and fine ore proportions are somewhat higher. Sinter and 
fluxed pellets contribute equally well to impro ved blast furnace 
production; the choice is based on ore availability and oth er local 
economic factors. Table 4 shows iron ore consumption in 2000, by 
reduction process and ore type. 
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These data indicate that ore demand for the blast furnace route 
dominates the iron ore trade, but pellets dominate demand for direct 
reduction ore. 


World Iron Ore Market 


World iron ore produ ction exceeded 1,100 Mt in 2002, with six 
areas (Brazil, Australia, China, the Commonwealth of Independent 
States [CIS], India, and United States—Canada) accounting for 86% 
of total output. Brazil and Austra lia are the largest producers, with 
nearly a 40% combined sha re; the Uni ted States a nd Ca nada 
together produce about 10%; China is the w orld’s largest iron ore 
miner at about 230 Mt, but much of this is low-grade ore. The CIS 
countries of Russia and Ukraine are the third lar gest iron ore pro- 
ducer at 150 Mt. World trade in iron ore reached 500 Mt in 2002. 
China and Japan dominate world iron ore importing, with Asia and 
Europe accounting for 50% and 40% of imports, respectively. 

Exports as a share of world iron ore outp ut have been on a 
long-term upward trend (from 35% in 1980 to 50% in 2000) , 
reflecting the growth and importance of ore-dependent Asia. Brazil 
and Australia dominate the world iron ore export market, account- 
ing f or more than 70% of seaborne exports. Other imp ortant 
seaborne exporters are India, South Africa, Sweden, Canada, Vene- 
zuela, and Mauritania. Russia and Ukraine export major tonnages 
by rail to neighboring countries. 


North American Iron Ore Supply 


Pellets make up 90% of North American iron ore supply, whereas 
sinter (10%) plays a lesser role than elsewhere in the world, largely 
because of environmental considerations. One pellet plant is ded i- 
cated to supplying its equity owner, Mittal Steel North America, 
and all the other pellet plants supply both merchant customers and 
equity owners (in paren theses): Minntac and Keetac (USS); Hib- 
bing (Mitt al St eel, Stelco); QCM (Dof asco); T ilden (Ste Ico); 
Empire (Ispat); and W_ abush (Ste Ico, Dof asco). Cle veland-Cliffs 
dominates pellet merchant supply, selling to Algoma, Mittal Steel, 
WCI, Severstal NA, and other steel compan ies from Northshore, 
Hibbing, United, Empire, Tilden, and Wabush. The three Canadian 
producers—IOC, QCM, and W abush—also export significant ton- 
nage worldwide. Imports, mainly from Brazil, are less than 10% of 
North American supply. 


AGGLOMERATION PROCESSES 
Need for Agglomerates and Desired Agglomerate Quality 


The blast furnace is a countercurrent gas—solid reactor in which the 
solid char ge materials mo ve do wnward wh ile the hot reducing 
gases flow upward. The best po ssible contact between the so lids 
and the reducing g as is obtained with a permeable burden, which 
permits not only a high rate of gas flow but also a uniform gas flow, 
with a minimum of channeling of the gas. The primary purpose of 
agglomeration is to impro ve burden permeability and g as—solid 
contact, and thereby reduce blast furnace coke rates and increase 
the rate of red uction. A secondary consideration is to reduce th e 
amount of fine material blown out of the blast furnace into the gas 
recovery system. 

The leading direct reduction processes such as Midre x and 
HyL also are shaft furnaces that rely on cou ntercurrent g as—solid 
contact, so the principles of burden sizing are similar but even more 
important in the blast furnace, because the ferrous materials are the 
only solids in these furnaces. 

A good agglomerate for blast furnace use sho uld contain at 
least 60% iron, a minimum of undesirable constituents, a minimum 
of material less than 6 mm ('/4 in.) in size, and a minimum of mate- 
rial larger than 25 mm (1 in.). The agglomerate should be strong 


enough to withstand de gradation during stockpiling, handling, and 
transportation so as to arrive at the furnace skip containing a mini- 
mum of 85% to 95% of +6 mm (+!/4 in.) material. In addition, the 
agglomerate must be able to withstand the high temperature and 
degradation forces within the furnace without decrep itation. The 
agglomerate also shou Id be able to be re duced at a satisfactorily 
high rate in the blast furnace. In the last several decades, different 
standards have developed for th e two leading agglomerate forms, 
sinter and pellets. Table 5 is a summary of desirable sinter and pel- 
let pro perties; am ore c omprehensive d iscussion i s a vailable in 
Kortmann, Lungen, and Ritz (1992). 


Choice of Agglomerating Process 


Four types of agglomerating processes have been developed: sinter- 
ing, pelletizing, briquetting, and nodulizing. Sintering and pelletiz- 
ing are the processes of major importance. Car eful evaluation 
should be made of the processes, the material to be agglomerated, 
and the product desired before arriving at a final decision on a com- 
mercial insta lation. Qu ite often the ori gin of the material to be 
agglomerated, together with mate rial hand ling and transportation 
considerations, will dictate which process is chosen. Fine co ncen- 
trates such as those ma de from magnetite tac onite are not easily 
shipped because of dusting and freezing problems, but once made 
into pellets, are easy to handle and transport with minimal degrada- 
tion. Consequently if there is a considerable distance between the 
mine and the blast furnace, it is pre ferable to | ocate pellet plants 
near the mine site. Materials that donot have the particle-size distri- 
bution and characteristics required for pelletizing can be agglomer- 
ated by sintering. Besides natural ore f ines, typical sinter feed 
materials include fines generated during ore transport, steelmaking 
slag fines, flue dust, mill scale, and concentrates that are too coarse 
for pelletizing. Sinter plants tend to be located near blast furnaces 
because sin ter de grades badly during ship ment and because the 
steelmaking facilities are the point of origin of many of the materi- 
als that can be agglomerated. For blast furnace operations rel ying 
mainly on sinter , the sinter plants are larger and fe d mainly with 
natural ore fines. For blast furnace operations relying primarily on 
pellets and lump ore, the sinter plants are smaller and more reliant 
on in-plant recycled materials. 

Energy cost andthe —_ uncertainty of fuel s a vailability are 
important factors in all processes and have been the incentives to 
reduce fuel consumption and to us e substitute fuels. Bet ter rec y- 
cling of hot g ases for heat rec uperation has lo wered fuel co sts. 
Additionally, converting pelletizing operations from oil and gas to 
coal firing has resulted in a more reliable fuel source. 


The Sintering Process 


Sintering has been referred to as the art of burning a fuel mixed 
with ore under controlled co nditions. The flexibility of the process 
enables the converting of a variety of materials into a clinker-like 
aggregate thatis well suited for use inthe blast furnace. These 
include natural fine ores and or e fines from screening operations, 
flue dust, ore concentrates, and other iron- bearing materials of 
small particle size. 

The continuo us sinter ing pr ocess sho wn schematically in 
Figure 1 is carried out on a traveling grate that conveys a be d of 
ore fines or other finely divided iron-bearing material, mixed inti- 
mately with approxi mately 5% of af inely divided fuel such as 
coke breeze or anthracite. Near the head or feed end of the grate, 
gas burners ignite the bed surface and, as the mixture moves along, 
downdraft combustion burning the fuel pulls air down through the 
mixture. As the grat es (or pall ets) mo ve cont inuously over the 
wind boxes toward the discharge end of the strand, the combustion 
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Table 5. Desirable sinter and pellet properties 





Sinter Blast Furnace Pellets 
Chemistry Physical Properties 
FeO 5.0%-6.0% Grain structure 
Mn =0.2% (as low as possible) >16 mm max 5% 
P =0.04% (as low as possible) 8-16 mm Minimum (min) 85% 
SiOz 5.0%-5.5% <6.3 mm max 5% 
AlzO3 1.0%-1.3% Cold compression strength 
TiO2 — (as low as possible) Pellets 10-12.5 mm (ISO 4700) 
Naz2O + K2O <0.08% (as low as possible) Average min 2,500 N 
CaO 8%-10% <2,000 N max 10% 
MgO 1.A%-2.0% <1,500 N max 5% 
CaO/SiO2 >1.8 Tumbler strength (ISO 3271) 
Physical Properties >6.3 mm min 95% 
ISO strength (ISO 3271) <0.5 mm max 5% 


>6.3 mm 70%-80% 
Grain structure 

<5 mm or <6 mm Maximum (max) 5% 
max 30% 


max 10% 


<10 mm 
>50 mm 
Metallurgical Properties 


Disintegration in the static test 


RDI 
<2.8 mm max 20%-30% 
<3.15 mm max 35% 

ISO 4696 
<3.15 mm max 30%-33% 


Reducibiity (ISO 4695) 
1.A%-1.6%/minute 





Metallurgical Properties 


Low-temperature disintegration, dynamic test (SEP 1771/82) 


>6.3 mm min 80% 

<0.5 mm max 15% 
Reduction Properties under Load (ISO 7992) 

80% degree of reduction max 15 mm WG 


Reducibility R40 value (ISO 4695) 
min 0.8 %/min 

Swelling (ISO DP 4698) 
max 20% 





Adapted from Kortmann, Lungen, and Ritz 1992. 


front in the bed moves progressively downward. This creates suffi- 
cient heat between 1,300°C and 1,480°C (2,370°F and 2,700°F) to 
sinter the fine iron-rich particles together into porous clinkers. The 
location a long the tra veling grat e whe re the com bustion front 
touches the bottom of the bed is called the burnthrough point. By 
the time the discharge end of the machine is reached, sintering will 
have taken place throughout the depth of the bed. 

Although simple in principle, sintering plants require impor- 
tant design and operation criteria to attain optimum performance, 
and intimate mixing of the feed materials is one of the most impor- 
tant f actors. Sintering ores, steel plant waste oxides, flux es, and 
solid fuels are pre mixed in a bedding and ble nding operation in 
most modern sinter p lants. This blended feed is supplemented by 
small trim amounts of flux and solid fuel. Water is then added to the 
total feed mixture in a mixing device such as a balling drum, or a 
disc or pug mill. These mixers produce small, rice-size nodules that 
significantly improve the permeability of the sinter bed. In many 
plants, burnt lime added to the feed mixture promotes granulation, 
especially to process ultrafine materials. Improved permeability, in 
turn, results in more rapid and uniform sintering. Desirable mixer 
retention times vary from about 1 minute for sticky hematite ores to 
4 minutes for ores that are more difficult to ball. 

Depending on the characteristics of the ore materials and the 
sintering conditions, daily a verage production rat es of 22.4t o 
42.9 t/m?/day (2.3 to 4.4 st/ft 2/day) are expected, and indi vidual 
daily rates ine xcess of 48.8 t/m 2/day (5 st/ft 2/day) have been 
achieved. The area refers to the dimensions of the grate. 


Cooling the sinter belo w 150°C (302°F) is an impor tant part 
of the operation, which allows it to be handled on conveyor belts. 
Sinter coolers such as the rotary type are typically used; it is best to 
avoid a water quench because it adversely affects sinter properties. 
The exhaust air from these coolers is normally too cool to permit 
the economical recovery of heat, although such systems have been 
installed in countries with high energy costs, such as in Japan. 


Benefits of Fluxed Sinter to Blast Furnace Performance 


Sinter is a preferred to lump ore or acid pellets as blast furnace mate- 
rial. Improvements have been obtained (1) by incorporating the blast 
furnace flux into the sinter rather than char ging it separatel y to the 
top of the fur nace, as was formerly done; (2) by using sized sinter; 
and (3) by virtue of imp roved high-temperatu re properties. The 
available data on the use of fluxed sinter, sometimes called self-flux- 
ing sinter, indicate that for each 100 kg (200 Ib/st) of limestone per 
ton of hot metal removed from the blast furnace burden and charged 
into the sinter plant to make a fluxed sinter, approximately 10 kg (20 
Ib/st) of metallurgical coke per ton of hot meta 1 are saved. The sav- 
ings in coke result primarily from calcining limestone on the sinter- 
ing grate rather than in the blast furnace. Limestone in the form of 
fluxing fines for producing sinter is made by crushing and screening 
methods that result in a product meeting size specifications. 

Using sized sinter is desirable because it further increases iron 
production rates in the blast furnace. Plant tests have demonstrated 
significant increases in iron production rate as a result of screening 
out small-sized material in sinter before it is charged to the furnace. 
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Figure 1. Schematic flow diagram of continuous iron ore sintering process 


Other te sts have shown that sized sinter, which contains 85% to 
90% of 25 mm x 6 mm (1 in. x 1/4 in.) material compared with 60% 
in unsized sinter, has a much higher permeability than unsized sin- 
ter and pe rforms as wellas pellets of com parable size. It al so 
appears that crushing to —-25 mm (-1 in.) at the sinter plant yields a 
more stable sinter because the smaller size fractions are more resis- 
tant to degradation. 

In the last several decades, researchers have shown that fluxed 
sinter (and also fluxed pellets) has superior high-temperature prop- 
erties in the blast furnace compared to lump ore and acid pellets. 
These improvements include higher softening and melting tempera- 
tures and higher levels of reducibility. 

The above description of sintering is only an introduction to 
the topic. Earlier re ferences (before 1980) are useful for Nor th 
American and former Eastern Bloc sinter plant operations, most of 
which were built in the 1950s and 1960s. Some more recent refer- 
ences describe advances in sintering relevant to large, modern sinter 
plant operations, which are predominant in Europe and the Asia- 
Pacific area. 

It has been demonstrated in North America and in the Scandi- 
navian countries that blast furnace performances with fluxed, sized 
sinter also can be achieved with pellets that are properly sized and 
fluxed with either limestone/dolomite mixtures or olivine. 


Pelletizing—General Considerations 


Pelletizing differs from sintering in that a green unbak ed pellet or 
ball is formed and then hardened by heating. Experimental work on 
the concentration and agglomeration of low-grade iron ores, started 
many years ago by E.W. Davis and his associates at the University 
of Minnesota, showed that it was possible to ball or pelletize fine 
magnetite concentrate in a balling drum, and th at if the balls were 
fired at suf ficiently high temper ature (usually below the point of 


incipient fusion), a hard, indurated pellet could be mad e that was 
well adapted for use in the blast furnace. Consequently, despite the 
unquestioned benef its of sinter on blast fur nace performance, 
intense interest in the pelletizing process had developed because of 
the outstanding perfor mance achieved by steel pro ducers in 
extended operations with pellets as the principal iron-bearing mate- 
rial in the blast furnace burden. In North America this interest was 
promoted further b ecause of the absence of coarse sintering o res 
coupled with the opportunity to effectively use abundant reserves of 
low-grade taconite ore. 

In general, the pelletizing process is desirable for agglomera- 
tion of finely divided concentrates because they are normally of a 
size that can be formed into a green ball with little difficulty. Con- 
centrates and high-grade ores no t suitable for pelletizing are in 
some cases ground to the required size when pellets are desired as 
the final product. 


Pelletizing Feed Preparation 


The balling drum and the disc pelletizer are the most widely used 
devices for forming green balls. Compared with the balling drum, 
the disc has the advantages of lighter weight and greater possibility 
for adjustment. Its inherent design averages out the effect of instan- 
taneous fluctuations in the feed, whereas the drum cannot. Also, the 
classifying action of the disc promotes discharge of balls of more 
uniform size. The capacity of the discs is low, however, and discs 
generally require closer control than drums. Best control of _ ball 
size is achieved when the balling device is in cl osed circuit with a 
screen to remove and recycle the undersize material. 

Binders such as bentonite clay or hydrated lime are generally 
used to raise the wet strength of green ba lls to more a cceptable 
levels for handling. Bento nite consumption at 6.3 to 10 kg/t of 
feed is a significant cost element and adds to the silica content of 
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Figure 2. Schematic diagram of the traveling grate system for iron ore pelletizing 


the final product. Considerable effort has been directed at reduc- 
ing bentonite usage and developing cheaper substitutes. The ball- 
ability and strength of green balls are influenced by the additi ves 
and the moisture content and particle-size distrib ution of the con- 
centrates. Optimum moisture content for good balling is usually in 
the 9% to 12% range. It appears that balling c haracteristics are 
relatively independent of the chemical composition of a conce n- 
trate but strongly affected by its physical properties. For example, 
specular hematite is more difficult to ball than are magnetite con- 
centrates because of the plate-like structure of the former. In any 
case, satisfactory pellet formation usually is achieved by regrind- 
ing to about 80% to 90% of —43 pm (—3 25 mesh). Normally any 
material considered for pelletizing should contain at least 70% of 
—43 um (—325 mesh) and havea specific surface area (Blaine) 
>1,200 cm?/g for proper balling characteristics. 

Both the dro p and compressi ve strengths of gr een pellets are 
important, but compression strength is most important because dried 
pellets are not required to withstand much handling. The strength of 
fired pellets is important in minimizing degradation during handling 
and shipping, and in the blast furnace. Strong b onding in pellets is 
believed to be caused by grain gro wth from the accompanying oxi- 
dation of magnetit e to hematit e or re crystallization of hematit e. 
Although slag bonding may pro mote more rapid streng thening at 
slightly lower f iring temperat ures, pellet strength is normally 
decreased, e specially its resistance to thermal shock. Fired pel let 


strength is determined most commonly by compression and tu mble 
tests. Com pressive strengths of indi vidual pellets depend on the 
mineralogical composition and physical properties of the concen- 
trate, the additives used, the balling method, pellet size, firing tech- 
nique, and temperature. The compressive strengths of commercially 
acceptable pellets are usually between 200 kg and 350 kg for pellets 
between —13 mm and +9 mm. In the tumbler test, 11.4 kg (25 Ib) of 
+6 mm pellets are tumbled at 25 rpm for 8 minutes in a drum tum- 
bler (ISO 3271: 1995) and then screened. A satisfactory commercial 
pellet should contain no t more than abou t 5% of -0.6 mm (—28 
mesh) fines, and 94% or more of +6 mm size, after tumbler testing. 
A minimum of broken pellet fines between 6 mm and 0.6 mm is also 
desirable. Other important properties of fired pellets f or blast fur- 
nace feed are reducibility, porosity, and bulk density. 


Pellet Plant Flowsheet 


The flowsheet of a pelletizing process is similar in many respects to 
the sintering process, particularly in th e materials handling area. 
Usually the associated mining, concentrating, and grinding installa- 
tions are operated as a feed prepar ation section of the pellet plant. 
The three most important pelletizing systems are the traveling grate 
(Figure 2), the grate-kiln (Figure 3), and the shaft furnace. Figure 2 
shows the o verall layout of the pellet plant for the traveling grate 
system; it would be the same for the other indurating systems. Each 
system has been used commercially to make quality pellets, and so 
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capital and operating costs are usually the deciding factors involved 
in choosing one or the other. Fuel requirements for these pelletizing 
systems vary from about 500,000 to 1 MkJ/t of pellets, depending 
on the feed material. Oxidizing magnetite to hematite during pellet- 
izing will produce a signif icant proportion (about 400,000 kJ/t) of 
the heat requirement in all of the systems. For pelletizing hematites, 
using coke breeze (or some carbon source) in the pellet feed mix- 
ture has become a common practice, producing the additional indu- 
rating ener gy normally prod ucedby magnetiteo xidation. 
Pelletizing processes are being improved constantly, and sources in 
the bibliography give further details on their technology and devel- 
opment. Self-fluxing pellets is an example of an innovation that has 
been accepted on a commercial scale and has led to major advances 
in blast furnace performance. 


Traveling Grate 


The traveling grate system for producing pellets, i llustrated in 
Figure 2, is essentially a modification of the sintering process. The 
green balls are fed onto the grate continuously to give a bed depth 
of about 300 to 400 mm (12 to 16 in.) and are dried in the first few 
wind boxes by updraft air recovered from the firing zone; this is fol- 
lowed by downdraft drying using re covered air from the cooler . 
This arrangement of hot air flow limits pellet damage from conden- 
sation of moisture in the bed. Following drying, downdraft air from 
the cooling zone p reheats the pellets. Firing is do ne downdraft in 
the combustion zone by burning fuel oil or natural gas with hot air 
from the cooling zone. The cooling zone fo llows the combustion 
zone and uses updraft fresh air. 

Fuel con sumption in the traveling gra te system is about 
350,000 to 600,000 kJ/t of pellets produced from magnetite and up 
to 1 MkJ/t from pelletizing hematite. The system offers good tem- 
perature control in the firing zone. Pellet consistency throughout 
the bedi s achieved by recirculating some fired pellets to form 
hearth and side layers on the grate. The largest grate machines are 
4m (13 ft) wide and can produce more than 3 Mt of pellets per 
year. Circular grate machines also have been desi gned, and one 
such machine is in operation. 


Grate-Kiln System 


The grate-kiln system, depicted in Figure 3, consists of a tra veling 
grate for drying andp_ reheating the pellets to about  1,040°C 
(1,902°F), a rotary kiln for uniformly heating the throughput to the 
final induration temperature of 1,315°C (2,400°F), and an annular 
cooler for cooling the product and recuperating heat. A central oil, 
gas, coal, or waste wood burner at the discharge end of the kiln sup- 
plies heat for f iring. Hot gases produced in the kiln are used for 
downdraft preheating of th e pellets. Hot air from the cooler sup- 
ports combustion in the kiln; it al so is recovered to the traveling 
grate for drying and tempering preheat. 

The grate-kiln system offers excellent temperature control in 
all stages of the process and produces a consistently uniform prod- 
uct. Fuel consumption is 300,000 to 400,000 kJ/t of standard pellets 
produced when using magnetite ore and up to 700,000 kJ/t of stan- 
dard pellets produced when the feed is hematite. Fuel consumption 
increases b y 250,000 kJ/t when pr oducing flux ed pellets. Po wer 
consumption, from balling to pellet loadout, is 23 kW -hr/t. Grate- 
kiln systems can be designed for production tonnages up to 6 Mtpy 
per line. 


Briquetting 
Briquetting is an old art of agglomerating or forming small or large 


lumps of regular shape from a wide variety of materials, including 
wood, coal, lignite, chars, cokes, ores, and flue dust. Various designs 
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Figure 3. Schematic diagram of the grate-kiln system for iron ore 
pelletizing 


of punch and roll presses are or have been used. Briquetting of cold 
or unheated material had not been successful for producing satisfac- 
tory agglomerates for the blast furnace until recently. Briquettes usu- 
ally are formed using a binder and do not possess the strength that 
high-temperature heating gives pellets and sinter. The shutdown of 
sinter plants in North America and Scandinavia has led to impro ve- 
ments in briquetting technology by recycling waste oxides. Such bri- 
quettes can be used at 3% to 10% of the furnace burden without 
difficulty; the poor high-temperature properties preclude higher con- 
sumption levels. 


Consumption of Fluxes in Sintering 


The level of flux consumption in sintering can be estimated from 
data from sinter plant operations in Asia, Europe, and North Amer- 
ica. The fluxes used a re limestone, dolomite, oli vine, serpentine, 
and burnt lime. 


Limestone 


Limestone is com posed primarily of the mineral calcite (CaCO3) 
and is the most widely used flux. Its calcium combines with iron to 
form calcium ferrites that bond sinter particles together and give the 
sinter the physical strength and high-temperature properties that are 
desirable in blast furnace raw material. Li mestone con sumption 
rates average between | 00 and 125 k g/t of sinter. With sinter p ro- 
duction exceeding 600 Mtpy, limestone consumption would exceed 
60 Mtpy accordingly and could approach 90 Mtpy w orldwide. 
Limestone deposits are common, so for any given operation it is 
sourced locally or regionally. The chemical and physical specifica- 
tions for limestone (and dolomite) are listed in the chapter on met- 
allurgical flux es in t his volume. F or limestone, the k ey ph ysical 
attribute in sintering is a size range of 1 to 3 mm. Particles that are 
too coarse will not melt and be assimilated properly into the sin- 
tered matrix, whereas ultrafine particles may be carried through to 
the sinter waste gas system. 


Olivine (Serpentine, Dunite) 


Olivine (solid solution series composition: Mg2SiO4 and Fe 28104) 
fluxes are used se lectively worldwide. The objective is to ac hieve 
the de sired MgO le vel in bl ast furnace slag, and the SiO 2 helps 
increase the final sinter SiO target level to about 5% or higher. The 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


1398 


Industrial Minerals and Rocks 





sinter SiO by it self is he Ipful only to the extent that it allows an 
increase in t otal CaO input at a given target CaO/SiO> level. The 
CaO helps to “h old the sinter together,’ and the CaO/SiO2 ratio 
must be high enough to flux the iron ore gangue and coke ash com- 
pounds in the blast furnace ra w materials. The upp er limit of the 
CaO/SiO> ratio in sinter (and therefore blast furnace slag) is limited 
by slag viscosity and slag alkali removal considerations. Typical 
sinter CaO/SiO2 levels are between 1.5 and 2.2 depending on the 
overall sinter percentage. The SiO 2 input is requ ired for European 
and Asian sinter plants that use large amounts of iron ore from Bra- 
zil and Sweden, which have low SiOz levels. The prime Australian 
ores also have SiO> levels well below 5%. 

Olivine and serpentine are more desirable sources of MgO 
than dolomite because olivine does not require calcination; serpen- 
tine, however, does require the removal of water. These materials 
are viewed as enhancements to the sintering process, whereas dolo- 
mite is re garded as de trimental and necessary only to meet blast 
furnace slag chemistry requirements. Both MgO sources improve 
the high-temperature properties of sinter. 

Olivine is a magnesium-iron silicate with an average composi- 
tion of 93% forsterite (Mg2SiOz) and 7% fayalite (Fe2SiO4). A typ- 
ical chemical composition follows: 





Oxide % Oxide % 
MgO 49.0 AlzO3 0.5 
SiO, 41.0 NiO 0.3 
FeO 7.0 MnO 0.1 
Cr203 0.3 CaO 0.05 


Olivine composition can range from 100% Mg»2SiO, to 100% 
Fe2SiO4 because it is a solid solution series. The melting tempera- 
ture of fayalite is lo w, so the Mg:Fe ratio in olivine is one of the 
critical specifications in assessing the suitability of different olivine 
compositions for use as fluxing agents. Additional details are given 
in the chapter on olivine in this volume. 

Typical addition rates for olivine are 25 to 40 kg/t in European 
sinter mixes. Use of olivine to replace dolomite be gan in 1 975 in 
Europe and is no w universally accepted. European consumption is 
estimated at 3 Mtpy and is sourced mainly from Norway. 

Dunite is a rock composed primarily of olivine, whereas ser- 
pentine isa hy drated ma gnesium-iron silicate. The Fe:Mg ra tio 
varies from one deposit to the next. Generally, the chemical speci- 
fications apply as they do for olivine. 

The choice of olivine, dunite, or serpentine depends on avail- 
ability and logistics. Olivine is readily available inthe Atlantic 
basin, mainly from Norway; dunite and serpentine are more readily 
available in the Asia—Pacific regions. 


Dolomite 


Dolomite is used mainly in North American sinter mixes to achieve 
the desired MgO level in the blast furnace slag. Worldwide, some 
dolomite is used in Asia and Eu rope. In North America, only on e 
sinter plant operation, which uses significant amounts of low-silica 
Brazilian ore (Operation A in Table 6), uses olivine. The remaining 
operations achie ve ad equate SiO 2 levels from rec ycled materials 
such as_ steelmaking sla g, so an y additional SiO, fr om o livine 
would be detrimental. Therefore dolomite is the convenient choice 
for addition of MgO as well as for CaO. The chemical and physical 
specifications for dolomite are given in the chapter on metallurgical 
fluxes in this volume. 


Burnt Lime 


Burnt lime is introduced as a binder in the sinter plant mixing drum 
to promote the agglomeration of ultrafine particles (0.1—1.0 mm). 


The objective of using the mixing drum is to add the proper amount 
of water and binder (burnt lime) to promote agglomeration so that 
the particles will exceed 1 mm in diameter when they exit the mix- 
ing dru m. Such particles enhan ce the permeability of the mix, 
increasing gas flow and thus accelerating sintering. Usin g burnt 
lime is particularly effective when the sinter mix contains signifi- 
cant levels of finer sized iron ore concentrates and other fine ores. 
Burnt lime is used extensively in European sinter plants an d to a 
lesser e xtent in Asia n sinter plants, where the predominant feed 
materials are c oarser Australian iron ores. Burnt lime is used in 
only one plant in the United States, which is shown as Operation A 
in Table 6. 

Typical consumption rates for burnt lime are 5 to 15 kg/t of 
sinter. Aruleo fthumbisthat a 1% addition(1 Otol 5 kg/t) 
increases sinter production by as much as 10%; the in cremental 
benefit at higher addition rates, ho wever, is much lower. Because 
burnt lime is more costly than other flux materials, most sinter plant 
operators target burnt lime addition rates at about the 1% level. 

Burnt lime is identical to the high-calcium lime used in steel- 
making in the BOF, as described in the chapters on fluxes in this 
volume; the chapter on lime gives additional information. 


Other Industrial Mineral Applications in Sintering 


The only other known application of industrial minerals in sintering 
is spraying a solution of CaCl onto the hot sinter as it exits the sin- 
ter strand. The objective is to increase the reduction-degradation 
index (RDJ) of the sinter. This metallurgical property of sinter is 
important in avoiding excessive generation of fines in the upper 
stack of the blast furnace during the initial reduction of hematite 
to magnetite. Only afew sinter operations worldwide use this 
technique. 


Consumption of Binders, Fluxes, and Coatings in Pelletizing 


Additives to the iron ore mixture in pelletizing include binders and 
fluxes. The fluxes mainly modify the chemical composition of the 
slag-forming constituents of pellets; some of these additives such as 
lime and magn esium lime comp ounds, and sili ceous compounds 
such as quartz and olivine, also may have binding properties. Some 
recycled materials called “reverts” also may ha ve binding proper- 
ties, but the use of such steel plant oxides is limited. 


Binders 


Binders help form pellets and maintain their strength before and 
after firing. The type of binder used depends on the type of ore to 
be pelletized. Finely ground natural ores with clay-like textures are 
readily agglomerated and require little or no binder addition. Such 
ores typically have significant Al2O3 levels that provide this clay- 
like behavior; these ores are found in Venezuela, Australia, India, 
and, to a lesser extent, Brazil. Iron ore concentrates produced from 
the beneficiation of taconite ores in the United States and specular 
hematite ores in Cana da are not readily self-agglomerating and so 
require binders. The binders aid agglomeration and impart suf fi- 
cient strength to unfired green pellets. 

Table 7 1 ists bin der use for se lected pe Ilet p lants in Nort h 
America and in world plants, i.e., those in South America, Europe, 
and the Asia-Pacific regions. Bentonite use is predominant in North 
American plants, but its use is also significant in some pellet plants 
overseas. One North American plant has been able to replace bento- 
nite with an or ganic binder. Other materials used as binders are 
hydrated lime and caustic soda. Many other materials such as peat 
moss, starch, bitu men, and others have been propo sed as binder s, 
but only three have found widespread use: bentonite, hydrated lime, 
and organic binders. 
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Table 6. Typical sinter plant data 
Europe United States Asia 
Company’ A B c D E F G A B A 
Sinter area, m? 444 400 180 400 525 520 336 352 125 420 
Production, 1,000 Mt 6,050 4,750 1,830 3,300 5,700 6,650 3,725 3,190 1,037 4,950 
Productivity, t/m?/day 40 35 32 26 34 37 34 27 23 36 
Raw mix, kg/t 
Concentrates 101 164 323 144 126 160 190 125 140 43 
Hematite ore 739 656 394 656 504 640 570 661 22 689 
Magnetite re ° 0 0 0 60 122 50 0 0 8 22 
Dust and sludges 15 7 40 30 10 20 4 15 19 
Other reverts, >60% Fe 25 35 40 20 10 40 91 283 164 
Other reverts, <60% Fe 20 10 70 40 30 20 0 45 434 5 
Limestone 135 120 125 160 150 130 140 109 95 167 
Dolomite 0 0 0 0 0 0 0 39 0 18 
Burnt lime 15 15 7 0 5 15 0 7 0 3 
Olivine 25 35 20 25 25 25 40 40 0 0 
Serpentine 0 0 0 0 0 0 0 0 0 14 
Total fresh feed, kg/t 1,075 1,042 1,019 1,085 1,012 1,060 1,003 1,120 1,120 1,235 
Total return fines, kg/t 430 480 350 490 365 420 370 A451 280 254 
Total mix, kg/t 1,505 1,522 1,369 1,575 1,377 1,480 1,373 1,571 1,400 1,490 
Solid fuels, breeze, etc., kg/t 50 53 55 50 51 45 45 54 15 55 
Operating data 
Bed depth (mix), mm 530 550 380 440 490 605 590 508 432 569 
Moisture, % 6 5 5 6 5 6 6 6 5 6 
Sintering time, min 21 22 22 29 24 nat 25 27 na na 
Product chemistry, % 
Fe 57.9 58.1 58.9 58.2 57.1 57.7 54.5 56.3 49.6 55.7 
Fe** 5.1 7.9 4.6 4.4 6.2 4.7 5.1 6.4 0.0 4.8 
SiO2 5.1 5.4 5.0 5.6 5.6 5.3 6.4 5.1 7.1 5.3 
CaO 9.7 8.7 8.8 8.5 10.1 9.4 10.8 9.3 15.3 11.5 
CaO/SiO2 1.9 1.6 1.8 1.5 1.8 1.6 1.7 1.8 2.0 2.2 
MgO 1.7 2.1 1.2 1.4 1.7 1.6 2.3 37] 3.3 1.3 
Al2O3 1.0 1.2 Ll 1.4 1.2 2 1.4 1.2 2.1 1.8 





* Company names withheld to avoid disclosing proprietary data. 
tna = not available. 


Bentonite 


Bentonite is the binder of choice in Nort h America and is e xten- 
sively used worldwide as well. Consumption rates fall in a narrow 
band of 8 to 10 kg/t, except where other binders supplement bento- 
nite. The total consumption in North America w ould be just abo ve 
500,000 t, with the U.S. pellet producers supplied mainly fro m 
Wyoming and the Canadian pellet producers supplied mainly from 
the Greek island of Milos and also from Ind _ ia. Bentonite is 
described in more detail in the chapter on bentonite clays: in this 
volume. Bentonites used in pelletizing are the acti ve sodium typ e 
from W yoming and the sodium exchanged calcium type from 
Greece. The latter type is prepared by ion exchange of Ca** for Na* 
by simply mixing it with soda ash. With both types, the bentonite 
expands with addition of water and promotes migration o f water 
into iron ore par ticles; this in turn promotes agglomeration during 
the balling step . As the green ball s are being indu rated, bentonite 
promotes the formation of a slag bonding phase; this ultimately is 
responsible for the high strength of the fired pellet. 


Bentonite is arock composed primarily of clay minerals of the 
smectite group (including montmorillonite), which has the capacity 
to adsorb 1 arge volumes of water and expand to several times its 
original volume. This swelling property and th e high thixotropic 
behavior are the most important characteristics forthe bonding 
capacity of bentonite. The swelling capacity is defined by the Ens- 
lin value: 


Ew =(V x 100)/P 


where 
Ew = Enslin value, in % 
V_ = absorbed water quantity, in cm? 
P = bentonite quantity, in g 


The chemical composition of various bentonites includes the 
following ranges of ma jor com ponents: Si Oz (43.0% _ to 72 .0%); 
AloO3 (3.0% to 20.0%); Fe (0.67% to 14.0%); CaO (1.0% to 1.8%); 
MgO (2.0% to 3.5%); Na2O (0.04% to 3.0%); K2O (0.1% to 1.7%); 
and loss on ignition (LOI ; 5.0% to 11.0%). The specif ic surface 
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Table 7. Binder use in pellet plants,” kg/ft 


North American Plants 

















A B Cc D E F G GG H I 
Bentonite 5.8 10.0 8.5 10.0 8.8 8.6 7.6 8.5 6.2 
Organic 0.41 0.07 
Other 3.6 0.2 

(hydrated lime) (caustic soda) 
World Plants 

A B Cc D E F G H I J 
Bentonite 5.1-5.5 8.4 5.0 8.5 10.0 8.0 5.0# 
Organic 0.024 
Other Hydrated lime 0.4008 





* Company names withheld to avoid disclosing proprietary data. 


t Blank cells indicate a value of zero. 


area ranges from 3,000 to 8,000 cm’/g, whereas Enslin values range 
from 200% to 900%. 

Bentonite contains alkalis such as Na2O and KO, which are 
undesirable in the blast furnace, and S iO2 and Al 203, which ar e 
expensive to re move in the electric furnace (for dir ect red uction 
[DR]-grade pellets). Accord ingly, some of the efforts to re duce 
bentonite consumption or to find substitutes for bentonite are driven 
by the desire to reduce the input of these undesirable elements into 
ironmaking and steelmaking furnaces. 


Hydrated Lime 


Hydrated lime (Ca(OH)z2) can be used with ores that already have 
some propensity for sel f-agglomeration. It is produced from lime- 
stone and is usu ally sourced locally; it is also less e xpensive than 
bentonite. Hydrated lime is discussed in the chapter on lime in this 
volume. Briefly, CaO is obtained by calcining limestone at temper- 
atures >900°C (1 ,652°F). Calcium hydrate is produced from CaO 
by slaking with water. The oxide is converted to hy droxide in 
quenching units, and is then pulverized. Hydr ated lime is tr ans- 
ported in closed containers. 

Hydrated lime acts as both a binder and a basic additive. Dur- 
ing pellet induration, the basic additives react first with the “acid” 
gangue constituents to form a neut ral or basic matrix between the 
iron oxide grains. Accordingly , hydrated lime has some advantage 
over bentonite, which adds acidic gangue to the pellet mix. 

During the mixing process, h ydrated lime gre atly increases 
the specific surface area of the iron ore mixture. This in turn con- 
tributes to increased wet green ba ll and dried fired-pellet strength, 
even with more coarsely ground ores. 

This substance, however, is less capable than bentonite of con- 
trolling water during pelletization and does not c ontribute to th e 
cohesive/adhesive forces required to form and maintain green pellet 
integrity. 


Organic Binders 


Organic binders ha ve been under development for some time and 
continue to be investigated. They are used both as the sole binder 
additive and in conjunction with others. These binders immobilize 
large amounts of water during th e pelletization process and then 
release this water gradually during the drying pro cess. They offer 
some k ey adv antages rela tive to bentonite such as reduction of 
acidic gangue input and increased porosity, which can contribute to 
increased pellet reducibility and improvements in other metallurgi- 
cal properties. The increased poros ity results from b urning off the 
organic binder during the indurating process. 


$ Blast furnace. 


§ Direct reduction. 


The increase in porosity also poses challenges in m aintaining 
fired-pellet strength; this h as been one of the major ro adblocks to 
more widespread use of organic binders. Fired pellet strength can be 
maintained with skillf ul modification of green-balling and indurat- 
ing conditions, and also by using other additives such as limestone. 

The two principal types of or ganic binders are one based on 
cellulose and the other based on a polymer. Both are noncontami- 
nating to the iron ore pellets and contain no elements (such as sul- 
fur, phosphorus, and alkalis) that are harmful in ironmaking and 
steelmaking. These b inders produce carbon dioxide and w ater 
vapor when burned. 

Organic binders are sh ipped as f ine powders of <20 0 mesh. 
They are added directly in front of the balling step. Typical addition 
rates are 0.3 to 0.6 kg/t (0.03% to 0.06%). Such rates are about 10% 
of a typical bentonite rate, but the costs of these manufactured spe- 
cialty chemicals are usually 10 times greater than bentonite. 

Accordingly, the major incentives for using organic binders 
are focused on their benefits in iron making and steelmaking. In 
direct reduction ironmaking, the advantages are mainly realized in 
the subse quent el ectric furna ce steelmaking ste p, where e very 
1.0% reduction in pellet SiOz content can reduce liquid steel costs 
from $3.00 to $5.00 per ton of DR pellet. In the blast furnace, an 
increase in pellet reducibility of 0.1% in the ISO R40 test (range of 
reducibility: 0.5 to 1.3) can decrease the coke rate by 5 kg /t and 
therefore reduce hot metal cost by $0.50/t of hot met al or nearly 
$0.75/t of pellets for an all-pellet burden. 


Fluxes: Flux Additions to Blast Furnace Grade Pellets 


The principal flu xes used in pelletizing are limestone, dolomite, 
and olivine. The other major additi ve used in pelletizing is coal, 
particularly for hematite pellets. Table 8 gives typical consumption 
levels. Fluxes can be broadly di vided into three major categories: 
dolomitic-limestone, limestone, and olivine. 


Dolomitic-Limestone Fluxed Pellets 


Dolomitic-limestone flux ed pell ets predominate in Nort h America. 
Commercial pellet production be gan in North America i n the 1950s 
with production of acid pellets (Si O2 = 5% to 6%) with the sum of 
CaO and MgO <1.0%. Such pellets provided blast furnace perfor- 
mance that was superior to the use of lump ore but inferior compared 
to high-quality flux ed sinte r. Research studies sho wed that pellet 
metallurgical properties such as re ducibility, high-temperature sof t- 
ening, and melting temperatures could be increased with basic addi- 
tives. Indeed, overseas pellet pr oducers (e.g., in Japan) successfully 
demonstrated productio n and use of — dolomitic flux ed pellets; in 
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Table 8. Additives—blast furnace pellets,” kg/ft 
North American Plants 
A B Cc D E F G H I 
Limestone 3 16 62 11 85-119 3-13 60+ 40-55+ 354 
48 128 48 
Dolomite 59 62 25-35 25+ 45-85+ 65* 
108 108 
Olivine 
Coal 11 18 114 264 
108 218 
Other Coke breeze 
World Plants 
A Cc E F G H I J 
Limestone 354 15 15-73 25 48 37+ 
338 
Dolomite 13.58 40-90 90 
Olivine 35 25 
Coal 134 6 20 4-9 5 6 16¢ 
118 168 
Other 15# 2-28 Coke breeze 
248 (serpentine) 
20-35 
(steelmaking dust) 
* Company names withheld to avoid disclosing proprietary data. t Fluxed. 
t Blank cells indicate a value of zero. § Acid. 


North America, ho wever, it w asnotuntil the mid-1980s that 
researchers identified the right co mbinations of limestone and dolo- 
mite to improve metallurgical properties while maintai ning satisfac- 
tory physical pro perties. By the early 1990s, most No rth American 
pellet plants were modified to produce fluxed pellets. The CaO-SiO» 
ratio is typically 0.9 to 1.0 but can be increased to 1.3, whereas MgO 
levels range from 0.6% to 1.8%. The MgO target specification deter- 
mines the rati o of dolomit e to limestone in the flux mixture.On a 
worldwide basis, dolomitic flux ed pellets are gaining popularity at 
the expense of limestone fluxed pellets. 


Limestone Fluxed Pellets 


Limestone flux ed pellets are still produced in some parts of th e 
world, including Brazil. In some cases, adding limestone was an 
extension of using calcium hy drate as a bin der. Depending on th e 
ore type, limestone also may improve the physical and metallurgi- 
cal properties of the pellets. 


Olivine Fluxed Pellets 


Olivine fluxed pellets play a k ey role in areas such as S weden and 
the Netherlands where some Swedish ores a re pelletized. In these 
areas, the ores being pelletized are very low in SiO. Producing an 
acid pellet from such ores could result in very high swelling values. 
Olivine is a convenient mineral that contributes both SiOz and MgO; 
the MgO improves the metallurgical properties of these pellets and 
the overall silicate structure gives them high physical strength. In the 
Asia-Pacific area, other types of magnesium-silicates such as ser- 
pentine (see Table 8) play the same role as olivine. 

Flux additives also are playing an increasing role in improving 
the properties of acid pellets. Adding 1% to 2% of either limestone 
or dolomite can improve key physical and metallurgical properties 
such as tumbler and compression strength and resistance to swell- 
ing and low-temperature breakdown. Table 8 gives typical addition 
rates for blast furnace fluxed and acid pellets. 


The data in Table 8 suggest total flux addition rates of about 
100 k g/t, or 10%, for do lomitic fluxed pellets and <50 kg/t for 
limestone flux ed an d oli vine f luxed pell ets. The lo wer additi on 
rates for the latter are related to the lo wer SiOz levels of the ores 
being pelletized; this in turn requires less flux addition to achieve a 
given basicity target. 

These flux additions do not dr amatically a ffect green-bal | 
formation but do play ani mportant role during induration. The 
fluxes are gr ound to the same level of fineness as the or es being 
pelletized, preferably wi th separa te gri nding f acilities. Dur ing 
induration the limestone reacts with the acidic gangue to produce a 
slag bonding phase and the dolomite reacts with the ore to produce 
a magn esio-wustite bon ding p hase. The result anti ncrease in 
porosity contributes to increased reducibility and the combination 
of slag bonding and oxide bonding contributes to the increase in 
softening and mel ting temperatures. In acid pellet production at 
elevated te mperatures, wustit e (FeO) combines wi th si liceous 
gangue t o form 1 ow-melting t emperature f ayalite. Thi s in turn 
increases contraction and extends the softening—melting tempera- 
ture range. 

For blast furnace acid pellet production, the primary additive 
is limestone, about 1% to 2% (10 to 20 kg/t). This increases pellet 
strength by creating a stronger slag bonding phase in the pellet. 
Some pellet producers also add up to 1% (10 kg/t) dolomite, which 
contributes mainly by its resistance to swelling. 


Flux Consumption in Blast Furnace Pellet Production 


North American fluxed pellet consumption is about 45 Mtpy. With 
flux consumption levels at about 10%, this implies consumption of 
limestone and do lomite toge ther is > 4 Mtp y. The lesser use of 
fluxes in acid pellet production could bring this total to some what 
<5 Mtpy. Such fluxes are usually obtained f rom local or regional 
sources. The specifications for limestone and dolomite are in the 
chapters on metallurgical fluxes in this volume. 
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Table 9. Additives to direct reduction pellets,” kg/f! 


North American Plants 

















H l 
Limestone 3 
Dolomite 20 14 
Coal 12 22 
Other 

World Plants 

A B D H J 

Limestone 6 10-15 16 
Dolomite 16 14 15 
Coal 12 16 6-10 16 
Other 7.2 


(waste oxides) 





* Company names withheld to avoid disclosing proprietary data. 


t Blank cells indicate a value of zero. 


Benefits of Fluxed Pellets to Blast Furnace Performance 


The effect in the blast furnace of improved metallurgical properties of 
fluxed sinter or fluxed pellets (as compared to acid sinter, acid pellets, 
or lump ore) is a lower coke rate because of the combined benefits of 
improved reducibility and improved high-temperature prope rties. 
The latter manifest themselves in the shift of the blast furnace “cohe- 
sive” zone (where the iron-bearing raw materials initially soften and 
then melt off as liquid hot metal and slag). This shift of the cohesive 
zone lower in the furnace and clos er to the furnace ce nter increases 
the v olume of th e zone where g aseous redu ction of iron oxides 
occurs. It is not possible to allocate the coke rate savings between the 
reducibility and cohesi ve zone shif t phenomena. The shift in the 
cohesive zone also provides other process economic benefits, specifi- 
cally extension of furnace campaign life as a reduced volume of hot 
gases strike the furnace wall, and reduction in hot me tal silicon con- 
tent (with attendant downstream benefits in the steelmaking BOF) as 
the volume for Si transfer in the furnace is reduced. 

In blast furnace practice, the benefits of fluxed pellets relative 
to acid pellets include bo th reduced ra w flux calcination and 
improved me tallurgical prope rties. F or converting a b urden of 
100% acid to a burden comprising at least 65% fluxed pellets, the 
process benefits could be quantified as follows. 


¢ Coke rate savings of 25 to 30 kg/t hot metal owing to a combi- 
nation of technical reasons: reduction of raw flux calcinations, 
improved pellet reducibility, cohesive zone shift, and ability to 
operate at higher flame temperatures. This is about twice the 
savings calculated for an acid pellet burden solely because of 
raw flux calcinations. 


Extension of camp aign life through reduced lining wear as a 
result of reduced gas flow and thermal load at the furnace walls. 
¢ Reduction in hot metal Si content caused _ by co hesive zone 
shift with attendant benefits in BOF operations. 


The statement that the proce ss benefits are re alized with at 
least “65% fluxed pellets” is based on the observation that once the 
burden composition exceeds 65% of a ny iron-bearing material, the 
furnace behaves as if the entire iron-bearing component was that one 
material. Acc ordingly, most ironma kers ope rating with all -pellet 
burdens use about 65 % to 80% flux ed pellets, with the balance 
mainly acid pellets. This pra ctice also ma ximizes the consumption 
of other basic materials such as w aste oxides lik e steelmaking 
(BOF) slag. 


Although flux pellets account for about two thirds of North 
American pellet production, acid pe Ilets still play akey role asa 
supplement to predominan tly fluxed pellet or flux ed sinter burden 
or even in all-pellet operations where the plant hot metal require- 
ment can be met by an all—acid-pellet burden. 


Flux Additions to DR-Grade Pellets 


Flux additions to DR-grade pellets are al so significant, although 
less so in recent years. T able 9 lis ts some flux addi tion rates for 
DR-grade pellets. At one time, a number of DR-grade pellet produc- 
ers, mainly in Brazil and Sweden, added about 5% of flux to reduce 
the “‘sticking” or “clustering” tendency of pellets during reduction in 
Midrex or HyL shaft reduction furnaces. As DR-grade pellets under- 
went reduction, met allic whiskers formed and atta ched or stuck to 

whiskers from adjacent pellets, forming clusters that could impede 
the downward flow of reduced pellets. The flux additions coated the 
metallic whiskers, thus minimizing cluster formation. 

The de velopment of pellet coating techniques pro vided a 
more cost-effective means of eliminating pellet clustering in DR 
shaft furnaces. Although additives such as CaO and MgO pro- 
vided fluxes th at w ould be u sed later i n EAF steelmak ing fur - 
naces, adding higher levels of fluxes also reduced the Fe content 
and increased pellet costs. At present most DR pellet producers 
add 1% to 2% (10 to 20 kg/t) fluxes, mainly dolomite, to enhance 
pellet physical and metallurgical properties. Coal addition rates of 
10 to 20 kg/t help meet indurating energy requirements for these 
predominantly hematite ores. 


Coatings for DR-Grade Pellets 


In the mid-1990 s, pellet produc ers and sh aft f urnace operators 

worked together to develop and implement the concept of “coating” 
pellets. Pellet coating mixtures, mainly aqueous, of various finely 
ground oxides w ould be sprayed o nto pe Ilets as t hey e xited the 
indurating furnaces. Such coatings are limestone , dolomite, baux- 
ite, cement, and other substances. T hese c oatings a lso can be 

applied just before pellets enter the Midrex or HyL shaft furnaces. 
In some practices, the pellets are coated twice, once at the pellet 
plant and then again just before the reduction furnace. By c oating 
the surface of the pellet, metallic whiskers are encapsulated by the 
oxide coating. 

Because of c oatings technology, sha ft furnac es are able to 
operate at high er temperatures (760°C [1 ,400°F] to as much as 
1,000°C [1 ,832°F]) to increase both metallization and productiv- 
ity. Furthermore, this ability to operate at higher shaft temperatures 
has encouraged the use of techniques such as oxy gen enrichment 
that raise the bustle (inlet) temperature to t hese furnaces; this in 
turn increases the shaft temperature. Increases in productivity of 
10% to 15% can be achieved and increases in metallization from 
92% to 95% have also been r ealized. The E AF steelmaking fur- 
nace benefit of increased metallization is about $0.70/t of DR pel- 
let per 1% increase in metallization. 

Table 10 gives some current coating practices. 

Although coatings have been applied mainly to DR-grade pel- 
lets, one pellet producer has been exploring coatings for blast fur- 
nace pe llets. The incentive is to minimize dust generation in the 
blast furnace shaft, improve furnace permeability, and increase pel- 
let yield as flue dust generation is decreased. 


Other Pelletizing and Briquetting Applications: 
DR and Alternative lIronmaking 


Nearly all sintering a nd pelletizing a pplications in iron and steel 
production in volve pr eparing iron-bearing ra w materials fo r the 
major established reduction proces ses: t he bl ast furnac e and t he 
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gas-based DR processes, Midre x and HyL. The latter account for 
more than 90% of the DRI production worldwide; some agglomera- 
tion applications, however, relate to other ironmak ing processes to 
produce either liquid hot metal or DRI. 


Corex Process 


The same pellets used for the DR processes are also used in the 
Corex ironmaking process. Corex is a tw o-step process in which 
the prereduction step is a shaft furnace fed with pellets and lump 
ore on top and with a reducing g as on the bottom. This reducing 
gas is th e of f-gas (top-gas) from the smelting reduction vessel, 
which is fed with coal and ox ygen. Commercial Corex hot metal 
plants are in operation in South Africa, India, and Korea; the total 
tonnage is <5 Mtpy. High capital costs are a barrier to widespread 
adoption, but ad ditional C orex plants are e xpected to be built in 
regions where power generation from excess off-gas from this pro- 
cess may be as valuable as the hot metal produced. 


Rotary Hearth Furnace Processes 


Another class of processes to use fine iron ores is the rotary hearth 
furnace (RHF) DR processes. These processes require either a bri- 
quetting or a pelletizing step to prepare self-reducing agglomerates 
of iron ore f ines, coal fines, waste oxides, binders, and flux es for 
the RHF. These agglomerates are heated and reduced in one cir- 
cumferential trip around the rotary hearth. The DRI pr oduced can 
then be melted in a subsequent EAF or BOF steelmaking process or 
even in a blast furnace. In some pr ocess variants such as the Iron 
Dynamics, Inc. (IDI process, the RHF is coupled to a sub merged 
arc furnace (SAF). The hot DRI produced in the RHF is char ged 
directly into the SAF t 0 produce liquid hot metal for subsequent 
charging into an EAF . Another variantis the ITmk3 proc ess in 
which the RHF is heated to a sufficiently high temperature to sepa- 
rate the reduced agglomerate into molten pig iron and slag while 
still on the RHF. The resultant pig-iron nugget can then be charged 
to an EAF. Both the IDI and ITmk3 processes are headed toward 
commercial development in the United States. The overall effect on 
flux consumption may not be sign ificant, however, because the 
SAF and EAF process steps will still require fluxes for proper slag 
chemistry. Binders continue to be used to produce satisfactory self- 
reducing agglomerates. Other RHF processes use steel plant w aste 
oxides along with some coal to produce alo wer grade solid DRI 
product for subsequent use in an EAF, BOF, or blast furna ce. 
Smaller scale (<300,000 tp y) RHF plants using v arious technolo- 
gies (e.g., Fastmet, Drylron, Inmetco) are in commercial operation 
in the United States, Japan, and elsewhere. 


Cold Bonding Processes 


In some commercialized cold bonding processes, steel plant w aste 
oxides, ore fines, coal/coke fines, etc., are ag glomerated to produce 
a material suitable for char ging into a blast furn ace or cupola. The 
agglomeration process is usually a briquetting process, although pel- 
letizing and brick-forming processes also have been developed. The 
produced agglomerate lacks the high- temperature strength of f ired 
agglomerates suchas sinteror pellets. Ac cordingly, such cold- 
bonded agglomerates can be used only as <5% of the iron-bearing 
charge to a blast furnace ; otherwise blast furnace permeability and 
overall performance will be adversely affected. Therefore the scale 
(usually <100,000 tp y) of such plants is limited by bot h the con- 
sumption ability of the blast furna ce and the a vailability of w aste 
oxides in a given steel plant. The use, if any, of industrial minerals in 
these processes is usually for binders, with materials such as cement, 
molasses, and various proprietary mixtures commonly employed. 


Table 10. Coatings for direct reduction pellets,” kg/ft 


North American Plants 

















H l 
Limestone 3 
Dolomite 2.5-3.0 Used in winter 
Bauxite Used in winter 
Cement 

World Plants 

A B D H J 

Limestone Rate unknown 1.5-2.0 
Dolomite 3.0 
Bauxite 2.0-2.5 
Cement Rate unknown 





* Company names withheld to avoid disclosing proprietary data. 


t Blank cells indicate a value of zero. 


Examples of such cold-bonded processes include several steel 
plants in North America without sinter plants that are using briquet- 
ting processes operated by outside companies to pr oduce w aste 
oxide briquettes composed of mill scale, or e fines, dusts, sludges, 
coke breeze, etc. In Sweden, a brick-forming processor consumes 
similar materials. In Ja pan, all steel companies have sinter plants, 
but cold- bonded pellets are made up of waste oxides not suitable 
for the sintering process. 

All of the abo ve produce agglomerates for blast furn ace con- 
sumption. In Germany, a commercial plant (OxiCup Process) is 
being built to process “self-reducing” bricks (composed of waste 
oxides, coke breeze, etc.) in a cupola to produce liquid hot metal. 

Alternative processes ha ve a key objective of using iron ore 
fines (as well as waste oxide and coal fines in some cases) without 
relying on any prereduction process. 


Hismelt, Smelting-Reduction Processes 


Long-standing efforts to replace the blast furnace process are aimed 
mainly at replacing coke ovens and sinter plants and other pro- 
cesses that pre pare raw materials for the blast furnace. The blast 
furnace itself is a highl y efficient, environmentally compliant pro- 
cess. Alternative processes to the blast furnace involve smelting- 
reduction processes fed with iron ore fines, flux, and coal fines. The 
leading candidate is the HIsmelt process, with commercial plants 
capable of producing 0.5 Mtpy of pig iron or hot metal starting up 
in Australia and China. Such plants would feed EAFs or small blast 
furnaces. Further scaleup, if successful, could enable HIsmelt to 
replace sm all- to medium-size blast furnaces. The effect on flux 
consumption, however, would be minimal because fluxes currently 
used in sintering and pelletizing would then be charged directly into 
the HIsmelt or other smelting-reduction vessels to obtain satisf ac- 
tory slag chemistry. 


Fines-Based Direct Reduction Processes 


Included here are both fluidized bed processes using natural gas as 
a reductant and RHF processes using coal as a reductant. The latter 
are viable only if liquid iron or a pig-iron nugget can be pro duced 
or if only waste oxides are processed. The former include the Fin- 
met process and its predecessor, the Fior process, in which iron ore 
fines are reduced in series of fluidized beds; the reduced fines are 
then hot-briquetted for subsequent shipment to ma inly EAF steel- 
making furnaces. No binders or fluxes are used. Two commercial 
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plants have been built with at otal capacity approaching 4 Mtpy. 
The capital costs at such plants are very high, and it is possible that 
no additional plants will be built. 


FUTURE OF SINTERING AND PELLETIZING 


The future of sintering and pelle tizing is directly related to the 
future of tho se ironmaking processes that use si nter and _ pellets, 
mainly the blast furnace and the shaft furnace DR proce sses. The 
future of these processes in turn depends on worldwide steel pro- 
duction and consumption, which have been on an upward trend for 
the past century, with some important interruptions for events such 
as the Great Depression, the oil shocks, the fall of the Soviet Union, 
and the Asian f iscal crisis. Cu rrently, global steel production is 
again on an upward trend, led by explosive growth in China, most 
of which is based on the blast furnace process. This growth has led 
to very strong demand for both pellets and sintering ore. Steel pro- 
duction in the rest of the world is expected to be reasonably stable 
through this decad e. Some continual b ut gradu al shifting to ward 
EAF-based steelmaking at the expense of BF/BOF steelmaking will 
occur in North America and Western Europe. This will reduce sin- 
tering capacity in these regions, but global growth, mainly in China, 
will present an overall inc rease in sintering c apacity. Worldwide 
pellet ca pacity will continue to grow to feed both blast furn ace 
based e xpansions and DR I/EAF based e xpansions, mainly in 
regions rich in natural gas, such as the Middle East. 


Government, Environment, and Health Considerations 


Globally, governments view steel production favorably because of 
the economic importance of th e steel ind ustry. Go vernment atti- 
tudes about public ownership have shifted in favor of private invest- 
ment, both locally and globally. The privatization trend has led to 
increased i nvestment, improved energy ef ficiency, and planned 
growth. Gro wth inthe steel industry has had a corresponding 
growth in agglomeration practice, whereas the use of uneconomic 
local lump ores continues to decline. The practice of producing sin- 
ter on-site has increased and is based on rich iron ores and pellets 
from local or seaborne sources, but mainly from seaborne trade. In 
North America, government actions concerning international trade 
have been favorable, but environmental mandates, currency appre- 
ciation, and tax and labor policies have presented challenges to the 
BF/BOF se ctor in particular. This has sharply reduced sin tering 
capacity and led to consolidation of pellet plant capacity. 

The sintering process in particular has been challenged by 
environmental inte rests. W orldwide, ste el companies have mad e 
major capital in vestments to install or upgrade flue-gas scrubbing 
systems in sinter plants. For most of the world, sintering is the key 
iron-bearing feed preparation pro cess, so these investments have 
been justified; steel companies, however, continue to face pressure 
on the issue of dioxin releases from sinter plants. Consider able 
technological progress has been made in this area in recent years, 
and it is no w believed that the dioxin issue will not lead to wide- 
spread sinter plant shutdowns as originally feared. In North Amer- 
ica, where relatively modern pellet plant capacity was available, 
steel companies shut do wn many smaller, older sinter plants that 
would have required significant capital spending to address these 
environmental concerns. 

Most of the world’s pelletizing capacity, including nearly all 
of that in North America, was built in the 1970s and 1980s with 
state-of-the-art equipment f or air and w ater pollution control. 
Furthermore, most pelletizing capacity is at or near mine sites and 


Table 11. Environmental emissions of agglomeration processes 








Emissions 
SO, NOx, co, CO», Particulates, 
Process g/t g/t kg/t kg/t g/t 
Sintering 1,670 640 38 220 260 
Pelletizing, hematite ore 200 500 ] 30 130 
Pelletizing, magnetite ore 100 200 <l 25 125 





Adapted from LKAB 2000. 


typically in remote areas. By contrast, sint er plants a re | ocated 
within steel plants, which themselves are frequently located in or 
near densely populated urban areas. Accordingly, pellet plants have 
faced far less environmental pressure than have sinter plants. A por- 
tion of this is attributed to lower emissions, as indicated by the data 
in Table 11. 

The differences shown in Table 11 arise mostly from fuel con- 
sumption. Magnetite ores have the lowest external fuel requirement 
due to the heat released when oxidizing magnetite to hematite at the 
start of the in durating process. Pe Iletizing hem atite or es requires 
less fuel than sintering because of better heat utilization in the pro- 
cess. Hematite pellet producers use about 22 to 30 kg/t of coal or 
other carbonaceous fuels such as anthracite, coke breeze, or pet 
coke per ton of ore. Nearly all U.S. pellet plants process magnetite 
ores and Canadian pe Ilet plants process mainly he matite ore s. 
Worldwide, most of the pelletized ore is hematite, with some nota- 
ble exceptions such as Sweden. 

The issue of CO» emissions and the Kyoto Accord is also a 
concern. Because blast furnace ironmaking/steelmaking is a major 
contributor of CO 2 emissions, a solution must be found toa void 
large-scale deindustria lization inde veloped countries. I n the 
interim, the steel industry and ir on ore pelletizing com panies are 
demonstrating the ir co mmitment to mi nimizing CO 2 em issions, 
mainly by striving to minimize overall energy consumption. 
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Fluxes for Metallurgy 


Harold R. Kokal 


INTRODUCTION 


Although the use of fluxes in metallurgy spans the globe, this chap- 
ter is limit ed to include uses, consumption, and operations in the 
United States. The pr inciples desc ribed, however, are universal in 
nature. Information on world sources, specific transportation issues, 
supply and demand, and marketing in foreign countries can be found 
in other ch apters of this book , re ferences in libraries, and , more 
recently, on the Internet (USG S 2004). Previous editions of Indus- 
trial Minerals and Rocks can be reviewed for an historical perspec- 
tive on the industry (Boynton and Gutschick 1960, 1975; Gillson 
et al. 1960; Severinghaus 1960; Lawrence 1975). 

The consumption of limestone, dolomite, and silica as metal- 
lurgical flux esis small compared tothe total consumption of 
crushed stone. Only about 10% of to tal consumption is used in the 
chemical and metallurgical industries, and only about 10% of that 
is used as flux (T epordei 2002a). Therefore, the industrial use of 
fluxes is a specialized niche comprising only about 1% of total pro- 
duction within the much larger crushed stone industry. This chapter 
concentrates on flux uses inthe iron and steel industry, because 
about 90% of all metal consumed in the United States and in th e 
world is iron and_ steel (Habashi 1986; USBM 1991). The use of 
flux for processing several nonferr ous metals is discussed on ly 
briefly. 

This chapter is restricted to the uses of flux minerals in ther- 
mal processes; fluxing minerals as neutralizing agents in the hydro- 
metallurgical p rocesses and othe rche mical proc esses are not 
discussed. The latter subjects are covered elsewhere in this book . 
Also, the use of fluxes in welding and brazing is not discussed here, 
but the sub ject is co vered well by Lawrence (1975) and in other 
chapters of this book. 


THE CONCEPT OF FLUXES 


A metallurgical flux is a substa nce that is c ombined with gangue 
(unwanted minerals) in o res during smelting, with impurities in a 
molten metal, or with other additives in metal refining to form a 
slag that can be separated from the metal. Slags are immiscible with 
the metallic melt and are of lower density, so that a clean separation 
of slag and metal occurs when the proper conditions are attained. 
Slag chemistries are adjusted to pro vide the proper melting point, 
viscosity, sur face tension, co nductivity, specific heat, density , or 
chemical prop erties for the particular me tallurgical proc ess. In 
addition to abs orbing impurities from the me tal, sl ag the rmally 


insulates the metal bath, protects the molten metal from the atmo- 
sphere, and controls the chemical potential of the system. Se veral 
excellent references on slags and me tallurgical fluxes are available 
(Rosenqvist 1974; Boynton 1980; T urkdogan 1983; Fine and 
Gaskell 1984; Lankford et al. 1985). 

Fluxes often are selected to make slags that perform different 
functions at different stages of a process prior to final melting. For 
example, slag compo sition and behavior will change as materials 
descend in the iron blast furnace and as materials melt in the early 
stages during stee Imaking. S election of slag chemistry might be 
influenced by factors other than their primary function; for e xam- 
ple, blast furnace slag s might be used to make cement, rock wool 
insulation, or aggregate. In some cases, steelmaking slags contain- 
ing sufficiently high phosphorus content have been marketed as fer- 
tilizers. Sla gsco ntaining suf ficient qua ntitiesof valuable 
recoverable elements may be sold as raw materials for other pro- 
cesses. For example, during production of pig iron from titanium- 
rich ores by the Sorel process, a slag rich in titanium dioxide is 
made and used as ara w material for subsequent recovery of tita- 
nium metal (Knittel 1 983). The U.S. Geological Survey (USGS) 
monitors slag as a separate mineral commodity (Kalyoncu 2001). 


GENERAL USES OF FLUXES 


The production of carbon steel of many types is accomplished by the 
reduction and smelting of iron-bearing materials (pellets, sinter, and 
lump ore) and flux es in blast fu maces with subsequent ref ining of 
molten iron and scrap inoxygen-blown furnaces. Some carbon steels, 
as well as stainless steels, ferroalloys, and special alloys, are made in 
electric-arc furnaces. Limestone and lime are the major fluxes used in 
ironmaking and steelmaking, b ut dolomite, dolomi tic lime, silica, 
alumina, and fluorspar also are used. Foundry cupolas also emp loy 
some limestone and dolomite (Boynton 1980), and small amounts of 
limestone and lime are used in nonferrous metallurgy. 

In blast furnace ironmaking, the flux is added either by direct 
charging of sized lumps or through sinter and fluxed pellets. Silica 
and alumina sometimes are added to blast furnaces either by direct 
charging of sized lumps or thro ugh sinter. During steel refining in 
either oxygen-blown furnaces or electric-arc furnaces (EAFs), flux 
is added as lime and dol omitic lime either charged as lumps or 
injected as fines; sometimes a small amount of limestone is used. 
Occasionally, fluorspar is added as lumps or mixed with other fine 
materials in briquettes. During refining in lad les prior to casting 
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steel, spec ial sl ags are ma de wit h compositions opt imized for 
removal of impurities. In continuous casting, additional specialized 
fluxes are added. 

Flux minerals sometimes are added to repair refractories. In 
the basic oxygen process for steelmaking, lime from the flux com- 
bines with silica (formed by oxidation of silicon from the metal) to 
form a slag. This slag will attack the magnesia refractory brick that 
lines the steelmaking v essel, so magnesia (MgO in some form) is 
added to help pre vent damage to the refractory (Bo ynton 198 0; 
Lankford et al. 1985). The selection of a flux material to repair the 
refractory lining of smelting and refining vessels depends on the 
type of refractory and the process itself. In copper smelting, an acid 
slag practice is used, and silica is added for repair of refractories in 
the smelting furnaces (Anderson 1961; Fowler 1961). 

Fluxes contained in a slag th at formed in one operation can 
also serve as flux in another. Slags that formed in ref ining opera- 
tions often are recycled to smelting operations to provide flux mate- 
rials and to re cover e lements th at otherwise m ight be 1 ost. For 
example, steelmaking slag s are recycled tot he bl ast furnace to 
recover unrea cted, prec alcined lime, andironan d mang anese 
oxides. Impurities, particularly sulfur, phosphorus, and zinc, limit 
the recycling of steelmaking slag to the iron blast furnace. In cop- 
per smelting, converter slags are recycled to re cover copper and 
flux; however, the extent of recycling depends on the level of impu- 
rities such as bismuth, antimony, and arsenic. 


TYPES OF FLUXES 


Fluxes often are referred to as acid, basic, or neutral. Acid fluxes 
are those that form acids in w ater, and basic flux es form bases in 
water. T ypical ac id flux es are silica, alum ina, and phosphorus, 
although alumina may function as either an acid or base. Typical 
basic fluxes are lime and magnesia. Fluorspar, or calcium fluoride, 
is considered a neutral substance because it is viewed as the reac- 
tion product of a base and an acid. The de gree of acidity (ratio of 
acids to bases) or basicity (ratio of bases to acids) often is specified 
to characterize slag chemistry for a particular system, which in turn 
might be referred to as acid or basic depending on the type of slag. 
For example, steelmaking is basic because it uses slags with mor e 
bases (lime and magnesia) than acids (silica and alumina). 

The choice of miner als an d compounds used as flux es 
depends on the requirements of the process, a vailability, costs, 
requirements for rec ycling of in termediate products, and en viron- 
mental concerns. Because slags ar e most often mixtures of oxides 
and silicates, fluxes are usually oxides, carbonates (which decom- 
pose to oxides), and silicates. Slags containing phosphates, borates, 
sulfides, carbides, or halides also have been used (Rosenqvist 1974; 
Moore 1981; Szek ely, Carlsson, and Helle 1989) . In ironmaking 
and steelmaking, slags are basic, so the primary flux is lime-bear- 
ing, although acidic components also may be added. In nonferrous 
processes, slags and flux es are gene rally ac idic (silica is t he pri- 
mary component), although small amounts of basic fluxes such as 
limestone or lime are used to modify slag properties, and some non- 
ferrous refining slags are lime based. 

Typical acid fluxes are siliceous sand and gravel, quartz rock, 
used silica brick, or raw siliceous ore (Lankford et al. 1985). Oliv- 
ine, a magnesium-silicate mineral, has been added to iron blast fur- 
naces to enhance removal of alkalis. Alumina-based fluxes include 
bauxite, aluminiferous clay, and re cycled alumina brick. Alumina 
can function amphoterical ly, forming either al uminum silicate in 
high-silica slags or calcium aluminate in lime-bearing slags (Lank- 
ford et al. 1985). 

The principal basic fluxes are limestone (calcium carbonate) 
and dolomite (calcium —magnesium car bonate), sometimes called 


fluxstones (Boynton 1980), and their calcined forms, lime and dolo- 
mitic lime. The advantages of e xternally calcined fluxes are that 
they require less expensive forms of energy to effect decomposition 
than when they are used in the blast furnace (e.g., where coke is the 
main fuel ), a nd the y cause less boiling in stee Imaking v essels 
because car bon dioxide gas is already removed. Limestone and 
dolomite are considerably less e xpensive than lime and dolomitic 
lime. The calcined forms are more difficult to handle and are highly 
reactive with water. Dolomite and dolomitic lime are used for their 
magnesia contents. 

Fluorspar is a neutral flux once used wide ly in stee Imaking 
slags to improve fluidity and also has been used together with lime 
as a prim ary sl ag in el ectroslag ref ining (Duckw orth and Ho yle 
1969). The lowest grade of fluorspar (metallurgical spar) often is 
used for steelmaking. When the price of flu orspar is high, substi- 
tutes, including aluminum smelti ng dross, b orax, manganese ore, 
titania, iron oxides, silica sand, and calcium chloride, may be used 
(Peters 1982). Briquettes with various combinations of low-grade 
manganese ore fines, mill scale, pre cipitator dust, recycled slag, 
and fine fluorspar have been used as flux in steelmaking to form a 
fluid slag. Over the la st decade, the use of fluorspar in the steel 
industry has been decreasing. 

Fluorspar is emplo yed widely in the manufacture of alumi- 
num. High-grade fluorspar (acid- grade fluor spar used to make 
hydrofluoric acid) is us ed to m ake cryolite (AIF 3), which, along 
with fl uorspar, is used in a molten bath to dissolve alumina and 
recover electrolytic aluminum (Miller 2002a). 

Since about 1980, iron- and steelmakers have been using syn- 
thetic slags for external treatment of hot metal from the blast fur- 
naces and for treatment of st eel in ladles subsequent to basic 
oxygen fu rmace (BOF) and EAF processing. These treatments 
include flux additions for removal of silicon, su Ifur, and phospho- 
tus. Synthetic slags are made by adding magnesium or aluminum 
metal, ma gnesium—aluminum or ca Icium-silicon al loys, c alcium 
carbide, prefused calcium aluminate, and mixtures of some of these 
to coke, lime, and fluorspar (S tubbles 1984). Sodiu m carbon ate 
(soda ash) can be used for desulfurization and dephosphorization of 
steel (Yamamoto, Kajioka, and Nakamura 1980; Szelely, Carlsson, 
and Helle 19 89). Special synthetic compoun ds also are used as 
mold flux es in the continuous casting of steel (Branion 1987). 
Additional applications include nonferrous metallurgy, the ferroal- 
loy industries, and foundries (Szekely, Carlsson, and Helle 1989). 


PRODUCTION, CONSUMPTION, AND PRICING 
Sources of Flux Materials 


Deposits of lim estone and dolomite are widespread and often are 
found near ironmaking centers. In the United States, limestone and 
dolomite flux es presently used for ironmak ing and steelmaking 
originate prim arily from Mic higan. Historically, t hese fluxsto nes 
were of the type and purity useful for ironmaking and could readily 
and economically be transported to iron- and steel- producing cen- 
ters. Small amounts of fluxstone also are obtained in Alabama, 
Ohio, Pennsylvania, and I llinois (Lawrence 1975; Lankford et al. 
1985). 

Minor flux mater ials used in ironmaking an d steelmak ing 
include alumina, silica, and fluorspar. In the United States there is 
a shortage of high-grade, alumina resources except for aluminifer- 
ous clays, which contain silica. Because alumina and sil ica must 
be added independently, bauxite (a for m of alumina-bearing ore) 
must be imported from Greece, Turkey, or Jamaica. In contrast, sil- 
iceous materials are plentiful. Typical silica resources for blast fur- 
naces include raw ore from iron mines and local siliceous gravel. 
Local siliceous sands, olivine, and other f ine siliceous materials 
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are used to increase the silica content of sinter. Fluorspar for steel- 
making is imported to the United States from China, South Africa, 
and Mexico. 

In the nonferrous industries, fluxes are largely siliceous, and 
lean ores or other nearby rocks often are used as fluxes, providing 
that impurities are low. In some instances, high-grade silica rock is 
used. Gypsum, a sulf ate of calcium, has been used as a source of 
lime and sulfur in nickel smelting (Habashi 1986). 


Transportation 


Long-distance transportation of limestone and dol omite is uncom- 
mon because of their low unit v alues and widespread occurrence; 
however, if high purity is required, higher-cost lime and do lomitic 
lime mig ht be tr ansported o ver greater distances in some special 
cases. For example, low-impurity flux has been transported fro m 
Japan to Australia to su pplement local impure sources for use in 
fluxed pellets. 

In the United States, limestone and dolomite are transported to 
the steel-producing centers by ship on the Great Lakes, by barge on 
rivers, and by railroad. Sinter plants are often located at or near 
steel mills to take advantage of the availability of a variety of iron- 
bearing raw materials, cok e fines, and slag. Some steel producers 
operate their own lime plants to produce both high-calcium lime 
and dolomitic lime, while others purchase their lime from indepen- 
dent producers. Captive lime plants often are located near steelmak- 
ing operations and in some cases are connect ed by conveyor belts. 
In other situations, lime is transported by truck, barge, or rail. The 
USGS publishes a directory of lime plants (Miller 2004). 

The trend toward using fluxed pellets in blas t furnaces has 
required a change in the transpor tation and distribution patterns of 
limestone and dolomite. In the United States, fluxed pellets are not 
made near the steel mills but instead at the iron ore mines in Minne- 
sota and Mic higan, which are located farther from the steel mills 
than from the limestone and dolomite quarries. Therefore, the lime- 
stone and dolomite fluxes must be backhauled to the mines by boat 
and railroad before being returned to the steel mills in the form of 
fluxed pellets. In some instances, fluxed pellets made in Minnesota 
with flux from Michigan have been transported as far as Alabama 
and Utah by railroad. 


End Users 


The sizes of stone used for flux are generally less than 150 mm but 
greater than 150 mesh (0.104 mm). The coarsest sizes are used for 
direct char ging to shaft-type lime kilns and blast furnaces; inter- 
mediate sizes are used for manufacture of lime in rotary kilns and 
direct charging to bla st furnaces; and the finer sizes are used for 
sinter. There is some flexibility in stone size if appropriate facili- 
ties for crushing, grinding, and sizing are available. The intermedi- 
ate to fine sizes are used for fluxed pellets after additional crushing 
and grind ing. Sizes belo w 150 mesh (0.104 mm) of ten con tain 
impurities detrim ental to ironma king an d stee Imaking, an d are 
either sold for agri cultural use or disposed of as waste (see the 
chapters on li me, aggl omeration proc esses, and limestone a nd 
dolomite for more details). For discussions on flux ed pellets and 
sinter production, refer to the Agglomeration Processes chapter, as 
well as Ball et al. (1973). 

Lime oft en is added to sinter mixes to promote micro- 
agglomeration of fines and to serve as a source of calcium, or, in 
the case of dolomitic lime, as a source of calcium and magnesium. 
Lime and hydrated lime also have been investigated as binders in 
iron ore pellets; ho wever, this can result in crack ed pellets aft er 
induration (firing) of pellets caused by rapid release of the water 
of hydration (Ramos 1999). 


High-calcium lime and dolomitic lime used as fluxes in steel- 
making have specific particle size requirements. The sizes of stone 
required for lime burning are fairly well fixed and are adjusted to 
make the required p article sizes of lime. In the nonferrous indus- 
tries, lime, in addition to smelting and refining, is used to treat acid 
wastes and to control acidity in flotation and cyanidation plants. 


Factors Affecting Pricing 

Limestone and Dolomite 

The USGS publishes informatio n on the production, co nsumption, 
and value of crushed stone, which includes the flux mine rals lime- 
stone and dolomite (Tepordei 2002a ). Major source s of fluxstone 
used in the ferrous and nonferrous industries are domestic. Trends in 
the production, consumption, and value of fluxstone (limestone and 
dolomite), used predominately in the iron and steel industry, are 
shown in Table 1. The quantity used in the iron and steel industry is 
about 1% of total crushed limestone and dolomite consumption. 

The total of crushed stone reported as flux is only slightly 
greater than the amount reported as fluxstone; the difference can be 
attributed to ma terials other than limestone and dolomite. During 
the period from 199 8 to 2002, the reported amount of fluxstone 
used by the iron and steel industry decreased from about 7 Mtpy to 
less than 2.5 Mtp y. This not only reflects the depression in steel 
production during that period, but it also most likely reflects con- 
sumption from stock piles and underreporting by companies that 
were consolidating. During the same period, the average value of 
fluxstone increased from $4.29/t to $5.14/t. 

Quantities and values of limestone and dolomite used within 
the chemical and metallurgical industries, including uses for lime 
making and flux, are shown in Table 2. The consum ption of lime- 
stone is greater than the consumption of dolomite as flux. 

Lime 

The USGS publishes data related to production and consumption of 
lime (Miller 2002b). Mo st lime is produced domestically (Miller 
2004), and the iron and steel industry contributes about one-third of 
the t otal lime de mand (Table 1, which also shows trends for the 
period from 1998 to 2002); the decline in usage reflects the depres- 
sion in the steel in dustry. The pr ice of 1 ime gra dually incr eased 
from about $58/t in 1998 to $60/t in 2002. In 1989, the value of 
metallurgical lime w as between $50/t and $55/t. In 2004, prices 
spiked dramatically for many raw materials, and the price of lime 
was also much higher than in 2002 and 2003. 

The consumption and value of lime in the metallur gical indus- 
tries between 1998 and 2002 are shown in Table 3, which also shows 
the uses of lime in the BOF and_ the EAF steelmaking processes. In 
2002, lime use in the nonferrous industries, excluding smelting and 
refining, was about 18% of that used in ironmaking and steelmaking. 
This percentage has decreased steadily from 1998 to 2002. 


Fluorspar 


Table | sho ws fluorspar production and consumption. About 2 0% 
of total fluorspar deman d is for cru de steel production (Miller 
2002c), which decreased from 1998 to 2002, fr om about 600,000 
tpy to 450,000 tp y. The price for metallur gical purposes held rela- 
tively constant at $89/t. The small decrease in price in 2001 reflects 
the slump in the steel industry as well as possible stockpile sales. 


INDUSTRY STRUCTURE 
Infrastructure 


During the past decade, the flux industry has u ndergone dynamic 
and e ven abrupt chan ges becau se of large-scale consolidation 
within the iron, steel, and coppe r industries. A smaller number of 
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Table 1. Production or consumption and value for fluxstone, lime, and fluorspar in iron and steel production, 1998-2002 





Fluxstone (Limestone and Dolomite) 





Fluxstone production (limestone and dolomite), kt 
Total crushed stone used as flux, kt 
Total limestone and dolomite, all uses, kt 


Average value, $/t" for fluxstone 


1998 1999 2000 2001 2002 
6,723 7,680 3,480 2,632 2,251 
6,880 8,080 4,010 2,900 2,380 

1,064,000 1,084,000 1,099 1,131,000 1,075,400 
4.29 4.37 4.70 4.67 5.14 





Lime (Calcined Limestone and Dolomite) 











Lime production for iron and steel, kt 6,130 5,970 6,150 5,460 5,360 
Total U.S. lime production including hydrated lime and deadburned dolomite, kt 20,100 19,700 19,500 18,900 17,900 
Average value, $/t” for lime in iron and steel 58.56 57.62 58.21 59.56 60.82 
Fluorspar (Metallurgical) 
Imports, metallurgical grade, kt Al 59 39 27 28 
Consumption in BOF, kt 7.33 Wt 9.59 W 8.60 W ~—_Notreported — Not reported 
Consumption in EAF, kt 19.7W 8.78 W 7.27\N Not reported Not reported 
Total metallurgical consumption, kt 27.0 W 18.4 W 15.9 W 65.0 76.9 
Total apparent consumption, U.S., kt 591 615 601 543 442 
Average value, $/t# for metallurgical uses 89 88 84 80 89 





Adapted from Tepordei 2002a; Miller 2002a, 2002b. 
* Average value—free on board (f.0.b.) quarry or plant. 
t W = some data withheld to avoid disclosing company proprietary data. 
t Average value—cost, insurance, and freight (CIF), U.S. port. 


Table 2. Quantity and value of crushed limestone and dolomite sold 
or used within the chemical and metallurgical industries in the United 
States in 2002, by use 








Limestone Dolomite 
Use Quantity, kt Value, $/t Quantity, kt Value, $/t 
Lime manufacture 18,700 5.33 1,480 4.16 
Fluxstone 1,440 3:91] 811 4.48 


Total, all uses 90,543* 4.74 2,386" 4.25 





Adapted from Tepordei 2002a. 


* Total does not include data withheld to protect proprietary information. 


more efficient, larger producers now exist. In order to concentrate 
on their core business, many iron and steel pro ducers sold captive 
limestone and dolomite operations. Most li mestone and dolomite 

flux used in the steel industry no w is supp lied by less than a half 

dozen lar ge prod ucers (often th e flux is supplied from the same 
quarries). A directory of principal producer s of crushed stone, 
including limestone and dolomite, is published annually (Tepordei 
2002b). 

Some flux applications have changed, altering patterns of use 
and quantities. For example, limestone and dolomite fluxes used in 
blast f urnace i ronmaking pre viously were added dir ectly to th e 
blast furnaces or as flux through the sinter process, but today they 
are added as p recalcined fluxes through the use o f fluxed pellets. 
There al so has been large gro wth in mini-mill steelmaking wi th 
EAFs that rely primarily on scrap and direct reduced iron as sources 
of iron. These so urces contain less gangue, ther eby requiring less 
flux than the conventional blast furnace process. 


Imports /Exports 


Very small amounts of limestone, dolomite, lime, and do lomitic 
lime are imported and exported; however, USGS does not repo rt 
quantities specifically used for flux. A small amount of fluorspar is 


exported, although almost none is pro duced domestically . Some 
imports or excess inventories may be sold and reported as exports. 


CHARACTERISTICS OF FLUX RAW MATERIALS 


Selection of flux for a particular process depends on the chemical 
specifications to form a slag of the required composition. Ideally, 
only pure substances would be selected; however, these are seldom 
available in nature. Impurities in the flux should be minimal. Large 
amounts of impu rities render the fl ux less ef fective, therefore 
requiring larger amounts of flux. Some minor impurities can have 
significant detrimental effects on the process or equ ipment. Once 
the chemistry is spe cified, particle size of the flux is determined 
largely by handling and gas-flow requirements of a particular p ro- 
cess and, to a lesser extent, by the particle si ze or size distribution 
of flux available. Geographic location and economics may dictate 
the selection of a flux with the desired chemical or physical specifi- 
cations; otherwise a new source may be explored. 


Chemistry of Limestone and Dolomite 


Limestone (CaCO3) and dolom ite ((Ca,Mg)CO3) are used in smel t- 
ing iron ores to supply lime (CaO) and magnesia (MgO), respec- 

tively, to form a slag with acid components silica (SiO) and alumina 
(Al)O3). Table 4 gives typ ical chemical a nalyses for limestone, 
dolomite, and their respecti ve calcined products. The ideal flux is 

low in acids (silica, alumina, and sometimes titania [TiO2] and iron 
oxide), sulfur (S), phosphorus (P), alkali metals (sodium and potas- 
sium), and halides (chlorides and fluorides). All p hosphorus in 

ironmaking ra w mater ials, including iron ores or agglomerates, 
coke, and fluxstone, is reduced to the elemental state in the blast 
furnace and appears in the iron product; therefore, phosphorus must 
be minimized in the flux. This is particularly true wi th rec ycled 
slags, and it is the phosphorus content that often determines the 
amount of steelmakin g slag that can be recycled to ir onmaking. 
Because a major purpose of the ironm aking slag is to remove sul- 
fur, sulfur in flux as well as ot her materials shou ld be low. Alkali 
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Table 3. Quantity and value of lime sold or used in the metallurgical industries in the United States, by use, 1998-2002 
1998 1999 2000 2001 2002 
Quantity, Value, Quantity, Value, Quantity, Value, Quantity, Value, Quantity, Value, 
Use kt $1,000 kt $1,000 kt $1,000 kt $1,000 kt $1,000 
Metallurgy (hydrated lime) 46 3,810 22 1,560 19 1,650 23 1,790 23 1,740 
Steel, BOF 4,280 245,000 3,860 219,000 4,000 229,000 3,260 194,000 3,600 218,000 
Steel, EAF 1,650 102,000 1,870 111,000 1,840 111,000 1,960 117,000 1,510 92,900 
Other steel and iron 206 13,000 239 14,700 300 17,900 250 14,000 255 14,700 
Nonferrous metallurgy” 1,710 98,500 1,570 91,000 1,310 66,300 1,170 61,200 973 54,900 
Total metallurgicalt 7,840 458,000 7,550 435,000 7,450 424,000 6,630 386,000 6,330 381,000 
Total lime, all uses 20,100 1,210,000 19,700 1,190,000 19,600 1,190,000 18,900 1,160,000 17,900 1,120,000 
Adapted from Miller 2002b. 
* Includes alumina and bauxite, magnesium, ore concentrate (copper, gold, etc.) and other. 
t Data are rounded to no more than three significant digits; may not add to totals shown. 
Table 4. Typical analyses of limestone, dolomite, and lime fluxes 
Limestone Dolomite Burnt Lime 
Component Blast Furnace’ Sinter Plant Blast Furnace’ Sinter Plant High-Calcium Dolomitic 
One-year average, % weight Calculated, % weight 
CaCO3 95.3 93.8 54.5 52.4 
MgCO3 3:1 3.6 42.0 40.0 
CaO 53.4 52.5 30.6 29.4 88.5 56.0 
MgO 1.5 1.7 20.1 19.1 2.5 36.8 
R2Ozt 0.3 0.4 0.3 0.4 0.5 0.5 
SiO2 0.7 1.8 2.6 6.8 1.2 4.7 
Typical, % weight 
Fe2O3 0.20 0.30 0.2 0.3 
Al2O3 0.30 0.20 0.3 0.3 
Mn 0.01 0.02 0.01 0.03 
P 0.01 0.01 0.01 0.01 
S) 0.03 0.04 0.05 0.03 
K2O 0.10 0.10 0.10 0.10 
Na2O 0.02 0.02 0.02 0.02 
Lol 43.40 46.10 6.00 1.00 1.0 2.0 





* Also typical of flux used in fluxed pellets and as stone for lime production. 
t R203 = Fe2O3 + AlgO3 + Cr2O3 + TiO2. 
t Loss on ignition. 


metals are gener ally detrimenta | to t he bl ast fu rnace ope ration, 
often forming deposits on the furnace walls; therefore, alkali inputs 
from raw materials should be minimized. During the production of 
fluxed pellets or sinter, the alkali metals, in combination with sul- 
fur, chlorides, and fluorides, have been found to be extremely detri- 
mental to some process equipment. 

Adding silica to the blast furnace often is required to attain the 
proper ratio of basic to acid components in the slag. In traditional 
blast furnace practice, up to 5% silica in the flux was tolerated and 
1% to 3% was common (Gault and Ames 1960). Today, silica levels 
are generally lo wer and the amount tolerated depends on whether 
the flux is used for making sinter or for direct charging; the levels of 
silica in other burden materials is also a factor. The allowable silica 
level also depends on the required slag chemistry, the volume of slag 
required for contro | of the f urnace, and the amo unt of su Ifur and 
alkali metals present. 

The MgO content of limestone added to the bla _ st furnace i s 
often not critical. The amount tolerated depends on the MgO content 


of all burden materials and the target slag c hemistry. Higher MgO 
content keeps the slag fluid o ver a wider temperature range (Gault 
and Ames 1960; Rosenqvist 1974). Dolomite may be added to pro- 
vide sufficient Mg O to produce slag to meet acertain _ by-product 
specification, for example, slag for use as aggregate. MgO added in 
sufficient amounts increases the melting point, and this effect is used 
to advantage when making fluxed pellets for the blast furnace. The 
MgO content of limestone must be known when producing blends of 
limestone and dolomite for use in fluxed agglomerates. 


Physical Properties of Limestone and Dolomite 


Traditional ironmaking relied on di rect char ging of th e iron blast 
furnace with flux materials up to 150 mm in size. Today the need 
for a uniformly sized and permeable burden requires that the size be 
more compatible with other burden materials; therefore, stone as 
fine as 50 x 12.5 mm has been used. By changing the size of stone, 
the location in the blast furnace where complete calcination occurs 
can be re gulated (Lankford et al. 1985). Typically, flux added to 
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Table 5. Size analyses of typical fluxstone for blast furnace, sinter plant, lime plant, and fluxed pellet plant 


Percentage Passing 





Blast Furnace or Lime Plant Stone 





Limestone Dolomite 50:50° 


Size, cm 


Mixed Blend 


Sinter Flux 


Pellet Flux 
50:50t 


Limestone Dolomite 





7.620 
6.350 
5.080 46.2 
4.445 18.7 
3.810 9.1 
3.175 4.4 26.4 
2.540 2.6 14.8 
1.905 1.7 2.0 
1.270 2.5 
0.952 

0.635 1.2 


99.6 
99.0 
91.0 


87.6 

88.7 
72.7 
50.5 64.6 


15.7 


99.8 100.0 





Size, mm 





4.699 
3.327 
1.651 
0.589 
0.295 
0.208 
0.147 
0.074 
0.053 
0.043 
0.038 
0.026 


97.5 
90.6 
66.0 58.6 
20.3 20.0 

8.2 10.0 


97.8 
86.1 


99.9 
99.3 
90.4 
65.9 
58.2 
52.2 
47.2 
42.0 


2.4 47 
0.9 2.4 





* Feed to crusher at fluxed pellet plant (50% limestone, 50% dolomite). 
t Ball mill grinding. 


sinter is in the range of -6.35 to —3.17 mm in size with 90% coarser 
than 150 mesh (0.104 mm). Some iron producers have adopted the 
use of fluxed pellets, which requires that the stone be gro und to 
60% to 80% passing 200 mesh (0.074 mm), a size more compatible 
with the formation of pellets from fine concentrates. Table 5 shows 
the size ranges of limestone and dolomite required for the blast fur- 
nace, lime plant, sinter plant, and fluxed pellet plant. 

Thermal decrepitation and ph ysical de gradation of fluxstone 
are undesirable becau se the presence of fines reduces the perme- 
ability of the fu. race b urden. Experience has sho wn that f ine- 
grained stone decrepitates less th an coa rse-grained st one in th e 
blast furnace (Gault and Ames 1960). Resistance of stone to physi- 
cal degradation during handling and transportation is also important 
in minimizing the amount of fines formed. If fines are deleterious to 
the process, the y must be removed by screening. If f ines have no 
alternate use, the cost of the flux is effectively increased. 


Chemical Properties of Lime 


Prior to use in steelmaking, limestone and dolomite are calcined or 
heated to drive off carbon dioxide. In the blast furnace, calcination 
of limestone be gins at temperat ures higher than 800° C and dolo- 
mite typically begins dissociating at about 700°C (Ricketts 1992). 
Typical analyses of lim e and dolomitic lime are sho wn in 
Table 4. In steelmaking, high-calcium lime with low silica content 
is specified because lime combines with silica formed by oxidation 
of silicon in the steel bath. Dolomitic lime is added in steelmaking 


to control the MgO content in order to minimize wear of the basic 
refractory lining. 

The available base (AB) for reaction with acidic components 
is important (Peters 1982; Lankford et al. 1985). The AB is calcu- 
lated in either of two ways: 


AB = CaO/(SiO2 + R203), 
or AB = CaO + MgO — SiO2— R203-— LOI, 


where 
R203 = the sum of the Fe203, AloO3, Cr2O3, and TiO; 
LOI = loss on ignition. 

The sulfur content of lime should be low, because absorption 
of sulfur that originates from either sto ne or fuel (or bo th) during 
calcining can be a major problem. The sulfur level in lime can be 
controlled by regulating oxygen content in the calcining system exit 
gas. Gypsum (CaSO4*2H,0) in fluxstone is undesirable because it 
is difficult to dissociate, but generally sulfur in pyrite (FeS2) or pyr- 
rhotite (Fe ;.,S, where x =0-0.2) canbe remo ved. Sulfur also 
occurs as or ganic sulfur in the stone. Sulfur le vels of 0.03 % to 
0.06% in the lime are typical. 

After calcining, lime is hygroscopic and slakes to form calcium 
hydroxide. In ad dition, so me up take o f car bon dioxide and sul fur 
dioxide can occur, forming a dense layer of calcium carbonate and/or 
gypsum on the surface. This lay er can adv ersely affect the subse - 
quent reaction rate of the lime. If lime is not complete ly calcined, a 
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core of unreac ted limestone (or dolomite) wi II re main. Unre acted 
core, along wi th adsorbed water and carbon dioxide, will result in 
LOI when the lime ishe ated. Lime for st eelmaking generally 
requires a low value LOI of 2% to 4% (or less); some plants actually 
require an LOI no higher than 0.5% (Boynton 1980). 


Physical Properties of Lime 


The particle size of lime used in steelmaking is typically 37 mm by 
6.35 mm. Particle size is important because if sizes are too fine, the 
intense gas flow abo ve the steelmaking vessel can re move them 
before the lime reacts to form sla g. Typically, particles <3 mm in 
size are removed. Although considerable effort is made to minimize 
the creation of fines in the lime, degradation occurs during hydration 
and carbonation in storage and _ through ph ysical handling. Lime 
placed in storage might contain between 5% and 20% fines less than 
3 mm in size; however, after several days in storage, fully one third 
can degrade further, and up to one half will exist as fines that result 
from handling and transfers before use in steelmaking. 

Several steelmaking p rocesses use bottom blo wing, and some 
use combined top and bottom blowing so that much finer flux can be 
used if injected. Fine lime can be pneumatically conveyed by oxy- 
gen or acarrier gas and injected through tuyeres (openings) in the 
vessel bottom. The high surf ace area of lime fines promotes rapid 
slag-metal reactions. The size of lime particles typically used in the 
injection process is about the same as (or finer than) those shown for 
pellet flux in Table 5 (Koros, Petrushka, and George 1991). 


Requirements for Fluorspar 


Fluorspar or calcium fluorid e (CaF 2) sometimes is used a s a fl ux 
along with lime to impro ve the fluidity of slag in steelmaking and 
subsequent ladle metallur gy proc essing. T ypical con sumption of 
fluorspar in steelmaking is 2 to 10 kg/t or 5% to 10% of the lime 
added (Peters 1982). In el ectroslag refining, fluorspar is used in a 
ratio of about 70 parts fluorspar to 30 parts lime (Duckworth and 
Hoyle 1969). The purpose in electroslag ref ining is to form a v ery 
conductive slag with the required meltin g point. In alu minum 
smelting, about 23 kg fluoride as AIF3 equivalent is used per ton of 
aluminum (Miller 2002b). 
The spec ification for me tallurgical-grade fluorspar is 72% 

minimum effective fluorspar, where the effective fluorspar is calcu- 
lated as follows: 


Effective CaF7 = CaF - (2.5 x SiO?) 


The major impurity in fluorspar is silica; the balance of impu- 
rities includes calcium carbonate and smal | amounts _ of barite 
(BaSOag), lead, and zinc. Table 6 shows chemical analyses of typical 
fluorspars. 

Fluorspar can be added as lump s, gra vel-sized ma terial, or 
fines incorporated in briquettes. Sizes of gra vel and screen fines 
are shown in the footnotes to Table 6. Typically, 5% to 15% fluor- 
spar fines are added to briquettes made with recycled slag fines or 
other stee Imaking ingredients. The la tter is oft en pre ferred to 
achieve better mixing of flux es and better reaction with the slag. 
Any loose fines will be lost during the blow. 


Other Materials 


Silica-bearing materials sometimes are added to the blast furnace to 
control the basicity of the process and to counteract overaddition of 
basic fluxes, although additions are kept to a minimum. The chemis- 
try of the material should be compatible with the process, and dele- 
terious elements such as alkali metals, phosphorus, and sulfur are 

avoided. In ironmaking, typical silica sources are low-grade taconite 
ore, flint clay containing alumin a, san dstone, siliceous g ravel, or 


Table 6. Composition of metallurgical-grade fluorspar (dry basis), 
wt % 





Component High-Grade Medium-Grade™ Low-Gradet 
CaF2 92.7 89.1 82.0 
SiO2 3.5 39 8.9 

Fe 0.09# 

S 0.05* 

CaCO3 3.5 4.6 4.2 
Effective CaF 83.9 79.3 59.7 





* Gravel size: -6.35 cm, +0.95 cm. 

t Screen fines: 78% —6.35 mm and +100 mesh (0.147 mm); 11% passing 
325 mesh (0.043 mm). 

+ Oxides of iron and aluminum and sulfur can sometimes reach 1% in lower- 
grade products. 


used brick. If the added material is low grade with respect to silica, a 
larger, measurable, and more controllable quantity can be used. For 
example, addition of ta conite ore containing 50% silic a and 35% 
iron allows extra iron units to be added to the furnace while provid- 
ing a lar ger volume of material than if usin g pure silica. In copper 
smelting, low-grade ores or rock and somet imes high-grade silica 
are used. In any process, the size of the flux material should be com- 
patible with the process: fine enough to react rapidly but not so fine 
as to cause permeability problems or to be lost as dust. 


Testing Procedures 


Many standard tests for characterizing lime and limestone (as well 
as dolomitic lime, dolom ite, flu orspar, and other materials) h ave 
been developed by the American Society for Testing and Materials 
(ASTM) (ASTM 2003a, 200 3b, 2003c). The ASTM tests com- 
monly applied are listed in Table 7. Accurate sampling of stone is 
often a problem becau se of its lar ge size o r wide rang e of sizes. 
Sampling of lime and fluxstone is described in ASTM tests C-50 
and D-75. Chemical analysis of limestone and dol omite is accom- 
plished easily acco rding to standard procedures defined in ASTM 
C-25 and C-1 301 and by published or proprietary meth ods using 
modern analytical techniques. Methods for analysis of fluorspar are 
given in E-463 and E-815 (AISI 1 989). Physical testing is defined 
in ASTM C-11 0. The ph ysical test most often done is sizing or 
screening of stone to determine size distr ibution described in 
ASTM E-11, C-136, E-276, and E-389. Degradation characteristics 
can be determined b y the Los Angeles abrasion test for f ine or 
coarse aggregates (ASTM C-131 and ASTM C-5 35). A drop test, 
approximating heights at which stone will be conveyed, is used to 
estimate amounts of degradation during handling and transportation 
(Fagerberg and Sandberg 1974). 

The ASTM water reactivity test, ASTM C-110, is often used 
to test lime reactivity for steelmaking (Schlitt and Heal y 1970). 
The American Water Works Association Standard B202-02 is sim- 
ilar. Although there is som e correlation of water re activity with 
slag formation, a crucible test is probably more directly related to 
lime behavior in steelmaking (Limes and Russel 1970). 


TECHNOLOGY 


Successful application of a particular slag in a metallurgical process 
depends on its chemistry and prop erties when m olten, which are 
controlled by the selection of appropriate fluxes. Important proper- 
ties of a s lag are: melting point, viscosity, surface tension, density, 
and chemical activities of its components. In electro-slag smelting, 
conductivity also is important. The effects of composition on melt- 
ing te mperatureinre lationto its other properties often are 
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Table 7. ASTM standard physical and chemical tests and definitions applicable to limestone, dolomite, and fluorspar’ 


ASTM No. 


Description 





C 25-99 
C 29/C29M-97(2003) 
C 50-00 


Chemical Analysis of Limestone, Quicklime, and Hydrated Lime 
Bulk Density (Unit Weight) and Voids in Aggregate 


Sampling, Sample Preparation, Packing and Marking of Lime and Limestone Products 


C 51-05 Standard Terminology Relating to Lime and Limestone as Used by the Industry 

C 70-94(2001) Surface Moisture in Fine Aggregate 

C 110-05 Physical Testing of Quicklime, Hydrated Lime, and Limestone 
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described by temperature—compositi on diagrams (ph ase diagrams) 
and property—composition diagrams. It is convenient practice to use 
index values to describe composition requirements of a gi ven pro- 
cess. Thorough discussions of the pr operties of metallurgical slags 
can be found in se veral references (Der ge and T enenbaum 195 1; 
Rosengqvist 1974; Turkdogan 1983; Elliott 1984; Lankford et al. 
1985; Mills and Keene 1987). 


Properties of Slags 
Melting Point 


The melting point of pure lime is higher than process temperatures 
during smelting of iron ores or refining of steel; ho wever, when 
lime is added to other components, such as silica, the melting point 
is lowered and a liquid phase forms. This phenomenon also is used 
in multicomp onent systems. In most systems, there ty pically are 
more than two components, and interactions between components 
become complex. It is customary to represent these complex inter- 
actions on ternary , or 3-component, composition di agrams. Phase 
diagrams for man y systems, including those in ir onmaking, steel- 
making, and nonferrous smelting and refining, can be found in a 
series of publications: Phase Diagrams for Cer amists (Levin et al. 
1956-1969) or Phase Equilibria among Ox ides in Steelmaking 
(Muan and Osborn 1965). 


Iron blast furnace slags are represented in a CaO*Si0O2*Aln03 
ternary system. Typical iron blast furnace slag contains 32% to 42% 
SiO2; 7% to 16% Al203; 32% to 45% calcia (CaO); and 5% to 15% 
MgO (Lankford et al. 1985). Slag compositions vary significantly 
from one country to another depending on the chemistries of the raw 
materials available (Blattner 1992). 

Tron blast furnace slag is controlled to maintain a composition 
with about 10% Al203 (some practices contain greater amounts) to 
achieve a relatively constant melting point and to maintain slag liq- 
uid over a wide range of lime and silica combinations. The melting 
point is typically 1,400°C to 1,500°C. Ferrous iron reacts with sil- 
ica at much lower temperatures than calcia and alumina, and local 
melting can occur in the lower part of an iron blast furnace shaft. 
One purpose of flux in fluxed pellets is to avoid early melting that 
results from the formation of iron silicate (Fe2SiO,4 or fayalite) by 
preferentially reacting silica in the pellets with lime and magnesia 
(Taguchi, Hanaoka, and Ik eda 1980; Ranade 1992). In nonferrous 
smelting, iron silicate slags, which melt near 1,200°C, are formed. 


Viscosity 


Silica can form com plex sili cate networks inthe molten stat e. 
These networks comprise chains of silica molecules that result in 
very viscous flo w conditions. Because silica also melts at a high 
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temperature, separation and movement of silica is difficult. The 
addition of high-calcium lime breaks up the silicate networks, low- 
ers the melting point, and decreases viscosity of the slag. Addition 
of the basic oxide magnesia has only a small effect on viscosity and 
is used to minimize the variability of viscosity over a range of slag 
compositions; however, if sufficient lime is present to pr ecipitate 
dicalcium silicate (a solid phase), viscosity will increase rapidly 
(Rosenqvist 1974). 

In steelmaking slags, lime is added as a flux to react with sili- 
con and ph osphorus oxidized from the steel bath. The reaction of 
lime is sometimes impeded by the formation of a dicalcium silicate 
or calcium ferrite coating on lime particles. Fluorspar is added to 
the steelmaking vessel to aid in dissolution of lime and to reduce 
the viscosity of the slag. Alt hough the precise mechanism is not 
known, it is thought that fluorspar attacks the coatings on the lime 
(Peters 1982). Fluorspar melts at 1,386°C and dicalcium silicate 
melts at temperatures higher than 2,000°C, but when approximately 
equal portions of flu orspar and dicalcium silicate are mixed, the 
melting point decreases to lo wer than 1,200°C (Le vin et al. 1956— 
1969). 


Surface Tension 


Although surface tension of slag is important, it is not used often to 
characterize slag because of the difficulty in measuring it. Surface 
tension affects the wetting of both metals and refractories by slags, 
and this in turn affects rates at which various components dissolve 
in the slag and the ease of separation of slag and metal. F oaming 
during blowing in basic oxygen stee Imaking, and also in the EAF , 
is af fected by surf ace tension. Surface tensio nd ecreases with 
increasing silica content, with the addition of alkali oxides, calcium 
sulfide, and phosphoric oxide, and with an increase in temperature. 
Lime, iron oxide, and al umina increase the surface tension of slag 
(Rosenqvist 1974). 


Density 


Density is controlled to achieve separation of metal and slag by 
adjusting the p roportions of components. In ironmaking, the slag 
density increases with increasing lime and iron contents, but it is 
not controlled specifically. In copper smelting, where the product is 
a matte with a density lower than the metal, the separation of slag 
and matte is enhanced by decreasing the density o f the iron-rich 
slag by the addition of lime (Rosenqvist 1974). 


Activity 

The activity of a chemical species ina __ slag is a function of bo th 
concentration and temperature. It also determines how a particular 
chemical species will react with other components in a given sys- 
tem. Values of thermodynamic activity can predict the equilibrium 
in the process. Activity (a;) is related to the more familiar concen- 


tration term expressed as the mole fraction (X;) through the activity 
coefficient (gi) by: 


aj = 81 °X; 


For ideal gases, the activity is the partial pressure (pj). 

A thorough discussion on the thermodynamics of slag can be 
found in Der ge and Tenenbaum (1951), Turkdogan (1983), Elliott 
(1984), Coudurier, Hopkins, and Wilkormirsky (1985), and Lank- 
ford et al. (1985). In general, activity cannot be predicted and must 
be measured experimentally, or the activity coefficient is predicted 
from slag models. Values for particular systems can be found in the 
previous references. 


Sulfide Capacity 


Slags desulfurize metals by re acting sulfur with lime to form cal- 
cium sulfide, which dissolves in the slag. The ability of slag to dis- 
solve sulfides is expressed as the sulfide capacity (Cs), which is: 


Cs = (%S)(Po2/ps2)!? 
where 


pi = the partial pressure of component i (e.g., O2 is oxygen, 
S2 is sulfur). 


Sulfide capacity can be expressed in terms of optical basicity 
(Bop; see definition in next section) and temperature as follows: 


Log C; = [(22690 — 54640 Bog)/T] + (43.6 Bog) — 25.2 
where 


T = the temperature in de grees Kelvin (K) over the range 
1,400° to 1,700°C (Sosinsky and Sommerville 1986). 


The sulfide capacity of a slag increases with added amounts of 
lime, and a low silica activity (asio,) is desirable. 


Index Values 


The desired composition of a slag in a metallurgical system often is 
defined by index values that e xpress the ac idity, ba sicity, or the 
capacity of a slag to perform adesired function. The composition of 
slag is adjusted so that the flux wil 1 combine with impurities and 
gangue to yield a desired inde x value. Common index values are 
basicity (B) or total basicity (By), V-ratio, and Bop. 


Basicity 

Basicity is the ratio of basic oxide components to acid oxide com- 
ponents in the slag and is defined in several ways. Because lime and 
silica are the most prevalent species in basic slags, the definition of 


basicity is often given as the lime-to-silica ratio or binary basicity 
(B2): 
By = CaO/SiO2 
where the weight percent of the chemical species is used to com- 
pute the ratio. This ratio also is called the C/S ratio (using the first 
initials of CaO and SiO 2) in the manufacture of fluxed pellets. The 
magnesia-to-silica rati o (M/S rati 0) also may be specif ied for 
fluxed pellets. 
The mo st often-used definition of basicity in blast furnace 


practice is the fou r-component b asicity (Bg), or tota | basic ity, 
defined as: 


Br = Bg = (CaO + MgO)/(Si102 + AlyO3) 
Total ba sicity some times is modi fied to inc lude ti tania or 
phosphorus (P2Os) as acids. 
V-Ratio 


In steelmaking, the basicity often is referred to as the V-ratio, which 
expresses the ability of a slag to desulfurize or dephosphorize the 
steel. The V-ratio usually is defined as one of the following: 


V-ratio = CaO/SiO2 
V-ratio = (CaO + MgO)/SiO2 
V-ratio = (CaO —4P,05)/SiO 


Sometimes the V-ratio is synonymous with total basicity. 


Optical Basicity 


Optical basicity is used sometimes to characterize a slag forcorre- 
lation with desulfurization (S osinsky and Sommerville 1986; 
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Blattner 1992). T he optical basi city is defined as follo ws (all 
quantities in wt %): 


Bop = (CaO + 1.11 MgO + 0.915 SiO» + 1.03 Al,O3)/ 
(CaO + 1.42 MgO + 1.910 Si02 + 1.69 Al,O3) 


USES OF FLUXES 


Ferrous Metallurgy 


Fluxes are use d at various st ages in the production of iron and 
steel. Iron used for steel production traditionally is produced in the 
iron blast furnace as described by Lankford et al. (1985). Studies 
of iron-bearing raw materials and dissections of iron blast furnace 
burdens have improved the high-temperature performance of the 
iron-bearing burdens (Taguchi, Hanaoka, and Ikeda 1980; Yamo- 
aka et al. 1980). This led to m odifications in fluxing pr actices 
wherein flux was introduced to the furnaces as fluxed sinter and 
fluxed pellets rather than by direct charging. Another result was an 
increase in the use of external desulfurization of hot metal prior to 
steelmaking that allows greater flexibility in sel ection of furnac e 
burden materials with respect to sulfur content and greater flexibil- 
ity in furnace operations for controlling other furnace parameters 
(Stubbles 1984). 

Steelmaking is ac complished in BOFs and E AFs. Mode rn 
steelmaking includes the treatment of steel in ladles for improved 
cleanliness, greater thr oughput in the steelmaking v essels, and 
shape control of inclusions in the continuous casting process, which 
now dominates over ingot processing (Szekely, Carlsson, and Helle 
1989). A variety of powder mixtures and prefused slags are used as 
mold fluxes in the continuous casting of steel (Branion 1987). 


Iron Blast Furnace 


The mod ern iron blast furna ce uses ir on-bearing agglomerates, 
coke, and flux to produce hot meta 1. Flux, which is lar gely lime- 
stone and dolomite, provides basic compounds (calcium oxide and 
magnesium oxide) to the furnace charge to form slag with acid flux 
compounds (silicon oxide and aluminum oxide) present in the iron- 
bearing agglomerates and coke. Slag provides a medium to remove 
silica and alumina gangue (introduced with the ore and coke) and 
sulfur (introduced with the cok e). To reduce impur ity levels, hot 
metal produced from blast furnaces is treated furth er in transport 
vessels and insu bsequent steelmaking operations, which also 

require the formation of slag. 

Limestone an d dolomit e flux usedi nthe blast furnac eis 
added as 25- to 75-mm-sized lumps or is added to iron-bearing 
agglomerates and charged to the furnaces as fluxed pellets or fluxed 
sinter. Agglomerates are large particles formed from smaller ones, 
which are either fused at high te mperatures or bonded at low tem- 
peratures to form ma terial that is handled easily and transported 
with minimal de gradation. Limestone and dolo mite are pr opor- 
tioned to the silica and alumina in the agglomerates; the ratio is 
expressed as the basicity. For fluxed pellets, basicity is calculated as 
the C/S and M/S ratios, which reflect only the major components. 
A comprehensive overview of raw materials used in blast furnaces 
was published by Ranade (1992). 

To achieve a fluid slag with adequate capacity to remove sul- 
fides, total basicity (or four-component basicity) of ir on blast fur- 
nace slags is typically between 1.05 and 1.15, although ratios as low 
as 0.9 and as high as 1.4 are reported (AISI 1989). Typically, fluxed 
pellet ba sicities are between 0.7 and 1.7, and sinter basicities are 
between 1.7 an d 4.0. When the basi city of agglomerates is higher 
than the ba sicity of the furnace, sili ceous ma terials are added to 
match the required furnace slag basicity. Coke ash furnishes silica to 
the furnace, b ut a dditional siliceous mate rial may be required. 


Basicity of agglomerates is selected for specific reducing and melt- 
ing properties that improve furnace operation. Higher basicities are 
necessary for sinter when its primary function is to provide calcined 
flux to the furnace. Melting of the sinter because of very high basic- 
ities can be a problem when dicalcium silicate forms. 

With the emphasis on consistent quality, lower-cost hot metal, 
and high productivity from blast furnaces, improvements have been 
made in the type of b urden and in the characteristics of agglomer- 
ates. To minimize heat loss during slag removal from the furnaces 
(which requires the burning of e xpensive cok e), the trend is to 
lower slag volumes (actually, slag mass per unit of hot metal pro- 
duced). Lower slag volumes are a result of using agglomerates with 
low amounts of gangue and using low ash coke, thereby decreasing 
limestone and dolomite consumption. Slag removal cannot be inde- 
pendently controlled, because slag is rem oved with t he hot metal 
during tapping; o ther factors such as furnace size and design can 
affect slag v olumes. There are also some economic tradeoffs; for 
example, less e xpensive high-sulf ur co als may be a_vailable for 
making coke, which may offset the cost of using more flux. 

The amount of flux char ged directly to blast furnaces varies 
widely depending on amounts charged in fluxed agglomerates. The 
majority of blast furnaces in the United States operating with fluxed 
pellets and/or fluxed sinter require an additional amount of flux of 
10 to 50 kg/t of hot metal. Those not using any fluxed burden mate- 
rials are char ging 100 to 250 kg/t (AISI 1989). T ypically, 225 to 
275 kg/t is normal, b ut many modern furnaces approach 200 kg/t. 
Some furnaces have reached 150 kg/t under special circumstances, 
while some are much higher ( AISI 1989; Blattner 1992). With 
increased use of e xternal de sulfurization (described in the ne xt 
section), lowering flux levels become a function of furnace ope ra- 
tion. A typical blast furnace skip charge, for example, could con- 
tain 900 kg of pellets, 65 0 kg of f luxed sinter, 25 to 1 00 kg of 
recycled steelmaking slag, and 50 kg of dolomite, de pending on 
the chemistry of individual materials used (Lankford et al. 1985). 

The presence of alkali metal oxides (e.g., sodium and potas- 
sium in particular) in the blast furnace can lead to operating prob- 
lems such as coke de gradation and the formation of scaffolds, or 
buildups, on furnace walls. Scaffolds can greatly reduce permeabil- 
ity, causing damage if they break loose. Alkali metal content in the 
furnace is regulated through the selection of raw materials and 
through the control of slag basicity (Sciulli 1992). Alkali removal is 
greatest with slags of low basicity; 60% to 80% of the alkali input is 
typically removed with the slag. 


External Treatment of Hot Metal 


In the United States, external treatment of hot met al, or pretreat- 
ment prior to steelmaking, is done most often for desulfurization. 
Performed in transfer cars or ladles, this treatment controls sulfur 
input and reduces slag r equirements in steelm aking, allows the 
use of higher-sulfur raw materials in the blast furnace, and pro- 
duces lo w-silicon hot metal (Stubbles 1984; Szek ely, Carlsson, 
and Helle 1989). Magnesium, lime, and fl uorspar are common 
reagents used for this. Limestone, calcium carbide, coke, sodium 
carbonate, sal t-coated magnesium, and aluminum also are used 
sometimes; consumption is on the order of 4 to 7 kg/t except for 
salt-coated magnesium, whichis addedat 0.5 kg/t (Szekely, 
Carlsson, and Helle 1989; Came ron 1992). The thermodynamics 
of the process along with case studies are descri bed by D’Orazio 
(1984), Dukelow (1984), and Pehlke (1984). 

Simultaneous depho sphorization and desu _Ifurization is 
accomplished with soda ash (sodium carbonate) or lime if the metal 
is low in silicon (Szek ely, Carlsson, and Helle 1989). Sodium car- 
bonate (Na2CO3) reacts with sulfur, silica, and phosphorus to form 
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sodium sulfide (Na2S), sodium silicate (Na 2O*SiO2), and sodium 
phosphate (3Na2O*P20s) in the slag. An advantage of this process 
is that sodium carbonate can be recovered and recycled; however, 
high refractory wear is typical (Yamamoto, Kajioka, and Nakamura 
1980). 


Oxygen Steelmaking 


In blast furnace steelmaking, steel is produced from hot metal by 
oxidizing sulfur, phosphorus, carbon, silicon, and other imp urities 
so that they will enter the slag or gas phases, thus separating fro m 
the metal phase. The basic oxygen process (BOP) oxidizes impuri- 
ties in a BOF when the hot metal comes in contact with oxygen 

Oxidized i mpurities rise tothetopoft he hot me tala ndare 
absorbed in a slag, which is formed from lime and dolomitic lime 
with the addition of other compounds such as fluorspar to improve 
fluidity. Fluorspar (calcium fluoride) is added in amounts of 2 to 
10 kg/t (Peters 1982), either as lump or gravel-sized material, or as 
briquettes made with about 15% fluorspar fines combined with slag 
residues from the BOF. The amount of added flux usually is pro- 
portioned to the tar get silicon cont ent by the V -ratio. The V-ratio 
typically is 2.5 to 4.0 (Peters 1982). The reader is referred to Boyn- 
ton (1980) and Oates (1998) for the use of lime in steelmaking. 

The amount of flux added depends on the silicon, sulfur, and 
phosphorus content of the metals, and the purity of the flux (Lank- 
ford et al. 1985). Typically, 40 to 100 kg of lime per ton of hot metal 
and 10 to 30 kg of dolomitic lime per ton of hot metal are added to 
the BOF (Peters 1982; Lankford et al. 1985). By decreasing the sili- 
con content of the hot metal and by lowering the manganese content, 
the amount o f lime required in steelmaking has steadily declined. 
Increased use of scrap, along with external desulfurization, resulted 
in lower flux consumption in steelmaking. Typical steelmaking slag 
now contains the f ollowing: 10% to 20 % SiO2; 40% to 50% CaO; 
10% MgO; 15% to 20% iron (mixed oxides); 2% to 5% Al2O3; and 
10% manganese oxide (MnO) and o ther oxides. Iron oxide content 
depends on carbon levels attained in the metal; it generally increases 
with lower carbon levels. 

A second function of flux in st eelmaking is to provide slag 
that is neutral with respect to the lining of the steelmaking vessel. 
The refractor y lining in basic st eelmaking typically is magnesia 
brick. To help pre vent erosion an d dissolution o f magnesia brick, 
5% to 12% magnesia is maintained in steelmaking slag (Boynton 
1980; Peters 1982; Lankford et al. 1985). This also aids in control- 
ling the slag viscosity . Solubility of magnesia is greater in acid 
slags as the V-ratio decreases. The effect of magnesia on phospho- 
rus removal is questionable. 


Electric-Arc Furnace Steelmaking 


EAFs are used to ma ke steel and ferroalloys from dir ect reduced 
iron, scrap, other fe rroalloys, and allo ying elements. Oxidation is 
accomplished by the injection or addition of iron o xide either as 
mill scale or iron ore. Carbon is ad ded as coke, used carbon elec- 
trodes, or coal; and lime is add ed as flux. In the EAF , both oxida- 
tion and reduction processes are used to achieve the necessary 
purification of the metal and a high retention of alloying elements. 
In alloy steels, many components are oxidized readily and will 
report to the slag in ano xidizing en vironment, but the y can be 
recovered in a sub sequent reducing environment. Modern practice 
for carbon steels is p rimarily single stage followed by ladle metal- 
lurgy. In the past, double-slag, and so-called slag-and-a-half prac- 
tices followed by ladle metallurgy were used (Reebel 1950; Sharp 
1967; Peters 1982; Lankford et al. 1985). In single-slag practice, 
after the meltdown, oxidizing slag is held in the furnace, and steel is 
removed and further treated in a ladle. In double-slag practice, slag 


and m etal are he ldint hef urnace while sla gc omposition is 
adjusted. In e ither practice, alloy additions are made prior to the 
second stage. In slag-and-a-half practice, the first slag is removed, 
and a lime-—fluorspar slag is added to the electric furnace (Lankford 
et al. 1985). 

For oxidizing slags, limestone can be added, but calcined lime 
and dolomitic lime are used m ost often for slag formation. Using 
calcined materials reduces ener gy consumption compared to using 
uncalcined fluxes. To protect refractories and to improve power effi- 
ciency, limestone and coke are added in some practi ces to help cre- 
atea foaming slag. Lime and dolomitic lime also are added to 
protect furnace refractories. Lime addition ranges from 15 to 50 kg/t 
(Boynton 1980). Other slag-forming ingredients are fluorspar, silica 
sand, crushed cok e, and alumi num. During melting, oxidation of 
carbon to gas (C O2) occurs, and t he oxidation of phosphorus, sili- 
con, manganese, and chromium allows their removal to the slag. The 
V-ratio is maintained over 2.5 in the meltdown state; a range of 2 to 
4 is typical (Lankford et al. 1985). Basicity depends on the amount 
of silica in the charge and in the added flux. Iron oxide content in the 
slag is inversely related to the carbon content in the bath, as in oxy- 
gen steelmaking. An oxidizing meltdown slag might contain 40% to 
50% CaO; 12% to 20% SiOz; 5% to 35% iron oxide (FeO); 3% to 
10% Al203; 2% to 12% MgO; and 5% to 15% MnO (Peters 1982; 
Lankford et al. 19 85). Generally, 40% to 50% CaO is required for 
effective sulfur removal (Lankford et al. 1985). 

Although not used often, the second stage in a two-stage fur- 
nace practice is accomplished in a mildly reducing slag in a ladle. 
There, a basic, nonoxidizing CaO*Al203°SiOz2 slag is built up from 
additions of lime, dicalcium alum inate, and aluminum. During the 
second process stage, metal oxides in the slag are reduced and sul- 
fur enters the slag as calcium sulfide (particularly in low iron-oxide 
slags). In the double-slag electric-furnace practice, a finishing or 
deoxidizing slag is formed by r eacting coke with lime to form a 
calcium-—carbide slag. High-purity coke and lime are desirable. Flu- 
orspar equal to about 10% of the lime so metimesis add ed to 
increase reaction with lime and increase fluidity (Sharp 1967). Silica 
is added sometimes, and alumina can be added in place of fluorspar. 
The slag quantity is generally about 2% to 3% of the metal. Typical 
reducing slag might contain 55% to 70% CaO; 15% to 25% SiOo; 
1% to 3% Al2O03; 3% to 12% MgO; and 0.5% to 2% FeO and MnO 
(Peters 1982). 


Ladle Metallurgy 


Reagents are added to liquid steel in the transfer ladle for additional 
refining to remove sulfur, reduce metallic oxides, and condition the 
slag prior to ca sting. Additions also are made for allo ying and for 
shape control of inclusions in the cast product. Reagents similar to 
those for hot metal desulfurization are used. The reagents are added 
at the top of the ladle or injected. Metallic elements can be added in 
the form of wire. Typical reagents are magnesium, lime, alumina, 
aluminum, fluor spar, calcium carbide, c alcium-silicon alloy, and 
prefused dicalcium aluminate (calcium—aluminate). Magnesium is 
often added in combination with lime. Typical addition rates are 1 
to 5 kg/t (Szek ely, Carlsson, and Helle 1 989). Calcium—aluminate 
increases deoxidation of steel and has a high cap acity for sulfides 
(Turkdogan 1985). Ane xothermic synthetic calctum—alumin ate 
mixture comprising 58 % dry lime, 30% hematite, and 12% alumi- 
num powder might be added at tap (Gilbert, Monos, and Turkdogan 
1988). 


Continuous Casting 


Fluxes used during the continuous casting of steel and during bot- 
tom pouring of ingots often are referred to as mold powders. These 
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are either mix tures of compounds or fused synth etic slags formu- 
lated to do the following: 
¢ Provide thermal insulation and pre vent solidification in the 
mold 


¢ Prevent oxidation 

¢ Absorb oxide inclusions 

¢ Lubricate at high temperature 
¢ Maintain uniform heat transfer 


Mold powders are important for the following physical properties: 
flowability, melting ra te, v iscosity, c rystallization te mperature, 
inclusion absorption capacity, and insulation characteristics. Mold 
powder selection is critical because the powders can interact with 
the metal (Bommaraju 1991). 

Mold fluxes are largely silica-based with additions of lime, 
alumina, fluorspar, alkali metal oxides, and carbon, and are used 
both as raw mixtures (synthetic flux) and in premelted and sintered 
forms. More recently, mold powders are fused and spheroidized to 
form a well-behaved flowable powder to facilitate automatic feed- 
ing and uniform melting in the casting mold. Particle sizes range 
from granules finer than 10 mesh (1.5 mm) down to powders with 
90% finer than 200 mesh (0.074 mm). Typical mold fluxes contain 
17% to 56% SiOz; 2% to 45% C aO; up to 25% Al.03; up to 15% 
fluorine (F2); up to 10% iron Fe2O3; up to 20% borate (B2O3); up to 
25% alkali metal oxides (Na2O, K20, lithia [LizO]); and up to 30% 
carbon (C). Amo unts vary widely in order to obtain the desired 
effect. Basic ity (CaO/SiO>) ty pically rang es from 0.65 to 1.67. 
Consumption of mold fluxes is 0.3 to 0.8 kg/t in continuous casting, 
and | to 3 kg/t in ingot casting (Branion 1987; McCauley and Koul 
1987). 


Nonferrous Metallurgy 


The use of flux es in nonferrous smelting is described in depth in 
Rosengqvist (1974), Moore (1981), Turkdogan (1983), and Habashi 
(1986). Nonferrous slags are based largely on the formation of iron 
silicate rather than calcium—aluminum silicate as in ironmaking and 
steelmaking. Typical nonferrous slag contains 30% to 55% FeO, 
30% to 45% SiO 2, and less than 10% CaO, although variations 
occur depending on the system. Rosenqvist (1974) and Coudur ier, 
Hopkins, and Wilkomirsky (1985) present phase diagrams of typ i- 
cal nonferrous systems that show the compositional ranges of slags. 
In copper smelting, silica is the predominant flux, but lime also is 
added to modify slag viscosity and density. 

Limestone is used in small amounts to aid in refining metallic 
copper, lead, zinc, tin , and antimo ny (Boynton 1980). Altho ugh 
limestone flux purity and particle size are similar to that used in 
ironmaking and steelmaking, high-calcium limestone is used most 
often. Both high-grade siliceous materials and lower-grade siliceous 
ores are used as flux es along wit h limestone. An 0 verview of the 
technology applied to smelting and refining copper, lead, nickel, and 
other nonferrous metals was published by Peacey (1989). 


Copper 


Copper occurs as oxide and sulfide minerals, and recovery of cop- 
per from sulfide ores is by smelting. Many copper-—sulfide ores con- 
tain iron that must be fluxed, and typically silica is used to flux iron 
and form an iron-silicate slag (f ayalite). During smelting, sulfur 

combines with copper and some iron to form a copper-—iron sulfide 
matte, which is separated from the slag. The matte is converted to 
metallic copper by oxidation, cons equently removing iron and sul- 
fur; copper is fu rther refined to remove impurities (Moore 198 1; 
Turkdogan 1983). 


Although copper smelting is done in bath processes and flash- 
smelting furnaces with oxygen enrichment, flash smelting is the pre- 
dominant method p racticed today (Peace y 1989). The older, rever- 
beratory—furnace practice is described in Anderson (1961), Fowler 
(1961), and Nicholson, Lockridge, and Beals (19 61). Electric- fur- 
nace smelting of copper sulf ides is reported in detail along with 
other smelting processes by Barth (1961), Floyd, Grave, and Light- 
foot (1980), and Phelps (1991). Slagsin re verberatory—furnace 
smelting, flash smelting, and other proc esses are similar; however, 
the Mitsubishi con tinuous-smelting and refining process differs in 
that a calcium—ferrite slag is used in the converting furnace. 

Copper-bearing concentrates often contain 5% to 10% silica. 
About 5% silica is added as either pure silica or ore; if additional 
silica is necessary, it is obtained from recycled converter slag that 
was used to make copper metal from the matte. Lime is added to 
break up silicates, take up excess silica from aluminosilicates, and 
reduce the viscosity of the silica-rich slag. Typically, 3% to 1 0% 
limestone or lime-bearing mix is add ed. A typi cal sme Iting sla g 
contains about 30% to 45% FeO; 30% to 40% SiO2; 5% to 10% 
AlO3; 2% to 6% CaO; and 2% to 4% MgO (Watanabe, Okada, and 
Muto 1980). The ratio of slag to metal varies, but it is in the range 
of 0.6:1 to 1.5:1. 

One problem in the recovery of copper is the tendency to form 
magnetite in the converters, although a certain amount of magnetite 
is required for high-copper recoveries. Magnetite melts at a temper- 
ature higher than either smelting or converting temperatures; has a 
low solubi lity in sla gs and m atte; and does not form a silicate 
because much of the silica present is tied up in other forms. Some 
free silica is added to combine with magnetite as iron silicate, but 
the excess silica will react with basic furnace brick. The silica is 
often of v ery high purity—greater than 90 % SiO (Fowler 1961; 
Floyd, Grave, and Lightfoot 1980; Watanabe, Okada, and Muto 
1980). Siliceo us slags ar e norma lly used; ho wever, T urkdogan 
(1983) and Chaubal et al. (1989) have reported that lime-based 
slags have a lower viscosity; have a higher solubility for magnetite; 
separate more easily from the matte; and remove arsenic, antimony, 
and bismuth more efficiently than siliceous slag. 

In converters, flux particle si ze is in the 6 x 25 mm range. 
Although coarser flux is difficult to inject and to dissolve, finer flux 
tends to f loat on the bath and is also a source of dust (Anderson 
1961). In the Sirosmelt process, limestone flux was 5 to 10 mm in 
size (Floyd, Grave, and Lightfoot 1980). 


Lead 


Lead is processed by a number of older techniques including sinter- 
ing followed by smelting in the lead blast furnace, electric furnace, 
or Imp erial Smelting Pro cess (IS P). Se veral ne wer direct- and 
flash-smelting methods such as Kivcet, Outokumpu, and QSL are 
being utilized also (Castle et al. 1989; Pickard and Crawford 1989). 
In the blast furnace and ISP processes, lead—sulfide ores are roasted 
to form lead —oxide sinter, which is char ged with limestone and 
coke to the lead blast furnace or the Im perial Sm elting Furnac e 
(Moore 1981). In the latter, lead is collected in the furnace bottom 
where it sepa rates from slag, while zinc vapor exiting the top is 
condensed. In the direct- and flash-processing methods, lead is par- 
tially or totally oxidized into the slag, then the slag is treated in an 
electric furnace with carbon (coal or coke) to reduce oxidized lead 
into lead bullion (Turkdogan 1983). Copper is removed from lead 
by adding sulfur and by several other processes. Further refining is 
accomplished by oxidizing impurities with air, lead oxide, sodium 
hydroxide, or sodium-nitrate flux, and by electro-refining (Moore 
1981; Peacey 1989). 
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These slags are complex. The following is a typical lead blast 
furnace slag composition (Grant 1980): 


¢ 2% to 12% zinc oxide (ZnO) 

¢ 20% to 25% FeO 

¢ 1% to 2% ferrous iron (Fe3O4) 
¢ Up to 2% litharge (PbO) 

16% to 19% CaO 

26% to 31% SiOz 

° 5% MO 

¢ 10% AlnO3 

° 1% 6 %CaS 

* 5% to 10% MgO 


Nickel 


Nickel ores occur as both sulf ides and oxid es. Sulfide ores often 
contain copp er-—iron sulfides in association with nick el—iron su l- 
fides. Processing of sulfide ores is accomplished in reverberatory or 
flash-smelting furnaces and hor izontal con verters (Moore 1981; 
Pickard and Crawford 1989); flash converting also is used ( Phelps 
1991). Copper and nick el sulfides are separated from the matte by 
crystallization, grinding, and froth flotation; then copper and nickel 
sulfides are refined further. In some nickel ore smelting, slag for- 
mation is complex because of the presence of MgO in various sili- 
cate minerals. The slag is typically iron- and silica-rich, b ut with 
elevated MgO levels. MgO increases the melting point, all owing 
olivine, (Mg,Fe) 2SiOg, to crystallize out of th e melt. This can be 
countered with silica and lime addition; lime decreases the viscos- 
ity of the melt (Davey, Segnit, and Boow 1980). 

In New Caledonia, in the South Pacific, an oxide ore compris- 
ing a nick el-bearing hydrated silicate of iron and MgO contains 
37% SiO; 2.2% Al2O3; 23% MgO; 20% Fe203; 2% Cr203; 0.3% 
CaO; and 2.2% nick el (Ni) . It w as sintered with gypsum and 
smelted in a blast furnace to an iron-nickel matte. This was treated 
further in a converter to remove iron (Thurneyssen, Szczeniowski, 
and Michel 1961; Habashi 1986). At the now-closed smelter at Rid- 
dle, Ore gon, garnierite, a magne sium silicate c ontaining alumina, 
was smelted. The ore contained 25% to 38% MgO; 45% to 55% 
SiO2; 1% to 3% Al203; 1% to 2% CaO; 8% to 15% Fe; and 1.5% 
Ni. In the Ugine process, silicon as ferrosilicon (FeSi) was used as 
the reductant, and the silica that formed was re moved in the slag. 
Phosphorus was removed by oxidizing the bath with iron ore in the 
presence of a lim e-rich slag. The metal was further refined with 
slag containing lime and fluorspar (Coleman and Vedensky 1961). 
Tin 
High-grade tin-oxide concentrate is smelted in re verberatory and 
electric furnaces, and low-grade concentrate is smelted in blast fur- 
naces, kilns, and horizontal furnaces (Castle et al. 1989). In the first 
stage of a two-stage process, part of the oxide is reduced to metal 
with the formation of a ferrous-—s ilicate sl ag c ontaining a small 
amount of lime and unreduced tin as a tin silicate. First-stage slags 
typically contain 30% to 40% SiO 2; 15% to 25% FeO; 5% to 15% 
CaO; and 5% to 25% Sn Oz. In the second stag e, tin silicate is 
reduced by iron metal to form iron silicate and an impure tin, which 
is recycled. Second-stage slags from Southeast Asia typically con- 
tain 24% to 28% SiOz; 9% to 11% Al,03; 20% to 22% CaO; 12% 
to 20% FeO; 2% to 6% MgO; and impurity metals (Habashi 1986). 


ECONOMIC FACTORS 


Because the iron and steel industry is a large consumer of flux, con- 
sumption of limestone and dolomite is influenced strongly by steel- 


making. The USGS reports that the United States enjoyed a 1 ong 
economic expansion that lasted from 1991 until March of 2001, fol- 
lowed by a short recession of ab out eight months. Shipments of 
steel products grew for six consecutive years until 1998, increased 
slightly in 1999 and 2000, and then dropped during the recession of 
2001. Steel con sumption actually peak ed at 120 Mt in 2000 and 
decreased to 107 t in 2002, the lowest consumption since 1995. 
Growth in U.S. economic ou tput in 2002 was projected as 2.4% or 
less (Fenton 2002). 

In the steel industry, lo w-priced imports continue to af fect 
domestic steel producti on—amounting to 30% o f U.S. consump- 
tion. During the period from 1998 to 2002, 35 steel companies filed 
for bankruptc y protection (Miller 2002b). The crisis in the _ steel 
industry continued in 2003 and was reflected in the fluxstone indus- 
try as well. In 2004, rising consumption in China and an upturn in 
the economy caused a significant increase in steel production. 

The market for limestone and dolomite greatly influences the 
pricing of fluxstone because it is part of the much lar ger crushed 
stone industry; however, fluxstone purity is an important consider- 
ation that limits the selection of sources. According to the USGS, 
71% of crushed stone w as limestone and dolomite, b ut only 1 4% 
was for th e chemical and metall urgical industries. About 20% of 
limestone and 7% of dolomite was used in the chemical and metal- 
lurgical industries. Because less than 5% of this is u sed as flux in 
the chemical and metallurgical industries, overall flux usage is less 
than 1% of the crushed stone industry. Consequently, fluxstone use 
is not followed closely as a separate commodity (Tepordei 2002a). 

In 2002, imports of foreign pellets amounted to 17.4% of U.S. 
blast furnace consumption. Major sources of pellets were approxi- 
mately one-half from Brazil and one-half from Canada (Kirk 2002). 
Greater importation of pellets into the United States from Brazil is 
limited at present only by the cost of transportation to inland steel 
mills. The proportion of fluxed pellets, if any, was not indicated. 

Because limestone, dolomite, and silicate fluxes are plentiful, 
foreign trade is limited to the boundary regions between countries. 
Imports and exports are inconsequential in the o verall usage pat- 
terns at present; however, fluorspar, which is used at a rate of up to 
10 kg /t of steel, is almost entir ely impor ted becau se o fh igh 
domestic production and transportation costs (USBM 1991). Met- 
allurgical fluorspar imports and domestic consumption were about 
51,000 t in 1998, with 70% from China; 20% from South Africa; 
and 10% from Mexico; almost the reverse situation of 15 years ago 
when Mexico was the largest source (Hodge 1998; Miller 2002a). 
In 2002, the U.S. government placed various quantities up for sale 
from the National Defense Stockpile, but there were no buyers, a 
situation that continued into 2003. Demand for metallurgical-grade 
fluorspar is continually decreasing in steel and allied industries. 

Because met al consum ption pe rcapit ain industrialized 
nations is 30 times that of underdeveloped nations (USBM 1991), 
worldwide potential for increase d metal pr oduction and comple- 
mentary consumption of flux is very large. Future shorta ges in 
mineral commodities were not predicted 10 to 15 years ago. Ina 
review of the state of the metals industry (Davis 1989), it was sug- 
gested that consumption of ferrous and nonferrous metals w ould 
cease gr owing around 1960. In fact, consu mption trends turn ed 
negative in the 1 ate 1980s (Davis 1989), attributed to decreasi ng 
economic gro wth in indust rialized countrie s and the les sening 
intensity of metal use in the service and manufacturing industries. 
Several economists also proposed that the demand for raw materi- 
als had become dissociated from economic growth (Davis 1989). 
This was particularly tr ue in Japan and the United States, where 
the impact was gre atest on the steel industry, the largest user of 
flux minerals. 
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The implication of this negative tre nd w as tha t ec onomic 
recovery would not necessarily result in increased demand for met- 
als (and hence fluxes). To stimulate further growth, the suggestion 
was made that new demand needed to be created, driven by market 
development. This changed, ho wever, with the modern ization of 
China and the creation of a market-driven economy there. In 2003 
China’s economic gro wth became evident, and in 2004 it was so 
strong that shortages in all types of raw materials were appar ent, 
driving up prices significantly worldwide (Fortner 2004). India also 
is on the verge of new economic growth. Although this rate of eco- 
nomic growthis not evident inthe United States, raw ma terials 
prices still are affected. Fluxstone is not a likely participant in this 
growth because of the uni versal availability of man y of the se 
resources. China currently is trying to dampen its growth rate to 
more manageable levels. 

Changes in South Africa and the Commonwealth of Indepen- 
dent States (CIS; formerly the U.S.S.R.) during the last decade and 
increased trade with China have altered the supply-and-demand sit- 
uation of certain minerals and st eel, which potentially can a ffect 
flux consumption. Greater imports of metals from these countries 
by the United States will impact domestic flux production and con- 
sumption. Even with increased imports of metals and other mineral 
commodities, it is unlikely that any large-scale trade in fluxstone or 
silica flux will occur because of their relative abundance, low unit 
values, and high transportation costs. 

Other factors that could affect the flux industry are the intro- 
duction of the North American Free Trade Agreement (NAFTA); 
wider use of the Internet; closure of the U.S. Bureau of Mines 
(USBM) and assumption of some of its acti vities by the USGS; 
continued development of altern ate ironmaking technologies; and 
foreign ownership of U.S. iron mines and steel companies. 


GOVERNMENT, ENVIRONMENT, 
AND HEALTH CONSIDERATIONS 


Government influences mineral and metal mark ets through labor 
laws, land use and environmental regulations, trade and energy poli- 
cies, and funded programs and research. In the United States, the flux 
industry can be affected by actions of the Department of the Interior, 
the Depar tment of E nergy ( DOE), the En vironmental Pro tection 
Agency (EPA), the Occupational S afety and Health Administration 
(OSHA), the Mine Safety and H ealth Administration (MSHA), and 
the Bureau of Land Management (BLM), to name a few. 

Mining and quarrying have effects on the environment, partic- 
ularly land use. In some instance s, the crushed stone industry has 
developed near populated areas, causing problems with dust, noise, 
blasting, trucking, and so forth with its closest neighbors. Although 
little em phasis was placed on the environment in years past, that 
has changed because of increase d public a wareness and as th e 
result of state an d federal re gulations. Environmental regulations 
that af fect mining and quarryin g include reclamation of pr ocess 
water and solid w aste, reduction of dust and noise, and control of 
air and ground shock from blasting. 

For updates on minerals, land-use planning, and mining la w, 
readers should contact the BLM (http://www .blm.gov/nhp/index. 
htm). For information on mineral statistics, minerals and the envi- 
ronment, recycling, or mining, readers should co ntact the USGS 
(http://www.usgs.gov). 

In 2002, tariffs on steel imports became important. To tempo- 
rarily slow steel imports by increasing prices, the U.S. government 
introduced three years of tariffs up to 30% on some impo rts, under 
Section 201 of the 1974 T rade Act. During this time the domestic 
steel industry be gan consolidating in an attempt to become more 
efficient and competitive. Foreign go vernments objected, and the 


U.S. Department of Comm erce exempted 727 special types of 
imported steel products. It also became apparent that support for the 
steel industry was waning, and foreign trade cases we re settled in 
favor of importers. In 2003 the tariffs essentially were abandoned. 

Environmental regulations continue to affect the steel industry. 
For industrial facilities built between 1962 and 1977, EPA is devel- 
oping regulations that will require limitations on SO2, NOx, and par- 
ticulate matter emissions. Lime plants, in particular, will be affected 
by these emi ssions requirements; so me have been forced t 0 close 
already. The lime industry has be en identified as a source of a wide 
range of hazardous air pollutants (Miller 2002b). Some foreign steel 
mills have been exposed to radioactive materials from stolen radioac- 
tive sources, and_ there is addit ional po tential exposure from scrap 
hospital equipment. Mercury is another element that has received 
increased attention lately. Potential point sources are lime kilns burn- 
ing coal or oil, and copper smelters, among others (Fenton 2002). 

Recycling is a good source of scrap in both the iron and alu- 
minum industries; however, consumer recycling has reached equi- 
librium. Because of impurities such as copper in iron, many sources 
of scrap are limited in use. As a result, environmental and some 
industry groups suggest that products be designed for recycling. 

In January 2002, the U.S. government passed the Small Busi- 
ness Liability Relief and Brownfields Re vitalization Act , which 
incorporated both the Brownfields Revitalization and Environmen- 
tal Restoration Act and t he Smal] Business Li ability Prot ection 
Act. (Bro wnfield sites are abandoned industria 1 si tes requi ring 
environmental cleanup prior to reuse.) This act authorized funding 
for assessment programs and subsequent cleanup, and made spe- 
cific property owners exempt from liability under Superfund laws 
(Fenton 2002). 


FUTURE TRENDS AND OPPORTUNITIES 


In the Unite d States, the consumption of fluxes largely depends on 
the state of the ste el industry, which historically is cyclical. During 
the period from 2002 to 2004, the steel industry has recovered from 
a depressed market (1999 to 2002) into a growth industry fueled by 
an economy that supports higher steel prices even as the costs of raw 
materials increase. On a worldwide basis, growth in China and other 
developing countries is driving raw materials prices higher, particu- 
larly affecting coke and iron oxide pellets. Significant merging has 
occurred in the indu stry during these times. Consolidation of U.S. 
steel mills is nearly complete unless additional me ga-mergers of 
steel co mpanies occur. Although the steel in dustry enjoyed high 
prices and strong demand resulting from moderate gro wth in the 
economy in 2004, future downturns can be expected. 

Increasing fuel costs and demands for en vironmental compli- 
ance will help to increase steelmaking costs, making it more diffi- 
cult for domestic steel to compete. Both metal production and flux 
consumption will be influenced by new process technologies, recy- 
cling, and substitution (Castle et al. 1989). Trends that will increase 
competition for steel include the use of composite and lightweight 
materials in transportation vehicles; more use of high-technology 
devices; and miniaturization. Substitution by plastics, composites, 
and lightweight alloys, including aluminum, will impact the use of 
steel and attendant flux con sumption; ho wever, increased use of 
aluminum will require more fluorspar consumption. Space require- 
ments for slag disposal and the need to contain ef fluent from slag 
dumps (to prevent undesirable elements from entering the environ- 
ment) led to the d evelopment o f metallur gical processes that 
demanded less flux for slag production. 

The current blast furnace practice of using domestic iron ore 
pellets with a silica content of only 5% requires a blast furnace slag 
practice that dictates the amount of flux consumption; therefore, 
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further redu ctions inf lux cons umed perton of hot metal ar e 
unlikely. The continuing trend is to use flux ed pellets in blast fur- 
naces, although the amount of flux used in pellets from different 
suppliers varies widely (1% to 11%). In 1990 flux ed pellets com- 
prised 34% of domestic pellet productio n (Ranade 1992). In 1993 
the proportion of fluxed pellets increased to 42%, and by 2002 it 
had reached 66% (Kirk 2002). Recycled steelmaking slag that con- 
tains lime presently provides the additional flux needed by many 
furnaces. Sinter plants are useful for re cycling steel-plant wastes, 
but environmental pressures, particularly for smokestack emissions, 
may pre vent such rec ycling. The potential of converting sinter 
plants to lime calcination plants is being investigated. 

In stee Imaking, ne w sl ag f unctions might redef ine flux 
requirements. These include foaming to provide a blanket over the 
bath to achieve post-combustion of gases, allowing adequate heat 
transfer, or slag splashing, to protect vessel linings. For example, at 
times both limestone and lime could be used in the same smelting 
vessel. A decrease in the consumption of fluorspar in BOF steel- 
making also is lik ely to continue. The practice of continuous cast- 
ing, which af fects con sumption of mold po wders,isno w the 
dominant mode of casting steel (Fenton 2002). 

High fuel prices, particularly for natural gas and cok e, have 
renewed interest in dir ect ironmaking and direct steelmaking pro- 
cesses that can use coal. Direct ironmaking very likely will require 
a di fferent sl ag practice than bl ast furnace iro nmaking, so fl ux 
requirements could chan ge. Direct ironmaking processes will use 
coal in preference to coke, which will increase the sulfur burden. 
Use of lo wer-grade coals also could require the alteration of flux 
practices because of higher ash contents. 

In one direct ironmaking process, i ron ore conc entrate is 
mixed with flux and coal, pelletized at low temperature, and then 
reduced and melted on a rotary hearth furnace. The slag and metal 
separate from each other during melting. Subsequent cooling and 
magnetic separation resultina pig iron “nugget” that canbe 
charged to electric furnaces. The process results in the production 
of pig iron nodules, which are desirable as electric fu race feed. 
One such process has operated successfully at pilot scale. Commer- 
cial scale could be reached within the next several years (Huskonen 
2001; Ne gami 2001). Proprietary slag modifiers and fluidity 
enhancers are added to enhance slag-metal separation. 

The rise of mini-mills, the desi re by steel produc ers to 
decrease coke consumption in order to meet environmental regula- 
tions, and increased recycling of scrap are resulting in greater use 
of EAFs. Although mini-mills accounted for only 6% of U.S. steel 
production in 1992 (Ashby 1992), in 2002 mini-mill and specialty 
mill production of steel increased by 8% over 2001 levels, and 
total EAF production exceeded 50% of total steelmaking capacity 
(Fenton 200 2). Con sequently, pr oduction from th e established 
BOF route was less th an 50% of total steel pr oduction in 2002. 
One mini-mill producer beca me the third lar gest domestic stee 1 
producer and would have been ranked higher except for mergers of 
other ste el companies. If major steel producers ado pt mini-mill 
and EAF prac tices, the de mand for 1 ower-silica iron sourc es is 
likely to increase, and a further decrease in flux consumption is 
likely as well. 
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Fluxes Used in 
Fusion Welding and Brazing 


R. David Thomas Jr. and Dan Kay 


INTRODUCTION 


Brazing and welding are processes for bonding two metal surfaces. 
Both methods may use a fluxing ma terial to prevent the oxidation 
of the surfaces to be joined and to facilitate melting of the bonding 
metal or the met allic surf aces tha t ar e be ing j oined. Br azing 
involves the use of a brazing filler metal (BFM), which is melted to 
form the union. The brazing process is carried out at te mperatures 
higher than 450°C (84 0°F) but lower than the melting temperature 
of the metal to be joined, whereas welding involves the melting of 
the actual metal surfaces to be join ed. A third process, soldering, 
discussed in the 6th edition of Industrial Minerals and Rocks, is not 
included her e because fluxes us edinso Idering are generally 
organic and not mineral based. 


FUSION WELDING 


Fusion welding processes use heat to melt two surfaces, usually the 
edges of the same material, joining them together to form one com- 
plete surface. A clean surf ace and in timate contact are required t o 
assure a successful weld. Ideally, intimate contact is achieved when 
the atomic spacing at the interface of the welded surfaces is equal to 
that of the parent material (Van Nostrand’s Encyclopedia of Sci ence 
1968). Gas welding, in which heat is supplied by a flame, and electric 
arc welding are the most common ty pes of fusion welding. In arc 
welding, an arc struck between the welding electrode and the base 
metal melts both the electrode and the base metal to form the weld. 
Arc welding processes fall into several categories: 


Shielded metal arc, utilizing an electrode with a flux covering 
and a metallic core, commonly 3.2 to 6.4 mm (!/s to !/4 in.) in 
diameter and 225 to 450 mm (9 to 18 in.) in length, often 
called “stick electrode” 


Submerged arc, in which the electrode is a metallic wire of 
similar diameter fed from coils or drums and the arc is com- 
pletely submerged by a granular flux 


¢ Flux cored arc, a tubular continuous wire formed from a 
strip which surrounds the fl uxing ingredients and is sub se- 
quently drawn to diameters r anging from 1.2 to 2.4 mm 
(0.045 to 3/32 in.) 


Electroslag, in which the wires are continuously fed into a 
molten, electrically conductive slag that covers the weld pool 
and fuses the sides of the adjace nt thick, vertically oriented, 
metal plates 


Each of these four welding processes depends on the use of fluxes 
and is described in g reater detail in the next section. Several other 
fusion welding processes are in use, all of which depend on a heat 
source sufficient to melt the materials to be welded. Com monly 
used heat sources are an oxy-acetylene (or other fuel) flame or an 
electric current in which the heat is generated by the resistance to 
the flow of current, as in spot or seam welding. These and two other 
arc welding processes, g as metal arc and gas tungsten arc, are not 
included in this chapter because they do not make use of fluxes. 


Function of Fluxes 


As the term is used inthe welding industry, fluxes are materials 
used to promote the joining of metals by fusion welding. As used in 
this chapter, the term applies to mineral formulations used in weld- 
ing procedures in which their primary and/or secondary function 
(Lawrence 1983; Griffiths 1985) may be the following: 

Shielding gas formers—volatile compounds and mineral sub- 
stances that, when heated, give off gases that shield the arc 
and weld pool from the atmosphere 


Slag formers—minerals that protect the weld metals as they 
both solidify by forming a mo lten slag when operating tem- 
peratures are reached 


Slag mod ifiers—minerals that control the physical pr oper- 
ties of the slag (melting point, freezing range, conductivity, 
wettability, fluidity) 

Arc stabilizers—mineral com pounds that, with heat,e volve 
elements with low ionization potential that stabilize the arc 


Deposition rate augmenters—metallic additions that increase 
the rate of deposition of the weld metal 


Deoxidizers—metallic additi ons, including iron po wder and 
ferroalloys, that are added to remove free or combined oxygen 
from the molten metal in the weld pool 


Alloying agents—metallic substances added to flux formula- 
tions to enhance the properties of the weld metal 


Fluxing a gents—minerals that are ac tive in t he re moval of 
impurities from the weld 


In addition, flux formulations may contain materials that serve 
as binders and extrusion aids in the manufacture of coated welding 
rods or p romote agglomeration and e xtrusion pr ocesses in the 
manufacture of granular flux. 
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Table 1. Minerals and other materials used in arc welding fluxes 


Arc Stabilizers 





Titania—Purified white mineral 
Potassium oxalate—Infrequently used 


Lithium carbonate—Infrequently used 





Gas-Forming Materials 





Cellulose—Purified wood pulp 
Wood flour—Raw wood pulp 
Limestone—Produces CO and CO? 





Fluxing Agents 





Cryolite—Strong fluxing agent 

Barium fluoride 

Lithium fluoride—Very effective flux 

Lithium chloride—Infrequently used 

Witherite (BaCO3)—Produces CO and COz2 as well as fluxing agent 


Fluorspar—Strong fluxing agent 





Slag-Forming Materials 





Bauxite (Al203)—Raises melting temperature & viscosity 
Feldspar 

Fluorspar—Decreases viscosity of slag 

IImenite—Impure form of rutile (TiOz) 

Rutile—Unrefined TiO 

Cristobalite (SiO2)—For strong acid slag 

Wollastonite (CaSiO3), Dolomite (CaMg(CO3)2—Neutral slag formers 
Zirconia—Helps slag removal 

Magnetite (Fe3O4)—Magnetic iron oxide 

Periclase (MgO)—Raises melting and viscosity 
Pyrolusite (MnOg) 





Slipping Agents 





Bentonite clay, Kaolin clay, Mica, Talc, Glycerin—Used in mineral-coated arc 
welding electrode manufacture to facilitate extrusion 





Binding Agents 





Sodium silicate, Potassium silicate—For extruded arc welding electrodes 
(potassium allows AC arc welding) 


Dextrin, Gum arabic, Sugar—Used occasionally for special situations 





Alloying and Deoxidizing Ingredients 





Ferrosilicon—Removes oxygen and oxides from weld and may add Si to weld 
Ferroaluminum—Strong deoxidizer 

Ferrotitanium—Deoxidizer and grain refiner in weld 
Ferro-aluminum-titanium—Combined deoxidizer sometimes used 

Zirconium alloy—Deoxidizer and sometimes improves slag removal 
Ferromanganese—Modest deoxidizer often used with ferrosilicon 

Electrolytic manganese—Commonly used to add Mn to weld metal 


Nickel powder, Chromium metal powder, Ferrovanadium, Ferrotungsten or 
tungsten powder, Other alloying ingredients—Alloying of steels and 
nonferrous weld metals and for surfacing weld overlays for hardness or 
corrosion-resisting properties 





Adapted from Linnert 1994. 


Fluxes and flux formulations used in pyrometallurgical pro- 
cesses (and the slags produced from them) are generally referred to 
as aci d, basic , or neutral. As wit h smel ting fl uxes (K okal and 
Renade 1993; see also the Fluxes for Metallurgy chapter in this 
volume), acid fluxes (e.g., silica) generally form acids in water; 
basic fluxes (calcium carbonate and lime) form bases in water; and 
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Source: AWS 199 1a. 
Figure 1. Schematic illustration of the shielded arc welding process 


fluorspar, or calcium fluoride, is a neutral substance because it is 
the reaction product of a base and an acid. 
Minerals commonly used in welding fluxes are listed in Table 1. 


Coverings of Shielded Metal Arc Electrodes 


Covered electrodes are the most widely used fusion welding mate- 
rials for joining metals (AWS 1991a). Because they are supplied in 
individual rods from 225 to 450 mm (9 to 18 in.) long, the y are 
often referred to as “stick” welding rods. Shielded metal arc weld- 
ing is often preferred for use in small welding shops because light- 
duty welding power sources, either transformers or rectifiers, are 
readily available and can be connected into 110- or 220-volt electri- 
cal outlets. Rural operators have portable, gasoline-powered gener- 
ators to pro vide welding serv ices where powermay not be 

available. Impro ved electrode formulations and po wer sources 

allow operators to acquire the needed skills for sound welds in local 
training schools in a relatively short period of time. Although many 
newer processes have been developed over the years, the simplicity 
of the shielded metal ar c welding process provides the primary 
means for sm all we Iding ope rations and f or man y maintenance 

functions in even the largest industries. 

In the shielded arc process the arc is struck between the base 
metal and the filler metal exposed at th e end of the self-shielded 
coated electrode. The heat from the arc melts both the electrode and 
the base metal, for ming a weld pool that is p rotected from atmo- 
spheric contamination by a shield formed of the gases that evolve 
from the constituents of the electrode coating. The coating also 
includes appropriate slag-forming, arc-stabilizing, and allo ying 
agents. The consumable electrode is hand-fed into the weld. The 
nature of the electrode covering and its function within the arc dur- 
ing the welding operation are illustrated in Figure 1. 

The ma jor c omponents of t he co ating det ermine the four 
major types of covered electrodes: cellulosic, rutile, lime or lime— 
titania, and iron powder. Some of these include two subclasses: one 
for use only with direct cu rrent and one that may be used with 
either direct or alternating current. Most arc we Iding wi th st ick 
electrodes is done with direct current, so as to provide a steady cur- 
rent. Alternating current p ower sources are based on transformers 
that are adapted for welding voltages and are relatively inexpensive; 
however, it can be difficult to maintain the arc because of the polar- 
ity reversals of alternating currents. 

Cellulosic covered electrodes, as their name implies, incorpo- 
rate considerable wood flour or other forms of refined cellulose. 
The combustion of t he cellulose provides the shielding gas that 
surrounds the arc. Sla g-forming materials are incorpora ted in the 
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coating to control the molten metal as it flows into the joint. For 
welding in other than th e flat position, for example in pipeline 
welds where the operator must weld completely around the pipe, a 
fast-freezing slag is needed to ho Id the molten weld metal in the 
joint while the weld is solidifying. This is one of the principal uses 
of cellulosic electrodes. An operator may start the joint in the six- 
o’clock position (o verhead) and pr ogress up ward to the th ree- 
o’clock position (vertical), thence to the twelv e 0’ clock position 
(flat); periclase is often used for increasing the fusion temperature 
of the siliceous slag. The deoxidizers are usually a combination of 
ferromanganese and ferrosilicon that contributes to the slag when 
the manganese and silicon combine with oxygen in the arc. Titania 
is present to stabilize the somewhat longer arc, allowing the opera- 
tor greater flexibility when welding in all positions, either uphill or 
downhill. Cell ulosic el ectrodes for use wi th alt ernating current 
contain potassium silicate, rather than sodium silicate, as a binder; 
the potassium ionizes the arc more readily, giving it stability as the 
current alternates between positive and negative polarity. 

Rutile electrode coatings contain more than 50% rutile, pro- 
viding a very stable arc. F or gas shielding the electrode also con- 
tains some cellulose, along with deoxidizers, and arc stabilizers. As 
with the cellulosic electrodes, rutile types can be u sed in all posi- 
tions, but the arc does not penetrate as deeply as does the cellulosic 
type. This allows the weld to bri dge gaps more re adily, and thus 
rutile-coated electr odes are p referred when po or fit-up conditions 
prevail. A dense slag that is ea sily removed forms uniformly over 
the we ld s urface. The se electrodes are prefe rred by 1 ess-skilled 
operators and consequently are used for a wide v ariety of ma inte- 
nance operations. The rutile type made for use with alternating cur- 
rent has a very stable arc, and, with its low penetrating character, is 
especially suit able for shee t me tal joi ning. Anothe r v ariation of 
rutile electrodes contains a relatively large amount of iron powder, 
which fuses and adds to the weld metal. 

Lime typ ee lectrodes are ge nerally ca lled basi c typ e e lec- 
trodes because they produce a basic slag formed largely from lime- 
stone and fluorspar . Decomp osition of calcium carbonate forms 
carbon dioxide and carbon monoxide that shield the arc from atmo- 
spheric contamination. During manufacture with alkaline liquid sil- 
icates as binders, lime t ype electrodes are baked at much higher 
temperatures than t hose containing cellulose an d thus produce 
welds characterized by low hydrogen contents. Such electrodes fre- 
quently are referred to as lo w-hydrogen electrodes, allo wing them 
to be used on lo w-alloy steels where hydrogen cracking can be a 
problem. They are suitable for use on direct current with the elec- 
trode connected to the positi ve terminal. Unskilled operators may 
find it more difficult to maintain a steady arc with these electrodes; 
thus variations with up to 8% ti tania (lime-titania electrodes) have 
been developed to improve arc stability. With the addition of potas- 
sium silicate as the binder, this type of basic electrode can be used 
with alternating current, although the alternating current types ar e 
often used with direct current as well. Basic electrodes are usable in 
all positions, althoug h their slags are somewhat more dif ficult to 
remove; the addition of t itania and som etimes zirconia makes the 
slags more friable when cold and thus more readily removed. As 
with the cellulosic types, iron powder additions have improved the 
ease of operation and pro vide additional weld metal, and are now 
the most popular of the low-hydrogen types. They are used not only 
for carbon steels, but also for stainless steels, low-alloy steels, and 
even some nonferrous alloy electrodes. 

Electrode coatings with very high amounts of iron powder, in 
which the thick coatings comprise as much as 50% of the electrode 
weight, are also available. The iron powder adds cons iderably to 
the amount of weld metal produced by the metallic core; thus these 
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Source: AWS 1991a. 
Figure 2. Schematic illustration of the submerged arc welding 
process 


electrodes sometimes are referred to as high-efficiency electrodes. 
The relatively thick covering and the conductivity provided by the 
iron powder allow the el ectrode to rest on the weld sea m to pro- 
duce a flat groove weld. This som etimes is re ferred to as gra vity 
welding. 


Fluxes for Submerged Arc Welding 


In some operations, submerged arc welding (SAW) is a fully auto- 
matic method performed with a continuous electrode and a layer of 
granular flux (Griffiths 1985; Althouse et al. 1997). The flux, com- 
posed of silicates, with or without deoxidizers and alloying agents, 
is fed au tomatically from a hopper. The arc, struck between bare 
filler metal wire and the base metal, melts some of the flux to form 
a protective layer of molten slag over the weld pool. Unmelted flux 
can be recovered by means of vacuum and recycled (see Figure 2). 

SAW is most com monly used in large fabrication operations 
where the process is fully auto matic. A machine supp orting the 
wire and flux feeders is mounted on a device that travels over the 
weld groove, tended by an individual who positions the machine, 
starts the arc, and obse rves and monitors the operation. It may be 
employed to make a single weld pass in steel plates up to 2.5 cm 
(1 in.) thick or to make multiple passes for greater thicknesses. All 
welding is done in the flat or horizontal fillet position. For very 
thick welds or for f ast travel rates, the speed of t he operation is 
greatly augmented by the use of multiple wires fed into the joint, 
each energized wi th dif ferent el ectrical polarities. T he fluxes 
selected for the operation are determined by the welding process 
requirements, including penetration of the weld with t he base 
metal, the contour of the weld deposit, the ease of slag detachment, 
and the metallurgical properties of the weld metal. 

SAW can also be done manually with a combination electrode 
and wire feed cable attached to a n electrode holder with a sm all 
hopper for flu x built into the holder (Althouse et al. 1997). The 
operator guides the electrode along the joint. 

Submerged arc fluxes protect the depositing weld metal from 
the atmosphere pr imarily by the g ranular flux covering and the 
vapor and other gases formed during fusion in the arc. The y are 
supplied in three forms: prefused, bonded, and agglomerated. 

Prefused Fluxes. Prefused fluxes are produced by melting the 
ingredients i na nel ectric fur nace. Afte r me Iting, the flu x is 
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Table 2. Classification of submerged arc fluxes 











Chemical Composition 
Symbol Constituents Limits, % 
MS (manganese-silicate) MnO + SiOg 50 minimum (min) 
CaO 15 maximum (max) 
CS (calcium-silicate) CaO + MgO + SiO2 55 min 
CaO +MgO 15 min 
ZS (zirconium-silicate) ZrO2 + SiO2 + MnO 45 min 
ZrOo 15 min 
RS (rutile-silicate) TiO2 + SiOz 50 min 
TiO2 20 min 
AR (aluminate-rutile) AlgO3 + TiO2 40 min 
AB (aluminate—basic) AlzO3 + CaO + MgO AO min 
AlzO3 20 min 
CaF2 22 max 
AS (aluminate-silicate) AlgO3 + SiOz + ZrO2 AO min 
CaF2 + MgO 20 min 
ZrO2 22 max 
AF (aluminate-fluoride— Al2O3 + CaF2 70 min 
basic) 
FB (fluoride—basic) CaO + MgO + CaF + MnO 50 min 
SiOz 20 max 
CaF2 15 min 
Adapted from ISO 14174:2004. 
Table 3. Flux characteristics 
Symbol Type Basicity Index Application 
cs Bonded 0.5, Tolerates high current. Easy slag 
strongly acid removal. High oxygen levels in 
weld. 
cs Fused 1.1, Moderately good toughness. 
neutral Slag removal difficult in 
multiple-pass groove welds. 
MS Bonded 0.8, Fast weld travel speeds. Does 
mildly acid not tolerate rusty steels. 
AB Bonded 1.1, Used only with DC power. Can 
neutral tolerate rusty steels with suitable 
deoxidizers. 
FB Agglomerated 3.5, Excellent for mechanical 


strongly basic properties, especially in 
fluoride multiple-pass welds. Slag 
removal difficult. 





Adapted from Linnert 1994. 


quenched and crushed. The resulting product is a glass that has 
good chemical homogeneity. Pref used fluxes are generally non- 
hygroscopic. Unfused portions of the flux can be reused without a 
change in the chemical composition of the flux and are suitable for 
high welding speeds. The greatest disadvantage of prefused fluxes 
is that alloy additions and deoxidizers cannot be incorpor ated into 
the flux because of the high-temperature prefusing operation. 

Bonded Fluxes. Bonded fluxes are produced by binding th e 
constituents together with potassium or s odium sili cate, whic h 
results in the pelletization of the flux. The advantages over prefused 
flux are: the deoxidizers and ferroalloys are retained; a | ower- 
density flux allows better protection from thicker flux blankets; and 
the resulting slag is removed more easily after welding. The disad- 
vantages of bonded flux are that, during vacuuming, the compo- 
sition may be altered, and they are more hygroscopic, making 
the welds subject to hydrogen cracking. 
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Source: AWS 199 1a. 
Figure 3. Schematic illustration of the two types of flux cored wires 


Agglomerated Fluxes. Agglomerated fluxes ar e sim ilar t 0 
bonded fluxes except that a ceramic binding agent is used and, thus, 
higher processing temperatures ar e required. Agglomerated fluxes 
tend to be slightly less h ygroscopic than bonded fluxes, but their 
higher processing temperatures limit the reco very of deoxidizers 
and alloying ingredients. 

Submerged arc fluxes are often classif ied by their principal 
ingredients, as shown in Table 2. 

The mechanical properties of the welds produced by SAW 
are influenced great ly by the sel ection of t he flux. Those flux es 
that form acid slags (high in silica) generally are not used where 
stringent requirements for streng th, ductility, or toughness are to 
be achieved. To characterize the nature of the slag-forming char- 
acteristics of various fluxes, the basicity index (BI) is determined 
using the following expression (Tuliani, Boniszewski and Eaton 
1969): 


_ CaO + CaF, + MgO + K,0 + Na,O + BaO + SrO + ‘4(MnO + FeO) 
~ SiO, + '4(AL,O, + TiO, + ZrO,) 


BI 


Fluxes with a BI1 ess than 1.0 are called acid fluxes, t hose 
with a BI between 1.0 and 1.5 ar e neutral, and th ose witha BI 
greater than 1.5 are basic. Table 3 shows several types of commer- 
cially available fluxes with different characteristics and uses. 


Flux Ingredients in Flux Cored Wires 


There are two major types of flux cored wires: (1) those requiring 
an external shielding g as, usually carbon dioxide or a mixture of 
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Table 4. Typical flux formulations for steel flux cored electrodes 
AWS Designation 
Type of Electrode EXXT-1, Gas Shielded EXXT-3, Self Shielded EXXT-5, Gas Shielded EXXT-8, Self Shielded 





Spray-transfer, directcurrent 
electrode positive (DCEP), 
suitable for multiple-pass 
welding, medium slag 


Essential operating 
characteristics and 


application base metal 


Spray-transfer, DCEP, suitable 
for single-pass welding of thin 


Globular transfer, single- and 
multiple-pass welding, thin 
slag blanket 


All-position deposition, direct 
current electrode negative 
(DCEN), good low-temperature 
toughness 





Core Ingredients 


Percentage of Ingredients in Core by Weight 





Cryolite 5 
Dolomite 15 
Feldspar 7 
Ferroaluminum NS 
Ferromanganese 10 
Ferrosilicon 5 
Ferrotitanium NS 
Fluorspar 10 
Iron powder 10 
Limestone NS 
Magnetite 3 
Rutile 30 
Silica NS 
Sodium silicate 5 


5 
Ns* 
10 
20 
15 
10 

5 
25 
NS 

5 
NS 

5 
NS 
NS 


15 5 
NS NS 
15 5 
NS 15 
10 15 

5 10 
NS 5 
25 25 

5 NS 
NS 10 
NS NS 
15 10 

5 NS 
NS NS 





Adapted from Linnert 1994. 
*NS = not significant. 


carbon dioxide and argon; and (2) those not requiring an e xternal 
shielding g as, ca lled “ self-shielded.” T he sc hematic sk etches in 
Figure 3 illustrate the two classes. 

Two groups of mineral ingredients are used in g as-shielded 
electrodes: rutile and lime-fluoride. The self-shielded types gener- 
ally utilize relatively large amounts of metallic aluminum powder, 
the aluminum pro viding a vapor that protects the metal deposition 
as well as serving as a deoxidizer. Table 4 shows the composition of 
the flux ingredients in four of the most common commercial types 
of flux cored wires. 

Flux cored arc welding offers all-position capability in wire 
diameter under 3/32 in.; larger sizes are generally used only in the flat 
or horizontal fillet position. F or most welding out- of-position, t he 
wire size most commonly used is 1.2 mm (0.045 in.). Some formula- 
tions are not readi ly produced in diameters that small, especiall y 
those that require large amounts of flux (which limits the diameter to 
that which the tub ular material can be reduced). The ingredients 
largely determine the nature of the arc. Arc stabilizers promote spray 
type arc transfer and basic ingredients, such as fluorspar, promote a 
globular type of transfer. As in covered electrodes, flux cored wire 
can incorporate ferromanganese and o ther ferroalloys for deoxida- 
tion. The process allows core formulations with substantial additions 
of alloying ingredients for welding lo w-alloy steels. Stainless steel, 
nickel-, copper-, and cobalt-based alloy sheathed flux cored wires are 
produced for joining stainless steel, nonferrous alloys; for weld sur- 
facing; and for a wide variety of other applications. 


Fluxes for Electroslag Welding 


Electroslag wel ding (E SW) is use d to wel d_ butt joints on thic k 
metal (Griffiths 1985; Althouse et al. 1997). The weld is performed 
vertically, moving upward. Before the weld is started, a conductive 
flux material 50 to 75 mm (2 to 3 in.) thick is laid down between 
the two pieces to be joined. An arc is struck between one or more 
continuous, consumable electrodes, either solid wire or f lux-cored, 


and the base metal. W hen the flux becomes molten, t he arc is 

stopped, but the electricity conti nues to flow from the electrodes, 

through the electrically conductive slag, to the base metal. The flux 
(slag) remains molten because of its resistance to the flow of elec- 
tricity. The molten flux melts the base metal and the continuously 
fed filler to form the weld. Movable water-cooled copper shoes, one 
on each side of the j oint, confine the molten flux, filler metal, and 
weld metal to th e gap and are mo ved up as the weld prog resses 
upward. The electrode can be os cillated automatically when very 
thick plates are welded. Figure 4 illustrates the ESW process. 

The process depends on a molten flux that continuously fuses 
both sides of the welded joint and the filler wires that project into 
the flux bath. As with flux es used in electric furnace ref ining of 
alloy steels, the components of the flux must have melting tempera- 
tures in a range well below that of the steel and remain fluid with 
minimal vapor formation at temperatures above those of the steel 
being welded. At these temperatures the slag must be che mically 
stable and electrically co nductive in ord er to pro vide the ther mal 
energy to melt both the edges of the base metal and the filler metal. 
If the slag becomes too conductive during the operation, an arc will 
form above the slag pool, thus melting the electrode wires but fail- 
ing to fuse t he side walls of the joint. Most commonly, fluxes are 
formulated with c ombinations of ] ime, alumina, and silica. Fluor- 
spar increases the fluidity and the electrical resistivity of the molten 
slag; titantum and mang anese oxides tend to increase the conduc- 
tivity. Highly basic flu x combinations are thoug ht to give excep- 
tionally low oxide inclusions that, as in the welded state, will have 
large grain sizes and relatively slow solidification rate. Post-weld 
heat treatment will im prove greatly the weld pr operties of these 
coarse-grain welds, both in the weld metal and the heat-affected 
zones. 

For ESW of thick stainless steels, a basic flux with less silica 
and more lime and fluorspar generally is preferred in or der to 
reduce the loss of chromium in the weld metal. Alumina is needed 
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Source: AWS 199 1a. 
Figure 4. Schematic illustration of the electroslag welding process 


in such fluxes to provide the desired fusion temperature range and 
conductivity. One typical flux composition contains 5% lime, 
15% fluorspar, 5% magnesia, 20% pyrolusite, 20% alumina, and 
35% silica (Linnert 1994). 

On the exterior weld surfaces on both sides of the joint, the 
slag solidif ies a gainst the c opper shoes as the weld pro gresses 
upward. The amo unt of slag depends on the thickness o f the plates 
being welded and is considerably less in very thick welds. For exam- 
ple, flux consumption may be as much as 0.5 kg per 10 kg (1 Ib per 
20 Ib) of deposited metal for welding 38 mm (1!4-in.) th ick plates, 
decreasing to 0.5 kg per 35 kg (1 Ib per 80 lb) of weld for thick- 
nesses of 100 mm (4 in.) o r more. To maintain a constant d epth of 
the slag bath as the weld progresses, incre mental additions of dry 
flux must be provided. 

Most ESW is accomplished with solid wire electrodes. Tubu- 
lar composite wires, similar in construction to the flux cored wires 
previously described, sometimes are found useful for providing the 
needed flux additions. More often, tubular filler metals are used for 
welding of low-alloy steels, the alloying ingredients being incorpo- 
rated as ferroalloys in the core. 


Fluxes for Electrogas Welding 


Electrogas welding (EGW) resembles ESW in that the weld is done 
vertically and moves upward, confined by movable cop per shoes 
(Althouse et al. 1997). It differs from ESW in that a shielding gas is 
used, either a solid or a flux cored wire is fed automatically into the 
weld joint, and an electric arc is maintained continuously between 
the electrode and the weld pool. The flux cored wires are similar in 
construction to those previously described and use the same miner- 
als to protect the arc and to form a slag. They differ principally in 
the amount of core ingredients because only a very small amount of 
slag is ne eded to protect the solidifying metal that forms on th e 
exterior surfaces of the weld joint. 


Specification Requirements for Minerals used in Welding Fluxes 


Producers of covered electrodes, SAW fluxes, and flux cored wires 
for carbon and low-alloy steels are constrained by industry specifi- 
cations that, in particular, limit the sulfur and phosphorus content 
of the weld metal. For nickel alloys, sulfur is especially harmful, 
and care is required in the selection of minerals used in el ectrode 
coverings and fl uxes. Table 5 lists the specifications for many of 


the ingredients used in welding fl uxes, with partic ular at tention 
given to specifications commonly imposed on sulfur and phospho- 
rus contents. 


Prospective Usage of Minerals for Welding Fluxes 


The shielded metal arc welding process has dominated arc welding 
filler metal production for most of the past century. In terms of min- 
erals use, coverings for electrodes represent the greatest proportion 
of total minerals used in all arc welding processes. Until the advent 
of the gas metal arc process in the 1950s (which uses no minerals 
and thus is not covered in this chapter) and the flux cor ed arc pro- 
cess in the 1960s, arc welding by covered electrodes represented 

well more than 60% of all arc welding filler metals. The growth of 
gas metal arc welding and flux cored arc welding pr ocesses, oper- 
ated both automatically and manually, provided the flexibility that 
manual welding with co vered electrodes had pre viously. Because 
both processes use electrodes supplied as coils, the y can operate 
continuously, eliminating the need to interrupt the ar c to change 

individual, separate electrode rods. In recent decades, covered elec- 
trodes have declined in volume of welding filler metals to less than 
40% in the United States. This is offset, in part, by the growth of arc 
welding processes w orldwide. Even though SAW and other flux- 
shielding processes use as lar ge an amount of mineral ingredients 
for each unit of weld as covered electrode welding, their total pro- 
portion of the filler metal world market is less than 15%. 


Health and Safety 


Although arc weldi ng is considered to be a safe occupation, it has 
potential harmful effects. Welders and operators must wear helmets 
with eye protection and guard against skin damage from radiation. 
The welder must be aware of the safe use of electrical equipment and 
also must avoid fumes evolving from the arc for some metals. This 
last item has been given considerable emphasis in the last 30 years as 
a result of litigation and efforts of in dustrial hygienists and g overn- 
ment safety enforcement agencies. Thee volution of manganese 
fumes from welding ordinary steel s and certain allo ys containing 
high manganese are of particular concern. Welding stainless steels 
results in the evolution of chromium fumes, especially the hexavalent 
form, and to a lesser extent, nickel fumes. Employers in the United 
States are instructed to provide protection by taking cognizance of 
the American National Standards Institute (ANSI) Standard Z49.1 
(ANSI 1999), and the American Welding Society (AWS) Safety and 
Health Fact Sheets (AWS 2003). 


FLUXES USED IN BRAZING 


Brazing is ahigh- temperature jo ining process that tak es place 
above 450°C (84 0°F) but below the melting point of either of the 
two parent materials that are being joined. A permanent metallurgi- 
cal bond results when a molten BFM flows, by capillary action, into 
the closely fitting space between the two metals (brazing joint or 
gap) and then alloys with (i.e., diffuses into) each of the parent met- 
als, to form a strong, leak-tight, permanent joint. A properly brazed 
joint will be as strong as, or stronger than, either of the parent mate- 
rials be ing j oined. In the twe nty-first c entury, bo th m etals a nd 
ceramics commonly are brazed. Brazing of ceramics is done prima- 
rily in either a vacuum or in inert gas atmospheres and is not dis- 
cussed here because fluxes are not used in those processes. 

Brazing is distinguished from other metallurgical methods of 
joining. If the temperature is lower than 450°C (840°F), the join- 
ing process is kno wn as sold ering, and if t he temperatures are 
high enough to melt the parent materials, the process is known as 
welding. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Fluxes Used in Fusion Welding and Brazing 


1429 





Table 5. Specifications for welding flux components’ 


Specification 





Minerals Sulfur, % maxt Phosphorus, % max 


Others, % 





Aluminum oxide 


Barium fluoride 0.10 0.01 
Cryolite 0.10 0.09 
Fluorspar 0.10 0.02 
IImenite 0.10 0.10 
Iron oxide (magnetite) 0.10 0.05 
Limestone 

Lithium fluoride 0.15 

Magnesium carbonate 0.02 0.02 
Magnesium oxide 0.03 0.03 
Manganese oxide 0.10 0.15 
Manganese carbonate 0.25 

Nepheline syenite 

Potassium manganese titanate 

Potassium titanate 0.10 0.10 
Rutile 0.02 0.03 
Silica sand 0.03 0.03 
Sodium fluoride 

Sodium manganese titanate 

Sodium silica titanate 

Strontium carbonate 0.10 

Strontium fluoride 0.20 0.03 
Zircon 0.06 0.07 


Al2O3, 85 mint; TiO2, 6 max; SiOz, 8 max 

BaF2, 98 min 

NagAlFe, 96 min 

CaF2, 96 min 

TiO2, 65; FezO3, 30; SiOz, 0.4 (typical) 

Fe, 65 min; Mn, 1.0 max; SiOz, 1.0 max 

CaCO3, 90; MgCO3, 6; Other 4 (typical) 

LiF, 97 min; Fe, 1 max 

MgCO3, 92 min; SiOz, 4 max; CaO, 1.5 max 

MgO, 96 min; Fe2O3, 1.5 max; AlzO3, 1 max; CaO, 1.5 max; SiOz, 1 max 
MnO, 79 min; SiOz, 8 max; AlzO3, 8 max 

MnCO3, 90 min 

Na2O, 15 min; TiO2, 34 min; MnO, 20 min; SiOz, 15 min 
TiO2, 35; K2O, 26; MnO, 18; SiOz, 15 (typical) 

TiO2, 66; K2O, 25; SiOz, 6 (typical) 

TiO2, 92 min; ZrOz2, 2.5 max; SiOz, 2.5 max 

SiOz, 98 min 

NaF, 97 min 

Nag2O, 15 min; TiO2, 34 min; MnO, 20 min; SiOz, 15 min 
NazO, 20; SiO2, 20; TiO2, 60 (typical) 

SrCO3, 96 min; BaCO3, 2 max; CaCO3, 1 max 

SrF2, 96 min; BaF2, 2.5 max 

ZrO2, 65 min; SiOz, 34 max 





* Blank cells indicate that the mineral is not normally specified by users because commercial supplies rarely contain significant amounts. 


fT max = maximum. 
£ min = minimum. 


As me tals are hea ted, they tend to re act more readily with 
oxygen, forming oxides on the surfaces to be joined; this can pre- 
vent complete brazing from occurr ing. Two ways to pre vent the 
occurrence of such surface oxidation during brazing are: (1) to heat 
the parts in an atmosphere in which there is no oxygen (such as in a 
vacuum, or in dry hydrogen, nitrogen, or argon); (2) to coat the sur- 
faces to be brazed with a flux. 


Role of Minerals in Brazing Fluxes 


For the BFM to spread completely over the surfaces to be braz ed, 
the surfaces must be cleaned completely and free of oil, dirt, grease, 
or oxides before the flux is applied. A flux is designed to keep the 
brazing surfaces clean and fr ee of oxides du ring the brazing pro- 
cess. Fluxes react with any oxides formed on the metal surface dur- 
ing heating to remove those oxides and free up the metal surface to 
receive and alloy with a molten BFM. When surfaces to be brazed 
are cleaned properly, the BFM is said to “wet” (i.e., alloy with) and 
flow over those surfaces effectively. A good flux helps to make that 
happen whenever the brazing process occurs in an atmosphere that 
contains oxygen (e.g., torch brazing in air). 

BFMs range widely in composition. They can be pure copper; 
complex alloys of aluminum; precious metals (silver, gold, or plati- 
num); or nickel-based alloy systems. Each requires a different type 
of flux be cause the temperature at which the fluxes need to be 
active depends on the BFM_ system being used. Fluxes for alumi- 
num brazing need to become active in the 475°C (900°F) range and 
fully active by 540°C (1,000°F), whereas some of the nickel-based 


Table 6. Requirements for commercial brazing fluxes 





AWS Class Base Metal Used on Temperature Range 

FBI Aluminum 540-615°C (1,000-1,140°F) 
FB2 Magnesium 480-620°C (900-1, 150°F) 
FB3 Steel, copper, stainless steel 565-1,200°C (1,050-2,200°F) 
FB4 Base metals with some Al, Ti 600-870°C (1,100-1,600°F) 





Adapted from AWS 1992. 


BFMs require fluxes that are most active at temperatures higher 
than 1,100°C (2,000°F). Brazing done with silv er-based BFMs 
requires fluxes that are most active in the 500° to 900°C (1,000° to 
1,600°F) range. See the Brazing Handbook (AWS 1991b) fora 
more thorough discussion of brazing, brazing f iller me tals, and 
brazing techniques. 


Constituents of Brazing Fluxes 


As mixtures of various minerals, flux formulations v ary consider- 
ably because, as mentioned, they are designed to become “active” 
within different temperature ranges, depending on the type of BFM 
used. The AWS Specification for Fluxes for Br azing and Br aze 
Welding (A5.3 1), which is used widely in indu stry, has changed 
completely the previous AWS flux designations (AWS 1992). Most 
commercial brazing fluxes in present use meet the current require- 
ments of this specification (Table 6). 
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The minerals and compounds used in making the fluxes listed 
in Table 6 usually include one orm ore of the following (AWS 
199 1a): 

¢ Borates (sodium, potassium, lithium, etc.) 

¢ Fused borax 

¢ Elemental boron 

¢ Fluorides (sodium, potassium, lithium, etc.) 

¢ Chlorides (sodium, potassium, lithium, etc.) 

¢ Alkalis (sodium hydroxide, potassium hydroxide) 


Borates 


Borates, such as potassium tetraborate (K2B407°4H20), are used in 
high-temperature fluxes because they effectively can reduce oxides 
at temperatures around 760°C (1,400°F) and higher. Because they 
are quite viscous wh en molten, they usually are mix ed with other 
mineral salts to lo wer their viscosity so that they will flow easier 
into the brazing joints. 

Fluoborates flow well on meta | surfaces and ha ve excellent 
oxide-dissolving properties. 


Fused Borax 


Fused borax (Na2B,407) is used in high-temperature fluxes because 
it will also reduce oxides at higher temperatures. 


Elemental Boron 


Finely powdered boron is added to other flux chemistries to gi ve 
them greater fluxing ability for higher-temperature applications and 
to last over longer periods. 


Fluorides 


Fluorides, such as potassium fluoride (KF), very agg ressively 
reduce metal oxides and so are used in fluxes for metals containing 
refractory oxides of chro mium and aluminum. They also increase 
the fluidity of the fluxes in the molten state. 


Chlorides 


Chlorides, such as potassium chloride (KCl), are similar to fluoride 
fluxes in their use, but are more effective at lower temperatures. 


Alkalis 


Alkalis are used sparingly because of their water-absorbing proper- 
ties; ho wever, alkali compounds, such as potassium h ydroxide 
(K(OH)2) and sodium h ydroxide (Na(OH) 2), hel p to el evate the 
useful working temperature of the flux. Because of the tenacious 
nature of the oxides of aluminum , titanium, and zirconium, and 
because of the lower temperatures used in brazing aluminum, spe- 
cialized fluxes consisting of mixtures of alkali metal chlorides and 
potassium or lithium fluoride are used in brazing these metals. A 
reaction flux containing 7% to 12% by weight of zinc chloride is 
helpful in brazing aluminum because of the difficulty in removing 
the aluminum oxide layer between the brazing surfaces. 


Sources of Minerals for Use in Brazing Fluxes 


Boron minerals and compounds, such as borax (Na 7B407*10H20), 
boric acid (H3BO3), and po tassium borate, are prod uced mainly in 
Southern California (primarily in the Death Valley region), Turkey 
(the world’s lar gest producer), Chile, and Russia. Industrial boron 
compounds are reco vered from b oth crude and ref ined sodium 
borates, from anhydrous derivatives, and from anhydrous boric acid. 
The lar gest domestic boron minerals produ cer operates open pit 
mines for tincal (crude borax) and k ernite (Na2B4O7°4H20). Other 
producers in the same area recover potash in addition to boric acid 


and other boron pr oducts by dif ferential e vaporation and so lvent 
extraction metho ds from saline brines. T otal U.S. production of 
boric oxide in 2003 amounted to approximately 536,000 t, valued at 
about $275 million (Lyday 2004a). 


Fluorides 


The primary fluorine compounds used in fluxes for brazing include 
aluminum f luorides, po tassium fluoride, an d lithium fluoride. 
Major sources of fluorine are fluorite (CaF 2) in fluorspar deposits 
and the mineral fluor apatite, whic h occurs in natural ph_ osphate 
rock (Fulton and Montgomery 1994) . China is the w_ orld’s most 
important producer of fluorspar (Lyday 2004b). At the present time 
no flu orspar is being mined in the United States, although the 
United States is a major producer of phosphate rock and thus of flu- 
orosilicic acid. 

Hydrofluoric acid (HF) isma_ de when acid grad e fluo rite 
(97% CaF>2) is reacted with sulfuric acid in a heated kiln or retort. 
Elemental fluorine, prepared from anhydrous hydrofluoric acid by 
electrolysis, reacts with all metals to form fluorides, including arti- 
ficial cryolite (Na3AI1F¢), aluminum fluoride, potassium fluoride, 
and other inorganic fluorine compounds. Fluorosilicic acid is pro- 
duced during the processing of phosphate rock, and some is con- 
verted to aluminum fluoride and cryolite. 

A rapidly gro wing par tof the aerospace/brazin g indu stry 
involves t he high-te mperature cl eaning of aerospace jet engine 
components in special furnaces using anhydrous hydrogen fluoride 
gas. 


Chlorides 


Practically all of the chlorine and chlorine compounds made in the 
United States are produced by el ectrolysis from so dium chloride 
solutions. Sodium chloride, salt or the mineral halite (NaCl), occurs 
in sea water, salt lakes, and in extensive beds of rock salt. A com- 
mon mineral, hal ite is produced b y either mining salt beds o r by 
solar evaporation of brines in many domestic locations, including 
New York, Michigan, Louisiana, Utah, and other states. Potassium 
chloride, the mineral sylvite, occurs in salt deposits in New Mexico 
and Saskatchewan, and in several European and Asiatic locations. 

Chlorine reacts r eadily with hydrogen to form hy drochloric 
acid; both chlorine and hydrochloric acid react with most metals to 
form chlorides. Hydrous aluminum chloride (AIC 13*6H20) is 
formed when aluminum h ydroxide reacts with hydrochloric acid. 
Ammonium chloride (NH 4Cl) is f ormed as a sub limate from the 
reaction of gaseous ammonia with hydrogen chloride gas or by the 
reaction of ammonium hydroxide with hydrochloric acid. 

In the United States, spodumene deposits in North Carolina 
and geothermal brines in Nevada supply the raw materials for the 
manufacture of lithium compounds, such as lithium chloride (LiCl). 
Lithium carbonate is the primary product of lithium chemical plants 
and is the compound from which all other downstream lithium 
products are obtained. 


Cesium-based Flux Compounds 


Cesium, in the forms of cesium chloride, cesium fluoride, or 
cesium aluminum fluoride, has been used on an experimental basis 
as acomponent of some general purpose fluxes, but such use has 
not met with widespread acceptance because of the high cost of 
cesium compounds. 
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Foundry Sands 


Stanley T. Krukowski 


INTRODUCTION 


Foundry sands, which are used to make molds and cores, have been 
very important to foundry workers since metal casting began hun- 
dreds of years ago. They now are used in two basic ways, either ina 
natural state bonded withclay or inachemically cured state 
achieved with sand that, mixed with chemical resin or oil, is cured 
by baking or by chemical reaction. 

The term sand, as u sed in fo undry applications, can best b e 
defined as material composed of granular particles of mineral mat- 
ter ranging from 0.5 to 2.0 mm in diameter . Based on their origin, 
raw materials for foundry sand vary in grain shape, grain composi- 
tion, re lative surf ace, g rain size, and g rain distrib ution patterns. 
These properties, in addition to chemical analyses, sinter point, and 
expansion characteristics, play an important part in the choice of 
sand used as the base molding or core aggre gate in me tal casting. 
Different types of sand may be blended to produce specific compo- 
sitions and grain size distributions. 

Early raw material requirem ents based on sil ica sand were 
simple, but as sand/core/mold technology became more sophisti- 
cated and binder technology developed further, the physical prop- 
erties of foundry sand became more critical. Silica sand is mainly 
quartz and, in most cases, small amounts of feldspar, mica, clay, 
and other common minerals. Alth ough silica sand is still by far 
the most widely used base materi al in product ion of molds and 
cores used in metal casting, other natural mineral sands have their 
own unique characteristics and fill an important niche in special 
applications. As aresult, the term sand, when applied tora w 
materials used in metal casting, logically has been e xtended to 
include granular materials composed of a group of minerals other 
than quartz. With increased use in advanced foundry technology, 
natural sands composed predominantly of zircon, chromite, stau- 
rolite, or olivine have become more than just alternate materials 
and no w are classif ied commonly as sands. Therefore, f oundry 
sands can be di vided into two cate gories: silica sand s and n on- 
silica sands. 


SILICA SANDS 


Silica is the common term applied to sili con dioxide (SiO); the 
mineral name is quartz. The term sand has two different meanings, 
depending on the context in which it is used. In context of mineral 
composition or rock type, the term usually is understood to refer to 
unconsolidated quartz grains within a certain range of grain size. 


In anci ent rocks, gra nular pa rticles (san d grains) ha ve become 

cemented together to form a consolidated sedimentary rock referred 
to as sandstone. The term sand also is included in a contin uum of 
particle sizes that includes other terms denoting size classification 
from finest to co arsest (in diameter ): clay (< 0.0039 or 1/256 mm), 

silt (0.0039 to 0.0625 or 1/16 mm), sand (0.0625 to 2.0 mm), gran- 
ule (2.0 to 4.0 mm), pebble (4.0 to 64.0 mm), co bble (64.0 to 
256.0 mm), and boulder (>256.0 mm). 

The most common foundry sand used over the years has been 
silica sand. It is common, abundant, and easily mined, occurring at 
or very near the earth’s surface. Silica sands are pro duced from 
rocks that formed under a v ariety of geologic conditions and are 
used in anumber of industrial applications other than foundry 
sands: sand blast abrasi ves, fillers, glass manuf acture, oil and g as 
proppants, refractories, and as a source of silicon. 


Modes of Occurrence 


Silica sand deposits occur naturally as a result of weathering and 
erosion of quartz-bearing igneous, metamorphic, and se dimentary 
rocks. The pro ducts generated from these processes are subse- 
quently transported to the site of deposition. Disaggregated rock and 
mineral particles may be carried hundreds of kilometers from their 
source(s) by fluvial, glacial, glac iofluvial, marine, and eoli an pro- 
cesses. The composition of deposits depends on the nature of the 
original rocks that were eroded, the intensity and duration of weath- 
ering, the distance and agents of transportation, the manner of depo- 
sition, and postd epositional history. Depo sits may be re worked by 
natural processes and redeposited under similar or entirely different 
conditions. 

Silica sands accumu late along stream ch annels and flo od- 
plains, in lake and lakeshore deposits, and under marine conditions 
in seacoast environments. Geologically young deposits tend to be 
unconsolidated or poorly consolidated. Ancient sand bodies, which 
were buried under great thicknesses of younger sediments and later 
consolidated, are termed sandstone. Subsequent uplift from _ tec- 
tonic forces can stop sedimentation and be gin widespread erosion 
and exhumation of previously deeply buried formations. Those that 
are exposed at the surface, or that have only a thin layer of overbur- 
den, can readily be mined. Cycles of repeated weathering, erosion, 
transportation, sorting, and depos ition result in we ll-sorted, hi gh- 
purity, quartz sandstone from which practically all heavy minerals 
have been eliminated. 
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Figure 1. Thermal expansion of silica materials 


Advantages and Disadvantages 


Silica sand has the advantages of common occurrence and ab un- 
dance, ease of bonding with organic or inorganic binders, low cost, 
and the abi lity to be reclaimed for reuse by wet, dry, or thermal 

methods. It also possesses certain disadvantages when used in the 
production of metal castin gs. The major di sadvantage of silica 
sand is it s characteristic high thermal expansion. This expansion 
causes casting quality problems and contributes to other e xpan- 
sion-related defects. Figure 1 illustrates the typical thermal expan- 
sion of various silica material sand depicts alpha q_ uartz, the 

characteristic polymorph of si lica sand, expanding at a con stant 
rate until it reaches a temperature of approximately 573°C. As the 
temperature increases beyond this point, a sudden expansion takes 
place because of the change from alpha quartz to beta quartz. High 
thermal expansion requires carefully controlled additions of cush- 
ioning materials (e.g., cellulose additives) to minimize the defor- 
mation and rupture of mold surfaces in contact with molten metal. 
Another disadvantage is that silica sand is unable to resist metal 

penetration and reactions that occur in quartz when in contact with 
casting surfaces. These problems arise where t here are reentrant 
angles in hot-spot areas of lar ge iron and steel castings and, in 

Hadfield’s austenitic manganese steel castings, when the steel con- 
tains high am ounts of manganese t hat at tack (or we t) the si lica 
sand mold surfaces. 


Classification of Silica Sands 


Silica sands used in foundry practice vary in grain size distribution 
(Table 1), purity, structure, grain shape, and refractoriness. 

Unbonded sands, which often are referred to as w ashed and 
dried silica sands, are f ound in many areas of the United States. 
Analyses of typical silica sands are shown in the top rows in Table 
1. Major production in the Midwest and midcontinent comes from 
the St. Peter Sandstone and its stratigraphic equivalents. Medium- 
and fine-grade washed sands are produced in the East, particular ly 
in Cumberland County, New Jersey. Silica sands from Nevada have 
been shipped to West Coast foundries. For additional sources of sil- 
ica sand, r efer to the chapter on industrial sand and sandstone in 
this volume. 


Processing 


Washed, graded, and dried (clay-free) silica sands are prepared for 
use in casting production by bonding them with required amounts 
of binders, additives, and necessary amounts of temper w ater. The 


total sand mixture is prepared in the sand muller to achieve uniform 
distribution and disper sion of clay and additi ves over and aro und 
individual sand grains. 


Foundry Use 


Medium-grade sands are used pre dominantly for casting steel and 
heavy, gray, ductile iron; fine-grade eastern silica sand is used in 
making precision castings (H enderson 1983). The St. Peter Sand- 
stone is a popular product when washed and dried because its round 
grain shape promotes flow and its smooth grains require less bond- 
ing material. 


Bank Sands 


Unconsolidated deposits with relatively sma ll cl ay con tent (less 
than 5%), requiring little pr ocessing be yond drying and scalping, 
still are referred to as bank sands, although th ey usually are sub- 
jected to con siderable processing and b lending before shipment. 
These bank sands are sedimentary in origin and v ary in purity 
depending on the amount of minerals and foreign materials that 
they contain. In many areas they have high purity and are suitable 
for foundry use. Table 1 shows a typical analysis of fine bank sand 
from New York. 

Processing. Bank sands are hauled to the plant after stripping. 
A front-end loader dumps the sand into a hopper, and then it is con- 
veyed to a rotary screen with 12.7-mm openings to remo ve roots 
and other organic debris. Some screened sand is dried and shipped 
without further processing because it meets the specifications for a 
system sand addition and for synth etic sand base; some is w ashed 
to produce a cleaner, more consistent product. 

The sand is dropped into a sur ge bin to ensure a uniform feed 
and for subsequent washing. It is then conveyed to a tank where it is 
mixed with water and pumped to a scalping screen where fine roots 
and other or ganic materials are removed. Scalped sand is pumped 
to a deslimer to remove clay and silt, fresh water is added, and the 
sand slurry is either pumped to a second deslimer before going to 
ground storage or fed to banks of screens and separated further into 
fine and co arse particle sizes. Each sand grade is collected ina 
sump, mix ed with w ater, pump ed to a deslimer and de__ watering 
cyclone, and stockpiled for drainage and storage. Then the sand is 
dried, cooled, and passed o ver a final scalping screen bef ore it is 
conveyed to storage bins before shipment. 

Foundry Use. Fine bank sand is used as a_ base for molding 
sand in medium- to small-sized, gray iron castings typical of th ose 
used in casting hardware and hand tools and for casting aluminum 
and copper-based alloys (Henderson 1983). 


Lake Sands 


The term Jake sands refers to sands dredged from Lake Michigan or 
dug from dunes bordering its shore; although the dune sands were 
shifted by wind, they still are considered a part of the lake-sand 
deposit. During deposition, some natural sorting by grain size, 
grain composition, and specific gravity can occur. Table 1 shows a 
typical size analysis of lake sand. The degree of purity is the result 
of geologic processes and history. 

Processing. In a typi cal lake-sand operation, o verburden is 
stripped and a front-end loader mines the sand and feeds a hopper 
that dis charges to a portable screen where deleterious material is 
removed. The hopper and screen can be moved along a field con- 
veyor as required. Conveyor belts transport sand to the plant site for 
further processing or blending. 

Foundry Use. Lake sands in la rge quantities are used in the 
production of automotive and farm machinery castings (Henderson 
1983). 
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Table 1. Typical analyses of various foundry sands 


Fine-Grade Washed 
Eastern Silica Sand 


Medium-Grade Washed 
Eastern Silica Sand 


Midwestern Rounded-Grain Silica 


Sand, St. Peter's Sandstone Silica Sand from Nevada 








U.S. Standard U.S. Standard U.S. Standard U.S. Standard 
Sieve Size % Retained Sieve Size % Retained Sieve Size % Retained Sieve Size % Retained 

20 0.4 50 0.4 40 2.0 30 0.5 
30 1.6 70 5.2 50 24.0 40 7.5 
40 6.4 100 14.6 70 40.0 50 19.5 
50 22.6 140 23.4 100 22.0 70 42.0 
70 40.4 200 25.8 140 8.0 100 18.5 

100 23.6 270 16.2 200 3.0 140 10.0 

140 4.6 Pan 14.4 270 1.0 200 1.5 

200 0.6 Pan 0.0 270 0.5 

270 0.0 Pan 0.0 
Pan 0.0 


AFS* fineness #53 AFS fineness #148 


AFS fineness #60 AFS fineness #57 





Fine-Grade Naturally Bonded 


Fine Bank Sand—New York State Albany Sand 


Naturally Bonded 


Molding Gravel Lake Sand 





U.S. Standard U.S. Standard 


U.S. Standard U.S. Standard 





Sieve Size % Retained Sieve Size % Retained Sieve Size % Retained Sieve Size % Retained 
30 0.2 12 Trace 6 3.0 30 Trace 
40 0.2 20 Trace 12 8.8 40 2.4 
50 1.0 30 0.2 20 16.0 50 22.6 
70 4.4 40 0.2 30 13.8 70 44.4 

100 12.4 50 1.0 40 17.6 100 24.0 
140 20.6 70 3.4 50 10.8 140 6.0 
200 24.8 100 10.2 70 5.6 200 0.6 
270 18.2 140 12.0 100 2.0 270 0.0 
Pan 18.0 200 13.6 140 0.8 Pan 0.0 

270 13.0 200 0.4 

Pan 33.4 270 0.2 

Pan 1.0 

AFS clay 13.4 AFS clay 20.0 


AFS fineness #157 AFS fineness #191 


AFS fineness #29 AFS fineness #55 





Source: Henderson 1983. 
* AFS = American Foundry Society. 


Consumption of Silica Sands 


About 27.5 Mt of industrial sand and gravel were sold or used in the 
United States in 200 3 (Dolley 2003). Of this total, more than 19% 

(5.225 Mt) was molding and core sand and refractory sand. Refrac- 
tory sand accounted for only 3.25% of the total foundry sand sold or 
used. About 83% of the foundry sand was produced in the Midwest. 


NONSILICA SANDS (AGGREGATES) 


Continued demand for improved cast surfaces and closer dimen- 
sional tolerances has re vealed some of the physical and c hemical 
limitations of silica sands. Specialty sands composed of m aterials 
other than silica possess properties that make them superior to silica 
sand for certain applications. 

Nonsilica aggregates (zircon sand, chromite sand, and olivine 
sand) have gained wide acceptance and are used throughout the 
metal-casting indu stry for their desirable propert ies. Nonsil ica 
molding media such as aluminum silicate sand and staurolite sand 
also possess uniq ue properties, but their use in casting prod uction 
has been ona smaller scale. Table 2 sho ws some of the typical 
properties of the nonsilica sands compared to silica sand. 

Nonsilica aggre gates have much lower rat es of therma | 
expansion than silica sand (Figure 2), and their rates of expansion 
on heating are not af fected by phase-change relationsh ips like 


those e xhibited by q uartz. Expan sion-type def ects are gr eatly 
reduced or, in many cases, eliminated when major nonsilica miner- 
als are used. 


Zircon Sand 
Sources 


Major sources of zircon (ZrSiO 4) sand are heavy mineral sands in 
Australia (east and west coasts), Brazil, India, Sierra Leone, Repub- 
lic of South Africa, and the Un ited States (north -central Florida). 
Heavy mineral suites commonly consist of ilmenite, leucox ene, 
tourmaline, spine 1, k yanite, sil limanite, corundum, t opaz, zircon, 
and staurolite. The primary products mined from these heavy min- 
eral sands are tit anium-bearing min erals. Z ircon, s taurolite, and 
aluminum silicate minerals are valuable by-pr oducts for use in 
foundry practices. 


Mining and Concentration 


The follo wing descr ibes a ty pical mining operation ina marine, 
dunal shor eline deposit in the sout heastern United States. After 

stripping, a suction dredge recovers sand at up to 1,000 t o r more 
per hour. The sand, which contains about 4% hea vy minerals, is 
pumped to a floating wet mill where it undergoes three stages of 
gravity concentration using spiral separators. The wet mill produces 
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Table 2. A comparison of silica and nonsilica sand properties 


Zircon-Aluminum 



































Silica Olivine Chromite Zircon Silicate Staurolite 
Origin United States United States Republic of United States, United States United States 
(Washington, North South Africa Australia (Florida) (Florida) 
Carolina), Norway 
Color White-light brown Greenish gray Black White-brown Salt and pepper Dark brown 
Hardness 6.0-7.0 6.5-7.0 5.5-7.0 7 .0-7.5 6.5-7.0 6.5-7.0 
Dry bulk density, kg/m? 1,362-1,602 1,602-2,002 2,483-2,643 2,563-2,964 2,483-2,691 2,29 1-2,339 
Specific gravity 2.2-2.6 3.2-3.6 4.3-4.5 4.4-4.7 3.2-4.0 3.1-3.8 
Grain shape Angular/rounded Angular Angular Rounded/angular Rounded Rounded 
Thermal expansion, cm/cm 0.018 0.0083 0.005 0.003 0.005* 0.007* 
Apparent heat transfer Average Low Very high High High High 
Fusion point 1,427°-1,760°C 1,538°-1,760°C 1,760°-1,982°C 2,038°-2,204°C 1,815°-1,982°C 1,371°-1,538°C 
High-temperature reaction Acid Basic Basic Acid Slightly acid Slightly acid 
Wettability with molten metal Easily Not generally Resistant Resistant Resistant Resistant 
Chemical reaction Acid-neutral Basic Neutral-basic Acid-neutral Neutral Neutral 
Grain distributiont 2-5 screens 3-4 screens 4-5 screens 2-3 screens 3 screens 3-4 screens 
AFS grain fineness number 25-180 40-160 50-90 95-160 ~80 ~70 
ranges 
Source: Kotzin 1989. 
* Clay-bonded sand mixture. 
t 10% or more retained on U.S. standard sieve sizes. 
aie Properties 
oes) Zircon sand possesses most of the desirable properties for foun dry 
ido sand, including chemical and thermal stability. The major adv an- 
0.072) tages of zircon sand are 
z ° 3s . poe thermal oan of any sony sand . . 
= ¢ High thermal conductivity and high bulk density, which are 
= 0.030 responsible for a cooling rate approximately four times that of 
§ 0.054) quartz 
5 0.025 ¢ Completely unwetted by molten metal 
= es * Chemically nonreactive 
5 cae ¢ Less binder required than any other foundry sand when using 
& chemical binders 
Ic 1. Snvieiie * Compatible with all kno wn binder systems (o rganic or 
& Aluminum Silicate inorganic) 
: ecle * Excellent dimensional and ther mal stability characteristics at 


0.005 
0.009) 
































0.000 


200 400 600 800 
(93.3) (204.4) (315.5) (426.7) (537.8) (648.9) (760.0) (871.1) (982.2)(1,093.3) 


Temperature, F (°C) 


1,000 1,200 1,400 1,600 1,800 2,000 


Figure 2. Typical thermal expansion data of nonsilica aggregates 
compared with silica sand 


a concentrate averaging 85% heavy minerals with an 80% recovery. 
The concentrate is pum ped to a land-based dry mill where th e 
scrubbed ore is dried before undergoing various magnetic and elec- 
trostatic separations that r emove titanium- bearing minerals. T ail- 
ings from the titanium separati ons are fedtohigh-in _ tensity 
magnetic separators to pr oduce a variety of by-products; zircon is 
the major constituent of the nonmagnetic, nonconductive fraction. 


elevated temperature 


pH neutral or only slightly acid 


Foundry Use 


Zircon sand is used as a moldi ng medium and as core sand. When 
finely ground and combined with a suspending agent and a binder, 
zircon is employed widely as arefractor y in the manu facture of 
core and mold washes. 


Chromite Sand 
Sources 


The element chromium (Cr) c ombines with iron (Fe), magnesium 
(Mg), calcium (Ca), lead (Pb), copper (Cu), phosphorus (P), and 
sulfur (S) to forma variety of mi nerals. Of the se, chromi te 
(FeCr204) is the only metallic ore mineral of ch romium and the 
only source of chromium compounds, chemicals, and foundry sand. 
In 2003, the International Chro mium De velopment Association 
(ICDA) reported that 91.2% of the world production of chromite 
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ore (14.868 Mt) w as consumed in metallurgy, 5.2% in chemicals, 
2.8% in foundry sand, and 0.8% in refractories (Papp 2003). 

Most of the w orld’s production of chromite ore comes fro m 
South Africa, which accounts for 48%. Kazakhs tan and India 
account for 19% and 15%, respecti vely. Brazil, Finland, Turkey, 
and Zimbabwe represent 12% of world production, an d 12 other 
countries p roduce the remaining 6% (ICDA 2005). The United 
States has a small amount of chromite ore reserv es, but more than 
92% of the material has relatively high Fe and low Cr content. The 
reader is referred to the chapter on chro mium in this volume for 
more detailed information. 


Mining and Milling 


Chromite deposits are associated with the basic igneous rocks peri- 
dotite and pyroxenite, or wit h serpentine re sulting from t he alter- 
ation of the serocks. MostSou th Africanmine s_ extend 
underground. Ore is drilled, blasted, loaded onto conveyors or mine 
cars, and hauled to a processing plant. Hand sorting or mechanical 
screening separates lu mps and chips from the sand, follo wed in 
some cases by bar or rod milling to reduce the sand to Amer ican 
Foundry Society grain f ineness number (AFS GFN) 80, and to 
release the g angue minerals (primarily serpentine and talc). The 
natural grain size of approximately AFS GFN 55 is preferred for 
metal casting. Chromite sand is beneficiated further by auger-type 
washers to remove slimes and by gravity concentration using rifting 
tables or spiral separators. Then the sand is stored on concrete pads 
where it is allowed to drain. The sand, which must contain a mini- 
mum of 45% Cr203, is assayed at this point. A turbid ity test has 
been developed to control washing processes and to ensure produc- 
tion of clean sand. The sand is haul ed by truck or rail before it is 
shipped to the United States or other places. 


Finishing 

At finishing plants in the United States, chromite sand is benefici- 
ated by drying, cooling, and screening to produce grades ranging 
from AFS GFN 55 to 80. The sand may be washed further to less 
than 150 ppm turbidity for certain core operations. Quality contr ol 


tests include turbidity, acid demand values (ADVs), and sieve and 
chemical analyses. 


Properties 


Chromite sand was introduced to the foundry industry in the early 
1960s when zircon san d was in short supply. Later, when zircon 
sand prices were rising, foundry workers adapted chromite sand as 
a substitute for zircon sand. Chrom ite sand is successful as nonsil- 
ica foundry sand because of its following properties: 

¢ Excellent thermal stability 

* Good heat-diffusivity characteristics 

¢ Not easily wetted by molten metals 

¢ Highly refractory 

¢ Chemically nonreactive 

¢ Low thermal-expansion coefficient 

One of the major disadvantages in using chromite sand is the 

presence of hydrous impurities that can contribute to pin holing and 
blows. 


Foundry Use 


Properties of chromite sand, shown in Table 2, spe cifically fulfill 
some of the extreme thermal requirements of heavy, sectioned, fer- 
rous castings. In addition, the ba sic nature of chromite sand makes 
it highly desirable when producing castings of Hadfield’s austenitic 
manganese steel. 


Olivine Sand 

Sources 

Olivine is a magnesium-iron silicate mineral, (MgFe)2SiO4. Olivine 
sand is produced from dunite, a rock composed predominantly of 
olivine. Large deposits of dunite are found in Norway, Sweden, the 
Commonwealth of Independent Stat es (CIS), Austria, Zimbabwe, 
South Africa, and the United States. Norway is the principal pro- 
ducer and supplier of olivine. Additional producers include Austra- 
lia, Aust ria, Br azil, China , Ital y, Jap an, the Repub lic of K orea, 
Mexico, Spain, Taiwan, Turkey, and the United States. Deposits in 
Washington and North Car olina furnish major amounts of olivine 
sand for found ry use in the United States; processing __ plants are 
located in Indiana, North Carolina, and Washington (Kramer 2004). 


Mining and Milling 

Olivine mining is by open-pit methods in the United States. After 
blasting, a dr op ball b reaks lar ge 1 umps in to particles 2 ftor 
smaller. O re passes through a primary j aw crus her where it is 
reduced to 15 cm or smaller before it is fed to the processing plant. 
At the mill, the rock is reduced further to 12.7-mm particles by jaw 
and gyratory crushers. It then passes through a screw classifier that 
washes out clays and slimes. A rod mill then reduces the olivine to 
sand size before it is pumped to scalping screens. Oversized mate- 
rial returns to the rod mill and undersized material is fed to riffling 
tables for gravity separation of olivine from gangue, which is pre- 
dominantly serpentine and talc. Tables are fed slurry of 25% solids 
and more w ater is ad ded. Pro duct qu ality is con trolled b y the 
amount of w ater use d, the tilt of t he ta bles, a nd reci procating 
speeds. Olivine concentrate, representing 60% of the table feed, is 
pumped to a de watering screen and then to dr ainage tanks. The 
sand is dried before screening to produce a variety of size grades. 


Properties 


Olivine sand is less stable under thermal shock conditions than zir- 
con sand or chromite sand, but its thermal expansion is much less 
than silica sand. The presence of hydrous magnesium silicates (ser- 
pentine) may contribute to pin holing or pock marking when olivine 
sand (uncalcined) is used in the production of low carbon steel cast- 
ings. Olivine sand p articles are le ss durable than other nonsilica 
sands, although it has comparable hardness. This may be attributed 
to olivine’s cleavages and other ph ysical or chemical characteris- 
tics. Olivine still has good refractory properties plus lower free sil- 
ica content and strong resistance to metal attack. 


Foundry Use 


Olivine sand has been very successful in nonferrous casting as well 
as ferrous casting production where high thermal requirements are 
not necessary . Oli vine sand is an excellent su bstitute for sil ica 
foundry sand, particularly for molding sand for aluminum, bronze, 
copper, man ganese steel, gray iron, and alloy steel. Additionally, 
olivine’s low basicity enhances bentonite’s bonding properties so 
that clay demand is reduced (Harben 2002). The basic characteris- 
tics of olivine also make it an ideal aggre gate for the production of 
castings of Hadfield’s austenitic manganese steel. 


Aluminum Silicate Sand 

Sources 

Along with zircon sand, aluminum silicate is a by-prod uct of min- 
ing titaniferous, heavy mineral, beach sands. Those mined in Flor- 
ida contain significant qu antities of k yanite, sillimanite, a nd 
andalusite. The Republico f Sout h Africa, the United States, 
France, and India acco unt for up to 98% of w orldwide sillimanite 
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production; andalusite production is dominated by the Republic of 
South Africa, France, and Spain; kyanite production comes mainly 
from the Unites States and India (Harben 2002). 


Mining and Concentration 


Mining and concentrating Florid a beach sands and pr ocessing the 
various heavy mineral prod ucts were discussed briefly in the sec- 
tion on zircon san ds. To concentrate the aluminum silicates, addi- 
tional processing is requ ired, re moving contaminants, du st, and 
other fines by scrub bing and w ashing the hea vy mineral sand. 
Intensive magnetic and electros tatic separation pr oduces rounded- 
grain sand. 


Properties 


In terms of mineralogy, the aluminum silicate minerals, kyanite, sil- 
limanite, and a ndalusite, are similar; all have the same che mical 
composition (Al)SiOs). In addition, all three are thermally stable up 
to 1,810°C. At that temperature they break down to yield 88% mul- 
lite (~Al¢Si30 15) and 12% free silica (cristobalite). Mullite has the 
following desirable characteristics: 


¢ High refractoriness 

¢ Low thermal expansion 

¢ Resistance to thermal shock 

¢ Intermediate thermal conductivity 


¢ Resistance to chemical erosion 


Foundry Use 


Because of its neutral character, aluminum silicate sands have been 
successful in prod ucing Hadfield’s austenitic manganese steel and 
other ferrous castings. These nons ilica sands are also compatible 
with all known binder systems. 


Staurolite Sand 
Sources 


Staurolite occurs naturally as a mineral with the general formula 
(FeAlsSi2012)(OH). Staurolite sand is produced in the southeastern 
United States as a by-product of heavy mineral operations that also 
yield zircon sand and aluminum silicate sands. 


Mining and Concentration 


Staurolite and other heavy minerals are removed from heavy min- 
eral sand after dredging by concentr ating them in thre e stages of 
spiral separators on a floating wet mill. Then the heavy mineral 
concentrates are pumped toaco nditioning unit wh ere the y are 
scrubbed with caustic to remo ve organic and clay coatings fro m 
grain surfaces. The heavy mineral sands are rinsed and dried; elec- 
trostatic and magnetic separation concentrates the staurolite. This 
magnetic, nonco nductive product us ed for foun dry sand consists 
principally of staurolite with small percentages of tourmaline, 
spinel, and silicates with magnetic inclusions as impurities. 


Properties 


Staurolite sand for casting production possesses the 
favorable properties: 


following 


¢ Low thermal expansion 
¢ High melting temperature 
* Low silica content 


¢ High thermal conductivity 


Suitable refractoriness 


¢ Durability 
¢ Compatibility with various binder systems 


Although staurolite san d’s th ermal expansion is slightly 
greater than that of zircon sand or chromite sand, itis approxi- 
mately equal to that of al uminum silicate sand and olivine sand 
(depicted in Figure 2). 


Foundry Use 


Staurolite sand has been used as base aggregate or blended with silica 
sands in the production of nonferrous castings and ferrous castings of 
light to medium section thickness. Because of its lower melting point 
at approximately 1,538°C, staurolite is not recommended for use in 
steel casting production. 


Overall Benefits from Nonsilica Sands 


Increasingly complex castings present the foundry w orker with 
problems of design and geometry, so it is becoming more critical 
that workers plan to use special aggregates for m olds and cores. 
Judicious use of various nonsilica sands can minimize problems in 
casting quality. Their use results in costs savings in finishing, which 
improves quality of the casting surface. 


ECONOMIC FACTORS 


Most eco nomic f actors related to production and processing of 
foundry sands raw materials are covered in the commodity chapters 
of this volume; some of t hese factors are discussed here. Most of 
this discussion involves silica sand. 


Consumption 


In 2003, industrial sand and gravel (silica sand) in the United States 
amounted to 27.5 Mt sold or used; 19% of that produ ction was 
accounted for by the foundry industry. In the United States, minable 
resources are relatively common and abundant so that mining com- 
panies can easily locate their operations near their markets. Manu- 
facturers traditionally locate their operations close to the source of 
raw materials. The U.S. automotive industry is an example. Facto- 
ries originally wer e located in the Midwest where ab undant clay, 
coal, iron, limestone, and silica resources occur. Consequently, 
foundry sands ha ve b een pr oduced widely in Illinois, Indiana, 
Michigan, Ohio, and other midwest ern states. In 2003, more than 
83% of foundry sand was produced in the Midwest (Dolley 2003). 

Consumption of foundry sand is closely tied into the manufac- 
turing sector of the economy. It st ands to reason, therefore, that 
when the economy ish_ ealthy, the consump tion of foundry sand 
should increase; likewise, during economic do wnturms, consump- 
tion of foundry sand would decrease. Demand, production, and use 
of silica sand reflect the overall economic trend, but to some extent 
the substitution of n onsilica foundry sand also may play a role in 
silica foundry sand consumption. 

In 1984, the U.S. foundry industry comprised 3,400 foundries; 
in 2004, there were just 2,380, wh ich meant aloss of more than 
1,000 businesses and a contraction of almost 30%. More than 
50 foundr ies ha ve been lost every year for the past 2 0 years. 
Despite some new and expanded facilities, it was estimated, based 
on 2001 production, that a loss of casting supply of 225,000 t was 
to occur in 2004 (AFS 2005). 


Price 


In 2003, ground sand for foundry molding and core had the highest 
average price of industrial san d and gravel at $85.29/t. The a verage 
value of refractory-grade silica sand was $39.16/t. The total value of 
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foundry sands sold or used in 2003 was approximately $81.8 mil- 
lion; less than 3.25% of that value was attributed to refractory sands. 


Transportation 


Transportation costs to point of first sale or use have a pronounced 
effect on the pricing structure of sand products and the viability of 
deposits. As pre viously noted by Henderson (1983), because of 
higher shipping costs, the market price of zircon sand from Florida 
heavy mineral dep osits, in which zircon concentration ru ns about 
1.5%, is comparable to that from Australian sands, some of which 
run up to 15% zircon. 

Of the total industrial sand and gravel produced in 2003, 64% 
was moved by truck, 35% was moved by rail, and 1.4% was trans- 
ported by waterway (Dolley 2003). Such statistics for foundry silica 
sand would, perhaps, be similar. The trend was toward truck haul- 
age and use of pressurized tank trucks when the sixth edition of this 
volume was written, and indeed that is reflected in the 10% increase 
from 1990 as reported by K otzin (19 94); oil prices are at near- 
record highs (greater than $60 per barrel) at the time of this writing, 
however, and the trend is to increase shipments by rail. 


REGULATORY CONSIDERATIONS 


Zoning and Land Uses 


Certain permits are re quired for the installation and ope ration of 
sand pits and dredging operations. Provisions for land use and min- 
ing permits vary from state to state and differ with respect to private 
and public land ownership. The following requirements are generic 
and may be more closely related to silica sand operations in states 
in the midwestern United States. 


Special Use Permit 


Many pits an d qu arries operate inland s zo ned for agr iculture 
under a special use permit issued by local zoning agencies. State 
agencies may not nec essarily be involved in this permitting pro- 
cess. Applications submitted to and reviewed by a zoning board 
may then be referred to the county board of supervisors or similar 
agency for approval. Some counties require that ac opy of the 
application also be submitted to the local soil and water conserva- 
tion district, from which a respon se may be requ ired before the 
application can proceed. 

Mining Permit 

A mining permit may be required if the planned operation will dis- 
turb more thanapre scribed ac reage ann ually, or in volve the 
removal of a specific thickness of overburden. The application ordi- 
narily goes to the state regulatory agency with jurisdiction 0 ver 
mining. Anen vironmental assess ment (EA) oren vironmental 
impact statement (EIS) usually is required. In some states the appli- 
cation for a mining permit must be filed with the appropriate county 
clerk concurrently. The county, in some cases, may have a specified 
length of time in which torespond. Ifno_ timely ob jections are 
lodged, the permit is issu ed within some specif ied time interval. 
The time period can be extended indefinitely if there are objections 
and a call for public hearin gs. Permits usually are for periods of a 

few years. In some jurisdictions , if no de velopment has occurred 
during the original life of the permit, an extension may be limited to 
a fraction of the original acreage. 


Construction and Operating Permits 


Construction and operating permits generally are necessary. Appli- 
cations typically are submitted to the state environmental protection 


agency or department of environmental quality and may require an 
EA or EIS. 


Dredging Permits 


Dredging operations require a permit from the U.S. Army Corps of 
Engineers and alsoma _ yrequiref iling with the en vironmental 
agency responsible for water quality. 


ENVIRONMENTAL CONSIDERATIONS 


In 1987, the International Agenc y for Research on Cancer (IARC) 
expressed the opinion that crystalline silica (quartz) is probably car- 
cinogenic to humans. This subject is covered in the Industrial Sand 
and Sandstone chapter in this volume and is not duplicated here. 


Water Pollution 


Many sand pits and other sources of foundry sand are located in 
riparian areas, or , in dredgi ng operation s, the materials may be 
derived directly from a wetland area or water body. The mine oper- 
ator may require lar ge amounts of water for washing or classifica- 
tion of sand products. Sand produc ersinsome western and 
southwestern states rely on water wells. 

Process water often becomes laden with fines and must even- 
tually be discharged back into water courses. Because such opera- 
tions usually do not use process chemicals, process waters are not 
affected; water turbidity, however, may be a_ matter of re gulatory 
scrutiny. Dif ferent w ater clarif ication methods can be used to 
restore water quality, and in some cases effluent waters may leave a 
plant in better condition than when first obtained for processing. 


Air Pollution 


Stockpiles, roadways, and sand dryers may pose challenges to dust 
control. Watering roadways, dampening stockpiles, using dust col- 
lectors, and using other dust-control measures are common practice 
in suppressing dust in the mining industry. 


FUTURE PROSPECTS 


Supply-and-Demand Considerations 


The future for molding sand is tied to metals. It has been suggested 
that consumption of both ferrous and nonferrous metals ceased to 
grow in about 1960 because of decreasing economic growth rates in 
the industrialized countr ies ( Davis 1 989). Con ventional wisdom 
may indicate that economic recovery at the beginning of the 21st 
century means better days are ahead; Drucker (1986), however, pro- 
posed that U.S. demand for raw materials has been uncoupled from 
economic gro wth, implying that economic reco very may not, of 
itself, result in increased demand for cast metal products and mold- 
ing sand. 

The normal foundry procedure of constructing a mold of sand, 
clay and other binders, and additives fora single casting can be 
viewed as extremely inefficient. Burst (1991) proposed that using 
permanent ceramic molds, with cordierite or other refractory mate- 
rial, could reduce molding sand use in some applications; mainte- 
nance of precise dime nsions, ho wever, may be a pro blem as the 
permanent mold is used. 

Future U.S. auto production, augmented by plants being con- 
structed in the United States by foreign automakers, may outweigh 
such negative factors as increasing use of composites and the devel- 
opment of other lightweight, nonmetallic materials. The nature of 
the final resolution of the environmental safety issue with respect to 
crystalline silica will have an immense effect on the future supply- 
and-demand picture for the various types of foundry sands. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


1440 


Industrial Minerals and Rocks 





Despite environmental pressures, silica sand will continue to 
dominate foundry sand practice in the foreseeable future, b ut it is 
anticipated that advancements in metallurgy, increased use of light 
metals, and requirements for more uniform and higher finishes will 
require increased use of nonsilica sands and the implementation of 
new technology, some not yet discovered. 

The U.S. Geological Survey had forecast that consumption of 
foundry sand in 20 04 would fall within a range o f 5 to 6 Mt and 
probably would be about 5.5 Mt (Dolley 2003). An overall trend 
toward decreasing production of _ silica foundry sands is due to 
increased recycling of foundry sand, additional increases in de vel- 
oping nonsilica substitutes both na tural and synthetic, and th e 
decline in casting for automobiles and light-truck production. 
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Nanomaterials 
S. Yeruva, V. Krishna, H. El-Shall, and B. Moudgil 


INTRODUCTION 


Nanotechnology is eng ineering aimed at creating str uctures and 

materials (with at least one dimension) 1-100 nm long, having 
unique and potentially useful properties. These nanomaterials have 
been applied in the aerospace, electronics, and biomedical fields. 
When the sample size, grain size, or domain size becomes compa- 

rable with a specific physical length scale such as_ the mean free 
path or the coherence length of phonons, the corresponding physi- 
cal phenomenon will be strongly affected. Although such changes 

in behavior can be dominant, their practical implications, except for 
electronic sys tems, are not yet realized si gnificantly in i ndustrial 
scales. Apart from the electronics industry, the only other lar ge- 
scale application of nanotechnology has been the use of nanoclay as 
filler material in polymer systems. The combined physical, chemi- 
cal, and biological aspects of nanoscale systems effectively form a 
new discipline with its own set of physical principles, experimental 
techniques, and environmental considerations. The recent advance- 
ment witnessed in technology is just a glimpse into the future of 
nanotechnology. 


HISTORY AND BACKGROUND 


Nature has been using nanomaterials for millions of years. Exam- 
ples include DNA and proteins that help in proper functioning of 
cells (Alberts et al. 2002). Although humankind has been oblivi- 
ously creating nano particles as by-products o f comb ustion fo r 
thousands of years, the use of nanomaterials can be found as early 
as the ninth century in luster potteries (Padovani et al. 2004). The 
physicist Richard Feynman first laid out the conceptual framework 
of nanotechnology in 1959, in his lecture titled “There’s Plenty of 
Room at the Bottom” (Feynman 1960). Feynman explored the pos- 
sibility of ma nipulating material at the scale of individual atoms 
and molecules, foreseeing the increasing ability to examine and 
control matter at the nanoscale. Norio Taniguchi first coined the 
term nanotechnology in 1974 torefer to the ability to engineer 

materials precisely at the nanometer level (Taniguchi 1974). The 
driving force for miniaturization at that time came from the el ec- 
tronics in dustry, which aimed to produce smaller an d ther eby 
faster electronic devices. Nanotechnology has been used to create 
the tiny features on computer c hips for the past 20 years. Many 
chemical processesha venano scale feat ures—for example, 
researchers have been synthesizing nanoparticles, microemulsions, 
and micelles for decades. Itis only in recent years, though, t hat 
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sophisticated tool s have bec ome a vailable to in vestigate and 
manipulate matter at the nanoscale. A major step in this direction 
was the invention of the scanning tunneling microscope (STM) in 
1982 and the atomic force microscope (AFM) in 1986. These tools 
use nanoscale probes to characterize a surface with atomic resolu- 
tion. Development of characterization tools not only enhanced the 
understanding of the nanoscale w orld but also increased applica- 
tion of nanostructures. The research interest in nanotechnology is 
increasing worldwide, and is rapidly producing knowledge in this 
field. In turn, there is a hope that this will lead to dramatic changes 
in the way that materials, devices, and systems are created, result- 
ing in improved quality of life. 


CONCEPTS 


Nanotechnology is con cerned with materials and systems whose 
structures and components exhibit novel physical, chemical, or bio- 
logical properties because of their nanosize. The control of structures 
at atomic, molecular, and supramolecul ar scales is desired for effi- 
cient fabrication and app lication of nan ostructures. Nanotechnology 
can broadly be classi fied into two main areas: (1) particle nanotech- 
nology, where particles are inna nodimensions an d e xhibit u nique 
properties compared to the bulk, and (2) nanoengineering, where sur- 
faces or de vices are engi neered in nanodi mensions, resulting in 
unique properties. Nanotechnology emerges from the exploitation of 
the ne w properties, phenomena, processes, and functionalities that 
matter exhibits at intermediate sizes between molecules (~1 nm) and 
bulk materials (more than 100 nm). As opposed to the microscale, the 
nanoscale is not just another step toward miniaturization; it results in 
a qualitatively new material. At nanoscale, material properties are a 
manifestation of either quant um phenomena or acom_ bination of 
quantum and classical phenomena. 

At nanoscale, increase in sur face to b ulk ratio of atoms and 
size con finement produce qualitat ively ne w beha vior. When the 
size of a nanoscale structure becomes less than the characteristic 
length scale for scatte ring of electrons or phono ns (the mean free 
path), qualitatively ne w modes of transport for electrical c urrent 
and heat are observed (Link and El-Sayed 1999; Prasher 2004). For 
example, the ballistic transport of electrons is observed in car bon 
nanotubes (Frank et al. 1998), and other novel electronic properties 
are manifested by quantum dots (Timp 1999). Recently, electronic 
property aspects of materials, driven primarily by their vital impor- 
tance to information technology, ha ve dominated the scientific 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


1442 


Industrial Minerals and Rocks 





interest and industrial application of nanotechnology. Many other 
novel combinations of properties can be e xpected to emerge for a 
wide range of materials as the nanoworld is explored. 


Mechanical Properties 


The grain size and grain boundary in polycrystalline materials or the 
concentration of strain f ields si gnificantly af fects t he mecha nical 
properties as th e dimensions appr oach the nanometer scale (Ster- 
nitzke 1997; Olemsk oi, Valiev, and Khomenho 19 99; Kumar, Van 
Swygenhoven, and Suresh 2003; Moussaif and Groeninckx 2 003; 
Fratzl et al. 2004; Hierold 2004; Kothapalli et al. 2004) . For exam- 
ple, grain size dependence is observed for properties related to plas- 
tic deformation along with decreased effective strain rate sensitivity 
(Jia, Ramesh, and Ma 2003). Modes of failure change as the scale of 
materials and structures shrink toward the nanoscale because of dif- 
ferent mechanical and nonmechan ical properties, such as the 
enhanced role of dif fusion, which can m odify fracture characte ris- 
tics. Changes in the strength of nanoscale structural e lements, the 
nature of friction, and other tribological properties will require new 
design strategies in the nanoscale regime (Adams et al. 2001). 


Electronic/ Optical /Magnetic Properties 


Research on the electronic, optical, and magnetic properties of semi- 
conductors at the nanoscale is gr owing at an astonishing pace. The 
fundamental properties of nanoscale semiconductor structures can be 
dramatically altered by controllin g the size and shape of the struc- 
tures without any change in thei r composition (Shipway, Katz, an d 
Willner 2000; Qin et al. 2002; Wallace and Innis 2002; W ang 2002; 
Bonnell 2 003; B lencowe 2 004; Flo ry an d Esco ubas 2004; Hao, 
Schatz, and Hupp 2004). When the electrons and holes in semicon- 
ductors are confined to dimensions less than their de Bréglie wave- 
length (typically 1-30 nm), quantum mechanical size effects appear 
(Henglein 1995; Sun and Riggs 1999; Hao, Schatz, and Hupp 2004). 
Some of the observ ed effects of size are oscillatory behavior of t he 
superconducting transition temperature with change in one atomic 
layer thickness (Guo et al. 2004), and resistivity enhancement and 
positive magnetoresistance with th e diameter of nano wire (Liu and 
Chien 1998). The effect of shape on optical and electronic properties 
has also been recently observ ed (Xia et al. 2003; Hao, Schatz, and 
Hupp 2004). This gives impetus to future investigations of the effects 
of shape on other properties. 


Thermal Properties 


Thermal tran sport properties o fn anostructured materials have 
received relatively little attention in the past decade (Che, Cagin, 
and Goddard 2000; Li uetal. 2002 ; Utracki and Kamal 200 2; 
Adushkin, Andreev, and Popel 2 004; Kikura et al. 2004; Liu and 
Kirchheim 2004). Se veral in vestigators ha ve reported that nano- 
scale could result in significantly reduced thermal conductivities in 
nanostructured materials such as__yttria-stabilized zirconia (YSZ), 
which could lead to improvements for applications such as thermal 
barrier coatings (Raghavan et al. 1998; Matsumoto and Matsubara 
2004; W ang et al. 200 4a). Re duced ther mal conducti vities ar e 
observed because of a reduction in the phonon mean free path that 
results from grain boundary scatte ring (Eastman et al. 1999). In 
contrast to the reduced ther mal co nductivity e xpected for nano- 
structured t hinf ilms orc oatings,t he thermal t ransport ra tes 
increase fo r fluids co ntaining suspended nanoparticles. These 
nanofluids ha ve recently been showntoe xhibit substantially 
increased thermal conducti vities and heat transfer rates compared 
to fluids that do not contain suspended particles (Patel et al. 2003; 
Eastman et al. 2004; Wen and Ding 2004). 


Table 1. Classification of nanomaterials 


Dimension Nanomaterials 





1 dimension <100 nm Films, coatings, multilayers, nanopores 


2 dimensions <100 nm Tubes, fibers, wires, rods 


3 dimensions <100 nm Particles, hollow spheres, core-shells 





CLASSIFICATION 


All conventional materials such as metals, semiconductors, glass, 
ceramic, or polymers can, in principle, be synthesized in nanoscale 
dimensions. The spectrum of nanomaterials ranges from soft parti- 
cles like microemulsions and liposomes to hard particles; they can 
be inorganic or organic, and crystalline or amorphous. Table 1 lists 
the nanomaterials classified according to shape. 


Nanoparticles 


Nanoparticles co mprise se veral hundreds of atoms or molecules 
and can have a variety of sizes and morphologies (Kittelson 1998; 
Patakfalvi, Oszko, and Dekan y 200 3; Aslan et al. 2004). Some 
kinds of nanoparticles are already a vailable commercially as dry 
powders or liquid dispersions in either primary size or aggregated 
states. With further processing steps, nanostructured powders and 
dispersions can be used tof —_abricate coatings, components, or 
devices. Industrial-scale production of so me nanoparticulate mate- 
rials like carbon black and titanium dioxide for polymer composites 
has been established for decades. 

Some of the commercially important nanoparticles are silica 
(SiO9), titania (TiO), alumina (Al 203), iron oxide (Fe 304), and 
microemulsions. R ecently, nanoparticles of compound semicon- 
ductors (e.g., CdTe, GaAs, CdSe), metals (especially precious met- 
als such as silver and gold), an d alloys are f inding incr easing 
application (Pal et al. 2001). 


Linear Nanostructures 


Linear nanostructures include nanowires, nanotubes, and nanor ods, 
which can be generated from different material classes (e.g., metals, 
semiconductors, and polymers) by various prod uction tech niques 
(Lieber 1998; Camerel et al. 2002; Xia et al. 2003). Carbon nano- 
tubes are one of the most promising linear nanostructures, and they 
can be produc ed in dif ferent form s (e.g., single or multiw_alled, 
filled, or surface modified). Carbon nanotubes are finding significant 
applications in nanoelectronics (d_ ata storage , flat-panel displa ys) 
and batteries, and as fillers for polymer nanocomposites. 


Nanolayers 


Nanolayers such as films, coatings, and multilayers are one of the 
most important aspects o f nanotechnology, as the y are extensively 
used in the microelectronic industry. The current Information Tech- 
nology Age is the result of reproducible fabrication of these nano- 
layers. Nano scale engi neering of surfaces and layers produces a 
vast range of functionalities and new physical effects (e.g., magne- 
toelectronic or optical) (Chakra varti and Vetter 1 998; C ampbell 
2001). Furthermore, nanoscale desi gn o f surf aces and layers _ is 
often necessary to optimize the interfaces between different materi- 
als (e.g., compound semiconductors on silicon wafers) to lower the 
lattice mismatch strain and to obtain the desired special properties. 
Materials with defined pore size in the nanometer range are of spe- 
cial interest for a broad range of industrial applications because of 
their outstanding properties with re gard to thermal insulation and 
controllable material separation and release, and their applicability 
as templates for chemistry (Polarz and Smarsly 2002). 
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PRODUCTION TECHNIQUES 


The two main routes of entry into the nanoworld are ultra-miniatur- 
ization resulting in sm aller and sm aller devices (working from the 
top down) and molecular manufacturing involving the manipulation 
of individual atoms or molecules (building from the bottom up). The 
former approach in volves reducing the size of b ulk material using 
mechanical, chemical, or other forms of energy. The latter approach 
deals with synth esizing nanomaterials from a tomic or m olecular 
species via self-assembly or chemical reactions, allowing the precur- 
sor particles to increase in size. Both pro duction techniques can be 
employed in gas, liquid, or solid media, or in a vacuum. 


Top-Down Approaches 


The top-down methods o ff abricating nanoparticles from b ulk 
materials include high-energy ball milling, mechanochemical pro- 
cessing, etching, electroexplosion, sonication, sputtering, and laser 
ablation. Immediately after processing, nanoparticles are reactive 
owing to high surface energy, which is lowered by either agglomer- 
ation or a dsorption of fore ign species. If ar eactive spe cies is 
present, some additional reactions may occur. Nanoparticles can be 
coated during synthesis with a mate rial that would prevent further 
interaction with other particles or the environment. 

High-energy mechanical milling is widely used and is a v ery 
effective proc ess for synt hesizing metal-cer amic composite po w- 
ders, because it allows incorporation of the metal and the ceramic 
phases in the same particle (Balaz et al. 2004). To produce nanopar- 
ticles of a specific material, a suitable precursor is chosen. Often a 
particular nanoparticle can be produced from a range of precursors, 
allowing the process to be o ptimized for industry. Oxides, carbon- 
ates, sul fates, chl orides, fluorides, h ydroxides, and other com- 
pounds are all candidates for the precursor material. The chosen 
precursor is then milled with appropriate reactants. 

Mechanical attrition, which produ ces a lar ge amount of mat e- 
rial, often contaminat es the materi al. These industrial processes are 
mostly restricted to relati vely hard, brittle mat erials, which deform, 
fracture, and cold-wel d during the milli ng operation (Edelstein and 
Cammarata 1996). Typical objectives of the milling process include 
particle-size reduction (comminution), blending, solid-state alloying, 
and particle shape changes. The technique also produces a variety of 
nonequilibrium structures that incl ude amorphous, quasicrystalline, 
and nanocrystalline materials. The mechanical attrition of multicom- 
ponent powder mixtures generally results in the formation of soli d 
solutions extended in composition far beyond their equilibrium solu- 
bility li mit (Shang, Bououdina, and Guo 2003). The potential of 
mechanical attrition to synt hesize ne w materi als under nonequilib- 
rium conditions makes it a potentia] nanoparticle processing choice. 
For all nanocrystalline materials prepared, surface and interface con- 
tamination is a major concern. In particular, cont amination by the 
milling tools and atmosphere can be a problem. 


Bottom-Up Approaches 


The methods to produce nanop articles or nanoengineered surfaces 
from atoms and molecules are mainly sol-gel processing, chemical 
vapor deposition, plasma or flame spray synthesis, laser pyrolysis, 
atomic or molecular co ndensation, and self-assembly. Sol-gel pro- 
cessing differs from other chemical processes because of the rela- 
tively low processing temperatu re, making it cost-ef fective and 
versatile. In spraying processes, the reactants (gas or liquid as aero- 
sols or mixtures of both) are introduced to a high-energy flame pro- 
duced, for example, by plasma spray. The reactants decompose and 
particles are formed ina flam e by homogeneous nucleation and 
growth. Rapid cooling results in formation of nanoparticles, and the 
cooling rate controls the crystallization. 


Chemical Synthesis 


Chemical synthesis permits the manipulation of matter at the atomic 
or molec ular le vel. Chemic al techniques are very versatile in that 
they can be adapted to nearly all materials (ceramics, semiconduc- 
tors, and metals) and can be used for large-scale production. Most 
chemical routes rely on the availability of appropriate metal-organic 
molecules as precursors. Among the various p recursors of metal 
oxides, metal b-diketonates, metal carboxylates, and metal alkoxides 
are versatile and available for most metals (Edelstein and Camma- 
rata 1996). The challenges for chemical processing are finding the 
proper chemical reactions and processing conditions for each mate- 
rial. In the chemical synthesis of nanoparticles with desired proper- 
ties, structural (crystalline or amorphous structure, si ze, shape, 
morphology, porosity) and chemical properties (composition of the 
bulk, interface, and surface) are important factors. Chemical homo- 
geneity can be achieved because of mixing at the molecular level. To 
benefit from the advantages of chemical processing, an understand- 
ing of the principles of materi al chemistry , thermodynamics, and 
reaction kinetics is required. Formation and growth of the nanoparti- 
cles can be controlled by arr ested precipitation and physical restric- 
tion. The former technique dep ends either on exhaustion of one of 
the reactants or on the introduction of a chemical th at would block 
the reaction. The latter technique relies on physical restriction of the 
volume a vailable for the gro wth of the indi vidual nanopa rticles 
using templates (Jain and Lakshmikumar 2002). 

There are also potential difficulties in chemical processing. In 
some cases, the chemis try is complex and canbe hazardous. 
Entrapment of impurities in the final product must be avoided or 
minimized to obtain desired properties. Scaling up for economical 
production of a large quantity of material may not be feasible for all 
systems. Another problem is that undesirable agglomeration at any 
stage of the synthesis process can change the proper _ ties of the 
desired nanoparticles. 

With the adv ent of adv anced thin- film processing methods 
like electron beam lithograph y, it has become possible to produce 
multilayered materials with precise control of the composition and 
thickness of the layers. In contrast to conventional bulk laminate 
composites, the individual layer thickness in multilayered thin films 
can be reduced to atomic or mo_ lecular dimensions b y techniques 
such as dip-pen lithography (Ginger, Zhang, and Mirkin 2004). 


Synthesis Using Organized Membrane 


Using self-assembled membranes is an alternative approach to syn- 
thesizing sta bilized, size-controlled nanoscale p articles (Inge Isten 
et al. 2001; Capek 2004). For example, Kumar et al. (1993) synthe- 
sized superconducting nanoparticles using water-in-oil microemul- 
sion. Other e xamples of particles pr oduced using this method 
include CdSe, silica, and silver. The self-organized organic and bio- 
logical membrane assemblies include mi celles, m icroemulsions, 
liposomes, and vesicles. The molecules of theses assemblies have a 
polar head gro up with a nonp_ olarh ydrocarbon tail, which self- 
assembles into membrane structures in an aqueous or nonaqueous 
environment. Aqueous and reverse micelles have diameters in the 
range of 3 to 6 nm and microemulsions in the range of 10 to 100 nm. 
Liposomes and vesicles are cl osed bilayer aggregates formed from 
phospholipids and surf actants, re spectively. The membrane struc- 
tures serve as reaction chambers controlling nucleation, growth, size, 
and shape of the particle. They also act as agglomeration barriers. 
The main challenge for the top-down approach is the creation 
of increasingly sm all structures economically wi th su fficient 
reproducibility; whereas for the bottom-up approach the challenge 
is to make structures large enough and of sufficient quality eco - 
nomically. Current nanotechnology generally uses a combinatio n 
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of both top-down and bottom-up approaches to produce a desired 
product. 


Stabilization of Nanoparticles 


The indust rial-scale production an_ d util ization of nanoparticles 
necessitates the ability to control particle size, shape, composition, 
particle-size distribution, and degree of agglomeration. But owing to 
their hi gh surface area, and hence reactivity, nanoparticles tend t o 
agglomerate, leading to loss of their unique properties. Commercial 
success or failure of nanoparticles in a particular application usually 
depends on the ability to prepare stable dispersi ons in fluids wit h 
controllable rheology. Therefore, it is often necessary to stabilize the 
nanoparticles with additional treatments. The common method to sta- 
bilize or modify the reactivity of the nanoparticles is encapsulation 
with a molecular or polymeric layer (Sun and Riggs 1999; Adler 
et al. 2000). A thin barrier shell enables compatibility of the particles 
with a wide v ariety of flui ds. In this way, the nanoparticles retai n 
their ori ginal chemical and physical properties, and the coating can 
be tailored for a wide variety of applications and environments rang- 
ing from extremely nonpolar (hydrophobic) to very po lar systems. 
Coating nanoparticles with anothe r material of nanoscale thi ckness 
can also alter the surface properties of nanoparticles. These core-shell 
structured nanopart icles display unique optical, mechanical , and 
magnetic properties (Caruso 2001). For example, Santra et al. (2004) 
recently developed nanoparticle composites for bioimaging. 


CHARACTERIZATION 


The wide range of potential applications ma kes nanotechnology 
truly mul tidisciplinary. Materials scientists, me chanical and elec- 
tronic engineers, and medical researchers team up with biologists, 
physicists, and chemists to share their expertise on the nanoscale 
interactions in living and nonliving systems. One essential prereq- 
uisite for the development, manufacturing, and commercialization 
of nanomaterials is the availability of techniques for characterizing 
their physical, chemical, and biological properties. Powerful analyt- 
ical detection and characterization methods also form the basis of 
risk assessment of nanomaterials in different environments such as 
water, soil, and air, and how they interact with the ecosystem. 

The considerable weal th of dete ction and characte rization 
methods for nanomaterials includes using AFM, STM, high-resolu- 
tion transmission electron microscope, x-ray diffraction (XRD), and 
nanoindentation. These methods are used in research laboratories to 
study nanomaterial properties; h owever, most of them are not suit- 
able for adoption into industry for on -line measurement because of 
their requirement for ultrahigh v acuum, sample preparati on, and 
prolonged analysis. 


INDUSTRIAL APPLICATIONS 


Some nanomaterials had found a place in industrial markets before 
the current emphasis on nanotechnology. Now industries are more 
willing to incorporate nanomaterials into their processes to attract 
more customers, as long as they are economical. The major nano- 
particles used are silica, titania, alumina, iron oxide, carbon black, 
nanoclay, and m icroemulsions. Research on na notechnology in 
recent years has | ed to a significant increase in everyday applica- 
tions. Some of the examples are 
¢ Ever-increasing a vailability of ne w and high-performance 
electronic gadgets (e.g., flat-panel-display resolution enhance- 
ment by using nanocrystalline phosphors [Nanomat, undated]) 
¢ Antireflective, ultrathin polymer coatings with embedded 
nanoparticles used in sunglasses for durability and scratch 
resistance 


Clothes with stain-repellen ce and wrinkle-free, windproof, 
and waterproof properties. Clot hes with additional electronic 
functionalities to monitor body co nditions, f acilitate drug 
release, and provide Internet access, etc., are anticipated. 


High-performance ski w ax, which produces a hard an d fast- 
gliding surface 

Tennis rackets with carbon nanotu bes with increased tor sion 
and flex resistance. The rackets are more rigid than current 
carbon rackets and pack more power (Nanocor 2004). Long- 
lasting tennis balls are made by coating the inner core with 
polymer-clay nanocomposites. These tennis balls have twice 
the lifetime of conventional balls. 


Sunscreens based on min eral nanoparticles such a s titanium 
dioxide. Titanium dioxide nanoparticles have comparable UV 
protection as the bulk material, in combination with cosmeti- 
cally desirable transparency. 


Nanoparticles in automoti ve parts and paints. The virtue of 
using nanocomposites for automotive applications is that 1 ess 
filler material is required to give better performance characteris- 
tics when compared to conventional materials (Kellar, Herpfer, 
and Moudgil 2003). 

Int he area of heal thcare, benefits from tar geted and 
improved drug delivery systems. Nanoparticles are also used 
in developing new materials for bi oimplants and as sensors 
for bioimaging early detection of disease. 


But all that has been achi eved pales in the f ace of f ar greater 
opportunities that still need to be explored. Table 2 outlines the broad 
application o f n anotechnology in various fields, and Table 3 lists 
some of the commercialized nanoparticles and their applications. 


Table 2. Applications of nanotechnology in various fields 





Industry Application 

Automotive Lightweight construction, paints, catalysis, tires (fillers), 
coatings for windscreen and car bodies, etc. 

Electronics Data memory, displays, laser diodes, optical switches, 
conductive and antistatic coatings, etc. 

Medicine Drug delivery systems, bioimaging contrast medium, 
bioimplants, antimicrobial agents, coatings, etc. 

Other Flame retardants, construction materials, surface-processed 


textiles, “smart” clothes, food and drink packaging 
materials, wear protection of tools and machines (scratch- 
resistant coatings), ski wax, antifogging of glasses and 
goggles, antifouling coatings on ships, reinforced tennis 
rackets and balls, self-cleaning surfaces, sunscreen lotion 





Table 3. Commercialized nanoparticles 


Nanomaterial Applications 





Alumina 
Carbon black 


Carbon nanotubes 


Ceramics, polishing slurries, coatings, catalysis 
Fillers, pigments, inks, paper, building products 


Electronic devices, structural elements, drug delivery 


Fullerene Paints, lubricants, coatings, electronic devices, 
nanocomposites 

Iron oxide Cosmetics, paints, pigments, ferrofluids 

Nanoclays Nanocomposites, packaging, construction materials 

Silica Catalyst support, “soft” silica-paints, foundry facings, 
polishing slurries, filtration media 

Titania Photocatalyst, paints, paper, self-cleaning surfaces 

Zirconia Catalysis, fuel cells, bioimplants 

Zinc oxide Cosmetics, catalyst, coatings, textiles 
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TRENDS AND OPPORTUNITIES 


Modeling and Simulation 


The emergence of unique phenomena at nanoscale creates a g reat 
need f or theoretical and modeli ng efforts to understand the phe- 
nomena. Interactions between nanoscale structures and their sur- 
roundings can lead to many complex, collective properties. Theory 
and simulation tools are needed that can help predict these complex 
properties to design and produce better nanostructures for the future 
(Tsuchiya and Miyoshi 1999; Rafii-Taber 2000). 


Inspiration from Nature 


Living organisms are composed of structures that are indeed a part 
of the nanoworld. Proteins, enzymes, and DNA are in the nanome- 
terrange. Th ef unctioning of biological str uctures strongly 
depends on the nanoarchitecture of various components in volved. 
Significant insight into nanoscale phenomena can be gained from 
nature’s perf ect biological system s. The | imitations in e veryday 
applications can be overcome by im plementing acquired knowl- 
edge through human-made nanostructures. In addition, biological 
and artificial nanosystems can be coupled for application in both 
living and nonliving systems. F orming proteins with hierarchical 
complexity is an exquisite example of synthesizing nanomaterials 
through self-assembly. 


ENVIRONMENTAL AND HEALTH CONSIDERATIONS 


Nanotechnology promises huge benefits in wide ar eas of applica- 
tion ranging from superior lightweight materials, electronics, and 
biomedical applications to consumer goods. With the proliferation 
of nanotechnology as with any new technology, it is imperati ve to 
consider the other side of th e coin—unintended impacts on human 
health and the environment. Studies on biological and environmen- 
tal ef fects of nanotechnolog y lag far behind its e xploration and 
implementation. Nanoparticles are on the same length scale as pro- 
teins and other bioacti ve molecules. The possibility o f nano parti- 
cles evading the natural defense system in bio- and ecosystems is a 
major concern. When consid ering the ill ef fects of nanoparticles, 
one should be a ware that humans have been exposed to nanoparti- 
cles from natural sources like volcanoes, fires, and weathering of 
minerals, and to pollutant nanoparticles from power plants, inciner- 
ators, and vehicle emissions. 


Environment 


Nanoparticles can be released into the immediate en vironment in 
various ways such as from products in which they are not immobi- 
lized, by slow degradation of nanoparticles containing products, or 
by some mechanical action that re leases nanoparticles. Nanoparti- 
cles can introduce new toxins or pose different unforeseen environ- 
mental hazards. Most of the research on nanoparticles produced by 
emission has focused on air pollution and its effect on ozone layer 
depletion. Currently, the focus of research is on the toxic aspects of 
nanoparticles. Nanoparticles can enter the bi osystem via dif ferent 
environmental routes and tra vel up the food chain. Nanoparticles 
can be released to the environment by different means, such as 

industrial wastes, which can be taken up by o rganisms present in 
soil and water. Depending on their state of dispersion and surf ace 
activity, nanoparticles either can be toxic to the organism or can be 
accumulated in tissues, bones, or cells of organisms. Accumulated 
nanoparticles can then move up in the food chain to higher organ- 
isms. Recent studies show that carbon nanotubes can be toxic ina 
different way than common micrometer-scale fibers (Oberdorster et 
al. 2004; W arheit et al. 2004) . In a separate study , when juv enile 
largemouth bass were e xposed to 0.5 ppm of uncoated fullerenes 


for 48 hours (Oberdorster 2004), the fullerenes accumulated in lip- 
ids of cell membranes and caused oxidative damage. Experiments 
also showed translocation of fullerenes to the brain. Further studies 
are required to determine the extent of damage, dependence on the 
fullerene modification process, and the dose. Persistence, accumu- 
lation, and toxicity are important factors determining the extent of 
damage to the environment posed by the nanoparticles (The Royal 
Academy of Eng ineering and The Royal Society 2004). Ease of 
recovery of nanoparticles from the environment in order to reduce 
their concentration to below acceptance levels is another important 
issue. Disposal of nano particles, in their primary size, to the envi- 
ronment should be treated as hazardous until further environmental 
and health risk data are available (Royal Academy of Engineering 
and the Royal Society 2004). 


Health 


With the adv ancement of nano technology, lar ge-scale production 
and commercial use of nanoparticles are inevitable. For nanoparti- 
cles to have harmful ef fects on human health, they would have to 
come in contact with cells and cause adverse reactions. Nanoparti- 
cles released into the environment can enter the human bo dy via 
three major ro utes—inhalation, ingestion, and dermal penetration. 
All three routes are common ly exposed to micrometer -sized parti- 
cles and microor ganisms. The human bo dy has its 0 wn defense 
mechanism for protection ag ainst microorganisms, which act in a 
similar w ay for micrometer -sized particles (Alberts et al. 2002). 
Depending on the route, nanoparticles can evade the body’s defense 
system and enter the living tissues. 


Inhalation 


Thousands of par ticles enter the airway during inhalation. The air 
pipe, or t rachea, is lined with hair-like structures called cilia that 
restrict the passage of particles into the lungs. The epithelial, or sur- 
face, cells of the trachea are c overed with mucous and macro ph- 
ages. If the particles or microorganisms reach the epithelial cells, 
they are en gulfed by macrophages and carr ied to lymph nodes, 

where they are discarded. If par ticles are present in a sufficiently 
high dose, they can cause inflammation and scarring of lung tissue, 
as in pneumonia or silicosis (Gehr and Heyder 2000). High propor- 
tions of inhaled nanoparticles are deposited in tracheobronchial and 
alveolar regions of the lung (Oberdorster 2001; Oberdorster et al. 
2004). Nanoparticles, because of their small size, can enter the cell 
directly through the cell membrane. They are also known to diffuse 
into the lungs th rough epithelial ce II lining. Inhaled nanoparticles 

can translocate to the li ver, brain, and other or gans through blood 
vessels and the central nerv ous system (Oberdorster 2001; Ober- 
dorster et al. 2004). 


Dermal Exposure 


The skin acts as a protective barrier ag ainst microorganisms. The 
outermost layer of skin, called the epidermis, is composed of cells 

that keep replenishing every few weeks. Below the epidermis lies 
the de rmis, whic h consists of li ving ce lls, nerv e e ndings, swe at 
glands, and blood vessels. Macrophages are present in abundance in 
the dermis and pro vide a defense ag ainst entry o f particles and 

microorganisms. Excessive exposure to particles or microorganisms 
can produc e inflamma tory reac tions, and prolon ged inflammation 
can also result in skin dama ge and diseases. Particles and micr oor- 
ganisms, though restricted by the epidermis, can reach the dermis if 
the epidermis is damaged by cuts or wounds. But the small size of 
nanoparticles helps th em penetr ate the epidermis and enter the 
bloodstream. Aerosolized beryllium n anoparticles were sho wn to 
penetrate epidermis (Tinkle et al. 2003). Agglomeration of airborne 
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nanoparticles can reduce the risk of dermal penetration. T itanium 
dioxide, zinc oxide, and iron oxide nanoparticles are commercially 
used in cosmetic s (sunscreens a nd lipsticks) , and current dermal 
exposure is limited to these nanoparticles (Royal Academy 2004). 


Ingestion 


Ingested particles first encounter a low-pH environment in the stom- 
ach. Acidic juices secreted by the stomach’s cells help digest food, 
dissolve toxins, and inactivate microor ganisms. The food brok en 
down by the stom ach enters the in testine, where it is absorbed. The 
epithelium of the intes tine is impermeable to man y large molecules 
and particles b ut absorbs small molecules. The epithelium also 
secretes mucus and di gestive fluids that can dissolv e particles and 
toxins and degrade microorganisms. Recently, it has been shown that 
intestinal epithelial cells can absorb nanoparticles of drugs (Pamujula 
et al. 2004; Russell-Jones 2004). Although the tests were performed 
for oral drug delivery, possibility of entry and accumulation of other 
nanoparticles through the gastrointestinal tract cannot be neglected. 

Nanoparticle exposure to ind ustrial workers depends on pro- 
duction techniq ues, stor age, and disposal systems. Nano particles 
stored in a liquid medium or in an agglomerated state are less prone 
to dermal penetration. The toxic effect of nanoparticles depends not 
only on its surface area but also on dosage, clearance mechanism, 
surface chemistry, and state of dispersion. Combined interdiscipli- 
nary an d inte rnational e fforts a re e valuating the risks po sed by 
nanotechnology to make it safe and beneficial. 


NANOCLAYS 
Introduction 


Clays have played an immense role in the development of humankind 
from the earliest use for b uilding shelters and pottery dating back to 
the Neolithic stage of civilization. The reason lies in their plasticity 
and abundance. Clays ar e ty pically hydrous aluminosilicates with a 
particle size of usua lly less than 4 pm. The layer structure of clays 
imparts moldability in a wet state and rigidity in a dry state. 

Clay nanoparticles or nanoclays have come into focus in the 
last decade because of their ability to enhance mechanical, thermal, 
and optical properties of polymers in which they are used as fillers. 
Nanoclay-filled polymers ha ve a_ weight adv antage because th e 
filler does not significantly change the density of a nanocomposite 
and the nanosize of clay maintains the optical transparency. Poly- 
mer-clay nanocomposites ha ve found e xtensive applications in 
packaging and inthe automobile and aerospace industries. Since 
enhanced mechanical and thermal properties can be achie ved at a 
lower cost using a smaller quant ity of nanoclay, man y po lymer 
industries incorporate nanoclays to improve their products. 


Structure 


Clay minerals are part of the larger class of silicate minerals called 
phyllosilicates. The layer structure of clays is composed of silica 
tetrahedral a nd al umina octahedral s heets. T he si lica t etrahedral 
sheet consists of individual SiO 4 te trahedrons that share three of 
four oxygen atoms. The tetrahedrons are linked to form a hexagonal 
network with a composition of SiyOj9. The apical oxygen atoms are 
shared with the octahedral sheet. The alumina octahedral sheet con- 
sists of individual octahedrons that share oxygen or hydroxyl edges. 
These octahedrons are also linked in a hexagonal network. The tet- 
rahedral and octahedral sheets are stacked in different ratios, as 
summarized in Table 4. Depending on the ratio of tetrahedral and 
octahedral sheets, the layer thic kness varies from 0.7 nm_ for 1:1 
phyllosilicates to 2 nm for 2:1 phyllosilicates. Weak van der Waals 
forces hold the layers together to form stacks. The gap between the 
layers is called the interlayer or the gallery. The interlayer distance 


Table 4. Classification of clay minerals 


Structure Group Minerals 





Kaolinite, halloysite, dickite, nacrite, 
chrysotile, antigorite, lizardite 


1:1 Kaolin-Serpentine 
2:1 Talc—Pyrophyllite Talc, pyrophyllite 
True mica Phlogopite, biotite, muscovite, phengite, 
celadonite 


Brittle micas Margarite, clintonite, anandite 


Chlorites Clinochlore, chamosite, donbassite, 
sudoite, cookeite 

Illite Illite, glauconite 

Smectite Montmorillonite, beidellite, saponite, 
nontronite, hectorite 

Vermiculite Vermiculite 





is 0.95 nm in the absence of any counterions or water of hydration 
(Otterstedt and Brandreth 1998 ). The clay layer can h ave substitu- 
tional defects like Al?* substituting Sit* and Mg?* or Fe** substitut- 
ing Al3*. The net ne gative char ge acquired by clay layers from 
substitution is counterbalanced by the presence of cations like Ca?* 
and Na* in the interlayer spacing. 

The most commonly used layered silicates for nanocomposite 
applications are montmorillonite, hectorite, and saponite, whic h 
belong to the 2:1 ph yllosilicates family (Ahmadi, Huang, and Li 
2004). The 2:1 ph yllosilicates have two silica tetrahedral lay ers 
sandwiching one alumina octahedral layer, as shown in Figure 1. 


Polymer-Clay Nanocomposites 


Toyota Central Research and Development Laboratories first synthe- 
sized the polymer-clay nanocomposite with polyamide 6 and mont- 
morillonite cation exchanged with 12-aminolauric acid (Usuki et al. 
1993a; 199 3b).Thep olyamide 6- clay n anocomposites ha ve 
enhanced mechanical and thermal properties com pared to con ven- 
tional clay com posites. Since then , various other thermopl astic and 
thermosetting polymers such as epoxies (Xu, Bao, and He 2002), cel- 
lulose acetate (P ark et al. 2004), polyester (Chang and Kim 2004), 
polyvinyl chlo ride (Gon g et al. 2004), polystyrene (W ang etal. 
2004c), polyimide (Yu et al. 2004), polypropylene (Ding et al. 2005), 
and polyurethane (Solarski et al. 2005) have been used for synthesiz- 
ing nanocomposites with significantly improved properties. 


Intercalation and Exfoliation 


In polymer-clay nanocomposites, the clay should be dispersed in 
nanosize range to achieve the superior properties. The state of dis- 
persion is often characterized using XRD and transmission electron 
microscopy (TEM) (Eckel et al. 2004; Wang 2004b; Wei, Tang, and 
Huang 2004) an d recently using te chniques such as small-angle 

neutron scattering (Mal witz et al. 2004), AFM (P ark et al. 2004) 
and laser-induced f luorescence sp ectroscopy with optical pro bes 
(Maupin et al. 2004). 

Intercalation and exfoliation are the two major steps involved 
in clay particle dispersion in polymers, as shown in Figure 2. The 
polar nature of clay sheets is not always compatible with polymers, 
which are usually hydrophobic. Modifications via cation-exchange 
reactions with various organics, including cationic surf actants 
(alkyl ammonium/phosphonium), are commonly used to render the 
hydrophilic clay layers partially hydrophobic. Cationic surfactants 
adsorb between the clay layers with their h ydrophilic heads ori- 
ented toward the clay sheet and hydrophobic chains acting as spac- 
ers between the clay layers. Thus , the organically modified clays 
have larger interlayer spacing, which helps in intercalation or exfo- 
liation during further processing with polymers. 
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Adapted from EUBA, undated. 
Figure 1. Layer structure of 2:1 phyllosilicate 


Conventional 


Figure 2. Clay dispersion in polymer nanocomposites 


In intercalation, the polymer ch ains or molecules dif fuse into 
the interlayer, increasing the spacing. The layer—layer interaction still 
exists through weak van der W aals forces. The clay layers remain 
parallel to each other; this can also be characterized by XRD, whi ch 
shows increase in d-spacing. Dilutio n of clay or peak broadening, 
however, could be misinterpreted for exfoliation (Eckel et al. 2004). 

Exfoliation separates the clay layers and ran domly disperses 
them in a polymer matrix. The interlayer spacing is very large and 
there is no layer—layer interaction with van der Waals attraction 
forces. Since the clay layers are randomly dispersed, XRD cann ot 
provide any information on the extent of dispersion because of any 
absence of peaks; hence, TEM is used. Initial interlayer spacing of 
cation-exchanged clay is required for exfoliation. For exfoliation of 
clay, Eckel et al. (2004) calculated the theoretical mean linear inter- 
cept distance between clay layers to be about 50 to 80 nm, in agree- 
ment with the experimental m easurements. Exfoliation has been 
experimentally and theoretically shown to be strongly dependent on 


Intercalated 





SiO4 Tetrahedral Sheet 


AlO6 Octahedral Sheet 
(Substitution with Fe2+/Mg2*) 


Oxygen (O2-) 
Silicon (Si4+) 
Aluminum (AI3+) 
Iron (Fe2+) 
Hydrogen (H*) 
Sodium (Na+) 


Calcium (Ca2+) 


Exfoliated 


S 


the shear rate and viscosity of the matrix during processing, the 
Hamaker constant, interlayer spac ing, layer-polymer interaction s, 
and organic modifier-polymer interactions (Cho and Kamal 2004 ; 
Fornes, Hunter, and Paul 2004). 


Production Techniques 


Polymer-clay nanocomposite production techniques can be grouped 
into three categories: in-situ polymerization, solution polymerization, 
and melt intercalation. 


In-situ Polymerization 


The first polymer-clay nanocomposite developed by Usuki was syn- 
thesized by in -situ polymerization (Usuki et al. 1993a; 199 3b). In 
this tech nique, the organically modified clay is ad ded toa polar 

monomer solution. The monomer dif fuses into the high surf ace 
energy interlayer of clay. Polymerization initiator is added after the 
monomer-interlayer equilibrium is reached. The mono mers present 
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in the interlayer polymerize, shifting the equilibrium. More mono- 
mers are driven into the interlay er, further increasing the interlayer 
spacing, and in some cases resulting in exfoliation (Ahmadi, Huang, 
and Li 2004). Since clay can act as a catalyst, the presence of impu- 
rities can change the polymerization reaction. This method is com- 
monly used fo rth ermosetting polymer nan ocomposites such as 
epoxy organo-clay nanocomposite. 


Solution Polymerization 


In solution polymerization, the organically modified clay and poly- 
mer are added in a polar or ganic solvent. Hence the first re quire- 
ment is that polymer should be soluble in the solvent. The polymer 
diffuses into the interlayer, resulting in intercalation. The solvent is 
subsequently evaporated, leaving behind intercalated nanocompos- 
ite. The nature and polarity of the solvent are critical factors in 
determining the intercalation process. The major drawbacks of this 
technique are the large amount of solvent needed and the solvent 
compatibility with organically modified clay as well as polymer. 


Melt Intercalation 


In melt intercalation, polymer is m echanically mixed with or gani- 
cally modified clay at a temperature above the softening or melting 
point of the polymer. The polymer diffuses into the interlayer, result- 
ing in intercalation. Although this method is applicable to only ther- 
moplastic polymers, it has the adv antage of using con ventional 
polymer-processing equipment. Because this method also does not 
need any solvent, there is no need for postsynthesis recovery. 


Properties 


Polymer-clay nan ocomposites are superior to con ventional clay- 
filled or pristine polymers because of enhanced thermal endurance, 
flame re sistance, te nsile stre ngth and mod ulus, b iodegradability, 
reduced shrinkage, and pristine polymer optical properties. 


Thermal Properties 


The thermal properties of polymer-clay nanocomposites are studied 
by thermogravimetric analysis (TGA) and differential scanning cal- 
orimetry (DSC). Blumstein first reported the high thermal endur- 
ance of poly mer-clay nanoco mposite in 1965 (Blu mstein 1965). 
Using nanoclay, the heat distortion temperature and crystallization 
temperature of the polymer co mposite can be increased by 20°C 
(Ke 2003; Gong et al. 2004). Increased thermal decomposition tem- 
perature by 30°C is also rep orted (Chiu et al. 2004; Solarski et al. 
2005). 

Flame re sistance of polym er-clay nanocomposites is studied 
by cone calorimetry an d radioactive gasification experiments. The 
heat release rate and flammability have been sho wn to be 30% to 
35% lower for polymer-clay nanocomposites compared to conven- 
tional polymer-clay composites (Song and Yao 2004; Wang 2004c). 


Mechanical Properties 


Conventional clays are be ing used a s filler in po lymer mainly to 
improve, marginally, its mechanical properties. Nanoclays, on th e 
other hand, can increase the tensile strength and modulus by 100% 
to 400% (Chang and Kim 2004; Chen 2004; Wei, Tang, and Huang 
2004). Since the filler content is usually less than 5% for nanoclays, 
the processing is easier and the products are lighter. 


Chemical Properties 


Polymer-clay nanocomposites reduce gas and liquid permeabilities, 
including reduced solvent uptake. Nanoclays can decrease the gas 
permeability coefficient by 35% (Chen 2004). The increased resis- 
tance is attributed to tortuosity and higher modulus of clay nanopar- 


ticles (Ahmadi, Huang, and Li 2004). Osman et al. (2004 ) showed 
that intercalation can decrease the permeability coefficient by 20%, 
whereas exfoliation increased the permeability coefficient by 10%. 
Polymer nanocomposites can also be used in anticorrosion applica- 
tions (Yu et al. 2004). 


Optical Properties 


The optical properties of polymer-clay nanocomposites are studied 
using UV-visible transmission spectroscopy. Although nanoclay is 
known to scatter light inthe —_ultraviolet region, nanoclays with 
dimensions of less than one quart er of visible light wavelength are 
optically transparent (Ahmadi, Huang, and Li 2004; Y_ ehet al. 
2004). Thus polymer -clay nanocomposites have optical properties 
similar to pristine polymer. 

Improvement in the pre viously mentioned properties, com- 
bined with ease of processing andlow volume of clay needed, 
promises widespread application of polymer-clay nanocomposites. 
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Dia ae. a a er a or A ea 
Pigments 


George Podolsky and Austin H. Reid Jr. 


The pigments industry represents one of the most demanding and 
technology-intensive applications of industrial minerals. Pigments 
are used in all major materials known to man. The building prod- 
ucts, poly mers, glass, paper, and paint and coating industries are 
major users of inor ganic mineral pigments. Various clay minerals 
and titania are more widely used as white pigments than, for exam- 
ple, silica, alumina, calcium car bonate, and zinc oxide. Similarly, 
iron oxides and chromates are representative of the important col- 
ored pigments. In this chapter, discussion focuses primarily on nat- 
ural and sy nthetic iron ox ides typifying the colored pigments, and 
on titanium dioxide exemplifying the white pigments, as these find 
the predominate use in the industry. To familiarize the reader with 
the various terminologies and definitions specific to the pigments 
industry, these tw o imp ortant pigm ents are discussed in a single 
chapter. 


IRON OXIDE 


Iron oxides are unique in that they are the only significant colored 
mineral found in a natural state suit able for use as a pigment after 

being pulverized to pigmentary size (typically, less than 1 um). The 
global production of iron oxide pigments in 2000 was estimated to 
be 1.5 Mt (Will 2004). In addition to their abundance (about 7% of 
the earth’s crust), iron oxides ha ve the advantage of low cost, per- 
manency, and nontoxicity. The amazing durability of iron oxides is 
reflected in th e numer ous examples of be autiful prehistoric art 

found in cave paintings in many regions of the world. Through the 
centuries, succeeding civilizations have used iron oxides as a major 
source for decoration and protec tion when these prop erties were 
desired. In the last cen tury, the chemical industry impro ved on 

nature by developing a complete range of synthetic iron oxide pig- 
ments that surpass the pigments produced from natural iron ores in 
uniformity, color quality, and chemical purity. Globally, the com- 
bined annual production of natural and synthetic iron oxide pig- 
ments is valued at approximately $2 billion (Will 2004). 


Terms and Definitions 


As with other pigmentary minerals, it is necessary to make a dis- 
tinction between the natural or mineral pig ments and the synthetic 
pigments. Natural pigments are products derived from selected ores 
and should not be confused with iron ores mined for steel produc- 
tion. Iron ores that are mined for steel must be capable of being 
mined and reduced to ironon acompetiti ve commercial basis. 

These ores are selected on the basis of iron content and processing 


economics. It is therefore unusual when iron ores for steel produc- 
tion are suitable for use as mine ral pigments. Natural pigment ore 
sources are selected for their special ph ysicochemical properties 
and are able to command a premium price over the iron ores used 
for steel manufacturing. 

Synthetic pigments, and in this instance iron oxides, are pig- 
ments p roduced fro m basic chemicals. C hemical synthesis p ro- 
duces pigmentary particles dire ctly, as opposed to the use of 
comminution, the procedure comm on to preparing all natural iron 
oxide pigments. 


Classification 
An important characteristic of a pi gment is its color. Therefore, a 
logical separation can be made on this basis. 
¢ Yellow iron oxide pigments 
— Natural mineral origin 
= Goethite 
= Lepidocrocite 
= Ochres 
= Siennas 
= Limonite 
— Synthetic pigments 
= Goethite (@FeOOH) 
= Lepidocrocite (yFeOOH) 
= Akagenite (BFeOOH) 
¢ Red iron oxide pigments 
— Natural mineral origin 
= Hematite 
= Siderite (calcined) 
= Pyrites (calcined) 
— Synthetic pigments 
= Hematite(a@Fe203) 
¢ Brown iron oxide pigments 
— Natural mineral origin 
= Umbers 
= Limonite (calcined) 
= Siderite (calcined) 
= Goethite (bog ore or sulfur mud) 
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— Synthetic pigments 
= Blends of hematite, goethite, and magnetite 
= Coprecipitated hematite—magnetite 
= Maghemite ( < Fe203) 

* Black iron oxide pigments 

— Natural mineral pigments 
= Magnetite 
= Slate (mixed minerals) 

— Synthetic pigments 
= Magnetite (Fe30.) 

Pigmentary minerals, natural or synth etic, ha ve important 
physicochemical properties that distinguish them from metallur gi- 
cal, cementitio us, con struction, agricultural, and other types of 
industrial minerals. 

The iron oxide content of natural minerals is critically impor- 
tant. Also important are the amount , the type, and th e form of any 
companion minerals. For example, an iron ore possessing good pig- 
mentary q ualities b ut a ssociated with appre ciable qu antities of 
quartz would be u ndesirable because of th e difficulty in grinding 
quartz and the re gulatory issues surrounding crystalline quartz. 
High percentages of or ganic matter in the ore would require calci- 
nation to decomp ose the organics, and then grinding. Synthetic 
oxides, on the other hand, exhibit a hig h iron content because of 
chemical synthesis. The y also contain minimal impur ities, the 
degree to which depends on the synthetic route. 


Chemical Properties 


Most of the pigmentary iron ores are relatively nonreactive (Mellor 
1953; Casey 1966) and contain only traces of heavy metals and toxic 
elements; these are usually chemically bound in the form of complex 
silicates. Synthetic pigments produced from basic raw materials have 
the advantage that purification steps can reduce the heavy metal con- 
tent (e.g., lead, antimon y, arsenic, cadmium, mercury, selenium) of 
the starting raw materials. If subs equent precautions are fol lowed to 
avoid processing contamination, the heavy metal impuriti es in syn- 
thetic oxides can be about one tenth that of the best naturals. 

Iron oxide pigments have a high degree of lightfastness. This 
term refers to the ability of a pigmented film to resist color changes 
and other physicochemical degradation caused by exposure to radi- 
ant energy. 


Physical Properties 


The physical properties of iron oxide pigments are u sually more 
important than the chemical prop erties in view of their inertness. 
Several ph ysical properties require definition to provide a clear 
understanding of the merit of a pigment and to distinguish between 
naturals and synthetics or pigments of other families. 

Oil Absorption. Oil absorption is that weight of vehicle 
required to wetadef inite weight of pigment to form a paste. 
Numerous methods (Stewart 1942; Von Fisher 1948; Anon. 1972b, 
1983) and devices can determine oil absorption. The values in this 
chapter are from standards of the American Society for Testing and 
Materials (ASTM) spatula rub-up procedure. Oil absorp tion, or 
binder demand, is an important property because it relates to parti- 
cle size, shape, and surface characteristics and places certain limita- 
tions on paint fo rmulation or ot her end uses where solid —liquid 
interactions are important. 

Surface Area. Two pigments of essentially the same mean 
particle size may ha ve quite different surface areas. This may be 
due to shape or surface characteristics such as porosity, pore size 
distribution, smoothness, and co nvolutions. B ecause spectr al and 


surface ener gy properties depend on the particle surface, surface 
area becomes an important factor. The surface area of a material is 
the area of the total external surfaces, including pores but excluding 
internal (isolated) pores. When external pores are smaller than the 
molecule of the media being absorbed , they are not measured. The 
most widely accepted and fundamental method for calculating sur- 
face area is by measuring the adsorption of a gas, usually nitrogen 
(Brunauer et al. 1938; Herdan 1953) and is design ated as the BET 
method. The value obtained e xpresses specif ic surface area in 
square meters per gram. 

Particle Size. No single method or instrument can adequately 
measure particle sizes in the range from 100 to 0.01 um. Significant 
improvements have been and continue to be made, however, in the 
range and accuracy of the wide variety of instrumentation available. 
For example, laser diffraction-based instrumentation is available for 
ranges of 0.02 um to more than 2,000 um. A key is to completely 
disperse the particles and m inimize the measurement time. Other- 
wise, Various stages o f reagglom eration of the primary particles 
will be measured. Complete books have been devoted to this sub- 
ject, which is probably the most important physical property of pig- 
ments. It is not sufficient to state an average particle size since the 
size distribution of pa rticles is equa lly important. Generally, elec- 
tron microscopy is still used to m ost accurately measure the pri- 
mary particle size of iron oxides. Terms that are often confused in 
particle technology are as follows: 

¢ Primary particle: Sometimes may be referre d to as discrete 
particle; a single unit of matter that can change in size only 
by the breakdown or fracture of chemical bonds within its 
structure. 


Crystallite: A minute single crystalline unit, ie., that part of a 
particle that has its atoms and molecules arranged in a perfect 
crystal lattice. A discrete particle comprises an assemblage of 
many crystallites. 


Aggregate: A group of discrete particles boun d together by 
strong chemical bonds. 


Agglomerate: A group of discrete pa 
bound together by weak physical bonds. 


rticles or aggregates 


Flocculate: Groups of aggregates or particles usually f ormed 
in suspensions and readily dispersed with minimal forces. 
Shape. In some applications, particle shape can have a more 
profound effect than size. Micaceous iron oxide (lamellar platelets) 
and acicular particles contribute completely different characteristics 
to a pigmented system than th eir equivalent spherical counterpart. 
Various techniques have been devised to apply numerical values for 
shape factors (Herdan 1953; Cadle 1955). Pigments are classified 
into five categories according to shape: (1) spheroidal, (2) cubical, 
(3) nodular, (4) acicular, and (5) lamellar. 

Optical Properties. The optical properties of pigments 
depend on the molecular and crystal structure and are influenced by 
the size and shape of the primary particles. Because pigments are 
rarely used in their powder state, the ultimate effect depends on the 
entire system. Light entering a pigmented system may be absorbed, 
reflected, or refracted through particle-to-particle interactions. The 
manner and intensity of the light reflected results in spectral reflec- 
tance, which can be measured with a spectrophotometer. 

Magnetic Properties. Iron oxides are usually _ antiferromag- 
netic (Schieber 1967), but they can also be ferromagnetic when pro- 
duced synthetically as well as in certain natural mineral spec ies. 
The magnetic pr operties of ferromagnetic materials can be deter- 
mined by various techniques; a few of the more common are mag- 
netic moment balance, vibrating sample magnetometer (VSM), and 
B-H (magnetic flux—magnetic field) meter. 
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Figure 1. Hysteresis loop used to characterize magnetic iron oxides 


Magnetic mat erials are best described by measuring th e 
response to a magnetic f ield of varying intensity. This produces a 
magnetization, or BH curve, as shown in Figure 1. Ferromagnetic 
materials may then be characterized with values of coercivity (H,), 
remanence (B,), and saturation (B,,) at a specified field strength in 
Oersteds (H). 


Natural Iron Oxide 


Natural iron oxide minerals mine d for pigment applications nor- 
mally require more than simple grinding to attain commercial sta- 
tus. The major minerals are discussed along with their chemical and 
physical properties. The chemical compositions, especially those of 
goethite and hematite, do not repr esent the pure mineral but rather 
the range as received by the pigment manufacturer. 


Hematite 


This important iron-bearing mineral, besides providing a source for 
steel manufacture, is a major source for mineral pigments. Table 1 
gives the physicochemical properties of hematite. 

Major iron ore sources are sedimentary, as exemplified by the 
Lake Superior deposits in the Unit ed States. Hematite also occurs 
as igneous, volcanic, hydrothermal, me tamorphic, and we athered 
deposits. Several deposits are unique for their high color value, 
such as those on the Island of Ormuz in the Persian Gulf or Spanish 
deposits near Malaga. Micaceous hematite, unique for its lamellar 
structure, is mined in Austria and Australia. Synthetic processes for 
the manufacture of micaceous iron oxide have been developed. 


Goethite 


The second most common ir on-bearing mineral is goethite. This 
includes other hydrated mineral ir on oxides such as the limon ites, 
ochres, and siennas. Table 2 gives the ph ysicochemical properties 
of goethite. 

Goethite is typi cally formed under o xidizing co nditions as a 
weathering product of ferriferous minerals, siderite, pyrite, and mag- 
netite, and is widespread as deposits in bogs. It is commonly associ- 
ated with hematite, pyrolusite, manganite, calcite, quartz, lepidocro- 
cite, clay minerals, and 1 imonite. Hydrous iron oxide is also called 
limonite. By x-ray examination, most limonites are actually cryptoc- 
rystalline goe thite with absorbed or capillary w ater (P alache, Ber- 
man, and Frondel 1944). Several excellent pigment ore sources are 
found in India. Domestic ochre is mined in Georgia and Virginia. 


Lepidocrocite 


This natural mineral has essentially the same chemical composition 
as goethite but different crystallographic constants. Table 3 gives 
the physicochemical properties of lepidocrocite. 


Table 1. Physicochemical properties of hematite 


Chemical formula 


Chemical composition 
of ore 


Crystal class 
Habit 


Physical 


Reaction mechanism 


Other properties 
Melting point 
Boiling point 
Solubility 
Index of refraction 
Specific gravity 
Magnetic 


Fe2O3 


50% to 95% Fe2O3, associated with other iron or 
silicate minerals 


Hexagonal; scalenohedral 


Thick to thin tabular, as rosettes, rhombohedral, 
sometimes platy; also earthy 


No cleavage, fracture subconchoidal to uneven, 
hardness of 5-6 


Will form, by solid-state reactions, a wide variety of 
ferrites of the composition MeFe2O4 where M 
represents one or more metals such as manganese, 
zinc, magnesium, nickel, barium, strontium, and 
yttrium. These ferrites have important electrical and 
magnetic properties and to a lesser extent 
pigmentary properties. Zinc ferrite (tan), magnesium 
ferrite (brown), and manganese ferrite (black), 
however, are important pigments in applications 
requiring heat stability. 


1,475°C-1,565°C 

Decomposes 

Insoluble in water and common organic solvents 
3.042 

5.26 


Usually antiferromagnetic, exists as ferromagnetic 
synthetically and naturally 





Table 2. Physicochemical properties of goethite 


Chemical formula 


Chemical composition 
of ore 


Crystal class 
Habit 


Physical 


Reaction mechanisms 


Other properties 
Melting point 


Boiling point 
Solubility 


Index of refraction 
Specific gravity 
Magnetic 


aFeQOH*®xH20 


50% to 88% Fe2O3, 9% to 10% H20, balance 
silicate or clay minerals 


Orthorhombic; dipyramidal 


Prismatic and striated; also in tablets or scales, 
grading into acicular and long prismatic forms; also 
earthy 


Cleavage [010] perfect, [100] less so, fracture 
uneven, hardness of 5.0-5.5 


Will form ferrites through solid-state reactions as 
noted under hematite. Can also be converted from 
o.FeOOH®xH20 to aFe2O3 by heat and to 
ferromagnetic yFe2O3 by reduction and oxidation. 


Decomposes; naturals (finely ground) start to 
dehydroxylate at 190°C and is essentially 
dehydroxylated at 320°C; synthetics start at 180°C 
and are completely dehydroxylated at 300°C. 


Decomposes 


Considered insoluble in water and common organic 
solvents, 0.0015 gpl cold water 


2.26-2.27 
3.3-4.0 


Antiferromagnetic 





Lepidocrocite is formed under similar circumstances as goet- 
hite and is often associated with it. 


Magnetite 


The mineral magnetite occurs abundantly and is found w orldwide 
in many locations. The magnetic nature of this mineral gives it con- 
siderable historical interest going back to antiquity. Table 4 lists its 
physicochemical properties. 

Magnetite deposits are found as magmatic segregation depos- 
its, as ana ccessory mineralin igneous rocks, in metamorphic 
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Table 3. Physicochemical properties of lepidocrocite 


Chemical formula yFeOOH®xH2O0 


50% to 89% Fe2O3, 10% to 11% H2O; minor 
amounts of silicates 


Chemical composition 


Crystal class Orthorhombic; dipyramidal 


Habit As flattened elongated scales sometimes striated; 
usually as isolated crystals or plumose groups on a 
matrix 

Physical Cleavage [010] perfect, [100] less perfect, [001] 


good; hardness of 5.0 


Reaction mechanisms Lepidocrocite converts to ferromagnetic yFe2O3 on 
heating at low temperature and to aFe2O3 at high 
temperature; will enter into other reactions similar to 


goethite 
Other properties 


Melting point Decomposes, similar to goethite 

Boiling point Decomposes 

Solubility Considered insoluble in water and common organic 
solvents 

Index of refraction 1.94 

Specific gravity 4.05-4.10 


Magnetic Antiferromagnetic 





Table 4. Physicochemical properties of magnetite 


Chemical formula Fe3Ox4 (also FeO*Fe2O3) 


84% to 99% Fe3O, associated with minor amounts 
of silicate minerals; purity can be high for a natural 
mineral 


Chemical composition 


Crystal class Isometric (cubic); hexoctahedral 


Habit Usually octahedral; well-formed, nearly perfect 
crystals are common; occurs in coarse to fine- 
grained masses 


Octahedral parting on [111] especially good; 
conchoidal to uneven fracture; [001], [011], [138] 
also reported as parting planes in magnetite; 
hardness of 5.5-6.5 


Synthetic magnetites start to decompose in air to 
yFe2O3 at 105°C and are completely oxidized at 
385°C. Natural magnetite, if finely ground, will start 
to decompose at 124°C and be completely oxidized 
at 550°C. It will form spinel compounds of the 
general formula MeFe2Ox4, where M represents 
metals such as manganese, zinc, and barium. 


Physical 


Reaction mechanisms 


Other properties 


Melting point Decomposes 

Boiling point Decomposes 

Solubility Insoluble in water and common organic solvents 
Index of refraction 2.42 


5.16-5.17 


Ferromagnetic 


Specific gravity 
Magnetic 





deposits in limestones, in chlorite schists with pyrite, in sulfide vein 
deposits, and in meteorites. Commercial depo sits are found in the 
United States, Norway, and Sweden. 


Pyrites and Siderites 


These minerals do not fall into the class of iron oxides because they 
require transformation by heat to convert to the oxide. As such, they 
are potential raw materials rather than end products. 


Manufacturing 


The manufacturing procedures for the naturals must be designed 
around the starting ore base. For example, siderite (FeCO3) requires 
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Figure 2. Particle-size distribution comparing a fine particle 
synthetic with a natural iron oxide 


calcination to convert to the oxide, whereas pyrites cinder (calcined 
pyrite), although essentially Fe2O3, must be freed of its acidic resi- 
dues. Also, certain ores, although su itable for use by simple grind- 
ing, develop more desirable colors if calcined. Other natural ores, 
siennas, and umbers are produced in raw and calcined form. 

Some of the hematites and the magnetites are magnetically 
beneficiated to increase the chemical purity and remove undesirable 
siliceous minerals. This is particularly true if the end use has chem- 
ical purity requirements such as do ferrites (Anon. 1965). Magnetic 
beneficiation is most efficient if the mesh size is controlled within 
fairly narrow limits. Therefore, wet magnetic beneficiation usually 
follows the crush ing and screening op eration and precedes f ine 
grinding or calcination. The critical variables are ma gnetic field 
strength, pole and plate design, solids concentration and feed rate, 
demagnetizing field strength, and w ash-water feed rate. The pro- 
cess produces a superconcentrate with purities of g reater than 
99.5% Fe203 or Fe304 from lower-grade concentrates. 

Fluid ener gy mills, micronizers, an d improved methods of 
classification have enabled manufacturers to produce natural iron 
oxide pigments for man y applications where chemical purity and 
the ultimate discrete particle size are not factors. 


Products 


The broad selection of manufacturing procedures, coupled with the 
wide variety of natural ore, results in about 100 different products 
being marketed in the United States alone. Selling price and end- 
use considerations result ina range of products being pro duced 
from a single ore body. For example, a natural iron oxide for a paint 
primer must be finely ground but has wide latitude in its color spec- 
ifications. Concr ete coloring pig ments, ho wever, ha ve stringen t 
color requirements but moderate fineness requirements. 

All natural products, without exception, are subjected to some 
type of final grinding. Comminution, as opposed to particle synthe- 
sis, produces character istic fragmented particles co vering a wide 
size distribution. Figure 2 compares a synthetic ir on oxide with a 
natural ground iron ore, sho wing a major dif ference in size and 
fragmented nature of the natural ore. 

Generally, natural iron oxide pigments ha ve weak er tinting 
strengths because of the larger particle size and lower color purity. 


Uses 


Many of the applications for natural iron oxides are based on low 
cost and permanency (Anon. 1991a). There is some overlap in use 
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of the natur als and sy nthetics; both, for e xample, are used e xten- 
sively in paint and coatings. 

Paint and Coatings. The variety and types of industrial coat- 
ings are too numerou s to mention individually. There are se veral 
general types of paints in which natural iron oxides provide excel- 
lent properties and represent major uses. Primers vary in the degree 
of pigment loading and function as a base for various topcoats. The 
primer pigments are usually hematites and can be highly loaded 
because of high density , f airly la rge particle size, andlo_ w oil 
absorption. 

Industrial maintenance f inishes for rail way equ ipment and 
metal structures largely e mploy he matites. Micaceous iron oxid e 
(Anon. 1972b), because of its plat elike structure, has found exten- 
sive use in Europe in railway maintenance coatings, brid ge paints, 
industrial maintenance finishes, and other exterior applications. 

Micaceous iron oxide is not a pr imer or a rust-in hibiting pig- 
ment but is used as part of a corrosion control system. To capitalize 
on its platelike structure, the paint formulator must grind the paint 
properly to secure a lamellar film structure (Anon. 197 1a). 

Natural umbers and siennas ha ve unique color characteristics 
that are not easily matched with synthetics and hence they are the 
major pigments in stains. With the increased use of prestained wall 
panels, this is an important application. 

The naturals are al so used i n general interior and e xterior 
house paints, but to a lesser extent than synthetics. 

Electronic. Natural iron oxides are used to some e xtent in 
preparing barium ferrite (BaFe;20j9) and to a le sser extent in pre- 
paring manganese zinc ferrite (Mn,ZnyFe04). The magnetic prop- 
erties of manganese zinc ferrites are very sensitive to im purities, 
and hence the use of naturals has been limited. Highly beneficiated 
magnetite or hematite can be used to prepare barium ferrites. Bene- 
ficiated magnetite when finely ground is used in magnetic inks 
(Love 1961). The magnetic energy (remanence) of an ink is propor- 
tional to the volume of iron oxide in the ink. Becau se of the low 
binder demand of the dense natu ral ma gnetites, high loadings of 
60% to 70% by weight of magnetite pigment can be obtained. 

Rubber, Plastics, and Related Compounds. Natural pigments 
are used to a limited extent in rubber and many of the more common 
plastics such as vinyls, phenolics, pol yurethanes, and epoxies 
(Woernle 1967). Umbers contain a high percentage of manganese, 
which can cause undesirable effects such as accelerating the aging of 
rubber and retarding the curing of polyesters. Generally, these mar- 
kets favor using the synthetic pigments because of their improved 
purity, dispersibility, and color v alue. The cost advantage of natural 
pigments, however, remains a key factor in their continued use. 

Concrete Products and Building Materials. Natural oxides are 
suitable for coloring concrete, mort ar, concrete roof tile, concrete 
pavers, and similar building materials. In coloring concrete, the tint 
is the important characteristic and synthetic pigments have replaced 
most of the naturals because of their higher tint ing strength. In 
some cases, blends of synthetic and natural pigments may be used 
for a cost advantage. 

Rouge. Before th e introd uction of the float glass process, 
large tonnages of natural iron oxides were used in polishing plate 
(flat) glass. This use has declined dramatically because of the float 
glass process. Ophtha Imic rouge and metal- polishing rouge repre- 
sent a small market. Specially processed grit-free hematites having 
high glass removal rates are required. Another market is in coloring 
glass and is referred to as a batch rouge. 

Miscellaneous. Natural iron oxides are used in numerous other 
industrial applications such as foundr y-core washes, cer amics, 
paper, and fertilizer, and as the iron source in glassmaking. 


Synthetic Iron Oxides 


The four major types of synthe tic iron oxid es are reds, yello ws, 
browns, and blacks. All can be prepared from basic chemicals, usu- 
ally iron salts and alkalis. The advantage of chemical synthesis is 
that it gives precise control over three important pigment parame- 
ters: particle size, particle shape, and chemical purity. 


Raw Materials 


Iron Salts. Only two iron salts of commercial significance— 
ferrous sulfate and ferrous chloride—are used to manufacture syn- 
thetic iron oxides. Ferrous sulfate (FeSO4*7H20), or copperas, as it 
is commonly called, was the historical base for red oxides produced 
by calcination. Subsequently, ferrous sulfate was used as t he iron 
salt to produce yellows, reds, browns, and blacks by precipitation. 
The increased use of hydrochloric acid to pickle steel resulted in an 
abundance of by-product ferrous chloride. 

Ferrous sulfate for pigment production is available from three 
sources. The first consists of neutralizing scrap iron with H2SOq. A 
second is by-product sulfate pickle liquor from steel mills. This is a 
mixture of about 15% FeSO, (ferrous sulfate) and 10% H2SOu, the 
balance being water. The excess acid is converted to FeSO, by neu- 
tralization with iron. The third major source is the titanium pigment 
industry, which produces by-p roduct FeSO 4*7H20. This iron sa It 
must be redissolved and purified. The subsequent processing is the 
same as steel mill pickle liquor. 

Domestic pigment manufacturers rarely u se ferrous chloride 
to produce color pigments. Its use limitations are more fully dis- 
cussed in the following section on by-products. 

Iron. The iron source is genera lly stampings and punch ings 
of light gauge, soft black steel. Pigment producers avoid scrap that 
is plated (galvanized) or contains alloying elements because of the 
adverse effect of these impurities. 

Alkalis. The major alkali used in the United States is sodium 
hydroxide (NaOH) fo llowed by ammonium hydroxide (NH 4OH). 
Environmental regulations, however, have significantly reduced the 
use of ammonium h ydroxide. Lime (CaO) is usedtoa_ limited 
extent but could become more im portant with increased regulation 
of the use of ammonium hydroxide. Both sodium hydroxide and 
liquid ammonia (NH3) with a high degree of chemical purity can be 
purchased, which is less true of commercial limes. Sodium carbon- 
ate is sometimes used as well. 

By-products. Most of the by -products re quire further pr o- 
cessing either as raw materials or as end products. Spray roasting 
ferrous chloride pickle liquor produces Fe2O3 and HCl. The spray- 
roasted oxides can be returned to the steelmaking process but usu- 
ally are landfilled. Some steelmakers, however, divert a portion of 
the Fe 203 to other applications where color is not important. The 
spray-roasted o xides are generally p oor in color quality but can 
exhibit good chemical purity. Even poorer in quality are the dust 
collector-recovered oxides produc ed from the basic oxy gen steel- 
lancing process. The thousands of tons of these two waste products 
have depressed pigment prices in markets where color quali ty is 
not a major consideration. 

Mill scale, althou gh ab undant, has found only v ery minor 
usage in the iron oxide industry. One of the major contaminants of 
this product is refractory material from spalling of furnaces and lin- 
ings. Also, mill scale is not a completely oxidized product and can- 
not be used for pigmentary purposes without further processing. 

Other w aste pro ducts that have attracted attention o ver the 
years but have not proven suitable for commercial pigments are red 
mud from bau xite processing, s ponge iro n from cement copper 
mining operations, and sulfurmudor yellow boy, a prec ipitate 
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Figure 3. Simplified flow diagram for synthetic iron oxide (copperas red type) 


formed from ac id coal mine waters. Failure was generally caused 
by unacceptable color purity. 


Manufacturing Processes 


The three major methods for m anufacturing synthetic iron oxides 
are thermal decomposition of iron salts or iron compounds, precipi- 
tation of iron salts usually accompanied by oxidation, and or ganic 
reduction processes using iron. The last route has become less sig- 
nificant as new processes have replaced iron as the reductant. 

Thermal Decomposition of Iron Salts. There a re num erous 
combinations of processing techniques, depending on the starting 
basis. Only one flow sheet (Figure 3) is outlined, starting with scrap 
iron and sulfuric acid (Ayers 1946). If the starting base is steel mill 
pickle liquor or titanium copp eras, the pro cess is essentially th e 
same with the exception that steps may be introduced to remove 
undesirable impurities. 

Figure 3 illustrates the production of iron oxides by the calci- 
nation of ferrous sulfate. These products are commonly known as 
copperas reds. One major advantage of this thermal decomposition 
process is that the products of comb _ustion are reclaimed and 
reused. 

One of the earliest sy nthetic iron oxides and a variation of the 
calcination of ferrous sulfate is the Venetian reds. These oxides were 
produced by calcining an intimate mixture of ferrous sulfate and 
lime or preferably hydrated lime (Ca(OH)2). The calcination product 
must be ground to be suitable for pigmentary applications. The pro- 
cess has one adv antage in that the kiln product does not require 
washing. Venetian reds have been supplanted by other synthetic reds. 

Most steel mills have converted from sulfuric acid to hydro- 
chloric acid in their pickling lines. This facilitates the recovery of 
the acid and generates iron oxide as a by-p roduct. The amount of 
by-product iron oxide generated exceeds the total present produc- 
tion of iron oxide pigments. The by-product oxide may be pellet- 
ized and recycled into the steel process. Some of the oxide is also 
used as a raw material for the ferrite industry. 

Precipitation Reactions. Precipitation processes were devel- 
oped in th e early 1900 s (Penniman and Zoph 1921) but did not 


achieve commercial importance until the 1930s to 1940s. Since that 
time, the major gro wth in syn thetic iron oxide manuf acture has 
been by precipitation technology. The precipitation process pro- 
duces yellows, reds, browns, and blacks. Additional products can 
be prod uced by subsequent procedures such as_ calcination and 
reduction, among others. 

In the manufacture of yellow oxides by the Penn iman—Zoph 
process (often referred to as the scrap iron process), the initial reac- 
tion is one of nucleation, wherein the reaction of an iron salt and an 
alkali forms a seed nucleus. Th e nucleation reac tion is normally 
conducted in an excess of FeSO, and can be described by the fol- 
lowing equations: 


4NaOH + 2FeSO4 — 2Fe(OH)2 + 2Na2SO4 


2Fe(OH)2 +402 — 2FeOOH +H20 


seed nucleus 


The nucleus is transferred to a precipitator containing FeSO4, 
H20, and iron, usually in the form of thin-gage stampings. The seed 
particles are continuously circulated over the bed of iron in an oxi- 
dizing environment at ele vated temperatures (60°C to 88°C), and, 
as the ir on oxidizes or dissolves, the reaction prod ucts precipitate 
on the nuclei, causing the particles to grow. The chemical reactions 
involved are 


2Fe** +%40.+3H2O “© 2FeOOH + 4Ht 
also 
2FeSO4 + 3H20+'%02 — 2FeOOH + 2H2SO4 


H2SO4 +Fe -> FeSO4 + Ho 


From the simplified chemical reactions, the precipitation pro- 
cess would not appear to be complex, but the actual gas—liquid—solid 
chemical interactions are still not completely understood. A host of 
variables affect the reaction an d the products. Some of the more 
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Figure 4. Simplified flow diagram of a synthetic yellow iron oxide plant 


important variables are rate of circulation, quantity of oxygen, tem- 
perature, quantity of initial seed nuclei, and size and shape of th e 
seed nucleus (Hancock 1970 ). Figure 4 shows a typical precipita- 
tion flow sheet that w ill produce a wide color range o f synthetic 
yellow iron oxides. 

A related class of pigments is the transparent or low-opacity 
pigments. These pigments using nucleation are produced by precip- 
itation techniques (Anon. 1971b) and are characterized by very fine 
particle size, usually less than 0.10 pm. 

Precipitated reds can be produced by using essentially th e 
same equipment as that used for yellow iron oxide manufacturing. 
The difference lies in the preparation of the nucleus, which contains 
ultrafine hematite Fe 203 nuclei (Toxby 1952; Marsh 1955; Ben- 
netch 1957, 1961; Ayers 1960). Subsequent processing conditions 
are also much more critical since norma] pre cipitation rea ctions 
tend to produce FeOOH rather than Fe203. 

The two preceding processes employ scrap iron as the major 
source of iron in the growth of the nuclei. Both yellow and red iron 
oxide can be produced using nucleation by simultaneously precipitat- 
ing alkali and iron sal ts in the presence of the nuclei (Martin 1960). 
The process is commonly referred to as the direct precipitation, or 
DP, process. If conduct ed properly, the nuclei will grow to pigmen- 
tary size in the same manner as in the Penniman—Zoph process. 

Another class of pigments produced by precipitation is the 
browns and blacks. Today, synthetic browns are usually prepared by 
blending red, yellow, and black iron oxides because of the complex- 
ity of the brown precipitation process. The blacks are Fe3O4 and the 
browns are y¥FeOe*yFe203. Comme rcially, they are prepared by 
reacting ferrous sulfate with an alkali at temperatures close to boil- 
ing at an alkalin e pH (Ayers 1938). Ano ther method of pr oducing 


black iron oxide is the con version process, in which yello w or red 
iron oxide is converted in the presence of an alkali and a ferrous salt. 

The precipitation processes ha ve a furt her adv antage in t hat 
their end products are sui table for additional processing to p roduce 
different pigments. The yellows, blacks, and browns all can be cal- 
cined to produce red and brown pigments. If the temperature is below 
649°C, th e sh ape o f th e prec ursor is usual ly r etained. Sy nthetic 
browns are also made by producing intimate blends of synthetic reds, 
yellows, and blacks. 

One of the most sophisticated products to be manufactured by 
a combination of pre cipitation and cont rolled ca Icination tech- 
niques is YFe2O3 (maghemite) from aci cular FEOOH (Camras 
1954). In this process, the yFe2O3 particle size is determined by the 
size of the yello w oxide. The ye llow is pr ocessed in a rotary kiln 
between 315°C and 538°C. The reactions are as follows: 


A 
FeOOH — QFe203 +H20 
(yellow) (red-nonmagnetic) 
A 


3Fe 203 + Ho T - 
(red) 


2Fe304 + H2O 
(black-magnetic) 


b 


2Fe304+'%02. > 
(black) 


3yFe203 
(brown-magnetic) 


Reduction of Organic Compounds. Another synthetic route is 
the reduction of or ganic compo unds, using iron as th e reducing 
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agent. Most organic chemical manufacturers, however, use different 
reducing agents or, if the y use ir on, are more concerned with th e 
organic compoun d than with the iron oxides produced. Conse- 
quently, most ir on oxide slud ges from the reduction o =f or ganic 
compounds are, generally, an impure waste product. 

If nitrobenzene is reduced to aniline in the presence of various 
chemicals, it will produce specif ic colors of iron ox ides (Lo ve 
1946). AIC13 (aluminum chloride) can be used to produce yello w 
oxides but is omitted when blacks are desired. Reds can be pro- 
duced by calcining either yellows or blacks. In each, the choice of 
iron source is carefully controlled and usually consists of iron filing 
or iron powder. This route is known as the Laux process. 

Miscellaneous Manufacturing Processes. Another related prod- 
uct line consists of tan pigments. The tan pigments are zinc or mag- 
nesium ferrites (Downs and Martin 1950, 1959). These are formed 
by interaction of iron oxides with metallic oxides to form the fer- 
rites. The reactions are as follows: 


A 
ZnO + Fe203 — ZneFe2O4 


A 
MgO + Fe203 — MegeFe20O4 


A final example of a product that is between a synthetic and a 
natural, with respect to its v ariable nature and very high impurity 
level, is the by-product oxide from the basic oxygen furnace (BOF) 
steel production . Th e by-pr oduct oxi de is collected from g _ases 
evolved during the lancing process. 


Products and Properties 


The synthetic manufacturing approach opens up an almo st infinite 
number of distinct product possibilities. | An iron oxide producer 
wishing to c over all major synthetic m arketing applications may 
have more than 100 iron oxide products available for sale. The prod- 
uct shape often becomes critical to optimum pigment performance. 

The typical shape of a calcined copperas red (Figure 5) can be 
compared to a precipitated red oxide (Figure 6). 

Figure 7 shows a yellow iron oxide before (left) and after 
(right) being subjected to a high temperature of 1,038°C. 

Figure 8 shows a synthetic, precipitated black iron oxide. 


Specifications 


Specifications v ary widely based on the end-use ap plication. A 
paint manufacturer will be most concerned with color and top size, 
whereas a manufacturer of ferrites re quires c hemical p urity (se e 
Table 5). 

Natural pig ments will ha ve m uch wi der t olerances a nd, in 
some cases, are usually not as tightly controlled for color and tint- 
ing strength. 


Applications 


As previously noted, there is an overlap between natural and syn- 
thetic oxides. Some applications, either by custom or necessity, use 
only synthetics. 

Paint. Synthetic oxides ha ve higher chroma or co lor purity 
and greater tinting strength than natural oxides. The co lor purity 
variation from lot to lot can be closely contr olled, which is n ot 
always true of a natural. They have excellent dispersion properties. 
Consequently, they are ideally suited for universal tinting systems, 
powder coatings, automotive finishes, appliance enamels, and inte- 
rior and exterior paints (Parker 1965; Patterson 1967; Anon. 1968; 
Parfitt 1 969). The y are nontoxic andmeet existing federal 
regulations. 














Figure 5. Light synthetic red iron oxide, copperas red type 
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Figure 6. Light synthetic red iron oxide, precipitated type 


A group of ultrafine iron oxide pigments are known as trans- 
parent or lo w-opacity products. These pigments have found appli- 
cation in the automotive industry in the manufacture of metallized 
finishes in the copper and orange color range. These iron oxide pig- 
ments are used with other metal pigments (e.g., aluminum) to pro- 
duce striking automobile finishes. 

Electronic Applications (Ferrites). The con ventional syn- 
thetic reds had the major share of the ferrite raw material market 
until about 1975 . Today, steel mill oxides der ived from ferrous 
chloride (regenerated, or “regen,” oxides) have become dominant in 
this market. The soft ferrite market remains a more limited c on- 
sumer of synthetic r eds. Copperas reds and calcined yellows are 
sometimes preferred because of chemical purity, high density, and 
minimum volatiles (Stephens 1959). The 1990 western w orld pro- 
duction of permanent magnetics was estimated to be ab out $2 bil- 
lion; the iron oxide portion of the total ferrite dollar sales was less 
than 5% (Kline 1981). 
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Figure 7. Change in morphology in synthetic yellow iron oxide (FeOOH) by heat treatment to red oxide (Fe2O3) 
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Figure 8. Synthetic black iron oxide (precipitated magnetite) 


Magnetic Recording. Magnetic tape r ecording and magnetic 
ink oxides represented a U.S. market of greater than 14 ktpy in 
1990 for all applications, but this market continues to decline dras- 
tically. Most ma gnetic recording tape applications that use gamma 
ferric oxide or cobalt-treated gamma ferric oxide products are being 
replaced by optical recording discs (CDs and DVDs). 

The requirements for audio, vi deo, and data recordin g vary, 
and special oxid es are produced for these applications. Slo w 
recording speeds and h igh fidelity require ultrafine oxides. Cobalt 
modification is required to elevate the intrinsic coercivity of gamma 
ferric oxide to the higher le vels required by video and the higher 
density applications. 

Magnetic inks for check processing (magnetic image charac- 
ter recognition, or MICR), credit cards, and railway tickets use syn- 
thetic ma gnetite or ot her ferrites, which provide high pigment 
concentrations in the binder system. 


Table 5. Typical color pigment specifications 


Mass color 1.5 DE CIE-Lab, 3.0 FMC-I units 
(maximum)* 

Tint tone 1.5 DE CIELab, 3.0 FMC-II units 
(maximum)* 


Tint strength +5% of standard (maximum) 
Minimum 99.0% 
Minimum 96.0% 


0.10% maximum 


Fe2O3 (copperas red type) 
Fe2O3 (precipitated red type) 
+325 mesh sieve retention 
Moisture at 110°C 

H2O soluble salts 


0.30% maximum 
0.20% maximum 


Dispersion for specialty milled reds 6.0 minimum Hegman fineness 


(ASTM D1210} 


Oil absorption +10% of standard (maximum) 





* International Commission onlllumination (CIE) L*a*b* color system; CIE-Lab 
color difference method as described by Nassau (1998). FMC-II described 
by Chickering (1971). 


Concrete Products and Building Materials. Synthetics have the 
advantage of greater tinting strength andu niformity andha ve 
replaced naturals in most a pplications. This is a growing market, 
consuming approximate ly 50 % of th e 1.5 Mt global to tal (Will 
2004). Construction grades are produced in three forms: fine powder, 
liquid, and granular . Popularity of the granular f orm continues to 
grow. Granulation processes include compaction, spray drying, and 
extrusion. 

Plastics, Floor Tile, Linoleum, and Rubber. High chemical pur- 
ity, high chroma masstones, and strong tints result in a low cost per 
color unit, accounting for high usage of synthetics. Man y plastics 
require stabilization, which is more easily accomplished with the 
consistent chemical purity of the synthetic iron oxide. 

Chemical and Miscellaneous. Synthetic iron ox ides are used 
singly or in combination with other elements as catalysts in various 
conversions for ammonia, styrene, butadiene, hydrogen, desulfuriza- 
tion, and formaldehyde (Mills 1 964). Aerospace and airbag p ro- 
pellants also use iron ox ides, al though th e azide te chnology 
requiring iron oxide oxidants has been essen tially r eplaced by 
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alternate technologies using organic fuels and other oxidants. A crit- 
ical rocket application is the S pace Shuttle booster rock ets. A cop- 
peras red—type iron oxide is used as a burn rate control agent in this 
application. Here, the iron oxide serves as a catalyst to promote the 
activity of the ammonium perchlorate oxidizer. 

Iron oxide is added to animal feeds, primarily for color cod- 
ing, and also as a coloring agent for pet foods. 

Iron oxides are considered to have a “generally recognized as 
safe” (GRAS) rating by the Food and Drug Administration (FDA). 
Certain grades that meet the maximum of 3 ppm arsenic, 10 ppm 
lead, and 3 ppm mercury are approved for drug and cosmetic use. 
Iron oxides for pet foods must not exceed 5 ppm arsenic, 20 ppm 
lead, and 3 ppm mercury. The European Union has also adopted E- 
172 regulations. These require c onformance for 9 trace metals: 
maxima in ppm are 5 arsen ic; 50 barium; 5 cadmium; 100 chro- 
mium; 50 copper; 20 lead; 1 mercury; 200 nickel; and 100 zinc; 
also, 1.0% maximum water soluble salts. Even lower nickel levels 
are becoming the standard in Europe. 

Synthetic oxides are used for ophthalmic polishing and as the 
iron source for color ing glass and p roviding ultraviolet (UV) 
absorptive properties. 

An int eresting app lication is in me dicine. Magnetic oxides 
have the ability to absorb myxoviruses, which can then be magneti- 
cally separated from the system (Warren 1969). Another medical 
application for magnetic iron oxide s is in analyzing red blood cell 
population and tar geting cancer sites with magnetically modified 
medicines (N. Shaffer, personal communication). 


Marketing 


The demand for iron oxides is cl _ osely r elated to domestic and 
worldwide requirements of the construction, coatings, automotive, 
plastics, electronics, and chemicals industries. 

Iron oxide prices were v ery stable from 1960 through 1970. 
The inflationary costs of labor and supplies plus high energy and 
environmental re gulation costs ne cessitated si gnificant price 
increases from 1970 to 199 0. Today, with continued increases in 
energy costs and dramatic in creases in sc rap prices, price adjust- 
ments are required. The 11-year price trend of a selected range of 
natural and synthetic iron oxides is found in Table 6; they continue 
to be the most c ost-effective c olor pi gment. Pric ing for special 
grades, including high-purity iron o xides and electronic grades, is 
not shown in the table. 


Iron Oxide Statistics—United States 


Table 7 shows U.S. sales, including import and export data, for nat- 
ural and synthetic iron oxides for 1998-2002. The value has contin- 
ued to decrease because of a st eady price erosion. Table 8 shows 
U.S. sales data available to the U.S. Geological Survey (USGS) by 
iron oxide type. 


Environmental Considerations 


One of the major factors affecting iron oxide manufacturing today 
has been federal and state re gulations re garding the environment. 
Whereas the major steel and titanium processors were disposing of 
their iron salts by dumping, they are now required to recover and 
process these salts before disposal. This has resulted in lar ge quan- 
tities of cheap by-product iron oxides. The iron oxide manufactur- 
ers have also been required to recover and process any soluble iron 
salts that were previously discharged, resulting in increased manu- 
facturing costs. 

Table 9 shows the heavy metal content in se veral iron oxide 
products, both natural and syntheti c. The synthetic iron oxides are 
generally low in these elements, as can be expected by the chemical 


Table 6. Typical iron oxide prices, 1980-1991 











Iron Oxide Type 1980, ¢/kg 1991, ¢/kg 
Black 
Synthetic 0.95-1.08 1.80-2.09 
Micaceous 1.21 1.96 
Brown 
Ground iron ore 0.22-0.29 0.33 
Metallic 0.40-0.44 0.44-0.81 
Pure synthetic 1.03-1.21 1.85-1.98 
Burnt sienna (Italy) 1.54 1.32-1.91 
Burnt umber (Turkey) 0.68-0.79 1.14-1.56 
Red 
Domestic primers 0.48-0.64 na” 
Pure synthetic 0.99-1.14 1.94-2.27 
Spanish 0.62-0.70 na 
Yellow 
Synthetic 1.14 1.65-2.13 
Ochre (French) 0.51 na 
Ochre (domestic) 0.29 0.73-1.25 
* na = not available. 
Table 7. Salient U.S. iron oxide pigments statistics’ 
Crude pigments sold or used, tt 46,100 44,100 57,100 61,500 wi 
Value, thousand $ 7,290 7,740 4,470 3,460 1,070 


Finished pigments sold, #8 
Value, thousand $ 


180,000 183,000 154,000 135,000 115,000 
193,000 187,000 142,000 130,000 117,000 


Exports, t 14,600 13,800 9,640 9,100 6,270 
Value, thousand $ 18,200 15,200 17,200 16,800 12,100 
Imports for consumption, tons 63,800 80,800 91,300 89,900 132,000 
Value, thousand $ 62,900 71,400 76,700 76,900 96,300 





Courtesy of USGS. 


* Data are rounded to no more than three significant digits. 

t Mined. 

+ W = Withheld to avoid disclosing company proprietary data. 
§ Natural (mined) and synthetic. 


control provided in th eir manufacture. Certain grades of copperas 
reds show particularly low values of arsenic, lead, and mercury. 
Precipitated reds, synthetic yellows, and synthetic blacks are some- 
what higher in the se heavy metals but are low compared with the 
naturals. Table 9 shows this natural red to be particularly high in 
arsenic, lead, and barium. Natural iron oxides can show consider- 
able variation in heavy metal content in different areas of the world 
and sometimes in the same ore deposit. 


Trends and Opportunities for Iron Oxides 


Two major markets for iron oxides are coatings and concrete prod- 
ucts. Today, key new sources for iron oxides include China and 
India. It is es timated that in 2000, China produced 26% of the glo- 
bal total of 1.5 Mt; Western Europe, 25%; India (largest natural iron 
oxide producer), 22% ; Japan, 15% ; andthe United States, 1 1% 
(Will 200 4). The gro wth of Chinaas the leading synthetic iron 
oxide producer is likely to continue. 

New iron oxide developments during the past 20 years h ave 
included granular forms of iron oxides and new versions of nano- 
sized (less than 0.1 pm) materials. It is expected that future devel- 
opments will focus on using ir on oxides in nano composites and 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


Pigments 


1463 





Table 8. Finished iron oxide pigments sold by processors in the United States, by type 














2001 2002 
Pigment Type Quantity, f Value, thousand $ Quantity, t Value, thousand $ 
Natural 
Black: Magnetite 16,000 2,630 wt Ww 
Umbers 
Burnt 2,010 3,180 1,680 2,260 
Raw Ww WwW WwW Ww 
Red: Iron oxidet 38,900 8,020 Ww Ww 
Undistributed and other8 13,000 8,680 58,200 17,800 
Total 69,900 22,500 60,000 20,600 
Synthetic 
Black: Iron oxide WwW WwW WwW WwW 
Brown: Iron oxide WwW WwW WwW WwW 
Red: Iron oxide WwW WwW WwW WwW 
Yellow: Iron oxide 19,600 33,600 19,700 34,900 
Mixtures of natural and synthetic iron oxides WwW WwW WwW WwW 
Total 64,700 107,000 54,600 96,000 
Grand total 135,000 130,000 115,000 117,000 
Courtesy of USGS. 
* Data are rounded to no more than three significant digits; may not add to totals shown. 
t W = Withheld to avoid disclosing company proprietary data; included with undistributed and other, and in total. 
t Includes pyrite cinder. 
§ Includes raw umber, burnt sienna, ocher, and raw sienna, and data indicated by W. 
Table 9. Concentrations of heavy metals in light or medium shade iron oxides, ppm 
Precipitated Precipitated 
Element Copperas Reds Reds Yellow Synthetic Black — Natural Red Raw Sienna Burnt Umber 
Arsenic <3" 20-60 5-40 3-15 50-100 70-120 100-200 
Antimony 5-15 5-20 5-20 10 40-80 Potassium spectral Potassium spectral 
interference interference 
Cadmium <10 <20 <20 <20 <50 <50 <50 
Selenium <20 <20 <20 <20 <100 <100 <100 
Mercury <5 <5 <5 <5 <5 <5 <5 
lead 1-15 10-140 10-50 50-100 6,000+ 100-500 100-300 
Barium (acid soluble) <10 30-120 100-1,000 100-1,000 100-2,000 nat A400-1,100 





* Symbol “<” indicates that if the element is present at all, it is below the detection limit of analytical method used. Mercury is determined by flameless atomic 
absorption; arsenic is determined by USP colorimetry method. Remaining elements are determined by x-ray fluorescence. 


tna = not available. 


new chemical applications, with the paint/coatings and construction 
industries continuing to dominate, as in the past. 


TITANIUM DIOXIDE 


White pigments ha ve been kno wn and used since antiquity . Metal 
oxides such as antimony oxide and lead oxide were in general use for 
centuries. Zinc sulfide, barium sulfate, and blends of these materials 
with each other and with other materials have been used since at least 
the la te 1800s and are still used in some applications today . The 
advent of the 20th century saw the large-scale commercial introduc- 
tion of tit antum-based white pigments possessing many advantages 
over those used historically. High brightness, high opacifying power, 
lack of toxicity , and long-term st ability allo wed titania-based pig- 
ments to rapidly overtake other materials used in these applications 
(Wicks, Jones, and Pappas 1992). Engineering of new surface archi- 
tectures was developed in the 1950s. The continued refinement of 
this aspect of manuf acture has le d to a tremendous increase int he 


ability to ta ilor these ultimately composite materials into e ver- 
broader end-use arenas (Braun, Baidins, and Marganski 1992). 
Pigmentary materials based on the chemistry and phy sics of 
rutile and anatase titanium dioxide are the predominant items of 
commerce used to generate white, opaque articles and to tint mate- 
rials. These pigmentary materials are almost never simply titanium 
dioxide. An intermediate titanium dioxide is generated from a tita- 
nium-bearing ore such as ilmenite or from a titanium slag. The sur- 
face arc hitectures of these materials are the n modified by bot h 
inorganic and or ganic chemistry to produce a variety of preferred 
performances based on intended market end use (Furlong 1994). In 
addition, the part icle-size distri bution and the so lid-state pha se 
chemistry have marked effects on the manner in which these mate- 
rials interact with actinic radiation (van de Hulst 1981). Despite 
these facts, it is not uncommon for users to describe titanium diox- 
ide pigments simply as Pigment White 6. This oversimplification 
can lead to erroneous grade selections and subsequent failure in use 
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of end products made with improperly selected pigments. Given the 
ubiquity of titania pigments in the commercial world, it is of value 
to understand those factors differentiating performance in various 
end uses and to u nderstand their origins. This, in large part, forms 
the basis of this section on titanium dioxide. 


Terms and Definitions 


The pigmentary materials discussed here are referred to as titania 
pigments for sake of conciseness. Certain specific terms are often 
used in discussions of these mate rials and this short li_ st co vers 
those considered most important. 


¢ Anatase: Anatase is apo lymorph of TiO> with a refracti ve 
index of 2.5. Tetragonal, space group 14;/amd (141) (Wells 
1975) 


Brookite: Brookite is a polymorph of TiO2. Not of commercial 
utility in pigmentary applications. Orthorhombic, space group 
P/cab (61) (Wells 1975) 

Durability: Altho ugh TiO readily absorbs UV light inth e 
solar spectrum, it also acts as a photocatalyst as a result of the 
formation of electron-hole pairs from its wide ban d gap and 
resulting semiconductor behavior. To prevent the UV-induced 
catalytic destruction of paints, polymer films, and other matri- 
ces in which it may be used as an opacif ier and/or a UV 
screener, the surfaces of the particles are modified to prevent 
photochemical reactions (Rabek 1990; Diebold 2005). 
Dispersability: For a titania pigment to provide optimal per- 
formance, it must be uniformly dispersed and distrib uted in 
the carrier matrix of the finished good in which it is used. As 
TiO> itself has a relati vely high surf ace-free energy, surface 
modifications are made to lo wer the surface-free energy and 
thus i mprove the compatability of the pigm ent with th e 
medium in to which it is being dispersed. This reduces th e 
amount of ener gy required to carry out the initial dispersion , 
thus lowering costs for the end user. For fluid systems, surface 
modifications are also used to stabilize the dispersions once 
they have been formed. The intention is to bo th prevent floc- 
culation and t o reduce settling over time (Wicks, Jones, and 
Pappas 1994). 


Particle-size distribution: To maximize the scattering of visi- 
ble light, the median particle size of pigmentary titanias is typ- 
ically controlled to approximately 0.25 um, or roughly half 
the wavelength of blue light in the visible spectrum. Distribu- 
tions are typically log-normal. Particles larger than ~0.5 pm 
are avoided because of the adverse impact these have on cer- 
tain appearance prop erties in film appl ications (pa rticularly 
gloss) (Allen 1990). 


Refractive index: The refractive index is the ratio of the veloc- 
ity of an electromagnetic wave (e.g., visible light) in a vacuum 
to the velocity of an electromagnetic wave in the medium of 
interest. Di fferences in re fractive indices be tween carrier 
matrices, such as paint or polymer films, and a filler, such as a 
titania pig ment dispersed in them, | argely d ictates opa city 
(Wicks, Jones, and Pappas 1992). 

Rutile: This is a polymorph of TiO2 with the highest refractive 
index a vailable (2.73 ). T etragonal, space group P4 2/mnm 
(Wells 1975) 

Surface treatment: This is an inorganic or or ganic modifica- 
tion to the surface of an intermediate TiO? particle. Surface 
treatments are used to induce _ specific surf ace architectures 
that dictate the end-use behavior of the material. Inor ganic 
treatments are typically compri sed of ah ydrous, often mu 1- 
tiphasic coating of silica and alumina, often deposited step- 


wise. The alumina coating may be further modified by the 
addition of other species. Other oxides, particularly zirconium 
oxide, may also be included. Or ganic treatments are typically 
added as the last tier of t he surface architecture. These may 
include polyols, alkanolamines, siloxanes, silanes, fatty acids, 
and a number of other materials. 


Production 


Titania pigments are produ ced by two large-scale proc esses: the 
sulfate and the chloride routes. At present, roughly 75% of the tita- 
nia pigments produced worldwide are manufactured using the chlo- 
ride process, and the b alance is produced by the sulf ate process. 
Plants ar e curren tly in operation in North and South America, 
Europe, Asia, Africa, and Australia. Ores used as f eedstocks for 
these processes are obtained from a wide variety of sources. 


Infrastructure 


The infrastructure supporting the titania pigments industry includes 
the mining indu stry (titanifero us feedstocks), th e stee 1 indu stry 
(slag ores), and the ch emical industry (sulfuric acid, chlorine, and 
related raw material feedstocks). 

Titanium is generally consider ed to be the 9th most ab undant 
terrestrial eleme nt. Titanium-containing ores are mined on e very 
continent except Antarctica. Both rock ores and sand o res (usually 
found in alluvial deposits) are mined commercially. Because of the 
high relative density of titanium-bearing ores, it is possible to find 
relatively uniform de posits of very high heavy-mineral content in a 
large number of locations. Slags containing high concentrations of 
titanium are generated incerta in ste elmaking processes. These 
materials may be ground to a useful size and consumed in both the 
chloride and the sulfate production processes. Higher concentrations 
of titanium in feedstocks obviously result in lower volumes of nonti- 
tanium side streams that mu st be managed as a part of the o verall 
manufacturing process. As such, higher-grade feedstocks generally 
command considerably higher prices than low-grade materials. 

Chlorine for the chloride process is generally obtained from 
chlor-alkali plants. Although the majority of the chlorine used is 
recycledi nt he process, some so-c alled m ake-up cc hlorinei s 
required to maintain production. W ith the decrease in chlorine use 
in the bleaching of pap er, the relative consumption of chlorine by 
the TiO, pigments industry has increased, most mark edly in the 
United States. Sulfuric acid and oleum used in the sulfate process 
are generally produced by the oxidation of elemental sulfur and by 
the conversion of off-gases containing the oxides of sulfur . These 
are also largely recycled in the process, although dilution occurring 
during processing results in th e requirement of concentration of 
dilute waste acid before reintroduction to the process. 


Raw and Intermediate Materials 


The critical raw materials for the sulfate process are titantum-bear- 
ing ores, strong sulfuric acid, and surface treatment chemicals. The 
chloride process requires titani um-bearing ores, chlorine, oxygen, 
and surface treatment chemicals. Single ores or their blends can be 
used in either process. The ore requirements for the two processes 
are not id entical. Certain ores are not amenable to dissolution in 
strong sulfuric acid, and as such cannot be used as feedstocks for 
the sulf ate pro cess. Ores of e xtremely f ine partic le si ze ca nnot 
readily be used in either proce ss because of material handling and 
related processing concerns. Th e nontitanium elemental composi- 
tion of the ores is also quite important, because these ma terials 
report to a secondary stream fro _m the primary pigment process. 
The difficulty in handling these streams is generally tak en to be 

directly proportional to the nontitanium content of the feedstock. 
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Technology 


The two major techn ologies in use today for the manuf acture of 
titania pigments are based on the sulfate process, commercialized 
early in the 20th century, and the chloride process, commercialized 
in the 1950s. 


Sulfate Process 


In the sulfate process, titanium-containing ores are dried, crushed, 

and reacted with sulfuric acid to form a mixture of titan yl sulfate 
and other sulfates, predominantly iron, ina batch process. Scrap 
iron is added to facilitate the precipitation of iron as copperas (iron 
sulfate he ptahydrate). The re maining titanium-bearing solution is 

then purified. The precipitation of titanium dioxide from the solu- 
tion is then induced, and the material formed serves as the interme- 
diate from which the f inished titania pigments are produced. Th e 
intrinsic polymorph obtained from the sulfate process is anatase. 
Calcination is required for conversion to rutile (Anon. 1991b). 


FeTi03 + H2SO4 — FeSO4*7H20 + TiOSO4 > TiO2 


Chloride Process 


In the chloride process, a mixture of titanium-bearing ores, a carbon 
source, and chlorine gas are allowed to react at high temperature in 
a continuous process. The resulting mixtu re of chlorides is then 
separated and the resulting titanium tetrachloride is further purified. 
This material is then reacted with oxygen at high temperature to 
form an intermediate from which the finished titania pigments are 
produced (Braun, Baidins, and Marganski 1992). 


2FeTiO3 + 3C + 7Cly > 2TiCly + 2FeCl3 + 3CO2 


Economic Production Factors 


The production of titania pigments is quite cap ital intensive at any 
commercially reasonable scale. Although many e xtremely small 
(<10,000 tpy) sulfate-technology facilities exist around the world, 
more than 80% of the mater ial produced globally is generated by 

facilities with indi vidual ca pacities ranging fro m approximately 
50,000 tpy to more than 350,000 tpy. It is also a concentrated indus- 
try in terms of the producers in volved, with abou t 80% of w orld 
capacity operated by the top 5 producers. 

The largest factor operative in the costs associated with t he 
manufacture of titania pigments is feedstock costs—most specifi- 
cally, the cost of titanitum-cont aining raw materials. Although a 
large variety of ores are used in the industry, they can generally be 
separated int o four classes: il menites, benef iciated ilm enites, 
slags, and natural rut iles. The cost spectrum spanned by these 
materials is quite large, often a factor of four to five, depending on 
requirements. Because e verything in the ore e xcept the titani um 
must be remo ved, hi gher-grade ores are _ intrinsically adv anta- 
geous—but also, therefore, comma nd higher prices. In addition, 
some titanium-bearing ores occur in association with naturally 
occurring radioactive materials, specifically minerals contai ning 
either thorium or uranium. These are generally not of great value 
to the industry because of government regulations in some coun- 
tries and concerns about the form ation of 1 ow-level radioactive 
materials that resul t from concen tration effects in certain manu- 
facturing processes. 

Contaminants such as alkal ine earth elements can also reduce 
the utility of some ores. In addition, some elements cannot be readily 
removed in the sulfate process, leading to the formation of unaccept- 
able color centers in the final product. Most transition metals (partic- 
ularly iron, chromium, vanadium, and nickel) can de grade the color 
performance of titania pigments to ane xtent that is commerciall y 
unacceptable at levels of less than 25 ppm. The oxidation state of the 


contaminant can also have a substantial impact on the degree of color 
degradation. T ransition metal contaminants must _ therefore be 
reduced to extremely low levels to avoid adverse color effects in fin- 
ished pigments. 


Consumption 


Global consumption of titania pig ments is about 6 Mtp y. Because 
of the ubiquity of titania pigm ents, consumption typically tracks 
gross domestic product (GDP) and has_ been noted to be a leading 
indicator of economic performance. 

The materials are consumed in a very broad manifold of end 
uses. These can be broken out into the following categories: Coat- 
ings (paints), polymers, paper, and specialties. Coatings is the larg- 
est se gment globally, followed in order by polymers, paper, and 
(distantly) by other specialty end uses. More than half of the titania 
pigments produced are consumed in the manufacture of coatings. 


Specifications 


Specifications for titania pigments differ for each end use. One mea- 
sure, hiding power, applies across all end-use segments. It is a mea- 
sure of the opacifying capability ofagi ven pigment inagi ven 
application on a weight basis. Titania pigments are primarily sold as 
opacifying agents, and as such, their pe rformance in this re gard is 
most critical and applies across all end-use segments (Balfour 1990). 


Coatings Applications 


The most common applications in coatings follow. 


¢ Color: This refers to what some call “dry color.” It is mea- 
sured on a dry pigment sample and is typically reported in 
terms of the International Commission on Illumination (CIE) 
L*a*b* color system. Se veral oth er color systems are also 
used by various industries (Berns 2000). For titania pigments 
it isa direct measurement of transition metal (nontitanium) 
impurities remaining after the manufacturing process. 


Dispersability: A measure of the difficulty with which the pig- 
ment is incorporated into a matrix. Both distributive and dis- 
persive mixing play a role in this behavior. Performance can 
be evaluated by standard methods including the preparation of 
a millbase or a finished paint, and subsequent evaluation using 
a Hegman gage or related device to determine the number of 
oversized particles present. Resistance to flocculation is also 
an important aspect for paint systems, as the end user does not 
wish the particles to form agglomerates once th e dispersion 
has been prepared. 


Durability: Long-term durability performance is initially eval- 
uated during product de velopment using an actual exterior 
panel exposed for 24 to 48 months inav_ariety of locations 
around the world to obtain a broad representation of natural 
conditions. From these, deri ved accelerated tests have been 
generated. F or su rface-modified pig ments using dielectric 
encapsulation asa means of inducing dur ability (a widely 
practiced route), itis possi ble to measur e th e amount of 
“exposed’”—and, therefore, photoactive—titania by means of 
an acid solubility test. This test correlates very well with long- 
term durability testing and is sufficiently rapid to allow its use 
as a product release test (Ho _Itzen, Diebold, and Niedenzu 
2002). 


Gloss: This isan appearance characteristic rel ated to the 
degree to which the pigment decreases the level of luster or 
brightness inherent inan  unpigmentedf ilm because of 
changes in the relative ratios of specular and dif fuse reflec- 
tance. It is typically evaluated in an actual paint system and is 
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carried out using standard gloss meter measurement technol- 
ogy. T he particle-size distribution, which is re lated to this 
appearance c haracteristic, is also o ftenm easured (Wicks, 
Jones, and Pappas 1994). 


* Grit: This is typically measured by screening an aqueo us 
dispersion of the p igment through a 325 -mesh screen to 
determine the amount of large agglomerates in the pigment. 
High grit content adv ersely impacts appearance of finished 
paint films and also results in red uced thr oughput in t he 
paint manufacturing process. 


* Oil absorption: This property reflects both the surface area 
and the surface pore structure of the pigment. It is typically 
measured by determining the amount of an organic fluid (lin- 
seed oil, fore xample) that can be absorbed by am easured 
amount of the pigment. The fo rmulation of a paint can be 
greatly affected by changes in oil absorption. 

¢ pH: Recipr ocal of h ydrogen i on cont ent, me asured for an 
aqueous dispersion of the pigment. The chemistry of some 
paints can be very sensitive to pH and must be monitored 
closely (Hunter 1996). 


¢ Resistance: This is electrical re sistance, as me asured on an 
aqueous dispersion of the material. It is a measure of the ionic 
content of the pigment. Excessive ionic content can adversely 
affect paint chemistry. 


Tinting strength: This is a means of determining the unit opaci- 
fying power of a pigment, usually carried out in a paint system 
and measured by standard optical techniques. 


Polymers 


The information on polymers is 
(1992). 


¢ Dispersion: For polymer applicatio ns, different types of dis- 
persion measurements are used depending on the end use. For 
vinyl systems, it is common to use a rolled soft vinyl sheet to 
determine dispersion performance. It is also possible to use 
polyolefin dispersion measur ements. The two most common 
tests are screen-pack dispersion and the so-called filter test. In 
both, the pigment sample is combined with a polymer (typ 1- 
cally a po lyethylene) at 50% to 70% pigment loading by 
weight. This is then e xtruded through a screen. The material 
on the scr een may be analyzed for oversize particle content 
(screen pack value) or the increase in pressure in the system as 
a function of time may be measured (the filter value). In both 
cases,a 500-mesh screen is typically used _, although 
extremely high-performance ap plications such as f ibers may 
utilize 1,400-mesh screens (Shenoy 1999; Holtzen, Reid, and 
Sedar 2003). 


* Color, pH, and resistance: See Coatings Applicatio ns section 
in this chapter. 


taken primarily from Saechtling 


Other optical characteristics: These are also measured in mul- 
tiple ways, although a common approach is to prepare a vinyl 
masterbatch and to determine the performance of the material 
in this exhibit. Other matrices are also used. The values are 
reported dif ferently by the v arious producers (Harper and 
Modern Plastics 1999). 


Paper 


The information on paper is taken from Hagemeyer (1997). 


¢ Abrasion: A measure of the degree to which a filler leads to 
the dulling of slitter knives and other equipment used in paper 
processing. Abrasion is genera lly m easured b y de termining 


the amount of metal removed from a screen that is placed into 
an aqueous dispersion of the filler and rotated several hundred 
thousand tim es to sim ulate blade movement. Another mea- 
surement used by some producers is a needle penetration test, 
wherein lab-generated paper samples are stacked and a needle 
is moved in and out of _ the stack se veral hundred thousand 
times. The mass loss of the needle is used as a gage of abra- 
siveness of the filler employed. 


Color, pH, and resistance: See Coatings Appl ications section 
in this chapter. 


Lightfastness: The degree to which photogr aying occurs in a 
paper laminate. In such a system, there is neither o xygen nor 
water available to allow the occurrence of TiO2-mediated pho- 
tochemistry. As such, free radical degradation does not play a 
major role in these applications. The photoreduction of Ti(IV) 
to Ti(III) can occur, however, leading to a phenomenon called 
graying. The resistance of a specially treated titania pigment 
to this phenomenon is called lightfastness and is measured in 
an authentic laminate exhibit exposed to intense UV light for a 
prescribed period. The color change after bombardmen t is 

used as the determinant of lightfastness. 


Finishing Processes 


The front end of the two major commercial processes w as previ- 
ously described. The so-called finishing steps include unit opera- 
tions that allo w the construction of the surface architecture of the 
finished pig ment part icles com mensurate with the intended end 
uses of the materials. 

In the finishing process, the surface of the titanium dioxide 
pigment particle is modif ied via inorganic and/or or ganic surf ace 
treatments to induce r equisite behaviors in end-use application s. 
Inorganic surface treatments are generally applied by deposition in 
an aqueous environment, usually in a stepwise manner. Photochem- 
ical stability is generally induced by coherent encapsulation of the 
pigment particles with hydrous silica. Because the resulting silica 
surface does not e xhibit good dispersion performance or floccula- 
tion re sistance, the silica jacket is typically covered by a layer of 
hydrous alumina. Some processes includea__ slurry milling step 
prior to sur face treatment to ensure thatthe feedstock is full y 
deagglomerated and_ will the refore pro vide a mo re uniform core 
particle dispersion for the subsequent deposition reactions. 

The deposition reactions lead to the formation of ionic species 
that must be removed from the pigments to ensure proper perf or- 
mance of the f inal product. As such, the materials are filtered to 
remove the ionic materials, dried, and then ground to remove any 
agglomerates formed during the drying step. The processing of the 
material as a dry pigment is complete at this stage. For purposes of 
use in waterborne applications (e.g., latex paints or paper coatings), 
the dry product may be slurried in water and stabilized with dis- 
persants to yield a produ ct that can be pumped directly into do wn- 
stream equipment for use as a raw material. 


End Uses, Applications, and Markets 


The three major market segments for titania pigments are coatings, 
polymers, and paper . The imp ortant su bsegments for these are as 
follows: 
* Coatings—automotive, industrial, powder, architectural, spe- 
cial purpose 
¢ Polymers—polyolefins, polyvinyl chloride, engineering resins 
¢ Paper—wet-end applications, paper and paperboard coatings, 
laminates 
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The specialty segment includes everything from welding rods 
and shoe polish to toothpaste and solid rocket fuels. This is consid- 
erably smaller in volume than the three major segments. A specialty 
segment of par ticular importance is the use of titan ia pigments to 
deluster polymer fibers, particularly polyamides and polyesters. A 
segment related to coatings but generally discussed separately is the 
use of titania pigments in ink applications. 

Generally speaking, the largest applications f or t itania pi g- 
ments in all three segments include opacity and the protection of 
finished goods from UV radiation. 

Using titania pigments in c oatings allows high opacity to be 
obtained at nominal cost. In _addi tion, e xterior coatings (those 
exposed to the natural elements for the life of the article) are pro- 
tected from the UV comp onent of solar radiation by the pigment. 
Differing levels of durability (discussed earlier) can be used as a 
function of the expected service use and lifetime of the article being 
painted. F or example, ani nterior flat paint will not typically be 
exposed to a substantial amount of UV radiation. As such, there is 
no reason to use a titania pigment that has been surface-modified to 
induce long-term stability to UV. Conversely, a material used in for- 
mulating an automotive topcoat high-gloss paint will need to have 
the best possible long-term performance in the face of the full brunt 
of nature. In this case, special surface modifications are made to the 
titania pigments used in the applications to ensure extended perfor- 
mance in this aggressive end use (Christensen et al. 1999). 

Titania pigment use in po lymers can be quite diverse—from 
the coloration of the ubiquitous white plastic shop ping bag to the 
protection of vinyl siding and window profiles in home construc- 
tion (Holtzen and Reid 2004). White roofing materials also contain 
titania pi gments, as do many types of p ackaging materials a nd 
agricultural pro ducts. Applications in po lyolefins are by f ar the 
largest-volume use in the polymer se gment, with applications in 
vinyl second, and uses in so-called engineering resins (a term used 
to include a vast number of po lymers, including essentially any- 
thing that is not ei ther a polyolefin or a vinyl resin) applications 
third (Abel 1999; Cho and Choi 2001). 

Titania pigment use in paper and paper laminates differ greatly 
in their perfo rmance requirements. The y have been supplanted in 
many so-called wet-end applications, in which the pigment is added 
directly into a sheet o f paper to pro vide opacity and brightness, by 
calcium carbonate. Much higher load ings of the latter are required 
because of amuchlo werr efractive inde x (~1.63) versus ru tile 
(~2.73) or anatase (~2.5). 

In paperboard coatings, such as those used for cereal and bev- 
erage pac kaging, c oatings si milar in some w ays to in terior flat 
house paints are used to provide an opaque surface with very high 
brightness and excellent printabi lity and prin t contrast. This is 
applied directly to the board in a high-speed continuous process. 

Paper laminates re quire 1 ightfastness. Color stability of the 
final laminate article is not possible without good performance in 
this re gard. Many paper lamina te formulas c ontain between 30% 
and 40% by weight titania pigment, and as such the performance of 
the laminate is strongly affected by the performance of the pigment 
used. 


Competitive Alternatives 


Because of the almost unique comb ination of properties of titania 
pigments—high refractive index, lack of toxicity, geological stabil- 
ity, high brig htness—a direct not-in-kind rep] acement is not fe asi- 
ble in man y end-use ap plications. For certain applications, it has 
been possible to supplant the use of titania p igments either with 
greatly increased loadings of a material with a much lower refrac- 
tive index (e.g., calcium carbonate in wet-end paper applications) 


or by substituting the hiding power of air voids (e.g., certain BOPP 
[biaxially oriented polypropylene] film applications). 

Much effort has beene xpended over the last 50 years in 
attempting to develop and commercialize substitutes for titania pig- 
ments. Thus far, these efforts have been thwarted by higher co sts, 
toxicity conc erns, or dif ficulties in con trolling the chemistries 
involved. 


Environmental Considerations 


Converting titanitum-bearing ores into titania pigments requires 
removing all elements except titanium from the feedstocks during 
processing. The remaining materials will obviously be produced to 
a greater or lesser extent as a function of the titanium content of the 
ores. Managing the resulting material stream is handled in a num- 
ber of ways as a function of the manufacturing process used and of 
the available end uses for the materials produced. 

The largest component of this material stream is iron, particu- 
larly so when il menite is used as the feedstock or as a substantial 
portion of the feedstock. Some  sulfate-process oper ators con vert 
the iron to iron sulfate. This material can then be used as a soil 
adjuvant; as an additive to fertilizers, concrete, and other building 
products; as a floccu lant for water purification; and as a source of 
iron for other manufacturing processes. Chloride process streams 
are typically smaller because of the use of higher-grade feedstocks, 
but substantial amounts of secondary materials (iron ag ain being 
predominant) are generated nonetheless. Some of these materials 
are used in the manufacture of iron oxide pigments, whereas ferric 
chloride is also used as a flocculant for water purification. 

The various producers exercise a variety of options for han- 
dling the portion of the secondary stream for which markets are not 
available. Chloride and sulf ate producers can neutr alize the acidic 
streams and la ndfill t he re sulting solids. The solids can also be 
roasted to produce iron oxides that can be stored or consumed by 
the steel industry. Deep-well injection of the secondary stream can 
also be practiced. De veloping new means of ad dressing secondary 
component streams is an ongoing concern for all producers. 


Trends and Opportunities for Titanium Dioxide 


Growth in consumption of titani a pigments continues to track or 
exceed GDP growth rates and is e xpected to do so for the foresee- 
able future. As such , increased consumption rates are noted in 
developing economies, pa rticularly in Asia, Central and South 
America, and Eastern Eu rope. No substantive not-in-kind replace- 
ments with acceptable economics have been identified for pigmen- 
tary titanias, although this is always a possibility. 

Major producer s continue to de velop ne w surf ace architec- 
tures for high-performance titania pigments. Synergic opportunities 
exist as new polymers, polymer bl ends, and allo ys are introduced, 
which is also true for new coatings resins and paper chemistries. 

One of the more f ascinating aspects of the future of titania 
pigments ac tually lies in the nonpi gmentary arena—namely, in 
nanotechnology. Man y small companies and major multinational 
chemical companies are performing research in this field. Although 
it is unlikely that the volumes associated with these materials will 
ever challenge the enormous base applications of titania pigments, 
the value in use of the materials will be quite high on a unit basis. 
Some of the more interesting fields in which w ork is ongoing are 
covered in work by Kellar, Herpfer, and Moudgil (2003). 
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Refractories 


Charles E. Semler 


INTRODUCTION 


The w ord “refractory” means obstin ate, stubb orn, or resistant to 
heat. According to the American Society for Testing and Materials 
(ASTM), refractories are nonmetallic materials with chemical and 
physical properties that make them applicable for structures, or as 
components of systems that are exposed to en vironments >538°C 
(>1,000°F). In addition, ref ractories are used in applications 
<538°C (<1,000°F), such as acid treatment (pickling) tanks; high- 
pressure hydrometallurgical autoclaves; chutes and ducts for trans- 
ferring abrasi ve, granular mate rials; some c yclones and drying 
ovens; and more. 

Refractories are the “backbone of industry” because they are 
essential for all production of important commodities worldwide 
such as iron, steel, cement, glass, aluminum, copper, nickel, brass, 
chemicals, ceramics, and petrochemicals. For this reason, the prod- 
ucts, technolo gy, and services of ther efractories industry are a 
major source of support for the world’s economy. But despite their 
great importance, refractories are largely unknown to most people, 
which means that the refractories industry works anonymously as a 
silent partner that enables most traditional manufacturing industries 
to operate ef ficiently and profitably. This point is emphasized by 
the title of a book published about th e history of the U.S. refracto- 
ries industry, Refractories: The Hidden Industry (Krause 1987). 


Importance of Raw Materials to Refractories 


Raw materials have been, and continue to be, critically important to 
the refractories industry. These materials play a key role in the com- 
mercial and tech nical aspects of the b usiness, such as storage, 

batching/mixing, pr oduct q uality, pr operties, inno vation and 

advancement, and profitability. Consequently, refractory companies 
continually search the world to locate, maintain, and enhance their 
raw materials supplies. Histo rically, refractories were first manu- 
factured only fro m mined earth materials, such as cl ays, fireclay, 
sand, quartzite, schist, and others. As the knowledge and techno I- 
ogy advanced, the usage of many other natural raw materials, such 
as bauxite, kyanite/sillimanite/andalusite, chrome ore, ma gnesite, 
dolomite, limestone , no vaculite (silica), and zircon has in creased. 
But over time, because of the need for higher purity and better 
refractoriness (i.e., imp roved high-temperature pr operties), ther e 
has been increased usage of beneficiated, processed, and synthetic 
raw materials, such as tabular alumina, seawater and fused magne- 
sia, sintered and fuse d alumina, sintered and fused spinel, sintered 
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and fused magnesia-chrome, fused alumina-chrome, and sintered 
and fused zirconia, among others. 


Classification of Refractories 

Refractories are classified on the basis of the raw materials (natural, 
beneficiated, and synthetic) that are used. The main categories are 
fireclay, alumina, silica, basic (magnesia [MgO] and calcia [CaO]), 
insulating, and carbon, along with others such as zirconia, alumina- 
chrome, spine 1(acom plex oxi de of magn esiaand alumina 
[MgOeA1203]), and nonoxides (e.g., silicon carbide [SiC], bo ron 
nitride [BN], alu minum oxynitride [AION]). Specific classifica- 
tions of refractory products can be found in the ASTM standards 
(ASTM 2005). Further description of the refractory categories was 
previously presented by Trostel (1994). 

The relevant ASTM standard classifications are 
C27-98(2002): Standard Classification of Fireclay and High- 
Alumina Refractory Brick 


C155-97(2002): Standard Classification of Insulating Firebrick 


C401-91(2000): Stand ard Classification o f Al umina and 
Alumina-Silicate Castable Refractories 


C416-97(2002): Stand ard Classification of Silica Refractory 
Brick 


C455-97(1999): Standard Classification of Chrome Brick, 
Chrome-Magnesia Brick, Magnesia-Chrome Brick, and Mag- 
nesia Brick 


C467-97(2002): Standard Classification of Mullite Refractories 
C545-97(2002): Standard Classification of Zircon Refractories 


C673-97(2003): Standard Classification of Fireclay and High- 
Alumina Plastic Refractories and Ramming Mixes 


Several other refractory classifications should be mentioned. 
For more than 60 years, the U.S. Department of Commerce has 
classified refractories as clay and nonclay types in its annual statis- 
tical reports of refractory production and v alue. These cate gories 
are a historic relic of the past when “clay-based” refractories were 
the most important products in terms of both tonnage and value; 
today, however, they are less significant. Refractories technology 
has seen major adv ances over the decades, so today the clay and 
nonclay cate gories would be better termed “traditional-type” and 
“value-added-type” refractories, respectively. 

Other refractory classifications that were widely used in the 
past were acid, basic, neutra 1, and special (Cox ey 1950) . Acid 
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refractories were those composed of silica, alumina, and alumina- 
silica. Basic refractor ies were composed of alkaline earth oxides, 
such as dolom ite, ma gnesia, and lime. Ne utral refractories were 
those that did not readily react with acidic or basic materials, such 
as chrome, SiC, carbon, and so forth. Special refractories wer e 
those that did not fit into the other categories (e.g., titania, zircon, 
zirconia, and nitrides). Over time, with the incr eased development 
of various mixed types of refractories, these chemical distinctions 
have become less clear and harder to ap ply, so th e usage has 
declined. The basic cate gory, however, is still accepted and widely 
used in reference to refractor ies based on mag nesium (Mg), lime 
(Ca), and magnesium and lime (Mg-Ca). 


Physical Form of Refractories 


Because of the thousands of different applications and the require- 
ments for refractories in many industries, a wide variety of physical 
forms are manufactured, as follows 


Brick and special shapes (shaped refractories) —fired, unfired, 
fusion cast, insulating 


Monolithic products (unshaped refractories)—castables, gun- 
ning mix es (dr y and wet), ra. mming mixes, dry vibratable 
mixes, plastics, mortars 


Fibrous refractories—blank et, modules, board, paper , rope, 
vacuum-formed 


Miscellaneous products—e.g., crucibles, kiln setters, electrodes, 
brake pads 


Manufacturing of Refractories 


The main steps in volved in the manufacture of bricks and mono- 
lithic (e.g., castable) refractories—the two main product types—are 
as follows 

Monolithic Refractory 
Obtain raw materials 


Brick Refractory 
Obtain raw materials 
Prepare/treat materials Prepare/treat materials 


Store materials Store materials 


Weigh/batch Weigh/batch 

Mix Mix 

Press and inspect Package and quality control 
Dry Store/ship 

Fire 


Inspect and quality control 
Store/ship 


The refractory manufacturing process involves many variables 
(workers, eq uipment, r aw m aterials, and procedures) th at must be 
understood and controlled to ensure that the products will be uniform 
and consistent and fully meet the user’s needs and guidelines. As a 
result, all the refractory companies of the world de vote sign ificant 
time and effort to the monitoring and control of product quality to try 
to avoid shipping of f-quality products to customers. Statistical pro- 
cess control, ISO-9000, Six Sigma, oro ther manufacturing quality 
control practices are commonly used. 

There is a basic difference between the brick and monolithic 
manufacturing procedures that should be noted—brick manufacture 
involves the additional steps of pressing, dry ing, and firing. The 
manufacture of bricks, then, in volves more capitale xpense and 
quality control concerns than monolithic refractories, and as th e 
refractory industry evolves to me et practical and economic needs, 
these issues will hel p promote increased manufacture and u se of 
monolithic refractories at the e xpense of bricks. The trend toward 


increased use of monolithic refract ories is already in progr ess as 
described in the Refractory Production and Usage Trends section of 
this chapter. 


Testing of Refractories 


Because of the many variables involved in the manufacture of 
refractories (such as multicomponent raw materials, coarse through 
ultrafine particle sizing, contam ination possibilities, mixing ef fi- 
ciency, firing time and temperature, and many more), testing is nec- 
essary to en sure uniform, consistent production. In addition, tests 

are needed to compare “equivalent” products from different manu- 
facturers, to confirm that products meet or exceed user’s specifica- 
tions, to det ermine the effects of service, and fo r R&D, among 

other pu rposes. Most countries ha ve or ganizations that de velop 
standard refractory tests. In the United States, ASTM develops and 
issues the standard re fractory tests. Internat ionally accepted test 

methods a re available from the International Or ganization for 

Standardization (ISO). 

The e valuation of r efractory pr operties is very important, 
especially with the increase in global sourcing of refractories from 
the worldwide marketplace. A product data sheet, which shows the 
general properties obtained by stan dardized tests, is a vailable for 
every commercial refractory product. Although these property data 
sheets al low a ge neral c omparison of re fractories from dif ferent 
manufacturers and are widely used, it is not appropriate to use them 
for purchase specification purposes. For detailed product compari- 
sons, and the establishment of purchasing sp ecifications, it is 
important to obtain the most current data and statistical ranges from 
the refractory manufacturer(s). 

The general categories of refractory tests, which are used indi- 
vidually or in combination for a wide variety of purposes, are as 
follows 


Chemical analysis—bulk and/or localized, specific analyses 
Chemical re sistance—slag, mol ten me tal, ac id, alkalies, gas 
species 

Physical properties —porosity, density , specif ic gra vity, 
permeability 

Mechanical properties—strength (room temperature and hot), 
fracture ener gy, abrasion resist ance, modulus of elasticity , 
crack propagation rate 

Thermal pr operties—expansion/shrinkage, creep, cond uctiv- 
ity, refrac toriness, re sistance to rapi_d te mperature cha nge 
(thermal shock) 

Technical modeling—image analysis, finite element analysis, 
fractal analysis 


It is signif icant t o note t hat any given refract ory type (e.g., 

90% alumina brick, mullite brick, lo w cement alum ina castable, 
MgO-13% C brick, and graphite plastic) from different manufactur- 
ers will not be identical in composition or properties, as opposed to 
other industrial commodities (e.g., 310 stainless steel) that are virtu- 
ally identical from any manufacturer. Consideration of the variation 
in refractories (between manuf acturers and lot-to -lot), mu st be 
included in lining design, product comparison, purchase specifica- 
tions, bi d/quote e valuation, and accept ance criteria, although t he 
need is frequently not known or overlooked. The characterization 
testing of refractories, including quality control, is extremely impor- 
tant for the optimization of refractory performance. 


REFRACTORY STATISTICS 


The steel industry is by far the major consumer of refractories, as 
indicated by Table 1. 
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Figure 1. U.S. annual production of steel and refractories 
Table 1. Two breakdowns of the global refractories market Pe 
Mosser and Karhut 1999, Meier 2004, ea 
Industry % % 8 China 
Steel 70 63 S 40 
Cement and lime 6 14 S ap United 
Chemicals 6 Nr* = States PS. Brazil 
Ceramics 5 NR £ 20 7 == 
Glass 4 9 £ Japan Sym 
a 10 
Nonferrous metals 3 
Other 6 0 
1970 1975 1980 1985 1990 1995 2000 2002 
* NR = not reported. Vear 


Historically, there has been a relationship between the annual 
production of steel and refractories. Figure 1 shows the annual pro- 
duction of steel and refractor ies in the Unit ed States sinc e 1970 
(International Iron & Steel Institute 2001-2003; U.S. Department of 
Commerce 1970-2002). In 1979, the maximum refractory pr oduc- 
tion in the United States was about 6 Mt, and annual production has 
now decreased by r oughly 50%. Generally, in the past, when steel 
production increased, refractory pr oduction increased. Bu t since 
about 1991, that direct relationship has changed, as there have been 
years when refractory production decreased despite an increase in 
steel production. Various factors are involved in this change, such as 
(1) more refractories are being imported; (2) refractories are contin- 
ually being improved and last longer in service; and (3) since 1970, 
the rate of consumption of refract ories by the steel industry in the 
United States and Japan has declined from 25 to 30 kg of refractory 
per ton of steel to about 8 kg/t (see Figure 2). It is expected that the 
refractory consumption rate by the steel industry wi II continue to 
decrease, albeit at a very slow rate. The data for Brazil and China 
indicate that their refractory consumption rates are decreasing and 
eventually will be v ery similar to those of the United States and 
Japan. And like the steel industr y, the decrease in refractory con- 
sumption is occurring in other industries, such as cement, glass, and 
copper (Semler 2004), so this ongoing decr ease in the refractory 
consumption rate must be included in the consid eration of future 
refractory production requirements. 


© 2006 by the Society for Mining, M 


Figure 2. Refractory consumption trend: Steel industry 
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Figure 3. Annual value of clay and nonclay refractories in the 
United States 


Figure 3 shows the annual value of the U.S. refractories mar- 
ket since 1990 (U.S. Department of Commerce 1970-2002 ). The 
total market value peaked in 1997 at $2.57 billion and has declined 
each year since then, reaching $1.74 billion in 2003. Figure 3 also 
displays a breakdo wn of the mark et value according to the two 
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Table 2. Price changes for selected refractory product types 
(1993-2003) 





Refractory Product 1993, $/t 2003, $/t 
Fireclay bricks A440 489 
Insulating firebricks 914 1,300 
High-alumina bricks 600 763 
High-alumina castables 540 623 
High-alumina plastic/ram 460 635 
>88% alumina bricks/shapes 3,770 3,820 
>88% alumina plastic/ram 1,140 1,220 
MgO-C bricks 1,120 610 
Zircon/zirconia bricks 6,400 6,830 





refractory cate gories used by the U.S. Depa rtment of Commerce 
(i.e., clay and nonclay products, which were discussed previously). 
In recent years, nonclay refr actories have accounted for a higher 
percentage (58%) of the annual market value than clay refractories. 
This trend correlates with the continuing advancement of refracto- 
ries tech nology, including th e usage of more synt hetic, higher 
purity raw materials. 


REFRACTORY PRICING 


The overall average price per ton for refractories in the United States 
peaked at $659 in 1995, but since then the price has decreased, 
reaching $578 in 2002. These price-per-ton figures are derived from 
the U.S. Department of Commerce (1970-2002) figures for annual 
tonnage of production and the associated total market value. 

Representative examples of the price change (US$) for several 
refractory product types in the United States b etween 1993 and 
2003 are given in Table 2. 


REFRACTORY PRODUCTION AND USAGE TRENDS 


Based on the e ver-changing operations/requirements of the refrac- 
tory users, including the constant demand for cheaper refractories, 
there are changing trends in refractory usage. 

Figure 4 (U.S. Department of Commerce 19 70-2002) shows 
the change in f ireclay, high al umina, and magnesia-carbon refrac- 
tory production in the United States since 1988. The data show that 
in the early 1990s the annual production of these products was sta- 
ble or slightly increasing, but in the last5 years, production has 
decreased. Figure 5 (U.S. De partment of Commerce 1970-2002) 
shows the change in silica and magnesia-chrome refractory produc- 
tion in the United States since 1990. Except for an increase in pro- 
duction of these tw o refractory products in the mid-1990s, their 
output has decreased significantly since 1990. 

Since the mid-1980s, there ha ve been major advances in the 
properties and types of monolithic refractories, especially castables, 
and the installation technology has been improved (e.g., shotcasting/ 
wet gunning). Based on improvements that have allowed the cement 
addition to be reduced, there are now multiple classes of castables: 


* Conventional—15 to 30 wt % cement 

¢ Low cement (LCC)—1 to 5 wt % cement 

¢ Ultralow cement (ULC)—0.2 to 1 wt % cement 
*« No cement (NCC) 


As a result, a wide variety of material options and installation 
methods are available for con sideration. Because the performance 
and cost-effectiveness of castables can now be equivalent to or bet- 
ter than that of pressed/fired bricks and shapes, the production/use 
of castable refractories has continuously increased, as sho wn in 
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Figure 4. U.S. refractory brick trends (alumina, fireclay, magnesia- 
carbon) 
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Figure 5. U.S. refractory brick trends (magnesia-chrome, silica) 


Figure 6. In Japan and the United States, the production of mono- 
lithic refractories has exceeded brick productio n since 1992 and 
2000, respectively. This trend can be expected to continue because 
the ongoing R&D will further improve and advance the properties 
and practical utility of monolithic refractories. 


ECONOMIC STATUS OF REFRACTORIES 


The annual value of the world refractory market is estimated to be 
$16 to $18 billi on, fora demand of 25 Mtor more. China is the 
major contributor to the world market with roughly $5.5 billion in 
value and about 18.7 Mt of production in 2004 (Liu and Zhou 2004), 
which is about 6 times more than the United States production. The 
role of China as a manufacturer, exporter, and user of raw materials 
and refractories will continue to do minate the w orld scene. The 

world’s main refractory companies in terms of annual sales are out- 
side China—RHI Refractories, Cookson Group, and Saint-Gobain 
each have sales that exceed $1 billion. 

According to Barr et al. (1973) , by an y meaningful criteria, 
the refractories industry is fun damental to the function ing of the 
total economy and makes a highly significant contribution to both 
the tota 1 ind ustrial ac tivity and the generation of gross national 
product. So the refractories industry occupies a f undamental and 
strategic position in the structure of the U.S. (and global) economy, 
and any reduction in the output will tend to cause an equal propor- 
tionate reduction in the output and income of every other industry. 

In summary, the economic impact of refractories worldwide is 
enormous. W ithout refractories, b usiness and life as we kno w it 
today w ould simply not be possible (McCrack en 2004). But the 
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Figure 6. Monolithic refractory market share (Japan, United States, 
and Germany) 


overall economic impact of refractories on the national or global 
economy is not routinely monitored and tracked to provide a clear 
indication of their critical importance in industrial manufacturing. 
In the absence of such an indicator, they are relegated to a rol e of 
silent anonymity in the global marketplace, not unlike farmers who 
play the critical supply role in the food chain (the staples of human 
life), but are not fairly compensated for their products, in compari- 
son with the value received by others later in the chain. Likewise, it 
could probably be documented that the r efractory industry is n ot 
fairly compensated fort he R&D, te chnical se rvice, a nd th e 
improved, more durable products that they continually provide to 
the users. The users, however, realize major benefits, including the 
opportunity to maintain and incr ease their output, enhance ef fi- 
ciency, and increase income and profitability. A win-win relation- 
ship would seem  fair,in wh ichth e refractor ies industr y is 
appropriately rewarded, rather than penalized, for continually pro- 
viding improved products that result in reduced demand (sales) for 
refractories while allowing customers to realize significant practical 
and economic benefits. 

The refractories industry has a long history of direct commu- 
nications a nd inte raction with c ustomers, whic hin ma ny c ases 
involves daily, on-site collaborati ve work and the development of 
close personal relationships. To promote and develop an increased 
understanding of the value of refractories, the industry should better 
utilize its long and successful history of involvement with custom- 
ers. In addition, th e industry needs to fully explore the un limited 
opportunities worldwide that are afforded by cyber-business, part- 
nering, joint ventures, technical service needs, and currency fluctu- 
ations, among others. There mig ht also be aspects of the Japanese 
system of “sister companies” and keeping the business in the family 
that could be developed to advantage elsewhere in the world. 

Despite the ongoing decline in refractory production and mar- 
ket value, new players can still find many opportunities to participate 
and succeed in b usiness by focusi ng on the requirements forne w 
technology/processes, offering creative solutions to customer’s prob- 
lems and needs, recognizing nich e market opportunities, de veloping 
novel/improved products, and many other options. 


REFRACTORIES ADVANCEMENT AND OUTLOOK 


The refractories industry has change d significantly in recent years 
because of domestic and global factors such as the decreasing con- 
sumption of refractories, consolidation and do wnsizing, reduction 
of manufacturing capacity, globalization of the marketplace, legal 
and financial liabilities, and the decline of refractories education. It 


is not expected that the activity level or business will ever return to 
the le vels of earlier year s. Inst ead, t he refractories i ndustry wi Il 
continue to evolve, to maintain and enhance the business success in 
conjunction with the challenges and competitive pressures of the 
new global marketplace, becoming leaner, more efficient, and more 
cost-effective. It is known that the need for refractories will con- 
tinue for man y decades, be cause t hey are essential for all t radi- 
tional, and other , manufacturing industries. It is clear that man y 
more improvements and inn ovations will emer ge in th e coming 
years, based on the past history of ongoing refractory advances, and 
even more attention will be dir ected to en vironmental, recycling, 
and safety and health issues. 
Examples of some refractory R&D topics that can be expected 

to yield advances in the coming years are 

¢ Raw materials, additives, particle sizing 

¢ Engineered microstructures 

* Castables (carbon-containing, rheology, dryout, additives, etc.) 

¢ Monolithic refractory installation 

¢ Spinels (primary, in-situ, and prescription types) 

¢ Non-oxide and composite materials 

¢ Modeling and sophisticated engineering analysis 


As stated by T. Vert of Dofasco Steel, Hamilton, Ontario, Can- 
ada (pe rsonal communicati on), “Refractories are moving froma 
commodity boug ht by the po und, to an engin eered material that 
must be designe d differently for e very customer.” Experience has 
shown that focused R&D ca n result in significant im provements, 
specific to a process or applic ation, but there must be an economic 
reason to undertake such projects because they commonly involve 
smaller mark ets wit h sm aller mone tary retu rns. Ref ractory users 
need to understand that many more refractory advances are possible, 
and for specific, niche-type applications, if they are willing to pay in 
accordance wi tht he be nefits that will result from pre scription- 
designed refractories. 

As W.H. McCracken has com mented, “Refractories c ompa- 
nies are not going out of business. Someone will always be around 
to produce them, somewhere, and someone will always be using 
them. A past president of Harbison-Walker Refractories Co. always 
said that refractories are not going to become obsolete and disap- 
pear, EVER” (O’Driscoll 2004). 
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Soil Amendments 
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INTRODUCTION 


Soil amendments are defined as any natural or synthetic soil- 
conditioning materials that are worked into the soil or ap plied on 
the surface to enhance plant growth. This term commonly refers to 
added materials other than those used primarily as fertilizers (SSSA 
2004), which are discussed in the Fertilizers chapter. Soil amend- 
ments mainly modify physical characteristics and microbial action, 
or change the pH ofa soil, or both, rather than directly supplying 
nutrients to plants. They give soil the needed physical properties to 
allow plant gr owth, fight erosion, or retain w ater. Although some 
soil amendments do pro vide nutrien ts in addition t 0 altering the 
physical, biological, or c hemical characteristics of s oil, this is not 
their primary purpose. 

Both inorganic and organic materials are used as soil amend- 
ments. Several inorganic soil amendments have been used since the 
early twentieth centur y: limestone, lime, and similar calcium-rich 
carbonates and oxides for acid soils, and calcium sulfate (gypsum) 
and native or uncombined sulfur for alkaline soils. The use of these 
amendments (limestone, lime, gypsum, and sulfur) or their equiva- 
lents has been studied and documented in many basic soils studies 
(see, for example, McCaslin and Boyle 1980). Only the most com- 
monly used and those t hat appear to have pot ential to bec ome 
commonly used are discussed in this chapter. In some cases—such 
as perlite and vermiculite—the soil amendment application covered 
in this chapter is on ly a minor end use of a particular mineral or 
rock, and other chapters in this book offer detailed discussions of 
these minerals and rocks. 

Peat is the prin cipal na tural or ganic soil amendment, but 
manure, both as a fertilizer and so il conditioner, is used ine very 
part of the w orld. In less-de veloped countries, manure is the pr i- 
mary soil fertilizer/conditioner. An organic-rich material designated 
as humate or leonardite has been marketed as a soil amendment for 
many years and is addressed in this chapter. 

Other materials (such as synthetic products) are not discussed 
here but can be fou nd in the Soil Science Society of America’s 
(SSSA) spec ial publication 7, Soil Conditi oners (Ste wart 1975). 
These products include bitumen em ulsion, polyacrylamide, p olyvi- 
nyl acetate, p olyvinyl alcohol, bentonite, nonionic surfactants, and 
natural mulches. Zeolites can be added to the list of miscell aneous 
soil amendments (McCaslin and Boyle 1980), as can calcium chlo- 
ride (Pressler and Pelham 1985), sulfuric acid, ferric and ferrous sul- 
fate, aluminum sulfate, ammonium polysulfide, calcium polysulfide, 


and ammonium bisulf ite (Stromberg and Tisdale 1979). Sludge is 
not considered a soil amendment because it has properties more con- 
sistent with fertilizers. All these other materials, which account for a 
very small part of the volume and value of soil amendments used, 
are discussed only briefly. 


Soil Types 


Soils amenable to treatment with amendments are separated into five 
general categories: acid, saline, alkaline (pH >7.0), saline-alkali, and 
calcareous (soil containing sufficient free calcite [CaCO3] and other 
carbonates to effervesce visibly or audibly when treated with cold 
0.1 M hydrochloric acid [HCl]; SSSA 2004). Optimum plant growth 
occurs for a great majority of crops and plants at a soil pH of 6 to 7 
(neutral). Acid soi Is (pH 3.5 t 0 6.0) are created when calcium is 
leached by relatively high rainfall, which lowers the soil pH, produc- 
ing acid. Aluminum also comes into _ play to t he extent that highly 
acidic soils can result from aluminum saturation. Soils become acidic 
because the cations of soil colloids, primarily calcium, are replaced 
by hydrogen ions. This in volves ion exchange and other adsorption 
reactions that are associated with the colloids. The total soil acidity is 
made up of tw o co mponents—active ande xchangeable (reserv e) 
acidity. Active acidity, which is the H* ion concentration in the solu- 
tion phase, is measured by pH. Exchangeable acidity is the hydrogen 
(H*) and aluminum (AI3*) ions that are chemically bound to cation- 
exchange sites on clays and or ganic matter. Exchangeable acidi ty 
makes up the greatest port ion of tot al acidity (SSSA 2004; Beegle 
and Lingenfeller 1995). Soil exchangeable acidity determines the 
amount of aluminum and hydrogen that can be replaced by an unbuf- 
fered salt solution such as potassium chloride (KCl) or sodium chlo- 
ride (NaCl; SSSA 2004). Because clay minerals and organic particles 
have large surface areas, they usually have much higher total acidity 
than sandy soils, and it tak esa lar ger volume of neutral izing soil 
amendment to raise the pH of these soils. 

A saline soil is one having an electrical conductivity of the 
saturated extract (EC,) of more than 4 millisiemens” per centimeter 
(mS/cm) at 25°C and an exchangeable sodium percentage (ESP) * 
of less than 15 (Stromberg and Tisdale 1979). Ordinarily, the pH of 





* A millisiemens is equivalent to a millimho. 

+ The total amount of exchangeable cations a soil can r etain is called the 
cation-exchange capacity (CEC) and is usually expressed in milliequiva- 
lents per 100 g of soil. The ESP is the ratio of the exchangeable sodium to 
the CEC. 
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Table 1. Soil amendments statistics (2003) 


Soil Amendment Producing States (2003) 


Exports to the 


U.S. Consumption, ¢ Average Price, $/t United States 





Agricultural limestone and 
dolomite (Tepordei 2003) 


34 states (top producers are Alabama, 
Kentucky, Missouri, Nevada, Ohio, 
Pennsylvania, and Texas) 


Gypsum (Olson 2004) 17 states (top producers are Oklahoma, 
Texas, Nevada, lowa, California, Indiana, 


and Michigan); 25 companies 


Perlite (Bolen 2004) 7 states (Arizona, California, Idaho, 
Nevada, New Mexico, Oregon, Utah); 


8 companies 


Vermiculite (Potter 2004) 2 states (South Carolina and Virginia); 


2 companies 


Peat (Jasinski 2003, 2004) _—_16 states (top producers are Florida, 


Michigan, and Minnesota 


Humate 3 states (North Dakota, Utah, New Mexico) 


Limestone, 10 x 109; 
Dolomite, 1.38 x 10? 


33 x 10? uncalcined gypsum; 6.90 
1.0 x 109 for agricultural purposes 


0.712 x 10%: 13% of total end use 


0.110 x 109 exfoliated; agricultural, 
insulation, and other, 73% of end use 


1.39 million, 5% of total domestic 
production for horticultural use 


~80,000 t 


Limestone, 5.84; 
Dolomite, 11.16 


Canada, Mexico 


Canada, Mexico 


37.36 Greece 


143 (concentrate) South Africa, China 


Sphagnum moss, Canada (sphagnum) 


63.20 
90-450* 


Canada 





* Range is for wholesale price. 


these soils is less th an 8.2. A saline soil can b e recognized by the 
accumulation of white salts on the surf ace. The chief cations ar e 
sodium (Na *), calcium (Ca2*), and magnesium (Mg 7+), and th e 
chief anions are c hlorine (Cl~) and sulfat e (SO 42>), with le sser 
amounts of nitrate (NO 3°) and carbon dio xide (HCO37). Soluble 
carbonate is rarely present in saline soils. 

An alkali or sodic soil has an ESP of greater than 15 and an 
EC, of less than 4 mS/cm. The soil pH is usually greater than 8.5 
and may reach 10 or more. The highESP of alkali soils causes them 
to lose their structure. Because of the destruction of soil aggregates, 
which is r esponsible for the presence of lar ge pores, the soils 
become almost imper vious to water and air . Root pen etration is 
impeded, clods are hard, and see dbeds are dif ficult to prepare. 
Saline-alkaline soils are both saline and alkaline (i.e., they have an 
EC, of greater than 4 and an ESP greater than 15). Th eir physical 
properties are sim ilar to saline soils as lon g ase xcess sal ts are 
present. As soon as they are irrigated and the soluble salt content of 
the surface horizon is red uced to a lo w level, they act as alkaline 
soils. Calcareous soils contai n free calciu m carbonate througho ut 
the profile. They are nonsaline and ha ve a pH ranging from about 
7.5 to a maximum of 8.2. The EC, is below 4 mS/cm and the ESP is 
usually less than 10. 

Many crops exhibit symptoms of nutr itional deficiencies on 
some alkaline and calcareous soils. This is often attributed to the 
failure of the plant to assimilate some of the nutrient elements, such 
as phosphorus, iron, copper, manganese, and zinc—all of which are 
micronutrients except phosphorus. Deficiencies of these elements 
are sometimes exhibited by a yellowing of the leaves, often termed 
lime-induced c hlorosis. This is an oversimplification of a more 
complex problem. It must be recognized that crops grown on many 
calcareous soils with a pH of 8.0 do not show these symptoms. The 
solubility, however, increases by a hundred- to a thousandfold from 
a pH of 8.0 to 7.0. Micro nutrient deficiencies may also exist in 
acidic soils. In such cases, they may be true deficiencies and not a 
case of the plants being unable to absorb the nutrients because of a 
high soil pH (Stromberg and Tisdale 1979). 


STATISTICS 


Many of the soil amendments are sold by the companies that mine, 
process, and mark et the product fo r many end uses including soil 
amendments. For several of the soil amendments such as limestone, 
perlite, vermiculite, and peat, th e producers are members of trade 
associations that promote the product and supply info rmation to 


both the supplier and buyer. Table 1 outlines production, consump- 
tion, price, and majore xporting coun tries for the prin cipal soi | 
amendments. 

A general barrier to entry for an y soil amendment is distance 
to market. If the deposit is not close to a market area, it will not be 
able to com pete. Exc eptions e xist, ho wever, suc h as wi th pe at 
imported from Canada to the United States. 


CLASSIFICATION 


Soil amendments can be divided into categories—those that are pri- 
marily used to cha nge the soil’s pH and those that are added to 
change the soil’s physical characteristics. Some soil amendments 
are also used as carriers for fertilizer or insecticides. T able 2 lists 
the significant chemical and ph ysical properties of the inor ganic 
and organic soil amendments discussed. 


Inorganic Soil Amendments 
Limestone and Dolostone 


Limestone and dolostone, often refe rred to as agric ultural lime or 
aglime, are the most common carbona te rocks used as soil amend- 
ments to neutralize the acidity of soil and promote plant growth. In 
the Fertil izers chapter, limestone and dolostone are discussed as 
sources of calcium and dolostone as as ource of m agnesium for 
plant growth. Four factors are important in aglime quality: chemical 
purity, speed of reaction, magnesium content, and moisture (Beegle 
and Lingenfeller 1 995). Chemical purity d etermines the amount of 
soil acidity the materia 1 can neutralize, expressed in terms of cal- 
cium carbonate equivalents (CCE). Pure calcite is assigned a CCE of 
100, although pure dolomite [CaMg(C O3)2] has a theoretical value 
of 108.6. Dolomite is 8.6% more effective than calcite as a neutral- 
izer because the molecular weight of magnesite (MgCO 3) is 84.32 
as compared to CaCO 3, which has amo _ lecular weight of 100 .9. 
Because of the dif ference in solubility of dolomite in contrast to 
limestone, however, it takes longer to neutralize with pure dolomite 
than with pure lim estone. The c omposition of lime stone and dolo- 
mite v aries greatly bec ause of impurities suc h as clay m inerals, 
quartz, and organic matter. It is al so very important to establish the 
exact chemical composition of the soil before making a decision 
about the liming material. Li ming materials of less than 50% CCE 
would require too much material to reduce the acidity of the soil. 
Although most agricultural liming today is achieved with pul- 
verized limestone, many farmers still use ground quicklime (CaO) 
and hydrated lime [Ca(OH)2], particularly in the U.S. mid-Atlantic 
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Table 2. Major soil amendment properties 


Soil Amendment 


Main Use 


Chemical Attributes 


1479 


Physical Attributes 





Limestone — Dolomite (Beegle 
and Lingenfeller 1995; 
USDA 1999a) 


Gypsum (Olson 2004; 
Harben 2002) 


Vermiculite (Harben 2002) 


Perlite (Harben 2002) 


Zeolites (Hall 1998; Harben 
2002) 


Fly Ash (EPRI 2002; 


Agriculture, to treat acidic soils 


Agriculture, to treat alkaline, saline, 
and alkaline-saline or calcareous soils 


Horticulture 


Horticulture 


Agriculture, horticulture 


Agriculture 


Neutralize by base exchange Ca and 
Mg cations 


Calcium replaces sodium ions in clay 
soil. Source of calcium and sulfur 


High CEC. As material breaks down, 
it is a source of potassium and 
magnesium 


Chemically inert, low CEC 


High CEC, low sodium, low clay content 


High calcium; neutralizes acidic soils 


Increases soil tilth; improves microbial 
activity 


Improves permeability, drainage, aeration 


Improves workability, aerates soil, acts as 
a carrier for fertilizers and pesticides 


Retains two to four times its dry weight in 
water, aerates soil, resists compaction 


Open structure; retains moisture and 
nutrients 


Improves soil texture. Sandy soils: 


Mittra et al. 2003) 


Humates (Hoffman, Barker, and Agriculture, horticulture 


Austin 1995; Wallace 1998) 


Peat (Wallace 1998) Agriculture, horticulture 


High CEC 


Decomposed organic material, high 
CEC; provides acidity 


improves water retention; clayey soils: 
increases porosity 


Helps retain nutrients and moisture 


Acts as anticompaction agent, helps retain 
water and aerate soil 





states. Lime costs more than limestone on an equi valent calcium 
oxide basis, but it reacts fas ter, neutralizing soil acidity rapidly so 
that crop yields do not suffer. In some sandy soils, dolomitic lime is 
used because of persistent magne sium deficiencies. Because a gri- 
cultural lime serves as a source of calcium and magnesium, the 
magnesium content can v ary depending on the source. A magne- 
sium analyses is necessary to determine the percentage of magne- 
sium content. The moisture content of agricultural lime is important 
because the product is sold by weight. Other products that are used 
as aglime include lime (burnt or lump) and quicklime as a form of 
calcium oxi de; hydra ted, sl aked, orb uilder’s lime as ca Icium 
hydroxide; marl or shells as calcium carbonate; and slag (CaSiO3). 

Speed of reaction to neutralize the acidity is determined by the 
material’s fineness. The finer the limestone is ground, the greater the 
increase in solubility and the faster it will react with the soil. Agri- 
cultural lime particles larger than 20 mesh react slowly in soil, show- 
ing little neutralizing ef fect within2to 3 years(Bee gle and 
Lingenfeller 1995). Material of 1 00 mesh reacts within a practic al 
time (<1 year), but the cost of grinding must be considered. A mate- 
rial with 95% passing through 20-mesh, 60% through 60-mesh, and 
50% percent through 100-mesh screens is co nsidered adequ ate 
(Beegle and Lingenfeller 1995). Aglime contains both f ine and 
coarse material, and the percentage can vary from producer to pro- 
ducer. Many states require that 75% to 100% of the material passes 
an 8- to 10-mesh screen and that 25% passes a 60-mesh screen. In 
some southe rn state s, lime 1 aws require t hat no more than 10% 
remain on a 10-mesh screen and no more than 40% can remain on 
the 60-mesh screen. At least 50% must pass through the 60-mesh 
screen (USDA 1999a). The CaCO 3 and MgCO3 equivalent or con- 
tent is of major significance for agricultural use. 

Agricultural lime is one ofthe many products marketed by 
crushed-stone operators. At a typical quarry in relati vely flat-lying 
strata, the limestone or dolomite bed near the surf ace is stripped of 
overburden and quarried in a conventional manner, then crushed and 
screened to a ppropriate sizes at a nearby plant. S pecifications 
for agricultural li ming materials are outlined in Am erican Society 
for Testing and Materials C602. The fineness of aglime is classified 








Courtesy of Martin Limestone, Inc. 
Figure 1. Spreading crushed limestone on a field before spring 
planting 


by the minimum percentage passing and rema ining on the 8-me sh 
(2.36-mm) and 60-mesh (25 0-um) screens. The 8- mesh is used to 
control the upper limit on the amount of coarse particles in the prod- 
uct. Specifications for CCE are set for b urnt lime (not <140 CC E), 
hydrated lime (not <110 CCE), and limestone (not <80 CCE). The 
maximum size as re gulated by the state v aries but is ge nerally 
between 8 and 20 mesh. The smallest size fraction is <120 mesh and 
the optimum size fraction is 60% to 40% <60 mesh (B. W. Remick, 
personal communication). 

Agricultural limestone is dispersed onto the surface to raise the 
pH in pasture soil (Figure 1). For deep-root plants, it is disked into 
the soil toa maximum depth of about 15 cm. From 1.1 to 1.5 t/ha 
(0.11 to 0.15 kg/m?) is considered the ma ximum amount of agricul- 
tural lime that should be applied to soil during a year (B.W. Remick, 
personal communication). For the most part, agricultural lime is 
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marketed to large operations in bulk form; however, packaged lime 
can be fo und at nurseries for home gardening. Lime is also 
marketed in a pelletized form. The fine lime particles are bonded 
together with 1 ignosulfonates. The use of pelletized 1 ime in 
agricultural applications is limited by the extra cost. 

Several industrial by-products can be u sed as substitutes for 
aglime. Air-cooled bl ast furnace slag or granul ated bl ast furnace 
slag, which are products of iron and steelmaking processes, have 
significant amounts of calcium and are potential substitutes for tra- 
ditional sources of agricultural lime. Ce ment kiln dust has been 
used successfully as a liming agent for acidic soils. In some Cana- 
dian provinces, cement kiln dust is used to maintain soil fertility by 
restoring soil pH acidified by fertilizers while supplying potassium 
and sulfur (Risdale 1994). 


Gypsum 


Gypsum (CaSO4*2H20) is the most common of the naturally occur- 
ring sulfate minerals. Crude gypsum is marketed for use in cement, 
agriculture, and fillers. Since the eighteenth century , gypsum has 
been used as a soil conditioner in Western Europe and is used today 
in many parts of the e astern United States. It is a source of calcium 
and sulfur inthe form of sulf ate and can reclaim alkaline (high- 
sodium) soils by replacing sodium with calcium (see discussion in 
Fertilizers chapter). As a soil amendment, gypsum neutralizes sodic 
soils by replacing the sod ium with calcium. The displaced sodium 
must then be leac hed from the soil by watering to a depth gre ater 
than the root zone. The addition of gypsum also improves the per- 
meability of argillaceous materials, and improves aeration, drainage, 
and penetration of water (Harben 1995). Gypsum also provides sul- 
fur and catalytic support for maximum fertilizer utilization and legu- 
minous p roductivity (Pressle r 1 985). Unlik e lime, gypsum is 
effective in the amelioration of subsoil aci dity (Levy and Sumner 
1998). Lime does not mo ve readily into the subsoil and is costly to 
incorporate. Gypsum has _ greater solubility than lime and can 
migrate into the subsoil and incr ease the calcium in the subsoil. 
Because gypsum has little o r no effect on the so il pH, it is the pre- 
ferred calcium source to remediate high-sodium soils ( Zublena, 
Rubin, and Cr ouse 1995). The calcium in gypsum also promotes 
clay flocculation, which can reduce the tendency of soils to form 
seals, surface crusts, and subsoil hardpans (Levy and Sumner 1998). 
Agricultural gypsum requ ires little processing and is some- 
times referred to as “land plaster.’ Gypsum is extracted from sur- 
face pits and u nderground mines, then milled to dif ferent si zes, 
depending on the end use. I t is typically used in lar ge agricultural 
operations and delivered in bulk by truck to the farmer. Gypsum is 
also pelletized to decrease th e amount of du st generated during 
application to croplands or turf and is available in bags or in bulk. 
Uncalcined gy psum can v ary in pu rity, but 70+% CaSO4 
(calcium sulfate) is required for application as a soil conditioner. 
For agricultural use, grinding to a fineness of 80% to 90% through 
100 mesh _ is pref erred (Har ben 2 002). Some low-grade ore is 
upgraded by log washing, sink flot ation, or selective crushing and 
screening, both wet and dry. These methods produce a commercial 
gypsum product of 80% CaSO4*2H20 or higher (Pressler 1985). 
The requirements for agricultural gypsum are not very rigid, but the 
CaSO4*2H20 content or equivalent is of major sig nificance. To 
reclaim alkaline soils, gypsum should be incorporated into the soil 
at arate o £4.48 to 6.75 t/ha (0.45 to 0.67 kg/m”). If the goal is 
water penetration, gypsum canbe add_ ed _ using the broadcast 
method (2.24 to 4.48 t/ha). Applic ation rates to promote the move- 
ment of calcium into the subsoil in low-calcium, acidic soils can be 
on the order of 6.7 to 8.0.6 t/ha. Solution-grade gypsum can also be 
added to the irrigation water to add gypsum to cultivated acreage. 


Flue gas desulfurization (FGD) products (discussed in det ail in 
the chapter on Flue Gas Desulfurization) and ground scrap wallboard 
material can be used as a substitute for gypsum in agricultural appli- 
cations. Ground wallboard will still have paper in th e product, but 
this can be broken down by soil organisms. The phosphate fertilizer 
industry also produces large quantities of a high-purity, fine-grained 
gypsum by-product termed “phosphogypsum.” This material i s not 
usable for agriculture because its urani um content mak es it slightly 
radioactive. 


Sulfur 


A small amount of ele mental sulfur is use d as a soi 1 amendment 
and as a nutrient. At times it is difficult to distinguish between sul- 
fur as a nutrient and sulfur as a soil conditioner. As a conditioner , 
sulfur is used by itself orin combination with various nitrogen 
compounds to lower the pH in alkali soils, to improve water filtra- 
tion, or both. This action, however, also improves the uptake of sul- 
fur an d thea vailability of ce rtain mi cronutrients to the soil 
(Miyamoto 1998). 

In agriculture, refined sulfur with a purity of 99.5% is ground 
and applied directly to the soil. Crude sulfur, formed into granules 
or pellets before grinding, or as fines separated from b ulk sulfur, 
may also be used. In a few cases, sulfur in the form of sulfuric acid 
or as gypsum is used as a soil amendment. 


Vermiculite 


Finer-size grades of vermiculite are used as a plant-gro wth medium, 
chemical fertilizer, extender, anticaking agent, and carrier for pesti- 
cides and herbicides (Meisinger 1985). The high CEC, a result of 
vermiculites’ platy structure, facilitates many of t hese applicati ons 
(Strand and Stewart 1983). Vermiculite also has a high water-holding 
capacity because of its high surf ace-area-to-volume ratio, low bulk 
density, and almost neutral pH. As vermiculite breaks down, avail- 
able potassium (5% to 8% ), magnesium (9% to 12%), and calcium 
(<1%) are gradually released to the plants. 

Vermiculite is similar to perlite in that it is shipped from the 
mine site in raw form and exfoliated at p lants near market areas. 
Processing of v ermiculite include s he ating the raw material to 
900°C to convert the water trapped between the structural layers to 
steam, which expands or e xfoliates the material. The volume of 
exfoliated vermiculite is 15 to 20 times greater than that of the raw 
product. Vermiculite is produced in different grades for dif ferent 
applications. The grades are differentiated by bulk density and aver- 
age particle size. The finer particle sizes (grades 3 to 5) ha ve more 
surface area and are used for soil amendment applications. 
Expanded vermiculite is generally sold in bags and used in horticul- 
tural applications at nurseries and for home gardening. Vermiculite 
is often mixed with peat and other material and sold in bags as pot- 
ting soil mix. A mixture of one third vermiculite and two thirds soil 
is recommended to ae rate heavy soils. Alternatives to v ermiculite 
include peat and perlite, as well as sawdust, bark, and other p lant 
materials (Potter 2004). 


Perlite 


The imp ortant properties of e xpanded per lite foruse as a soil 
amendment are (1) chemical inertness, which results in the product 
remaining in the soil for a long time; (2) low CEC; and (3) a closed 
cell composition ( bubbles) that resists compaction and enh ances 
drainage. Perlite can retain two to four times its dry weight in water, 
giving it greater total inner porosity than sand. In addition, perlite 
aerates the soil, which allows air and moisture to get to the plant 
roots and is essential for optimum plant development. The uniform 
spherical size of expanded perlite resists compaction and increases 
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permeability and drainage of the soil. Perlite has many applications 
in hydroponics and soil-less growing media with peat. The Horti- 
cultural Committee of the Perlite Institute specifications for aggre- 
gate and horticulture are considered co arse grades that ha ve 70% 
minimum +16 mesh or 1 mm. Fine and medium grades, however, 
are recommended for some horticultural applications. 

Perlite deposits occur in remote areas, particularly in the west- 
ern United States. This can be a_ barrier because of transportation 
costs and lo w value. Raw perlite is shipped by rail from the min e 
site in an unexpanded form to expansion plants located near market 
areas. Expanded perlite is 10 to 20 times the original volume of per- 
lite. When flash-heated to 870°—1,000°C, the perlite softens and the 
water within the structure vaporizes, causing the material to pop 
(Harben 2002). Expanded perlite is then bagged for furth er ship- 
ping, often by truck, to nearby markets. Perlite is used in horticul- 
tural applications such as hydroponics, landsca ping, and home 
gardening. It also helps to deter compaction in hea vy-traffic areas 
such as golf greens and stadium turf and to maintain porosity so 
water will soak into the soil. Perlite is marketed for its neutral pH, 
its durability, and its ability to improve water retention. 


Zeolites 


Zeolites are hydrated aluminosilicates of volcanic origin that have 
an open structure, which gives them a high CEC. Zeolites can 
absorb and release nutrients or moisture without changing the char- 
acteristics of the minerals. Fertilizers and moisture stay accessible 
to the plant roots longer when they are within the zeolitic structure. 
They are useful in reducing the leaching of nutrients from sandy 
soils. Ze olites are widely used as soi 1 am endments in Ea stern 
Europe and Japan, but have a limi ted market in the United States 
(Hall 1998). 


Diatomite 


Diatomite is composed of fossilized skeletal remains of microscopic 
single-celled aquatic plants called diatoms, which consist o f amor- 
phous h ydrous silica. Diatomite ha s se veral uses including filter 
aids, absorbents, and fillers. The porous skeletal structure of the dia- 
toms have a high surface area and low bulking value, allowing them 
to absorb up to three ti mes their weight whi le remaining free- 
flowing (P. Harben, personal communication). As a soil amendment 
these properties are e xploited for w ater absorption and retention in 
turf f arm and golf course applications. Zeolites a re often used 
instead of dia tomite because their superior CEC helps retain nutri- 
ents, maximiz ing fertilize r product ivity and minimizing nutrient 
run-off (P. Harben, personal communication). 


Silica Sand 


Sand is used p rimarily to improve the physical properties of th e 
soil. Although silica sand may be added to soil to improve drainage, 
it may h ave the op posite effect in heavy clay soils. The clay will 
tend to f ill the spaces between the sand particles, acting like a 
cement. Coarse sand improves the drainage properties of container 
mixes that do not include clay soil. 


Fly Ash 


Fly ash is a by- product of the co al combustion process. It is the 
noncombustible material in the pulverized coal that is kept in sus- 
pension in the flue gas and captured by either electrostatic precipi- 
tators or mechanical means. Fly ash that is not suitable for its 
major use in concrete and cement has the potential for use as a soil 
additive. About 60% of fly ash tends to be spherical becau se the 
molten material is suspended in the flue gas (Fi gure 2). As a soil 
amendment, Class C fly ash, which contains increased amounts of 





Figure 2. Secondary electron image of fly ash glass spheres and 
masses (field of view = 42 pm) 


calcium, can neutralize acidic so ils and increase availability of 
nutrients (see Co nstruction Uses : Pozz olans an d Oth er Su pple- 
mentary Cementitious Materials chapter for classification). High- 
calcium Cla ss C fly ash can al_ so control the swel | pot ential of 
expansive soils and stabilize coarse-grained soils. Class F fly ash, 
(70% si lica [ SiOz] + al uminum o xide [ AlyO3] + iron oxide 
[Fe203]) aids in the co mpaction and soil density of poorly graded 
sandy soils. Water retention is increased in sandy soils by adding 
the small fly ash particles that fill the voids between the sand-sized 
grains. W ith silty soils, lime is required to create pozzolanic 
(cementitious) reactions between the clay and fly ash before add- 
ing Class F fly ash to reduce soil plasticity and improve workabil- 
ity. In clayey soil or a sandy soil, fly ash increases microporosity 
and water retention (Mittra et al . 2003). Class F fly ash can also 
improve soil texture because of i ts fineness and spherical nature. 
Fly ash mixed with bottom ash and blended with biosolids may be 
substituted for peat as a soil amendment (EPRI 2002). Fly ash does 
not currently have a developed market in soil amendments. 


Organic Soil Amendments 


Organic soil amendments are widely thought to contain hu mic 
acids that are beneficial to plants. Humic material is not a pure sub- 
stance, and much con fusion exists in the scientific and b usiness 
communities abou t its te rminology. Humic acids are def ined as 
base-soluble humic, fulvic, and ulvic acid s and their salts, formed 
during partial or comp lete decay of or ganic matter. T his de cay 
releases a high-molecular-weight material that is darkly col ored, 
partly colloidal, and weak ly acidic (Ro ybal and Bar ker 1986). 
Humic ac ids are or ganic colloids similar in beha vior to clays 
(Siemers and Wadell 1977), increasing the water retention and CEC 
of the soil (Gosz, Barton, and Potter 1978). Humic acids raise the 
acidity of alkali soil, thus increasing the availability of several ele- 
ments to plants (Siemers 1975). They also stimulate the growth of 
microorganisms that process plant nutrients. 


Humate 


Humate, when used as a lithologic term, includes oxidized coals and 
lignites, organic-rich mudstones and claystones, and the concentra- 
tions of humic substances often found in sandstones. Three different 
categories of humic materials are used to denote the different ori- 
gins. Humate is commonly associated with both coal and lignite. 
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Figure 3. Plant facilities at the Mesa Verde Resources humate oper- 
ation, San Ysidro, New Mexico (supersacks shown in foreground; 
milling plant behind) 


Humic ma terial a ssociated with oxidized lignite inthe W illiston 
Basinin NorthDak otaand inthe Canadian pro vinces of 
Saskatchewan and Alberta has been ca lled leonardite, afte r A.G. 
Leonard of t he No rth D akota Ge ological S urvey ( Kohanowski 
1970). The humic acid content of lignite decreases rapidly as coal 
rank increases and oxidation decreases (Abbott 1963). The third cat- 
egory of humates is organic-rich mudstones that are within the coal- 
bearing sequences. These mudston es generally have a lower humic 
acid content than either the oxidized lignites or coals. 

Humate generally is mined by front-end loaders and stock- 
piled to dr y before pr ocessing atthe mill, where the humate is 
crushed and screened (Figure 3). For some uses, the material is cus- 
tom blended to obtain a spe cific humic ac id c ontent. Afte r t he 
material is crushed, it is shipped in bulk, bagged, or run through an 
extraction process to produce a liquid. Most humate is sold to com- 
mercial farms in bulk bags or supersacks, but some of the bagged or 
liquid form is sold at nurseries for home gardening. 

Humates are tested for the humic acid content that in part deter- 
mines the product’s end use. Most testing procedures include extrac- 
tion of humic acid using varying concentrations of sodium hydroxide 
(NaOH) and dif ferent leach times in nitrogen or air atmosphere 
(Figure 4). Studies by Verploegh and B randvold (1990) showed that 
leach solutions of 0.1 M NaOH and leach times of 1 hour are suf fi- 
cient to determine the humic aci d content. Reporting on humic and 
fulvic acids on an ash-free basis eliminates metals inherent in the 
humate structure (Ste venson 1985) and cont aminants such as Na * 
and Cl-. This is especially true for fulvic acids. The addition of an 
ashing step to the procedure and reporting on an ash-free basis would 
make the analyses of humate consistent by eliminating differences in 
results caused by varying leach times, NaOH concentrations, or both 
(Verploegh and Brandvold 1990). 

Humate is applied to fields in the dry form at arate of 448 to 
672 kg/ha, depending on the pH of the alkali soil (Shomaker and Hiss 
1974). Liquid humate may be used alone or added to other nutrients 
and sprayed on the soil (J.T. Spence, personal communication). 

Transportation of humate in the United States is predomi- 
nantly by truck, although rail is used for some shipments. Overseas 
shipments are generally of the liquid or bagged product. Markets 
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Figure 4. General analytical flowchart for determining the various 
components of humate 





for humate from New Mexico sold as a soil additive include all the 
contiguous states and Hawaii, plus Central America, the Caribbean, 
and Taiwan (T. Taylor and B. Reid, personal communication). 

The beneficial use of humate as a soil amendment has often 
been discounted. Several studies have not shown significant improve- 
ment in yield with humate application (e.g., McFarland, Stichler, and 
Lemar 2002). Humates are not beneficial for every type of soil, par- 
ticularly soils already rich incl ay material. The humic and ful vic 
acids in humates are organic colloids, similar in behavior to clay min- 
erals that increase the w ater retention and CEC of the soil. Humate 
lowers the pH of alkaline soil, thus increasing plant nutrient availabil- 
ity and stimulating growth of microorganisms (Hoffman, Barker, and 
Austin 1995). 

A perusal of Web sites and literature shows the variety of opin- 
ions on whether humate increases cr op yield and whether the bene- 
fits of humate have been overstated (Hall 1998). This confusion and 
controversy has had a negative effect on the acceptance of humate in 
this market. Better evaluation of the raw products and stand ardized 
tests and specifications are needed to clear up the controversy. 


Peat 


Peat is al so asource of par tially decomposed plant ma terial 
(humus). Peat, particularly sphagnum peat, helps retain w ater and 
aerate the soil. Sphagnum peat also tends to be acidic and can lower 
the pH of alkalin e soil. Peat cons ists of deco mposed to pa rtially 
decomposed heterogeneous plant material that has accumulated in a 
water-saturated environment and in the absence of oxygen. Differ- 
ent types of peat are derived from different plant materials. Sphag- 
num peat moss has at least 90% organic matter on a dry- weight 
basis and contains a minimum of 75% sphagnum moss fiber. There 
are more than 355 species of sphagnum moss throughout the world; 
they grow in north ern cool re gions and ar e found in bogs in the 

northern United States and Ca nada (Kasica | 997). Hypnum p eat 
moss is also found in the northern United States; it tends to break 
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down more quickly than sphagnum. Hypnum peat moss must con- 
tain 90% organic matter by dry weight and contain a minimum of 
50% hypnum moss. Reed and _ sedge peat is made up of marsh 
plants, including reed grasses, ru_ shes, and sed ges. T his ma terial 
decomposes quickly, is characterized by fine particles and low fiber 
content, and is less acidic th an sphagnum. Sedge peat contains 
more plant nutrients and has a higher CEC than sphagnum (Kasica 
1997). Peat humus is composed of reed sedge or h ypnum material 
but is extensively decomposed and has less than 33% peat fiber. 

Peat is harvested from bogs during the warmer months of the 
year. The bog is d rained using closely spaced ditches, and large 
plant debris such as trunks and limbs are cleared before peat har- 
vesting can begin. The uppermost layer of the bog is harrowed to 
break capillary action and promote the drying process. After 1 to 
3 days, the peat layer is collected using lar ge vacuum harvesters 
(Figure 5). The peat is transported to the processing plant for dry- 
ing, shredding, screening, grinding, and packaging. The drying 
process is by natural and/or artificial means. After drying, the peat 
is shredded and screened. The 1 arger-size material is ground or 
put through a hammer mill and screened again. Some material is 
left in bulk form and blended for large applications, such as golf 
courses. The processed peat is bl ended with vermiculite, perlite, 
or sand for potting soil. Large bales (1.1 m? or 1.7 m3) of peat are 
compressed to a 2:1 ratio. 

ASTM has established require ments fo r dif ferent types of 
peat. The accepted value for air-dried peat is 55% mo isture and 
<25% ash on a dry-weight basis. The minimum particle size is 
0.15 mm and the maximum is 12.5 mm. The ASTM D1997 testing 
method for peat is base d on the genetic origin and fiber content on 
an oven-dried basis. The resulting categories are moss peat, which 
includes sphagnum, h ypnum, and other mosses; reed-sedge peat, 
the main or ganic constituents of which are d erived from reeds or 
sedges or other swamp material; and humus, which is made up of 
decomposed material of indeterminate biological origin. Because 
sphagnum peats are light and fibrous and low in moisture content, 
they can be compressed into bales and sold by volume. Other peats 
tend to have a greater degree of decomposition, are higher in mois- 
ture content, and are sold by weight (Davis 1985). 

The U.S. Department of Agriculture (USDA 1999b) d evel- 
oped another classification of peat based on the level of decomposi- 
tion and resulting fiber content. Fibric peat has under gone little 
decomposition and contains three fourths or more (by volume) 
plant fibers. Hemic peat sho ws moderate decom position and con- 
tains one third to two thirds (by v olume) plant fibers. Sapric peat 
has undergone extensive decomposition and contains less than one 
sixth (by volume) fibers. 

Another method of classifying peat used in Canada is the von 
Post system, which assigns grades acco rding tothe degree of 
decomposition or the level of humification (Troyer 1985). There are 
ten grades in this system, from H1 through H10. Horticultural peat, 
which has little or no decomposition of plant material, is in th e 
range from H1 to H4 on the von Post scale. With greater degrees of 
decomposition or humification, peat loses its absorptive properties 
and has increased density . This peat has a higher von Post grade 
(H5 to H10) and is used for fuel. 

Peat is tilled into clay soils to loosen the soil and added to sandy 
soils to ret ain moisture. The organic matter in peat helps to enrich 
depleted soils. Peat is mixed with fertilizers, vermiculite, and perlite 
to form a substrate. It is also mixed with limestone, soil, and fertiliz- 
ers for potting soil (Prud’homme 1989). Principal commercial uses 
of peat are as a base for building lawns and gardens, for turf mainte- 
nance of golf courses, and for potting soil (Jasinski 2003). Peat is 
also used in mushroom beds and as an earthworm-culture medium. 








Figure 5. Peat harvester vacuuming peat at an operation in Nova 
Scotia, Canada 


Common uses are as a seed carrier and in the production of peat pots 
for sprouting plants (Prud’homme 1989). 

Most peat produced in the United States is sold within a 
240-km radius of the source because of the high moisture con tent 
and the resulting density (approximately 370 kg/m), which make it 
economically prohibitive to transport great distances. Because of its 
lower density (171 kg/m 3), sphagnum moss is baled and shipped 
greater distances, typically by truck (Cantrell 1991; R. Cantrell, 
personal communication). Generally, long distances to market are a 
barrier for low-cost soil amendments; however, Canadian peat is an 
exception. Peat imports from Canada are shipped almost anywhere 
in the United States because of the wide acceptance and popularity 
of peat as a soil amendment. 

Canadian peat producers have formed a national peat associ- 
ation to increase sales in the United States (Prud’homme 1989), 
and se veral European countries ha ve peat associations as well. 
The International Peat Society promotes scientific and technical 
knowledge of peat p roduction an du sage. Belar us, Russia, 
Ukraine, and other countries of the Commonwealth of Indepen- 
dent States control a lar ge portion of the European peat mark et 
because of their large reserves and production. In many parts of 
the world, the major market for peat is as an ener gy source with 
secondary use as a soil amendment (Table 3). The majority of Ire- 
land’s and Finland’s peat production is for fuel usage. German y 
and Canada are major producers of horticultural peat. 


GOVERNMENT, ENVIRONMENTAL, 
AND HEALTH CONSIDERATIONS 


Other than simple dust problems, no environmental or health consid- 
erations are currently recognized for lime stone, dolostone, gypsum, 
perlite, sulfur, or humate. In the cas e of vermiculite, there is a ques- 
tion of possible association with common amphibole asbestos miner- 
als as was the case inthe deposit at Libby, Montana. This deposit, 

however, is no longer being mined. Vermiculite sold in the United 
States, pr oduced domestically in V irginia and Sou th C arolina or 
imported fr om Sou th Af rica, is no t associated with asbestos-lik e 
minerals. 

Some trace el ements are concentr ated in fly ash during the 
combustion process. There is some concern that trace elements could 
be leached from fly ash andc ould contaminate the groundw ater; 
however, many of these elements have very low solubility in the ash 
(glass) matrix (D. Pflughoeft-Hassett, personal communication). The 
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Table 3. Peat production by country in 2003, kt 








Country Fuel Use _— Horticulture Use Total 
Belarus 2,000 100 2,100 
Canada 0 1,341 1,341 
Denmark 0 295 295 
Estonia na na 1,500 
Finland 7,000 800 7,800 
Francet 0 200 200 
Germanyt 0 2,500 2,500 
Hungary 0 45 45 
lrelandt 2,739 375 3,114 
Latvia na na 560 
Lithuania na na 500 
Moldovat 475 0 475 
Norwayt 0 30 30 
Poland 0 320 320 
Russia na na 2,100 
Swedent 750 450 1,250 
Ukrainet na na 1,000 
United Kingdomt na na 500 
United States 0 634 634 
Total 16,064 6,770 26,064 





Source: Jasinski 2004. 
* na = not available (the breakdown between fuel use and horticulture use is 
unknown). 
t Estimated. 


permitting of new bogs for peat harvesting is a growing problem 
because they overlap with wetland areas. The cost of compliance and 
permitting new peat bogs is elimina ting small operators. The Cana- 
dian Sphagnum Peat Moss Associa tion is w orking with the Nort h 
American Wetlands Conservation Council on conservation and resto- 
ration projects (Daigle and Gautreau-Daigle 2001). 


TRENDS AND OPPORTUNITIES 


The trend toward sustainable development is increasing the need to 
use by-products instead of nonrenewable materials. As an example, 
the increased use of synthetic gypsum from FGD could result in 
less use of natural gypsum. In addition, recycled gypsum or ground 
scrap wallboard can be used for agricultural uses. Slag from iron 
and steel processes could capture some of the agricultural additive 
markets, particularly in the eastern United States. The horticultural 
market in Canada is growing, as is the export market for U.S. per- 
lite, as imports of perlite from Greece are taking over part of the 
market along the east coast of the United States. 
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INTRODUCTION 


Drilling fluids—or muds as they are commonly called—play a cru- 
cial role in the drilling of oil and gas wells. These fluids are formu- 
lated to perform a variety of functions under a wide range of 
downhole temperatures, pressures, and lithologies. The drilling 
fluid is pumped down the hollow drill string through nozzles in the 
drill bit at the bottom ofthe well, thenup through the annulus 
(which is formed by the drill string and the wellbore), remo ving 
formation material dislodged by the drill bit. The drill bit is turned 
by rotating the entire drill string or by using a do wnhole motor to 
rotate the drill bit. After reaching the surface, drilling fluid passes 
through a series of vibrating screens, settling tanks/pits, and hydro- 
cyclones to remo ve su spended fo rmation ma terial. T he dri Iling 
fluid is then treated to maintain the desired physical and chemical 
properties. Once treated, the drilling fluid is pumped back into the 
well and the process is repeated. 

Drilling fluids comprise liquids (w ater, petroleum oils, and 
other or ganic liquids), dissolved inorganic and or ganic additives, 
and properly sized suspended solids of various types. The chemis- 
try of the liquid phase dictates _ the type and amount of materials 
needed to maintain the required de nsity, viscosity, and other rheo- 
logical properties. The drilling fluids must have sufficient density to 
offset formation pressures, prevent blowouts, and maintain a stable 
wellbore. They must be formulated to prevent damage to permeable 
formations by controlling excessive fluid loss. Other functions of 
drilling fluids include lubrication of the drill bit and drill string, 
prevention of corrosion, and colle ction of subsurf ace information 
through well logging. 

A number of industrial minerals, chemicals, and other materi- 
als are used as additives in the drilling fluid to accomplish the afore- 
mentioned f unctions. Indu strial minerals such as barite and 
bentonite make up the lar gest percentage of the additives in a drill- 
ing fluid. Other minerals such as gypsum, limestone, and attapulgite 
make up a small percentage of total demand. 


INDUSTRIAL USES OF MATERIALS 


Industrial minerals in drilling fluids have seven basic uses: weight- 
ing agents, bridging agents, viscos ifiers, thinners, lost-circulation 
materials, stabilizers, lubricants, and proppants and plugs. 


Weighting Agents 
Barite, hematite, and g alena are weighting agents with high spe- 
cific gravities; they help of fset pressure, control li quid flow into 


the wellbore from the formation, and keep the hole open. Galena 
is used only in preparing e xtremely heavy muds that are some- 
times needed to contro | abnormally high pressures; itis not a 
common component of weighted muds. A su pply of galena is 
maintained in the U.S. Gulf Coast area for emergency use. Barite 
is the most common weighting material for heavy muds, followed 
by hematite. Siderite and limestone (calcium carbonate) are often 
used for lo w-density muds an d for w orkover/completion flu ids 
because they are acid soluble. 


Bridging Agents 

Sized calci um carbonate and sized salt are com monly used as 
bridging agents in drill-in fluids . The drill-in fluids enable hori- 
zontal wells to be completed without formation damage caused by 
conventional drilling fluids. Drill-in fluids are classified as either 
solids free or minimal solids system s. The solids content is lim- 
ited to bridging agents, which plug the pore spaces at the wellbore 
face, thereby restricting the in vasion of solids and fluids into the 
formation. The brid ging agents are sized t o formation properties 
(i.e., pore geometry) and com prise either calcium carbonate or 
salt crystals. 


Viscosifiers 


Sodium b entonite and peptized ca Icium be ntonite are the most 
common viscosifiers for freshwater muds, whereas attapulgite and 
sepiolite are the most common for saltw ater muds. The organo- 
philic clays are used as vi scosifiers in oil muds. A viscosifier car- 
ries the cuttings to t he surface, builds a cake a gainst perm eable 
formations, and lubricates the drill string. 


Thinners 


Thinners are added to mud to obtain better flow properties. Materi- 
als commonly used as thinners can be broadly classified as (1) plant 
tannins, (2) polyphosphates, (3) le onardite, (4) sp ecialty products 
derived from leonardite, and (5) lignosulfonates. Thinners are often 
referred to as mud-conditioning agents. 


Lost-Circulation Materials 


Gilsonite, mica, diatomaceous earth, and expanded perlite and ver- 
miculite are used to plug or seal pores and cracks in the formation 
being drilled. Mica is the mo st common industrial mineral used to 
reduce lost circulation. The bentonites and organophilic clays also 
help with lost-circulation problems. 
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Stabilizers 

Gilsonite and salt stabilize a wellbore when drilling through shale 
or salt formations. Gy psum is used as a st abilizer when dril ling 
anhydrite or gypsum. Adding salt or gypsum prevents the drilling 
fluid from dissolving the salt, gypsum, or anhydrite in the forma- 
tion being dril led; Gil sonite coats sh ales, which prevents them 
from absorbing water, expanding, and subsequently caving into the 
wellbore. 


Lubricants 


Graphite and bentonite lubricate the drill bit and drill pipe during a 
drilling oper ation. Th ey also he Ip pre vent the pipe joints from 
sticking. 


Proppants 


Sized silica sand is used as a_ propping agent for fracturing, a pro- 
cess that holds the fractures open and enables the oil to flow out of 
the formation into the well. Sized silica sand is also used in gravel 
packing of poorly consolidated sands. 


Plugs 


Aggregate and granular -size bentonite is currently used for plug- 
ging shallow seismic holes. The completed holes are filled with this 
material to pre vent infl ow of water. Highly compressed sodium 
bentonite is also used for well abandonment. 


Specialty Products 


Attapulgite, sodium be ntonite, and calcium be ntonite are used to 
make organophilic clays. Or ganophilic clays are used in oil-based 

muds as viscosif iers and f iltrate reducers. A series of specialty 

products are generated from leona rdite through caustic treatment, 

sulfonation, sulfometh ylation, or chelation with zinc. Attapulgite, 
sodium bentonite, calcium bentonite, and leonardite make up more 
than 50% of specialty products. The products are proprietary. Other 
industrial minerals are used in _ these specialty pr oducts in v ery 
small amounts as fillers. 


INDUSTRIAL MINERALS 


Table 1 lists the industrial minerals commonly used in drilling flu- 
ids, and their forms, specifications, and uses. In t his section each 
mineral is discussed as to its mineralogy, ph ysical and chemical 
properties, and the location of major deposits. More detailed infor- 
mation may also be found in indi vidual chapters in this volume 
covering each of these mineral commodities. 


Asbestos 


Although no | onger used in drilli ng fluids, at one t ime asbestos 
was commonly added to water-based muds as a highly effective 
viscosifier. 

Asbestos is the generic name for a group of naturally occur- 
ring fibrous silicate minerals. The principal component of commer- 
cialasbe stosischrysot ile(h ydrated magnesium si licate). 
Chrysotile has a specif ic gravity of 2.55 and a Mohs hardness of 
2.5. It consists of tubular, parallel fibers that are closely packed. 
The fibrous nature of chrysotile leads to the de velopment of a 
brush-heap structure when it is dispersed in either saltw ater or 
freshwater. The major asbestos deposits are located in the province 
of Quebec, Canada, and near Coalinga, California. 


Attapulgite (Palygorskite) 


Attapulgite is a crystalline hy drated magnesium silic ate, with par- 
tial replacement of magnesium by aluminum, iron, and other ele- 
ments. Attapulgite particles are needlelike in shape. When placed in 


water, at tapulgite does not swell like bent onite but must be dis- 
persed by vigorous stirring to break up the bundles of lath-like crys- 
tals. Attapulgite is used in drilling fluids solely for its suspending 
properties, which are not affected by dissolved salts. In fact, atta- 
pulgite generates a hi gher viscosity in satu rated sodium chloride 
solution than in freshwater. Attapulgite has a specific gravity of 2.5 
and a Mohs hardness of | to 1.5. Attapulgite, often ref erred to as 
fuller’s earth, is also used to produce organophilic clay. 

The major producing areas in the United States are in southern 
Georgia and north western Florida. It is also mi ned in Australia, 
India, Senegal, South Africa, and Spain. 


Barite 


Pure barite (BaSO4) has a specific gravity of 4.5 and a Mohs hard- 
ness of 2.5 to 3.5. Commercial barite often exhibits a lower specific 
gravity because of impurities such as quartz, chert, gypsum, anhy- 
drite, celestite, and various iron minerals. The presence of iron min- 
erals m ay, ho wever, incre ase th e speci fic gra vity of c ommercial 
barite. Barite is used primarily as a weighting agent in drilling fluids. 

Pure barite does not react with other components of drilling 
fluids and is virtually insoluble in water, but impurities in barite can 
influence dr illing-fluid properties. F or e xample, ca Icium sulfate 
minerals (i.e., gypsum and anh ydrite) may thick en drilling mud. 
Likewise, properties of drilling mud may be adversely affected by 
the presence of sulfide minerals (i.e., pyrite and sphalerite), which 
can undergo oxidation, forming soluble salts. 

The United States is a major producer and by far the leading 
consumer of barite. The oil industry uses 90% of domestic produc- 
tion and almost all the impor ted barite. Major producing states are 
Georgia and Nevada. The principal sources of imported barite are 
China, India, and Morocco. 


Bentonite 


Bentonite is primarily composed of the clay mineral montmorillo- 
nite, a magnesium—aluminum silicate. Bentonite h ydrates in fresh- 
water and disperses to varying degrees, depending on the nature of 
the cations that are loo sely he ld and exchangeable (high ca tion 
exchange capacity). Th e presen ce of e xchangeable sodium ions 
enhances hydration and dispersion. Divalent cations such as calcium 
reduce the degree to which the individual platelets disperse. Bento- 
nite is added to f reshwater muds for one or more of the following 
purposes: (1) to increase the bor ehole cleaning capability; (2) to 
reduce filtration into the permeable formations; (3) to form a thin, 
low pe rmeability filter c ake; (4) to prom ote bore hole sta bility in 
poorly consolidated formations; and (5) to control loss of circulation. 
Bentonite has a specific gravity of 2.5 anda Mohs hardness of 1 to 
1.5. It ranks second in quantity only to barite as a drilling-fluid addi- 
tive. Bentonite is also used to produce organophilic clays. Calcium 
bentonite is often treated with sodium carbonate and polyacrylates to 
meet American Petroleum Institute (API) specifications. 

Bentonite, in which sodium na turally pre dominates as the 
exchangeable cation, is mined primarily in Montana, South Dakota, 
and Wyoming. Arizona, California, Nevada, Oregon, and Utah also 
supply sodium bentonite. Production of calcium bentonite occurs in 
Alabama, Arizona, California, Colorado, Mississippi, Nevada, Ore- 
gon, and T exas. Major deposits outside the United States are in 
Argentina, Brazil, Cyprus, Germany, Greece, India, Italy, Mexico, 
and Turkey. 


Diatomite (Diatomaceous Earth) 


Diatomite, or diatomaceous earth, is composed primarily of diatom 
skeletons (hydrous silica). It has a limited use in drilling fluid as a 
fluid-loss con trol a gent. Dia tomite is primarily used asaf_ ilter 
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Table 1. Industrial minerals used in well drilling 





Additives Form Specifications Use 
Asbestos Fibrous None No longer used either as a viscosifier or lost 
circulation material because it is classified as 
a carcinogen 
Attapulgite” Powder—75 pm 30-min reading on a motor-driven, direct indicating Viscosifier in saltwater 
viscometer at 600 rpm with a mixture of 20.0 g material 
in 350 cm? saturated salt solution; residue >75 pm: 
8% max.; moisture: 16% max. 
Barite” Powder—75 pm Density: 4.20 g/cm? min.; water-soluble alkaline earth Weighting agent 


Bentonite (sodium)* 


Nontreated bentonite” 


OCMA-grade bentonite 
(calcium)t 


Powder—75 pm 


Powder—75 pm 


Powder—75 pm 


metals as calcium: 250 mg/kg max.; residue >75 pm: 
3% max.; particles <6 pm: 30% max. 


30-min reading on a motor-driven, direct indicating 
viscometer at 600 rpm with a mixture of 22.5 g material 
in 350 cm° distilled water; yield point/plastic viscosity 
ratio: 3 max.; filtrate: 15 cm? max; residue >75 ym: 
4% max.; moisture: 10% max. 


30-min reading on a motor-driven, direct indicating 
viscometer at 600 rpm with a mixture of 25.0 g material 
in 350 cm° distilled water; yield point/plastic viscosity 
ratio: 1.5 max.; dispersed plastic; viscosity: 10 Cp min.; 
filtrate: 12.5 cm? max. 


30-min reading on a motor-driven, direct indicating 
viscometer at 600 rpm with a mixture of 22.5 g material 
in 350 cm! distilled water; yield point/plastic viscosity 
ratio: 6 max.; filtrate: 16 cm? max.; residue >7 5pm: 
2.5% max.; moisture: 13% max. 


Diatomaceous earth Powder None 

Galena Powder None 

Gilsonite Powder None 

Graphite Powder None 

Gypsum Powder None 

Hematite* Powder—75 pm Density: 5.05 g/cm$ min. water-soluble alkaline earths 
metal as calcium: 100 mg/kg max.; residue >75 pm: 
1.5% max.; residue >45 pm: 15% max.; particles <6 pm: 
15% max. 

IImenite Powder None 

ltabirite Powder None 

Leonardite Powder None 

Limestone Powder None 

Mica Flake None 

Perlite Powder None 

Quartz sand Sand Various mesh sizes 

Salt Granular None 

Sepiolite* Powder—75 pm 30-min reading on a motor-driven, direct indicating 
viscometer at 600 rpm reading 20 g material in 350 cm? 
saturated salt solution; residue >75 pm: 8% max.; 
moisture: 16% max. 

Siderite Powder None 

Soda ash Powder None 

Ulexite Powder None 

Vermiculite Flake None 


Viscosifier in freshwater 


Viscosifier in freshwater 


Viscosifier in freshwater 


Lost-circulation material 
Weighting agent 
Stabilizer 

Lubricant 

Stabilizer 

Weighting agent 


Weighting agent 

Weighting agent 

Thinner 

Low-density weighting agent 
Lostcirculation material 
Lostcirculation material 

Propping agent; gravel-packing sand 
Stabilizer; weighting/bridging agent 


Viscosifier in saltwater 


Low-density weighting agent 
Remove calcium salts 
Crosslinking agent 


Lost-circulation material 





Source: Adapted from Davis and Lefond 1983. 
* American Petroleum Institute (API) specifications (Spec. 13A; API 1993). 
t OCMA = Oil Companies Materials Association. 


medium for completion brines. It has a specific gravity of 1.95 and 
a Mohs hardness of 4 to 4.5. The major de posits in the United 
States are in Califor nia and Nevada. Other notable producers are 
China, France, Italy, Japan, and Mexico. 


Galena 


Galena (PbS), with a specific gravity of 7.4 to 7.7 and a Mohs 
hardness of 2.5, is used only in preparing extremely heavy muds, 


which often are required to control abnormally high pressures. 
Since galenaise xpensive, iti snota normalcom ponent of 
weighted muds. It is used only in emergency situations requiring 
weights up to 32 lb/gal. The largest galena deposits in the United 
States are] ocated in Missour i, with mi nor p roduction from 
Alaska, Idaho, and Montana. Outside the United States, the major 
deposits are in Australia, Canada, China, Kazakhstan, Me xico, 
and Peru. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 
All rights reserved. Electronic edition published 2009. 


1490 


Industrial Minerals and Rocks 





Gilsonite 


Gilsonite is a naturally occurring, solid carbonaceous material that 
is classified as an asphaltite. It is a pure hydrocarbon without any 
significant amounts of mineral impurities. Gilsonite has a low spe- 
cific gravity and a softening point of approximately 370°F (188°C). 
It is used to control f —_luid_ loss, stabilize sloughing shales, and 
reduce borehole erosion. Major deposits of Gilson ite are found in 
northeastern Utah. 


Graphite 

Graphite is a naturally occurring carbon. It has a specific gravity of 
2.3 and a Mohs hardness of | to 2. It is occasionally used in drilling 
fluids as a lubricant. Graphite is not curren tly mined in the United 


States. The major deposits are in Brazil, China, the Czech Republic, 
India, Madagascar, Mexico, and Sri Lanka. 


Gypsum 


Gypsum (CaSO4*2H20) has a specific gravity of 2.32 and a Mohs 
hardness of 2. It is a primary source of calcium ions in “gyp” muds. 
The gyp muds are used for drilling sloughing shales and anhydrite 
formations. Nondrilling uses, however, account for most gypsum 
consumption. Major producing states are California, Indiana, Iowa, 
Michigan, Nevada, Oklahoma, and Texas. The largest producers of 
gypsum outside the United States are Canada, China, Iran, Japan, 
Mexico, Spain, and Thailand. 


Halite 


Halite (NaCl), or rock salt, has a specific gravity of 2.16 anda 
Mohs hardness of 2.5. Halite is used in f ormulating salt-saturated 
muds that are used for drilling in salt sequences, and for shale inhi- 
bition. Sized salt is often used as a water-soluble bridging agent for 
sealing porous formations. Recent ly, the useo f sized salt has 
increased as a main component of salt-based drill-in fluid for hori- 
zontal wells. 

Major salt deposits inthe United States are in L ouisiana, 
Michigan, New York, Ohio, and Utah. Outside the United States, 
other major deposits are found in Canada, China, and Germany. 


Hematite 


Hematite (Fe2O3) has a specif ic gravity of 5 to 5.26 and a Mohs 
hardness of 5.5 to 6. In the early 1980s, an anticipated w orldwide 
barite shortage led to the use of hematite asa weighting agent in 
drilling fluids. Then it w as disc overed that hematite tended to 
increase filtrate loss and f ilter cake thickness. This problem, cou- 
pled with complaints from rig personnel of serious skin and cloth- 
ing discoloratio n, caused a decl ine int he use of he matiteas a 
weighting agent. In addition, hematite is more abrasive to drill bits, 
drill strings, and pump parts than is barite. 

Hematite is min ed int he La ke Su perior and Appa lachian 
Mountain regions of the United St ates. Outside the United States, 
major producing countries are Australia, Brazil, and China. 


IImenite 


Ilmenite (FeTiO2) has a specific gravity 4.5 to 5.1 and a Mohs hard- 
ness of 5 to6. The heavy metal content of ilmenite is lo wer than 
barite. In addition, the bioavailability of the heavy metals is lower. 
Environmentally, it is more desirable to use ilmenite than barite as a 
weighting agent in dri lling fluids. Recently, a field trial was con- 
ducted using ilmenite as a weight ing agent in th e mud system on 
the Norne Field in Norway. It clearly demonstrated that the perfor- 
mance of ilmenite was comparable to ba rite. Supplies of il menite 
are abundant. 


Itabirite 


Itabirite is a micaceous hematite. It is called micaceous because it 
splits easily into thin, flat flakes, making it easily friable. It has a 
specific gravity of 5.1 and a Mohs hardness of 5 to 6. Abr asion is 
minimized if a ma ximum particle size of 45 um is specified. This 
limiting of particle size has an additional advantage in that 120- or 
150-mesh screens can be used on the shakers without excessive loss 
of itabirite. It can be used as weighting agent in both oil-based and 
water-based muds. Itabir ite has suc cessfully be en used in Latin 
America. Brazil is a major source of itabirite. 


Leonardite (Lignite) 


Leonardite is naturally oxidized lignite, re sulting from pr olonged 
weathering. Leonardite is used in drilling fluids as a thinner anda 
filtration control agent. The name /eonardite applies to the lignite 
oxidation produ ct containing ahigh humic acid content. It has 
greater temperature stability than other thinning agents. Leonardite 
is a versatile material for emulsion stabilization. A derivatized ver- 
sion of leonardite is used in oil-based muds to reduce filtration loss 
and to improve the stability of water-in-oil emulsions. 

North Dakota is the principal source of leonardite for drilling 
use. Minor deposits are located in South Dak ota, Montana, Ne w 
Mexico, and Texas. 


Limestone (Calcium Carbonate) 


Limestone, or calcium carbonate (Ca COs3), has a specif ic gravity of 
2.7 and a Mohs hardness of 3. Calcium carbonate is of ten used as a 
weighting material because the resu Iting filter cake can be remo ved 
easily by treatment with h ydrochloric acid. Calcium carbonate dis- 
perses more readily in oil muds than does barite. The low specific 
gravity of limestone limits the maximum density of the mud to about 
12 Ib/gal. Calcium carbonate is readily available as ground marble or 
oyster shells. Calcium carbonate is available in fine, medium, and 
coarse grades. It is used primarily as a bridging agent in both oil- and 
water-based drill-in fluids. Limestone deposits are ubiquitous and are 
mined throughout the United States and the rest of the world. 


Magnetite 


Magnetite (Fe30,) has a specific gravity of 5.0 to 5.2 and a Mohs 
hardness of 5.5 to 6.5. Magnetite is no longer used as a weighting 
material in drilling fluids because of its relatively higher abrasive- 
ness to drill-bit, drill-string, and pump parts. Because it is magnetic, 
it also causes interfe rence with electrical logging and causes flow 
lines to clog. 

Mica 

Muscovite (KA12(A1Si3019)(OH)z) is the preferred mica mineral in 
drilling fluids. It has a specific gravity of 2.76 to 3.1 and a Mohs 
hardness of 2 to 2.5. Muscovite is flexible and insoluble in acids. It 
is primarily used to control lo ss circulation. The major deposits in 
the United States are in Georgia, New Mexico, North and South 
Carolina, and South Da kota. Outside the United States, the major 
deposits are in Brazil, Canada, France, and India. 


Perlite 


Perlite is a hydrated v olcanic glass that e xpands greatly when 
heated. Expanded perlite is used for controlling loss of circulation. 
The largest deposits in the United States are in northern New Mexico. 
Outside the United States, Greece has major deposits. 


Pyrite 


Although pyrite (FeS2) is not used in dril ling mud, an iro n-oxide 
weighting material is made from the residue of the pyrite roasting 
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process. The residue is quenched, neutralized, leached, washed, and 
dried. The product is milled to desired par ticle-size distrib ution. 
Desirable characteristics claimed for the product are high specif ic 
gravity of 4.7; low abrasion and low magnetic susceptibility; 85% 
solubility inh ydrochloric ac id; and re action with H2S to form 
polysulfides. Supplies of pyrite are abundant 


Quartz Sand 


Quartz sand (SiO2) has a specific gravity of 2.7 and a Moh s hard- 
ness of 7. Only high-quality, clean, properly sized sand is used as a 
proppant in fracturing of oil and gas for permeability enhancement. 
It is also used in gravel packing of poorly consolidated sands. The 
largest production of quartz sand in the United States is in Illinois, 
followed by Michigan, California, North Carolina, Texas, Wiscon- 
sin, Ne w Jersey, and Oklahoma. Lar ge deposits of high-silica 
industrial sand are widespread throughout the world. 


Sepiolite (Meerschaum) 


Sepiolite, or meer schaum, isa hydrated magnesium silicate that 
contains less substitu ted aluminum than does attapulg ite, which it 
closely resembles. The crystal struct ure of sepiolite also is similar 
to that of a ttapulgite; the unit cell of se piolite, however, is some - 
what lar ger. Sepiolite occurs in fibrous, elon gated lath-like part i- 
cles. It has a specific gravity of 1 to 2 and a Mohs hardness of 2 to 
2.5. It is used as a viscosifier for saltwater muds. The reported sta- 
bility of sepiolite at el evated temperatures led to its application in 
geothermal d rilling. Amon g the c ited applications are (1) as a 
replacement for attapulgite in saltwater muds, (2) as a replacement 
for asbestos in “sweep” slugs for hole cleaning, and (3) as a packer 
mud. Although some sepi olite is produced in southern Nevada, 
Spain is the largest producer. Major deposits of sepiolite also occur 
in Somalia and Turkey. 


Siderite 

Siderite is a ferrous carbonate (FeCO3). It has a specif ic gravity of 
3.7 to 3.9 anda Mohs hardness of 3.5 to 4. Itis highly soluble in 
acids. Siderite canbe used asa weighting agent in bot hoil- and 
water-based muds. Its higher density enables the formulation of muds 
weighted up to 19 1b/gal. In laboratory core tests, muds containing 


siderite did no t cause per manent damage by p articulate in vasion. 
Present domestic production of siderite is from east Texas. 


Soda Ash 


Soda ash is a sodium carbonate (Na2COs3). It has a specific gravity 
of 3.23 and a Mohs hardness of 3. Soda ash is_ used primarily to 
remove calcium salts from mak e-up waters and muds. Iti s also 
used in clay beneficiation. It is produced from either brines or trona 
deposits. The lar gest production is from trona depo sits in south- 
western W yoming with additional produ ction in California and 
Colorado. Botsw ana, Kenya, Mexico, and T urkey are the major 
producers outside the United States. 


Ulexite 


Ulexite is a hydrous sodium calcium borate (NaCaB 509*8H20). It 
has a specific gravity of 1.6 to 1.9 and a Mohs hardness of 2.5. It is 
used primarily as a source of borate for cross-linking hydrated guar 
gum. Cross-linked guar is used as_a fra cturing fluid. The largest 
deposits of ulexite are in Boron, California. 


Vermiculite 


Vermiculite is a micaceous mineral that expands when heated. The 
expanded form of vermiculite is used for controlling loss of circula- 
tion. The principal sources of vermiculite in the United States are 
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Figure 1. Plants that grind barite for drilling fluids located along the 
Louisiana—Texas Gulf Coast 


South Carolina and Virginia. Elsewhere, the largest deposits are in 
South Africa. 


SUPPLIERS 

The industrial minerals used in drilling fluids in major amounts are 
barite, sodium bentonite, hem atite, at tapulgite, leonardite, and 
mica. Except for silica sand, which is used as a propping agent, the 
other industrial minerals are used in only minor amounts. 

Drilling-fluid companies generally move the materials used in 
drilling fluids directly to the well site. These companies maintain 
warehouses and stockpoints in th e major drilling areas throughout 
the world. If requested, they also supply drilling-fluid technologists 
(mud engineers), who supervise the mixing and use of the drilling 
mud. 

There are three ma jor w orldwide dril ling-fluids c ompanies: 
M-I SW ACO, a Smith/Schlumber ger co mpany; Baroid Dri Iling 
Fluids, a Halliburton company; and Baker Hughes Drilling Fluids, 
a Ba ker Hughes com pany. A dditionally, t here are num _ erous 
smaller, re gional co mpanies th roughout the United States and 
worldwide. Drilling-fluid companies mine and grind th e major 
products, or purchase them from other producers. 

In the United States today, 13 plants along the Louisian a— 
Texas Gulf Coast (Figure 1) grind barite for drilling fluids. In addi- 
tion, two other grinding plants in the same region custom grind 
barite for drilling -fluid comp anies or pr ovide their o wn gro und 
barite. 

Three major mud companies o wn 80 f the 15 plants. The 
plants along the Gulf Coast supply 85% of the drilling mud barite 
in the United States. 

In th e West, three plants ope rate near Battle Mountain, 
Nevada, the largest barite mining area in the United States, and one 
operates near Salt Lake City. The ground product from these areas 
supplies the western United States and Alaska. A dditionally, two 
other plants, one in Ok lahoma and another in W est Texas, grind 
barite for the drilling-mud market. 

Other plants throughout the United States grind barite for the 
drilling-mud market, but their prim ary business is ot her minerals 
or the filler-grade barite market. In addition to the operating plants, 
several plants have been mothballed since the downturn in the mar- 
ket in 1982. 

Sodium bentonite is the second largest industrial mineral used 
in drilling fluids based on tonnage. Five companies with 12 operating 
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plants produce drilling-grade products: American Colloid; Bento- 
nite Corporation (formerly part of Baroid); Black Hills Bentonite; 
M-I SWACO; and WYO-BEN Corporation. Eleven of the plants are 
in Wyoming: five are in the Big Horn Basin in northwestern W yo- 
ming, two are in the Casp er area, and four are in the northeastern 
part of the state. The twelfth plant is in the north western corner of 
South Dakota. The plants produce ground and _ granular bentonite 
for domestic and foreign markets, and crushed and dried bentonite 
for export to grinding plants in other major drilling-mud markets in 
the world. 

M-I SWACO and Densimix import specularite hematite from 
Brazil for the drilling- fluid market. Two plants on the Gulf Coast 
screen, dry, and, if necessary, grind the filter cake. These companies 
supply the other drilling-fluid companies with most of the product 
that they require. 

Four comp anies produce attapulgi te in the Geor gia—Florida 
area asa gr ound product for the drilling-mud market and other 
uses. The four c ompanies are E ngelhard Mine ral and Chem ical 
Company; Floridin Company; Oil-Dri Corporation of America; and 
the Milwhite Company. The products are packaged in bags bearing 
the names of the drilling-fluid companies. Attapulgite—sepiolite is 
also ground and packed in Spain and Senegal. 

Leonardite is produced in southwestern North Dak ota and 
near Glenrock, Wyoming, for the drilling-fluids market. The three 
major suppliers are Black Hills Bentonite in Wyoming and American 
Colloid and Geo Resources in North Dakota. The material is sup- 
plied in powder form and packed and labeled in multiwalled paper 
bags from either the producer or the customer. The producers also 
sell leonardite in crushed and dried lumps for further processing. 

Mica is supplied to the drilling-mud industry in ground form. 
The tw o major producers for the dr illing-mud market are KMG 
Minerals in North Carolina and Mineral Mining Cor _ poration in 
South Carolina. Most of the material is a flotation product or from 
scrap. The producers package the ground or screened product in 
paper bags with the customer’s trade name. Canada and India supply 
mica to the drilling-mud industry in some international markets. 

Other minerals used in minor amounts in drilling are obtained 
from suppliers either in generic bags or with the customer’s name. 
These minerals are only a very small portion of the producers’ total 
output. 


TECHNOLOGY 


Processing barite involves a rotary breaker that uses water at high 
pressure to separate the softer barite from the harder gangue, which 
is discarded. The barite and the remaining gangue move on to log 
washers, where any clay is separated. A trammel screen is used to 
discard oversize gravel material. The remaining material containing 
barite then moves on to jigs for the final gravity separation of barite 
from the remaining fine gravel gangue. The barite is then dried, 
ground, and packed in multiwalled paper bags. 

For attapulgite, bentonite, sepiolite, and leonardite, all the raw 
materials used to produce the finished products are crushed, dried, 
ground, and packed in multiwalled paper bags. Before this process- 
ing, the clays and leonar dite are dried either at the mine or on the 
stockpiles at the plant. Th is decreases the amount of w ater that 
must be removed in drying and makes the material easier to crush. 
Rotary dryers dry the cl ays at relatively low temperatures. If too- 
high temperatures are used, molecular and spatial water is driven 
off, and the swelling capability of the clays is decreased. 

Table 1 lists specifications for the three grades of drilling-fluid 
bentonite recognized by API. The higher performance grades are 
produced mainly in Montana, South Dak ota, and Wyoming. This 
bentonite contains mont morillonite clay in both sodium and  cal- 


cium forms; the sodium for m, ho wever, predominates. Most of 
these bentonites are processed using a small amount of a peptizing 
polymer to enhance the viscosity- building properties of th e clay. 
This peptized bentonite is referred to as the standard API bentonite. 
The high-quality bentonite that is not treated in any way to enhance 
its viscosity-building characteristics is designated and sold as API 
nontreated bentonite. 

Large depo sits of calcium ben tonite f ound in the coastal 
plains of the Gulf of Mexico and many other areas around the world 
are low-yielding bentonites. These can be used in drilling muds if 
upgraded with sodium carbonates and peptizing polymers such as 
polyacrylates. The name API OCMA bentonite identifies such ben- 
tonites for drilling use. “OCMA” refers to the defunct organization 
Oil Companies Materials Association, which set specifications until 
the early 1980s for drilling-fluid materials used outside the United 
States. The API, which has adop ted and upgraded many of the old 
OCMA specifications, is the organization that today determines and 
sets such specifications. 

Fast-yielding bentonite s, when tr eated with hig h-molecular- 
weight polyacrylamide and poly acrylates, produce rough ly the 
same viscosity as twice the amount of untreated bentonite. These 
polymers are referred to as bentonite extenders. Another bentonite 
extender is am _ ixed me tal (m agnesium and alum inum) layered 
hydroxide, or MMH. A MMH is most frequently used to increase 
viscosity sufficiently so tha t metal cuttings can be re moved from 
the well during the milling operation. MMH-treated muds also are 
finding applications in horizontal wells. Unfortunately, when ben- 
tonites are treated in this manner, it can decrease the shelf life of the 
product and may increase fluid loss beyond specifications. This is 
especially true for calcium bentonites. 

It is not uncommon to trea t attapulgite with magnesium oxide 
and magnesium h ydroxide to increa se i ts mud-thick ening a bility. 
The effect can be heightened by including mannogalactan from guar. 

Organophilic clay supplies viscosity and suspending qualities 
in oil-based muds. It is prepared from bentonite or attapulgite and 
aliphatic amine salts. The organophilic clays obtained from amines 
having 12 or more straight-chain carbon atoms that swell and form 
gels in oils. The amino groups replace the sodium and calcium orig- 
inally present on the clay surf ace. Organophilic clays can suspend 
solids in oil without requiring additional emulsifying surfactants. 

Processing leonardite involves moving the soft, moist deposit 
to stockpiles, where some dryi ng and p ossibly some oxidatio n 
occur. This ma terial is then passed thr ough alo w-temperature 
dryer to reduce the moisture content to 15%—20%. The dried prod- 
uct is then crushed and bagged. The performance of leonardite can 
be greatly imp roved by solubilizing processes such as caustic 
treatment, sulfonation, sulfomethylation, or chel ation with he avy 
metals. 

Specular hematite is mined a nd partially pr ocessed in Brazil 
before shipment as filter cake to the United States, where the final 
processing steps are performed. A small amount of agglomerated 
material may have formed, and some tramp material may have been 
picked up during transportation and storage. Because of these pos- 
sibilities and the 8% to 10% moisture content, the material is dried 
either in a rotary dryer or a flash dryer (on the mill) and screened 
before packing. A hammer mill or a ring-r oller mill breaks up the 
agglomerates. 

Mica for drilling-mud products is dry-ground flake mica. It is 
ground further and screened to th e sizes required for drilling mud 
use. 

All these produc ts are pa ckaged in mu Itiwalled paper b ags 
and/or plastic 1-t supersacks. Barite and hematite are also delivered 
in bulk. 
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Specifications 


Table 1 gives specifications for industrial minerals used in well drill- 
ing. API p ublishes specif ications for barite, bentonite (sodium), 
hematite, nont reated bentonite (s odium), OCMA bentonite (cal- 
cium), attapulgite, and sepiolite (API 1993). These specifications are 
revised periodically. A few users se t additional spe cifications for 
some products. For barite, the amount of caustic soluble material is 
usually limited to 3,000 mg/L for carbon ates and 50 mg/L for sul- 
fides. The amount an API bentonite can be extended with polyacry- 
lates and still have an acceptable yield point is limited to 1.81 kg/t of 
polyacrylate and a minimum yield point of 60. Drilling-fluid compa- 
nies usually set the sp ecifications for the other min erals. Addition- 
ally, U.S. En vironmental Protec tion Agency (EPA) and also some 
state agencies in the United State s have set li mits for heavy metal 
content (i.e., their use and disposal) in barite, muds, and cuttings. 


Testing 


The API has set standard test proc edures along with specifications 
for the industrial miner als used in drilling fluids. In addition, API 
also has a recommended practice for chemical analysis of barite 
(API 1996). The EPA has stand ard test procedures for measuring 

mercury and cadmium. Most dril ling-fluid companies ha ve their 
own test methods for materials o ther than tho se specified by API. 
Some sta tes re quire certification of processing facilities by NSF 
International for products used in water-well drilling. 


ECONOMIC FACTORS 

Costs 

The largest industrial use of barite and bentonite is in well drilling. 
The other industrial minerals used in well drilling comprise only a 
small portion of the total tonnages produced each year. The major 
cost items to produce barite, bentonite, and most other industrial 
minerals are mining, grinding, and packaging. Mining must be eco- 
nomical; therefore, surface mining is usually practi ced. Generally, 
it is prohibitive to concentrate barite for the drilling-mud market by 
any means other than screening, washing, or jigging. Dry grinding 
with rin g-roller mills is more economical than grinding with ball 
mills. 

Packaging is becoming more automated with palletizers to 
reduce la bor costs. Other costs that co ntinue to inc rease are 
those related to quality control, environmental con siderations, 
and reclamation. 


Markets 


Most of the well-drilling outlay in the United States and worldwide 
is for oi land ga s. The API sets the specifications for t he major 
additives used in the drilling industry. If a compan y wishes to use 
the API logo on its products, it must have an API-approved Q-| pro- 
gram (quality control). 

The largest single market area for drilling muds in the United 
States is the Louisiana—Texas Gulf Coast. Fifteen barite grinding 
plants on the Gulf Coast supply this market. The other major mar- 
ket areas for drilling muds are California and Al aska, the Rocky 
Mountains, and the midcontinent region (Kansas, New Me xico, 
Oklahoma, an d Texas). Drilling- fluid co mpanies maintain w are- 
houses to supply their customers in these areas. 


Transportation 


Most of the industrial minerals used in well drilling have unique 
physical properties and are found in only a few areas. Materials of 
restricted occurrence that are shipped long distances, such as 
sodium bentonite, leona rdite, and attapulgite, usually are shipped 
by rail in carload lots. 


Lump bar ite and specularite hematite are most ly im ported. 
The volume of sea freight of barite from the f oreign pr oducing 
countries in bulk quantities is less than the v olume of rail freigh t 
from Nevada to the U.S. Gulf Coast, the largest consuming area. 


GOVERNMENTAL CONSIDERATIONS 


Taxes and Depletion 

Most states ha ve severance or ad v alorem taxes on the industrial 
minerals used in we Il drilling. The trend is for inc reases in the se 
taxes. Depletion allowances apply to all the industrial minerals used 
in well drilling. Import taxes are collected on most of the industrial 
minerals used in well drilling. The rates are different and depend on 
the source country, and whether it has Normal Trade Relations sta- 
tus; for a developing country, the imports are duty free. 


Land Use 


All mining operations in the United States must now reclaim mined 
areas whether on private or public lands. Usually an equivalent area 
must be reclaimed for the area mined each year. Each state has 
slightly different regulations. 


Environmental Regulations 


In 1988, EPA proposed a limit of 1 mg/kg mercury and 1 mg/kg cad- 
mium in barite. The industry argued that the availability of barite at 
the proposed concen trations w as limited and that the 1 imit would 
increase the cost of barite by 6 5%. Industry-supplied data indicated 
that adequate supplies of barite containing <3 mg/kg mercury and 
5 mg/kg cadmium were available. In 1993, EPA proposed a new reg- 
ulation based on barite containing a maximum of 3 mg/kg mercury 
and 5 mg/kg cadmium. The use of barite would not be regulated, but 
the discharge of the mud and the cuttings w ould be monitored and 
regulated. Louisiana has some limits on hea vy metals contained in 
the mud storedin mud pits. Current EPA permits for dischar ge 
require limits of 1 mg/kg mercury and 3 mg/kg cadmium. 

In the United States ther e are regulations on rainwater runoff 
from mines and processing plants, acid mine drainage, and dust 
emissions. 


Safety Regulations 


Mines, concentrating plants, a nd grinding plants in the Un ited 
States are regulated under the Mine Safety and Health Act of 1977. 


PROBLEMS AND FUTURE TRENDS 


The trend in the United States is to import oil rather than produce it 
because of the economics of dril ling in the United States versus 
drilling elsewhere. This trend will reduce the am ount of industrial 
minerals used in domestic well drilling. Increased governmental reg- 
ulations on the environment, land use and land withdrawals, and 
increases in severance and ad valorem taxes all increase the cost of 
production, thus reducing the competitiveness of the United St ates. 
China has become the largest supplier of barite and is increasingly 
producing large quantities of other oilfield minerals and chemicals. 
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aT Ae 


Resource and Reserve 
Classification 


Unless stated otherwise, reference to reserves and resources in this 
volume follows the terminology promulgated by SME’s Guide for 
Reporting Exploration Information, Mineral Resources, and Min- 
eral Reserves, a rep ort submitted by the Resources and Reserves 
Committee to the Board of Directors of the Society for Mining, 
Metallurgy, and Exploration, Inc., dated March 1, 1999. The termi- 
nology is shown in Figure 1 and described as follows. 

Public reports of exploration information relating to mineral- 
ization (but not classified as a mineral resource or mineral reserve) 
must contain sufficient information to allow a considered and bal- 
anced judgment of the significance of the results. This must include 
relevant information such as the geological setting, sampling inter- 
vals and methods, sample locations, assay data, laboratory analy- 
ses, data aggre gation methods, plus other info rmation th at is 
material to an assessment. The reporting of exploration sampling or 
geophysical results must no t be presented so as to unreasonab ly 
imply that a potentially economic deposit has been discovered. 

A mineral resource is a concentration or occurrence of mate- 
rial of intrinsic economic in terest inoron the earth’ s crust ( a 
deposit) in such form and quantity that there are reaso nable pros- 
pects for e ventual economic e xtraction. The location, quan tity, 
grade, geological char acteristics, and cont inuity of amin eral 
resource are known, estimated, or interpreted from specific geolog- 
ical evidence and knowledge. Mineral resources are sub-divided, in 
order of increasing geolo gical confidence, into inferred, indicated, 
and measured categories. Portions of a deposit that do not have rea- 
sonable prospects fore ventual economic extraction must not be 
included in the mineral resource category. 

An inferred mineral resource is that part of a mineral resource 
for which tonnage, grad e, and mineral content can be estimated 
with a lo w level of c onfidence. It is inferred from geological evi- 
dence and assumed but not verified geological and/or grade conti- 
nuity. Itis based on information g athered through appropriate 
techniques from locations such as outcrops, trenches, pits, work- 
ings, and drill holes th at is limited or of uncertain quality and/or 
reliability. An inferred mineral resource has a lower level of confi- 
dence than that applying to an indicated mineral resource. 

An indicated miner al resource is that partofamin_ eral 
resource for which to nnage, densities, shape, physical characteris- 
tics, grade, and mineral content can be estimated with a reasonable 
level of confidence. It is based o n exploration, sampling, and test- 
ing information gathered through appropriate techniques from loca- 
tions such as outcrops, trenches, pits, workings, and drill holes. The 





Exploration 
Information 

Mineral Mineral 
Resources Reserves 


Reported as 
potentially minable 


Reported as 
minable production 


mineralization estimates 
Increasin: 
level of Inferred 
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and eet il 
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Measured <> Proven 
| Consideration of mining, metallurgical, 
economic, marketing, legal, environmental, 
social, and governmental factors 
—S >_> 


(the modifying factors) 











Figure 1. General relationship among exploration information, 
mineral resources, and mineral reserves 


locations are too widely or inappropriately spaced to confirm geo- 
logical continuity and/or grade c ontinuity but are spaced closely 
enough for continuity to be assumed. An indicated mineral resource 
has a lower level of co nfidence than that applying to a measured 
mineral re source, but has a higher level of confidence than that 
applying to an inferred mineral resource. 

A measured mineral resource is that part of a mineral resource 
for which tonnage, densities, shape, physical characteristics, grade, 
and mineral content can be estimated with a high level of confi- 
dence. Itis based on detailed and r eliable exploration, sampling, 
and testing information gathered through appropriate techniques 
from locations such as outcrops, trenches, pits, workings, and drill 
holes. The locations are spaced closely enough to confirm geologi- 
cal and/or grade continuity. 

A mineral reserve is the economically minable part of a mea- 
sured or indicated mineral resource. It includes diluting materials 
and a llowances for losses that may oc cur when the ma terialis 
mined. Appro priate assessments, whi ch may inc lude fe asibility 
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studies, have be en carried 0 ut and include consid eration of, and 

modification by, realistically assumed mining, metallurgical, eco- 
nomic, marketing, le gal, environmental, social, and governmental 
factors. These assessments demonstrate, at the time of reporting, 
that extraction is reasonably justif ied. Mineral reserves are subd i- 
vided in order of | increasing confidence into probable min eral 
reserves and proved mineral reserves. 

A probable mineral reserve is the economically minable part 
of an indi cated and, in so me circumstances, measured min eral 
resource. It includes diluting mate rials and allo wances for losses 
that may occ ur when the material is mined. Appropriate a ssess- 
ments, which may include feasibility studies, have been carried out 
and inclu de consideration of, and modif ication by, re alistically 
assumed mining, metallurgical, ec onomic, marketing, le gal, envi- 
ronmental, social, and go vernmental f actors. The se as sessments 
demonstrate, at the time of reporting, that extraction is reasonably 
justified. A pr obable mineral reserve has a lo wer level of confi- 
dence than a proved mineral reserve. 

A proved nineral reserve is the economically minable part of a 
measured mineral resourc e. It includes diluting materials and 


allowances for losses tha t may occur when t he material is mined. 
Appropriate assessments, which may include f easibility studies, 

have been carried out and include consideration of, and modif ica- 
tion by , realistic ally assumed mining, me tallurgical, economic, 

marketing, legal, environmental, social, and go vernmental factors. 
These a ssessments demonstrate, at the ti me of re porting, that 
extraction is reasonably justified. 

The U.S. Securities and Exchange Commission (SEC) regu- 
lates the repor ting of exploration info rmation, resources, and 
reserves by entities subject to the filing and reporting requirements 
of the SEC. Decisions as to when and what information should be 
publicly reported are the sole responsibility of the entity owning the 
information and are subject to SEC rules and re gulations. These 
rules and regulations vary from time to time and, at any given time, 
may not be consistent with Figure 1 nor the descriptions of explora- 
tion infor mation, resources, a ndreserv es presented here. The 
advice of securities counsel should be sought in preparing filings 
for the SEC or other securities regulatory authorities, and in prepar- 
ing other public disclosures. 
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Sieve Chart 


Table B1. Sieve Chart 




















International ISO 566 Tyler Standard German 
(Table 2): 1983 American ASTM E 11-87 Screen 1910 British BS 410: 1986 DIN 4188: 1977 
Nominal Opening Alternate U.S. Standard Equivalent Aperture 
mm, pm in., sieve in., mesh BS mesh mm, pm DIN No. 
26.50 mm 1.06 in. 1.05 in. 4.00 mm 2E 
25.00 1.00 2.00 3E 
22.40 7/8 0.883 1.50 4 
19.00 4 0.742 1.20 5 
16.00 5/8 0.624 1.00 6 
13.20) 0.530 0.525 750 pm 8 
12.50 V2 600 10 
T20: 7/16 0.441 500 12 
9.50 3/8 0.371 430 14 
8.00 S16 2.5 mesh 400 16 
6.70 0.265 3 340 18E 
300 20 
5.60 3.5 seve 33 3 250 24 
4.75 4 4 25 200 30 
4.00 2 5 4 170 35E 
00 6 6 5 150 40 
2.80 7 i 6 120 50 
2.36 8 8 7 100 60 
90 70 
2.00 10 9 8 75 80 
1.70 TZ 10 10 67 90E 
1.40 14 12 12 60 100 
1.18 16 14 14 56 110 
1.00 18 16 16 50 120 
36 130 
25 200 
850 pm 20 20 18 French 
710 25 24 22 AFNOR NFX11-501: 1970 
600 30 28 25 mm/pm TAMIS No. 
500 35 32 30 5.00 mm 38 
425 AO 35 36 4.00 37 
355 45 A2 44 Bald 36 
2.50 35 
300 50 48 52 2.00 34 
250 60 60 60 1.60 33 
212 70 65 72 1.25 32 
180 80 80 85 1.00 31 
800 pm 30 
150 100 100 100 630 29 
125 120 115 120 500 28 
106 140 150 150 400 27 
90 170 170 170 315 26 
75 200 200 200 250 25 
63 230 250 240 200 24 
53 270 270 300 160 23 
45 325 325 350 125 22 
100 21 
38 400 400 400 80 20 
32 450 440 63 19 
25 500 50 18 
20 635 AO LZ 
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Table C1. Conversion of English to SI Units, listed alphabetically (symbols of SI units given in parentheses) 
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a a 1 








To convert from to Multiply by 

abampere ampere (A) 1.000 000° E+01 
abcoulomb coulomb (C) 1.000 000° E+01 
abfarad farad (F) 1.000 000° E+09 
abhenry henry (H) 1.000 000° E-09 
abmho siemens (S) 1.000 000° E+09 
abohm ohm (Q) 1.000 000° E-09 
abvolt volt (V) 1.000 000° E-08 
acre foot (US survey)? cubic meter (m3) 1.233 489 E+03 
acre (US survey)t square meter (m2) 4.046 873 E+03 
acre hectare (ha) 4.046 873 E-01 
ampere hour coulomb (C) 3.600 000° E+03 
are square meter (m2) .000 000 E+02 
angstrom meter (m) 1.000 000° E-10 
astronomical unit meter (m) 495 979 E+11 
atmosphere (standard) pascal (Pa) 1.013 250° E+05 
atmosphere (technical = 1 kgf/cm?) pascal (Pa) 9.806 650° E+04 
bar pascal (Pa) 1.000 000° E+05 
barn square meter (m2) 1.000 000° E-28 
barrel (for petroleum, 42 gal) cubic meter (m3) 589 873 E-01 
board foot cubic meter (m3) 2.359 737 E-03 
British thermal unit (International Table) joule (J) .055 056 E+03 
Btu (International Table) eft/hreft?°°F (k, thermal conductivity) watt per meter kelvin (W/meK) 1.730 735 E+00 
Btu (International Table) in./hre ft2¢°F (k, thermal conductivity) watt per meter kelvin (W/meK) 1.442 279 E-01 
Btu (International Table) in./sece ft2°°F (k, thermal conductivity) watt per meter kelvin (W/meK) 5.192 204 E+02 
Btu (International Table) /hr watt (W) 2.930 711 E-O1 
Btu (International Table) /ft2 joule per square meter (J/m2) 1.135 653 E+04 
Btu (International Table)/hre ft2°°F (C, thermal conductance) watt per square meter kelvin (W/m2eK) 5.678 263 E+00 
Btu (International Table)/sece ft2°°F watt per square meter kelvin (W/m2eK) 2.044 175 E+04 
Btu (International Table)/lb joule per kilogram (J/kg) 2.326 000° E+03 
Btu (International Table)/Ibe°F (c, heat capacity) joule per kilogram kelvin (J/kg®K) 4.186 800° E+03 
bushel (US) cubic meter (m3) 3.523 907 E-02 
caliber (inch) meter (m) 2.540 000° E-02 
calorie (International Table) joule (J) 4.186 800° E+00 
calorie (kilogram, International Table) joule (J) 4.186 800° E+03 
cal (International Table)/g joule per kilogram (J/kg) 4.186 800° E+03 
cal (International Table)/ge°C joule per kilogram kelvin (J/kg®K) 4.186 800° E+03 
cal (thermochemical)/min watt (W) 6.973 333 E-02 
cal (thermochemical)/cm2emin watt per square meter (W/m?) 6.973 333 E+02 
carat (metric) kilogram (kg) 2.000 000° E-O4 
centimeter of mercury (0°C) pascal (Pa) 1.333 22 E+03 
centimeter of water (4°C) pascal (Pa) 9.806 38 E+01 
centipoise pascal second (Paesec) 1.000 000° E-03 
centistokes square meter per second (m?/sec} 1.000 000° E-06 
circular mil square meter (m2) 5.067 075 E-10 
clo kelvin square meter per watt (Kem2/W) 2.003 712 E-01 
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Table C1. Conversion of English to SI Units, listed alphabetically (symbols of SI units given in parentheses) (continued) 








To convert from to Multiply by 

cup cubic meter (m3) 2.365 882 E-04 
curie becquerel (Bq) 3.700 000° E+10 
day (mean solar) second (sec) 8.640 000 E+04 
day (sidereal) second (sec) 8.616 409 E+04 
degree (angle) radian (rad) 1.745 329 E-02 
degree Celsius kelvin (K) tk = bce + 273.15 

degree Fahrenheit degree Celsius tec = (ter — 32)/1.8 

degree Fahrenheit kelvin (K) tk = (ter + 459.67)/1.8 

degree Rankine kelvin (K) tk = tr/1.8 

°F hreft2/Btu (International Table) (R, thermal resistance) kelvin square meter per watt (Kem2/W) 761 102 E-01 
denier kilogram per meter (kg/m) 111111 E-07 
dyne newton (N) .000 000* E-05 
dyne-cm newton meter (Nem) .000 000* E-07 
dyneecm?2 pascal (Pa) 1.000 000° E-01 
electronvolt joule (J) 1.602 19 E-19 
EMU of capacitance farad (F) .000 000* E+09 
EMU of current ampere (A) .000 000* E+01 
EMU of electric potential volt (V) .000 000* E-08 
EMU of inductance henry (H) .000 000* E-09 
EMU of resistance ohm (Q) .000 000* E-09 
ESU of capacitance farad (F) .112 650 E-12 
ESU of current ampere (A) 3.335 6 E-10 
ESU of electric potential volt (V) 2.997 9 E+02 
ESU of inductance henry (H) 8.987 554 E+11 
ESU of resistance ohm (Q) 8.987 554 E+11 
erg joule (J) 1.000 000° E-07 
erg/cm?esec watt per square meter (W/m?) 1.000 000° E-03 
erg/sec watt (W) 1.000 000° E-O07 
faraday (chemical) coulomb (C) 9.649 57 E+04 
faraday (physical) coulomb (C) 9.652 19 E+04 
fathom meter (m) 1.828 8 E+00 
fermi (femtometer) meter (m) 1.000 000° E-15 
fluid ounce (US) cubic meter (m3) 2.957 353 E-05 
foot meter (m) 3.048 000° E-01 
foot (US survey)? meter (m) 3.048 006 E-01 
foot of water (39.2°F) pascal (Pa) 2.988 98 E+03 
ft2 square meter (m2) 9.290 304" E-02 
ft2/hr (thermal diffusivity) square meter per second (m?/sec} 2.580 640° E-05 
ft2/sec square meter per second (m2/sec} 9.290 304* E-02 
f3 (volume; section modulus) cubic meter (m3) 2.831 685 E-02 
ft8/min cubic meter per second (m3/sec) 4.719 474 E-04 
ft8/sec cubic meter per second (m3/sec) 2.831 685 E-02 
ft3/ton (tonnage factor) cubic meter per metric ton (m3/t) 3.121 39 E-02 
ft4 (moment of section)* meter4 (m4) 8.630 975 E-03 
ft/hr meter per second (m/sec) 8.466 667 E-05 
ft/min meter per second (m/sec) 5.080 000* E-03 
ft/sec meter per second (m/sec) 3.048 000° E-01 
ft/sec? meter per square second (m/sec?) 3.048 000* E-01 
ft/ton (drilling factor) meter per metric ton (m/t) 3.359 8 E-01 
footcandle lux (Ix) 1.076 391 E+01 
footlambert candela per square meter (cd/m?) 3.426 259 E+00 
frelbf joule (J) 1.355 818 E+00 
frelbf/hr watt (W) 3.766 161 E-O4 
ftelbf/min watt (W) 2.259 697 E-02 
ftelbf/sec watt (W) 1.355 818 E+00 
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Conversion Chart 1503 
Table C1. Conversion of English to SI Units, listed alphabetically (symbols of SI units given in parentheses) (continued) 
To convert from to Multiply by 
ftepoundal joule (J) 4.214011 E-02 
fteton (moment) meter®metric ton (met) 2.765 | E-01 
free fall, standard (g) meter per square second (m/sec?) 9.806 650° E+00 
gallon meter per square second (m/sec?) 1.000 000° E-02 
gallon (Canadian liquid) cubic meter (m3) 4.546 090 E-03 
gallon (UK liquid) cubic meter (m3) 4.546 092 E-03 
gallon (US dry) cubic meter (m3) 4.404 884 E-03 
gallon (US liquid) cubic meter (m3) 3.785 412 E-03 
gallon (US liquid)/day cubic meter per second (m3/sec) 4.381 264 E-08 
gallon (US liquid)/min cubic meter per second (m3/sec) 6.309 020 E-05 
gallon (US liquid)/hpehr (SFC, specific fuel consumption) cubic meter per joule (m3/J) .410 089 E-09 
gamma tesla ( T) .000 000* E-09 
gauss tesla (T) .000 000* E-O4 
gilbert ampere (A) 7.957 7A7 E-01 
gill (UK) cubic meter (m3) 420 654 E-04 
gill (US) cubic meter (m3) .182 941 E-04 
grad degree (angular) 9.000 000° E-01 
grad radian (rad) 570 796 E-02 
grain (1/7,000 Ib avoirdupois) kilogram (kg) 6.479 891" E-05 
grain (Ib avoirdupois/7,000)/gal (US liquid) kilogram per cubic meter (kg/m) .711 806 E-02 
gram kilogram (kg) .000 000* E-03 
g/cm? kilogram per cubic meter (kg/m) .000 000* E+03 
gram-force/cm? pascal (Pa) 9.806 650° E+01 
hectare square meter (m2) .000 000* E+04 
horsepower (550 ftelbf/sec) watt (W) 7.456 999 E+02 
horsepower (boiler) watt (W) 9.809 50 E+03 
horsepower (electric) watt (W) 7.460 000° E+02 
horsepower (metric) watt (W) 7.354 99 E+02 
horsepower (water) watt (W) 7.460 43 E+02 
horsepower (UK) watt (W) 7.457 0 E+02 
hour (mean solar) second (sec) 3.600 000 E+03 
hour (sidereal) second (sec) 3.590 170 E+03 
hundredweight (long) kilogram (kg) 5.080 235 E+01 
hundredweight (short) kilogram (kg) 4.535 924 E+01 
inch (in.) meter (m) 2.540 000° E-02 
inch of mercury (32°F) pascal (Pa) 3.386 38 E+03 
inch of mercury (60°F) pascal (Pa) 3.376 85 E+03 
inch of water (39.2°F) pascal (Pa) 2.490 82 E+02 
inch of water (60°F) pascal (Pa) 2.488 4 E+02 
in.2 square meter (m2) 6.451 600° E-04 
in. (volume; section modulus) cubic meter (m3) 1.638 706 E-05 
in.3/min cubic meter per second (m3/sec) 2.731 177 E-O7 
in.4 (moment of section)+ meter4 (m4) 4.162 314 E-07 
in./sec meter per second (m/sec) 2.540 000* E-02 
in./sec2 meter per square second (m/sec?) 2.540 000* E-02 
kayser 1 per meter (1/m) 1.000 000° E+02 
kelvin degree Celsius tec = tk — 273.15 
kilocalorie (International Table) joule (J) 4.186 800° E+03 
kilocalorie (thermochemical)/min watt (W) 6.973 333 E+01 
kilogram-force (kgf) newton (N) 9.806 650° E+00 
kgfem newton meter (Nem) 9.806 650° E+00 
kgfesec?/m (mass) kilogram (kg) 9.806 650° E+00 
kgf/cm2 pascal (Pa) 9.806 650° E+04 
kgf/m2 pascal (Pa) 9.806 650° E+00 
kgf/mm2 pascal (Pa) 9.806 650° E+06 
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To convert from to Multiply by 

kilometer per hour (km/hr) meter per second (m/sec) 2.777 778 E-01 
kilopond newton (N) 9.806 650° E+00 
kWh joule (J) 3.600 000" E+06 
kip (1,000 Ibf) newton (N) 4.448 222 E+03 
kip/in.? (ksi) pascal (Pa) 6.894 757 E+06 
knot (international) meter per second (m/sec) 5.144 444 E-01 
lambert candela per square meter (cd/m?) l/n* E+04 
lambert candela per square meter (cd/m?) 3.183 099 E+03 
langley joule per square meter (J/m?) 4.184 000° E+04 
league meter (m) T 

light year meter (m) 9.460 55 E+15 
liter cubic meter (m3) 1.000 000° E-03 
maxwell weber (Wb) 1.000 000° E-08 
mho siemens (S) 1.000 000° E+00 
microinch meter (m) 2.540 000° E-08 
micrometer (ym) meter (m) 1.000 000° E-06 
mi meter (m) 2.540 000° E-05 
mile (international) meter (m) 1.609 344° E+03 
mile (statute) meter (m) 1.609 3 E+03 
mile (US survey)t meter (m) 1.609 347 E+03 
mile (international nautical) meter (m) 1.852 000° E+03 
mile (US nautical) meter (m) 1.852 000° E+03 
mile? (international) square meter (m2) 2.589 988 E+06 
mile? (US survey) t square meter (m2) 2.589 998 E+06 
mile/hr (international) meter per second (m/sec) 4.470 400* E-01 
mile/hr (international) kilometer per hour (km/hr) 1.609 344° E+00 
mile/min (international) meter per second (m/sec) 2.682 240° E+01 
mile/sec (international) meter per second (m/sec) 1.609 344° E+03 
millibar pascal (Pa) 1.000 000° E+02 
millimeter of mercury (0°C) pascal (Pa) 1.333 22 E+02 
minute (angle) radian (rad) 2.908 882 E-O4 
minute (mean solar) second (sec) 6.000 000 E+01 
minute (sidereal) second (sec) 5.983 617 E+01 
month (mean calendar) second (sec) 2.628 000 E+06 
oersted ampere per meter (A/m) 7.957 7A7 E+01 
ohm centimeter ohm meter (Q¢m) 1.000 000° E-02 
ohm circular-mil per foot ohm square millimeter per meter (Qemm?/m) 1.662 426 E-03 
ounce (avoirdupois) kilogram (kg) 2.834 952 E-02 
ounce (troy or apothecary) kilogram (kg) 3.110 348 E-02 
ounce (UK fluid) cubic meter (m3) 2.841 307 E-05 
ounce (US fluid) cubic meter (m3) 2.957 353 E-05 
ounce-force newton (N) 2.780 139 E-01 
oz-in. newton meter (Nem) 7.061 552 E-03 
oz (avoirdupois)/gal (UK liquid) kilogram per cubic meter (kg/m) 6.236 021 E+00 
oz (avoirdupois)/gal (US liquid) kilogram per cubic meter (kg/m) 7.489 152 E+00 
oz {avoirdupois)/in.3 kilogram per cubic meter (kg/m) 1.729 994 E+03 
oz (avoirdupois) /f? kilogram per square meter (kg/m?) 3.051 517 E-01 
oz (avoirdupois)/yd2 kilogram per square meter (kg/m?) 3.390 575 E-02 
oz/ton (ore grade) grams per metric ton (g/t) 3.125 E+01 
parsec meter (m) 3.085 678 E+16 
peck (US) cubic meter (m3) 8.809 768 E-03 
pennyweight kilogram (kg) 1.555 174 E-03 
perm (0°C) kilogram per pascal second square meter (kg/Paesecem?) 5.721 35 E-11 
perm (23°C) kilogram per pascal second square meter (kg/Paesecem?) 5.745 25 E-11 
perm in. (0°C) kilogram per pascal second meter (kg/Pa®sec®m) 1.453 22 E-12 
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Table C1. Conversion of English to SI Units, listed alphabetically (symbols of SI units given in parentheses) (continued) 
To convert from to Multiply by 
perm in. (23°C) kilogram per pascal second meter (kg/Pa®sec®m) 1.459 29 E-12 
phot lumen per square meter (Im/m?) 1.000 000° E+04 
pica (printer’s) meter (m) 4.217 518 E-03 
pint (US dry) cubic meter (m3) 5.506 105 E-01 
pint (US liquid) cubic meter (m3) 4.731 765 E-04 
point (printer’s) meter (m) 3.514 598" E-04 
poise (absolute viscosity) pascal second (Pa®sec) 1.000 000° E-01 
pound (lb avoirdupois) kilogram (kg) 4.535 924 E-01 
pound (troy or apothecary) kilogram (kg) 3.732 417 E-01 
lbeft2 (moment of inertia) kilogram square meter (kg*m?) 4.214011 E-02 
lbein.2 (moment of inertia) kilogram square meter (kg®m?) 2.926 397 E-04 
lbemin2/#4 (air friction factor, K) kilogram per cubic meter (kg/m) 1.855 E+06 
lb/ftehr pascal second (Paesec) 4.133 789 E-O4 
lb/ftesec pascal second (Paesec) 1.488 164 E+00 
lb/ft (loading factor) kilogram per meter (kg/m) 1.488 156 E+00 
lb /ft2 kilogram per square meter (kg/m?) 0.882 428 E+00 
lb/ft? (specific weights) kilogram per cubic meter (kg/m) 1.601 846 E+01 
Ib/gal (UK liquid) kilogram per cubic meter (kg/m) 9.977 633 E+01 
Ib/gal (US liquid) kilogram per cubic meter (kg/m) 1.198 264 E+02 
lb/hr kilogram per second (kg/sec} 1.259 979 E-04 
lb/hpehr (SFC, specific fuel consumption) kilogram per joule (kg/J) 1.689 659 E-07 
lb/in.3 kilogram per cubic meter (kg/m) 2.767 990 E+04 
Ib/min kilogram per second (kg/sec} 7.559 873 E-03 
lb/sec kilogram per second (kg/sec} 4.535 924 E-01 
lb/ton (powder factor) kilogram per metric ton (kg/t) 5.000 E-01 
lb/yd3 (powder factor) kilogram per cubic meter (kg/m) 5.932 764 E-01 
poundal newton (N) .382 550 E-01 
poundal /ft2 pascal (Pa) 488 164 E+00 
poundalesec/ft2 pascal second (Paesec) 1.488 164 E+00 
pound-force (Ibf) newton (N) 4.448 222 E+00 
Ibfe ft newton meter (Ne@m) .355 818 E+00 
Ibfeft/in. newton meter per meter (Nem/m) 5.337 866 E+01 
Ibfein. newton meter (Nem) .129 848 E-01 
Ibfein./in. newton meter per meter (Nem/m) 4.448 222 E+00 
lbfesec/ft2 pascal second (Paesec) 4.788 026 E+01 
lbf/ft newton per meter (N/m) 459 390 E+01 
lb /H2 pascal (Pa) .788 026 E+01 
Ibf/in. newton per meter (N/m) 751 268 E+02 
lbf/in.2 (psi) pascal (Pa) 6.894 757 E+03 
Ibf/Ib (thrust/weight [mass] ratio) newton per kilogram (N/kg) 9.806 650 E+00 
quart (US dry) cubic meter (m3) .101 221 E-03 
quart (US liquid) cubic meter (m3) 9.463 529 E-04 
rad (radiation dose absorbed) gray (Gy) 1.000 000° E-02 
rhe 1 per pascal second (1/Pa®sec) 1.000 000° E+01 
rod meter (m) t 
roentgen coulomb per kilogram (C/kg) 2.58 E-04 
second (angle) radian (rad) 4.818 137 E-06 
second (sidereal) second (sec) 9.972 696 E-01 
section square meter (m2) T 
shake second (sec) 1.000 000° E-08 
slug kilogram (kg) 1.459 390 E+01 
slug/ftesec pascal second (Paesec) 4.788 026 E+01 
slug/ft kilogram per cubic meter (kg/m) 5.153 788 E+02 
statampere ampere (A) 3.335 640 E-10 
statcoulomb coulomb (C) 3.335 640 E-10 
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statfarad farad (F) .112 650 E-12 
stathenry henry (H) 8.987 554 E+11 
statmho siemens (S) .112 650 E-12 
statohm ohm (Q) 8.987 554 E+11 
statvolt volt (V) 2.997 925 E+02 
stere cubic meter (m3) .000 000* E+00 
stilb candela per square meter (cd/m?) .000 000* E+04 
stokes (kinematic viscosity) square meter per second (m?/sec) 1.000 000° E-04 
tablespoon cubic meter (m3) .178 676 E-05 
teaspoon cubic meter (m3) 4.928 922 E-06 
tex kilogram per meter (kg/m) .000 000° E-06 
therm joule (J) .055 056 E+08 
ton (assay) kilogram (kg) 2.916 667 E-02 
ton (long, 2,240 lb) kilogram (kg) .016 017 E+03 
ton (metric) kilogram (kg) .000 000* E+03 
ton (nuclear equivalent of TNT) joule (J) 4.184 E+09 
ton (refrigeration) watt (W) 3.516 800 E+03 
ton (register) cubic meter (m3) 2.831 685 E+00 
ton (short, 2,000 Ib) kilogram (kg) 9.071 817 E+02 
ton/yd? (specific weight) metric ton per cubic meter (t/m°) .186 66 E+00 
ton (long)/yd3 (specific weight) kilogram per cubic meter (kg/m) 328 939 E+03 
ton (short)/hr kilogram per second (kg/sec) 2.519 958 E-01 
ton-force (2,000 Ibf) newton (N) 8.896 111 E+03 
ton/yd3 (specific weight) metric ton per cubic meter (t/m3) .186 55 E+00 
torr (mm Hg, 0°C) pascal (Pa) .333 22 E+02 
township square meter (m2) T 

unit pole weber (Wb) .256 637 E-07 
Wehr joule (J) 3.600 000° E+03 
Wesec joule (J) .000 000° E+00 
W/cm2 watt per square meter (W/m?) .000 000* E+04 
W/in.2 watt per square meter (W/m?) .550 003 E+03 
yard meter (m) 9.144 000° E-01 
yd2 square meter (m2) 8.361 274 E-01 
yd3 cubic meter (m3) 7.645 549 E-01 
yd3/min cubic meter per second (m3/sec) 1.274 258 E-02 
yd3/ton (stripping ratio) cubic meter per metric ton (m3/t) 8.427 8 E-01 
year (calendar) second (sec) 3.153 600 E+07 
year (sidereal) second (sec) 3.155 815 E+07 





* Exact value. 


t Conversion factors for land measure may be determined from the following relationships: 


1 league = 3 miles (exactly) 

1 rod = 16% feet (exactly) 

1 section = 1 square mile (exactly) 

1 township = 36 square miles (exactly) 


t This is sometimes called the moment of inertia of a plane section about a specified axis. 
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A-8 Imsil, 1010, 101 1f 
AAPFCO. See Association of American Plant 
Food Control Officials 
AASHTO. See American Association of State 
Highway and Transportation Officials 
Abrasives, 145 
Belgian silex, 153 
bonded, 147, 147f. 
boron carbide, 155 
boron nitride, 156 
bulk density, 146 
calcium oxide, 157 
cerium oxide, 157 
chalk, 153 
chemical precipitates, 156-157 
chromium oxide, 157 
classification, 148, 149r. 
clay, 153, 157 
coated, 147-148 
corundum, 149 
crystal size, 146 
and crystalline silica regulations, 157 
Danish flint pebbles, 153 
diamonds, 149-150, 150f. 
diatomite, 152 
electric-furnace abrasives, 154-155 
emery, 149 
feldspar, 153 
flint, 849-850 
friability, 146 
fused aluminum oxide, 154-155 
garnet, 150-152, 1514., 157 
glass, 157 
grain-sizing standards, 148, 148r. 
grinding pebbles, 153-154 
hardness, 145-146, 146¢., 147 
and heat treatment, 146 
history, 145 
iron oxides, 156 
jasper, 849-850 
kaolin, 153 
lampblack, 157 
lime, 157 
loose grains, 146-147 
magnesia, 157 
magnesium oxide, 157 
manufactured, 148, 149¢., 154-157, 154+. 
manufactured diamonds, 155-156 
metallic, 156 


Index 


Note: f. indicates figure; ¢. indicates table. 


natural, 148-154, 1497. 

nepheline syenite, 666, 667 
novaculite, 849-850 

physical properties, 145-146 
porcelain, 157 

precipitated calcium carbonate, 157 
principal, 10 

pumice, 152, 747-748, 748f. 
quartz, 152 

quartzite, 849-850, 851 
rottenstone, 152, 153 

shape, 146 

in sharpening stones, 153 

silica, 152-153 

silica sand, 152 

silicon carbide, 154 

sintered, 155 

in soap, cleaners, and polishes, 148 
Sol-Gel, 155 

staurolite, 152 

synthetic, 851-852 

tin oxide, 157 

trends and opportunities, 157 
tripoli, 152-153 

toughness, 146 

tube-mill linings, 153 

U.S. production, 145 
wheel-marking systems, 147, 147f,, 150f. 


Absorbents and desiccants, 61t., 62, 1075, 1337, 


1346-1347 

absorbents as desiccants and catalysts, 
1346-1347 

activated alumina, 1075, 1083, 1084 

attapulgite, 1081-1082 

ball clay, 1077, 1078, 1078f. 

carriers, 1346 

clays, 1075, 1077-1078, 1078¢., 1079-1081, 
1083, 1084 

common clay, 1077, 1078 

consumer, 1346 

demand for, 1348 

diatomite, 1075, 1082 

distribution of major deposits of minerals used 
as absorbents, 1340-1341 

in fertilizers, 1083 

in filtration and clarification, 1346 

fire clay, 1077, 1078 

fuller’s earth, 1077, 1081 

future trends, 1083-1084 
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granular activated carbon, 1075, 1083 

hormite group, 1339 

industrial, 1346 

kaolin, 1077, 1078, 1078f., 1080, 1080f. 

major deposits, 1078-1079, 1079f. 

market by type of system, 1075f. 

market value, 1083, 1084f,, 1084+. 

markets, 1349 

mineralogy, 1075-1077 

new applications and markets, 1083-1084 

for oil and grease spills, 1083 

palygorskite, 1076, 1081-1082, 1339 

as part of silica group, 1075 

perlite, 1076, 1082 

in pesticides, 1083 

in pet litter, 1083 

physical and chemical properties, 1079-1082, 
1080t. 

processing of clays, 1082 

production, 1079, 1079¢. 

sand and gravel, 1077, 1079, 1082 

selection and design criteria, 1084-1085 

sepiolite, 1081-1082, 1339 

serpentine group, 1080 

shale, 1077, 1078 

and silica dust, 1084 

silica gel, 1075, 1083-1084 

smectite group, 1076, 1076¢., 1080-1081 

specialty clays, 1076-1077, 1076f., 10767., 
1077t., 1079-1081, 1083, 1083¢., 1342, 
1346, 1350 

substitute materials, 1084, 1350 

testing, 1082, 1344 

United States, 1078-1079 

uses, 1083 

van der Waals radii, 1085 

and waste disposal regulations, 1350-1351 

zeolites, 1055 


ACF Minera, 671 
Acid neutralization, 1205, 1212 


of acid mine drainage, 1210-1211 

in acid rain mitigation, 1211 

alkaline industrial wastes, 1207-1208 

of alkaline industrial wastes, 1210 

ammonia, 1207, 1210 

biological processes, 1210 

caustic soda, 1207, 1208-1209, 1209r. 

as coagulant aid for removal of clay particles, 
1211 
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of coal combustion by-products, 1210-1211 
cost and basicity, 1208, 12087., 1209r. 
dolomite, 1206 
effect on total dissolved solids, 1208, 12097. 
hydrated lime, 1206, 1209, 12091. 
lime, 1206-1207, 1208-1209, 1209f., 1210 
limestone, 1205-1206, 1209, 1210 
magnesia, 1207 
magnesium hydroxide, 1207 
pH, 1208, 1209+. 
in phosphorus removal, 1211-1212 
quicklime, 1206, 1209, 1209f. 
reaction time, 1208, 1209r. 
reagent quantities required, 1209-1210, 
1209t. 
reagents, 1205-1208, 1205r. 
sludge characteristics, 1208, 1209¢. 
soda ash, 1207, 1208, 12091. 
sodium hydrogen carbonate, 1207 
of wastewaters, 1208-1210, 1212 
in water and wastewater treatment, 1211-1212 
in water softening, 1211 
zero-valent iron, 1208, 1211 
Acid rain 
acid neutralization in mitigation of, 1211 
control results with flue gas desulfurization, 
1252 
Acrylics, 1309 
Actinolite. See Asbestos 
Activated alumina, 256 
as desiccant, 1075, 1083, 1084 
Activated carbon, 1087 
Ad valorem duties, 56 
Added value, 62 
and competition, 63 
defined, 62 
and market price, 63 
and marketing, 63 
and mineral deposits, 62 
and processing method, 62, 63f. 
Adhesives, caulks, and sealants, 1281, 1285-1286 
and asbestos, 209, 1284 
calcium carbonate in, 1282, 1283 
classifying, 1282 
clays in, 1282 
and construction industry, 1285 
consumption, 1282 
cost components, 1283 
and crystalline silica, 1284 
customer demands, 1284 


Adobe and earthen construction, 1095 


alternative and complementary materials, 1102 

architectural advances, 1099 

Australia, 1099, 1100 

bricks, 1098, 1098f. 

and building codes, 1099, 1102-1103 

chemical properties of raw materials, 1096, 
1096f. 

China, 1101 

clay properties, 1096 

construction technique advances, 1099 

contemporary construction sector, 1097-1098 

contemporary home, 1095f. 

costs, 1101 

Europe, 1101 

future trends, 1103 

geologic settings of raw materials, 1095-1096 

health and safety regulations, 1102-1103 

history, 1095 

international research centers, 1098 

Latin America, 1097, 1100 

markets, 1101 

Middle East, 1095, 1100, 1103 

mineralogy of raw materials, 1096 

New Mexico, 1095-1102, 1095f., 1096f., 
1098f., 1099f., 1100f., 1101f, 1102f 

North Africa, 1100 

and particle-size distribution, 1096-1097, 
1097f. 

physical properties of raw materials, 
1096-1097 

plastering, 1096 

pressed-earth blocks, 1098, 1099f. 

and radon, 1102 

rammed-earth walls, 1098-1099, 1099f. 

and seismic activity, 1102 

semistabilized bricks, 1098 

and sound resistance, 1097 

South Asia, 1100-1101 

Spain, 1095 

specifications, 1099 

stabilized bricks, 1098 

Sub-Saharan Africa, 1101 

Taos Pueblo, 1100, 1100f. 

terminology, 1095 

and thermal properties, 1097 

traditional (untreated) bricks, 1098 

traditional/old world industrial sector, 1097 

transportation, 1101-1102, 1102f. 

United States, 1095, 1100 


bentonite in pelletizing, 360, 1399-1400 

binders in pelletizing, 1398-1400, 1400r. 

briquetting, 1393, 1397 

burnt lime in sintering, 1398 

cement in direct-reduction pellet coatings, 
1402, 1403+. 

choice of process, 1393 

and cold bonding processes, 1403 

and Corex process, 1403 

desirable pellet properties, 1393, 1394. 

desirable sinter properties, 1393, 1394t. 

desired agglomerate quality, 1393 

direct-reduction pellet coatings, 1402, 1403+. 

direct-reduction pellets and flux additions, 
1402, 1402t. 

dolomite in direct-reduction pellet coatings, 
1402, 1403+. 

dolomite in sintering, 1398 

dolomitic limestone in pelletizing, 1400-1401 

environmental emissions, 1404, 1404r. 

and fines-based direct reduction processes, 
1403-1404 

flux consumption in pellet production, 1401 

fluxes in pelletizing, 1400-1402, 14017, 
14021. 

fluxes in sintering, 1397-1398, 1399+. 

future of, 1404 

and governmental attitudes, 1404 

grate-kiln system (pelletizing), 1397, 1397f. 

and HIsmelt process, 1403 

hydrated lime in pelletizing, 1400 

HyL process, 1391, 1393 

limestone in direct-reduction pellet coatings, 
1402, 1403+. 

limestone in pelletizing, 1401 

limestone in sintering, 1397 

Midrex process, 1391, 1393 

need for agglomerates, 1393 

nodulizing, 1393 

olivine in pelletizing, 1401 

olivine in sintering, 1397-1398 

organic binders in pelletizing, 1400 

pellet benefits in blast furnace performance, 
1402 

pellet plant flowsheet, 1396-1397, 1396f. 

pelletizing, 1392, 1392r., 1395-1404 

pelletizing feed preparation, 1395-1396 

and rotary hearth furnace processes, 1403 

sinter benefits in blast furnace performance, 
1394-1395 


desired attributes and characteristics, 1283, 
1283¢. 

environmental and health considerations, 
1284 

finished product specifications, 1284 

formulating, 1281-1282 

information sources and trade associations, 
1286 

kaolin in, 1282, 1283-1284 

major U.S. companies, 1286 

manufacturing, 1284 

market environment and dynamics, 1282-1283 

market trends, 1283 

minerals used in, 1282 

mining and processing of key minerals, 1284 

production, 1282 

products, 1281, 12814. 

raw material requirements and specifications, 
1285 

and renewable materials, 1284-1285 

sales and distribution dynamics, 1283 

talc in, 983, 1282 

trends and opportunities, 1285 

uses, 1281 

and volatile organic compounds, 1284 
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Adobe Association of the Southwest, 1097-1098 
Advanced Spaceborne Thermal Emission and 
Reflection Radiometer, 761—762 

Advection, 1235 
Afghanistan, mineral production, 35+. 
AFMs. See Atomic force microscopes 
Africa 

adobe and earthen construction, 1100, 1101 

ball clays, 353 

bentonite, 364 

diamonds, 419-421, 419+. 

diatomite, 439, 439f,, 441 

fluorspar, 463, 466-467 

graphite, 512 

nepheline syenite, 664 

rare earth elements, 776, 777, 778 

salt, 797 

soda ash, 862-863 

sodium sulfate resources, 886 

talc, 976 

See also names of individual countries 
Agalmatolite. See Pyrophyllite 
Agglomeration processes, 1391-1392 

bauxite in direct-reduction pellet coatings, 

1402, 1403+. 
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sintering, 1392, 1392r., 1393-1395 

sintering ore fines, 1392 

sintering process, 1393-1394, 1395f., 13997. 

and smelting-reduction processes, 1403 

traveling grate system (pelletizing), 1396f., 
1397 

The Aggregate Handbook, 1118 
Aggregates, 1105 

aggregate base, 1106, 1112-1114, 1113+. 

in asphalt concrete, 1105, 1109, 1111-1112, 
11132, 1117 

ASTM and AASHTO specifications, 
1109-1110, 1116 

coarse, 1110, 1112r. 

in concrete masonry units, 1111 

crushed stone, 1106, 1109, 1110f,, 1116 

as decorative rock, 1114 

as deicing sand, 1114 

distribution of production (U.S.), 1107, 1107f. 

in filter and drain rock, 1114 

fine, 1110, 11114. 

future demand, 1118 

government regulations, 1115, 1117 

health and safety, 1117-1118 

and highway construction, 1105, 1108 
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history, 1105 
identifying resource availability, 1117 
improved plant designs, 1116 
industry structure, 1108-1109, 1116 
information sources, 1118 
leading U.S. companies, 1109, 1109r. 
marketing, 1114 
mining efficiency, 1116 
mining equipment, 1116 
in mortars, plasters, and stucco, 1111 
and NIMBY syndrome, 1105, 1116 
in portland cement concrete, 1105, 1109, 
1110-1111 
in precast/prestressed concrete, 1111 
prices, 1107-1108, 11087. 
rail transportation, 1115 
in ready mix concrete, 1111, 1117 
and reclamation, 1117 
recycled materials, 1106, 1117 
research, 1117 
in riprap/armor, 1114 
sand and gravel, 1106, 1109, 1110f. 
in shotcrete/gunite, 1111 
slag, 1106 
and sustainability, 1117 
transportation, 1114-1115, 1116 
trends and opportunities, 1115-1118 
truck transportation, 1114-1115 
types, 1105-1106 
underground operations, 1116, 1117 
U.S. imports, 1115, 1116 
U.S. production, 1106-1107, 1107f,, 1108r. 
uses and specifications, 1109-1114 
water transportation, 1115 
See also Construction sand and gravel, 
Crushed stone, Lightweight aggregates 
AGS, 350 
Air Quality Act of 1967, 166 
Alabaster, 521-522 
Alaskite, 451, 455, 456, 457f. 
and quartz (high pure and ultra-high pure), 
833, 834 
Albania, mineral production, 35¢. 
Albemarle Corporation, 286-287 
Alberger process, 801 
Alcan, 259 
Alcoa, 259 
Algeria 
mineral production, 35¢. 
perlite, 686 
phosphate rock, 710 
strontium minerals, 926 
Alkali 
in brazing fluxes, 1430 
dry alkali injection in flue gas desulfurization, 
1253-1254 
in fiberglass, 1371, 1373 
iron oxide pigments from, 1457 
lime in manufacture of, 574 
Alkaline earth in fiberglass, 1371-1372, 1373 
Alkyd resins, 1308-1309 
Alkylation, 1091 
Almandine, 475, 475t., 477, 479 
Alpine fluid energy mills, 979, 979f. 
Altered ilmenite, 988, 9891. 
Alumina 
activated, 256 
alpha, 241, 241f. 
calcined, 256-257 
in cements, 249-250, 249r., 1122 
in container glass, 1367, 1367. 
in cosmetics, 1189 
in fiberglass, 1372, 1373-1374 
fused, 257 
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in insulation, 1158 
lime in processing of, 573 
as metallurgical flux, 1406 
as nanomaterial, 1442 
nepheline syenite in manufacture of, 667 
production by Bayer process, 238-239 
sintered, 257 
in specialty glass, 1386 
Alumina trihydrate, 253-256 
as filler, 253-255, 256 
as flame retardant, 253, 255-256 
Aluminosilicates 
as refractories, 1157 
in insulation, 1157 
Aluminum 
alumina production by Bayer process, 238-239 
and bauxite, 227 
and fluorspar, 472 
industry flow diagram, 228f. 
as most abundant metallic element, 229 
nepheline syenite in metal manufacture, 667 
recycling, 1418 
Aluminum benzoate, 1189 
Aluminum silicate, 1437-1438 
Aluminum sulfate (alum), 250-251 
Aluminum trihydrate, 1332 
Amazonite, 456 
American Association of State Highway and 
Transportation Officials 
aggregate specifications, 1109-1110 
cement standards, 1122, 1123r—1124+. 
American Ceramic Society, 337 
American Coal Ash Association, 1164 
American Colloid, 1492 
American Foundrymen’s Society, 364 
American Geological Institute, 373 
American Gilsonite Company, 483-484, 487-489 
American Petroleum Institute, 359, 364, 1488, 
1492, 1493 
American Potash and Chemical Co., 866 
American Society for Testing and Materials 
aggregate specifications, 1109-1110 
and bentonite testing, 364 
brick standards, 1180, 1181, 1182, 1183 
cement standards, 1122, 1123r.—1124t. 
and chromite specifications, 313 
coating test methods, 1318, 1319r. 
committee on zeolite testing and 
specifications, 1053 
diatomaceous earth specifications and tests, 
444 
dimension stone definitions, 911 
fine ceramics tests, 1358-1360 
fly ash standards, 1167 
glass fiber insulation standards, 1155, 1156r. 
pozzolan standards, 1163, 1164, 1167 
and refractory clays, 408, 411-412 
roofing material standards, 1174, 1175 
specification for cullet in fiberglass, 1372 
specification for E-glass, 1373¢. 
standard classifications for refractories, 1471 
testing procedures for metallurgical fluxes, 
1411, 1412r. 
American Tripoli, 1010 
American Trona Corp., 866 
Amino resins, 1310-1311 
Ammonia 
in acid neutralization, 1207, 1210 
and catalysts, 1092 
vapor hazards, 676 
Amorphous silica, 1005-1006. See also 
Microcrystalline silica 
Amosite. See Asbestos 
Anaconda Minerals Company, 1040 
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Anatase, 988, 989r. 
Anchor Glass Container, 1365—1366, 1366r. 
Andalusite, 553 
Australia, 556 
Canada, 555 
in ceramics, 553 
chemical and physical properties, 553, 554r. 
as constituent of metamorphic rocks, 555-556 
crystals, 556 
France, 553, 555, 557-558 
future trends, 559 
in insulation, 1157 
mineralogy, 553 
mining and processing, 557-558 
prices, 559 
in refractories, 553, 558, 1157 
reserves, 559 
residual, 556 
South Africa, 553, 556, 557, 558 
United States, 556 
world distribution, 23+. 
world production, 553, 554f. 
Andradite, 475, 475t., 477 
Angola 
diamonds, 419 
mineral production, 35¢. 
vein quartz, 844 
Anheuser-Busch, 483 
Anhydrite, 521, 1143 
chemical properties, 524 
as impurity in gypsum, 523 
insoluble, 1147 
lithology, 521, 522 
mineralogy, 521 
physical properties, 524 
soluble, 1147 
and sulfur, 960-961 
See also Gypsum 
Anhydrous sodium sulfate, 676 
Ankerite, 581, 5811. 
Antarctica 
soda ash, 863 
sodium sulfate resources, 887 
Anthophyllite. See Asbestos 
Antidumping duties, 55-57, 55¢. 
Antimony, world distribution, 23+. 
Antimony oxide, 1332 
Apatites, 707 
API. See American Petroleum Institute 
Aplite, 455 
Applied Clay Science, 337 
Aragonite, 581, 5811. 
Arfwedson, Johan August, 600 
Argentina 
ball clays, 353 
bentonite, 363 
fluorspar, 465 
lithium resources, 600, 601, 606, 608 
mineral production, 35¢. 
perlite, 686 
potash, 731 
soda ash, 868 
sodium sulfate resources, 886, 890 
strontium minerals, 925, 926-927 
zeolites, 1049 
Argillaceous minerals 
and cement, 1126-1127, 1126t. 
geology, 1127 
Argillaceous rock 
and expansion by gas, 186 
fused as decorative stone, 896 
Armenia 
mineral production, 35¢. 
perlite, 686-687 
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Asbestos, 20, 195 


acid resistance, 201 

actinolite deposits, 204 

alternative products, 1215, 1217t., 1222 

amosite deposits, 204 

amphibole, 198-199, 199f. 

anthophyllite deposits, 204 

in asbestos paper and millboard, 208 

in asbestos-cement products, 208 

in asphalt products, 208 

Brazil, 196, 197 

bulk sampling, 206 

Canada, 196, 197, 206, 212 

in caulking and sealing compounds, 209, 1284 

changes in leading producers, 196 

chemical properties, 201—202, 201. 

chemical resistance, 201 

China, 196, 212 

chrysotile deposits in dolomite, 204 

chrysotile deposits in ultrabasic rocks, 
203-204 

Clark wet-testing machine, 207 

as contaminant in ore bodies, 214 

crocidolite deposits, 204 

cross fiber, 203 

and crushed stone, 179 


South Africa, 196, 197, 204, 206 

structures of deposits, 203 

surface charge, 201 

Swaziland, 197 

tensile strength, 199 

tensile strength evaluation, 206 

in textiles, 195, 209 

tonnage estimates, 206 

trade, 197-198, 211f. 

tremolite deposits, 204 

types of, 195r. 

United States, 204 

U.S. imports, 197 

use by group (Groups 3-4, Crudes No. | 
and 2), 208 

uses by product type, 208-209 

veining, 203 

wet classification, 207 


world consumption (current), 209, 210¢., 2111. 


world consumption (historical), 209-212, 
212t. 

world consumption (historical trends, by 
region), 212-213, 213+. 

world distribution, 23+. 

world production, 195-196, 196f., 197t., 


world production and markets, 1216 


Ash, defined, 743 

Ash Meadows zeolite deposit, 1053f. 
Ashapura Minichem Ltd., 354 

Asia 


adobe and earthen construction, 1100-1101 
ball clays, 353-355, 354f. 

bentonite, 364 

diatomite, 439, 439f,, 441 

feldspars, 452, 454t. 

fluorspar, 463, 467-468 

salt, 797 

soda ash, 863-864 

talc, 976 

See also names of individual countries 


Asphalt 


and asbestos, 208 

concrete, 1105, 1109, 1111-1112, 1113+., 
1117 

and diatomite, 446 

and gilsonite, 490 

and lime, 575 

shingles, 983, 1173-1174, 1174f, 1176 

and sulfur, 965 

and talc, 983, 1176 


198f,, 198¢., 211¢. 
Zimbabwe, 196, 204, 206 
See also Asbestos substitutes 
Asbestos substitutes, 213-214, 1215, 1215t., 


Asphaltite. See Gilsonite 

Association Internationale pour l’Etude des 
Argiles, 337 

Association of American Plant Food Control 


density of fibers, 207-208 
diamond drilling in assessing deposits, 205 
in drilling fluids, 1488, 14897. 


effect of temperature on weight loss, 202, 
202t. 

electric resistance, 195 

end uses (U.S.), 2104. 

Europe, 197, 212 

evaluation of deposits, 205-206 

exploration techniques, 204—205 

face readings, 206 

fiber value determination, 205-206, 205t. 

fibrils (fibers), 195, 198, 199, 199f. 

in friction materials, 209 

future trends, 214 

in gaskets, 209 

geologic age of deposits, 202-203 

grade assessment, 206 

grades and specifications, 205t., 207-208 

health effects, 214 

heat resistance, 199, 202 

history, 195, 196 

host rock, 202 

in insulation, 1158 

Italy, 196, 204 

Kazakhstan, 196 

magnetic surveys, 204-205 

major deposits, 202, 203f. 

McNett wet-testing machine, 207 

mica as replacement for, 648 

mineralogy, 195., 198-199, 199f. 

mining, 206 

pH, 201 

physical properties, 199-201, 200t. 

in plastics, 209, 1325 

prices, 213, 213. 

processing, 206-207, 207f. 

properties by type, 200. 

Quebec, 196, 203-204 

Quebec Standard (QS) Test, 205-206, 205r., 
207 

regulations, 214 

and respiratory cancer, 1215 

Ro-Tap machine in evaluation, 207 

in rubber, 1331 

Russia, 196, 197 

slip fiber, 203 

solubility, 201, 202r. 
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1216¢., 1217¢., 1224 
carbon fiber, 1221 
cellulose, 1220 
in cement products, 1223 
clays, 1219 
in coatings and compounds, 1223 
compared with alternative products, 1215, 

1216-1217, 1217¢., 1222 

diatomite, 1220 
fibrous and nonfibrous, 1215t. 
in flooring, 1223 
in friction materials, 1223 
future trends, 1224-1225 
in gaskets and packings, 1223 
graphite, 1219-1220 
gypsum, 1220 
health issues, 1224 
history, 1215 
in insulation materials, 1224 
lizardite, 1219 
mica, 1219 
mineral and organic, 1216f. 
minerals and rocks, 1218-1220, 1219r. 
muscovite, 1218-1219 
nonfibrous polymer, 1221 
organic, 1220-1222 
palygorskite, 1219 
perlite, 1220 
in plastics, 1224 
polymer fiber, 1220-1221, 1221t. 
prices, 1217-1218, 1218r. 
production methods, 1222 
properties imparted, 12187. 
in roofing, 1224 
sepiolite, 1219 
serpentine, 1218-1219 
sheet silicates, 1218-1219 
synthetic, 1221f. 
synthetic inorganic, 1221-1222, 1222t. 
talc, 1219 
types, 1218-1222 
U.S. production and markets, 1215-1216 
vermiculite, 1218-1219 
wollastonite, 1220 
wool, 1220 


Officials, 1277 


ASTER. See Advanced Spaceborne Thermal 


Emission and Reflection Radiometer 


ASTM. See American Society for Testing and 


Materials 


Atomic Energy Commission, 599 
Atomic force microscopes, 1441, 1444 
Attapulgite 


as absorbent, 1081-1082 

as clay liner or barrier, 1229 

in drilling fluids, 1488, 14897., 1491, 1492 
See also Palygorskite 


Attenuation, 1235-1236 
Atterberg limits, 1233-1234, 1233f 
Australia 


adobe and earthen construction, 1099, 1100 

andalusite, 556 

ball clays, 353-354 

bauxite, 228, 235, 247 

bentonite, 364 

beryllium, 267 

diamonds, 419f., 421-422, 421f. 

fluorspar, 468 

garnets, 476 

glauconite, 500 

graphite, 512 

industrial sand, 824 

iron ore production, 1393 

lithium resources, 607 

magnesite, 619-620 

mineral production, 35¢. 

perlite, 687 

phosphate rock, 703, 713, 715 

potash, 734 

quartzite, 841-842 

rare earth elements, 770, 771t., 772, 774-775, 
715f., 776, 777, 778, 779, 780 

sillimanite, 556 

soda ash, 864 

titanium, 987-988, 991-992 

zeolites, 1049 

zircon, 1066 


Austria 


graphite, 511,512 
magnesite, 620 
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mineral production, 35r. 

talc, 975 
Automotive exhaust control 

catalysts in, 1093 

catalytic cracking additives in, 1089-1090 
Avon cosmetics, 1185 
Azerbaijan, mineral production, 35t.—36t. 


Baddeleyite 
geology, 1066 
Russia, 1066 
South Africa, 1066 
See also Hafnium, Zircon, Zirconium 
Bahamas, mineral production, 36f. 
Bahrain, mineral production, 36+. 
Balard, Antoine Jerome, 285 
Ball clays, 337, 343-344 
as absorbent, 1077, 1078, 1078f. 
Africa, 353 
Argentina, 353 
Asia and Oceania, 353-355, 354f. 
Australia, 353-354 
blending, 348 
Brazil, 353 
ceramic usage, 350, 1355, 13567. 
China, 354 
crude clay transport costs, 350 
customer support costs, 350 
Czech Republic, 350 
deflocculation, 348 
derivation of term, 343 
distinguished from kaolin and fireclay, 383, 
383¢. 
drilling, 346-347, 347f., 348 
dry processing, 348, 349f. 
drying costs, 350 
Europe, 350-353, 351f- 
exploration (U.S.), 346-347, 349f. 
exploration costs, 350 
in fine ceramics, 1355, 1356t. 
France, 350 
geology (U.S.), 344-346 
Germany, 350-351 
India, 354 
Indonesia, 354-355 
Malaysia, 355 
mapping, 347 
mine development costs, 350 
mineralogy (U.S.), 345 
mining transport costs, 350 
Mississippi Embayment deposits, 345, 347f. 
modeling, 347 
nonceramic usage, 350 
occurrence and origins (U.S.), 345, 346f. 
open-pit mining (U.S.), 347-348, 348f. 
organizations, 355 
outlook, 355 
percentage usage of U.S. production, 344, 
345f. 
physical properties, 345-346 
preprocessing, 348, 349f. 
processing (U.S.), 344, 348-349 
processing costs, 350 
product transport costs, 350 
production and trade (U.S.), 344, 345r. 
South America, 353 
Spain, 351-352 
stripping costs, 350 
Thailand, 355 
and trackhoes, 348, 348f. 
trade journals, 355 
Turkey, 352 
Ukraine, 352 
United Kingdom, 352-353, 353t., 354t. 


United States, 344-350 
Vietnam, 355 
wet processing, 349, 349f. 
world deposits, 343, 343f., 350-355 
world production, 343-344, 344f,, 344r. 
Bangladesh, mineral production, 36. 
Banpu, 355 
Barber Oil Company, 483, 484 
Barge transportation. See Ship and barge 
transportation 
Barite, 19, 20, 219 
bedded deposits, 220 
Brazil, 221 
Canada, 221 
China, 219, 2191., 221, 224 
closure and decommissioning, 225 
in drilling mud and fluids, 223-224, 225, 
1488, 14897., 1491, 1491f. 
drilling to assess deposit, 221 
economic considerations, 224 
exploration techniques, 221-222 
flotation, 223 
future trends, 225 
hand selection, 222 


and hazards of associated minerals, 221, 224 


India, 219, 219¢., 221, 224 

jigs in processing, 222-223, 223f. 
in medical industry, 223 

Mexico, 221 

mineralogy, 219 

Morocco, 219, 219t. 

open-pit mining, 222, 222f. 

origin and mode of occurrence, 219-220 
packaging, 224 

in paint and coatings, 1305 
processing, 222—223 

products using, 223 

and reclamation, 224-225 

reserves, 219 

residual deposits, 220 

in rubber, 1331 

screening, 222 

in specialty flooring, 1139 

specific gravity as specification, 223 
spirals and tables in processing, 223 
substitutes, 224 

and sulfur, 944 

transportation, 224 


United States, 219, 219t., 220, 222, 222f., 223, 


224 
uses and specifications, 223-224 
vein filling, and replacement deposits, 
219-220 
washing, 222 
and waste, 222 
whiteness and brightness, 223 
world distribution, 23r. 
world production, 219, 219¢. 
Barium, 19 
feldspars, 456 
See also Blanc fixe 
Barium carbonate 
in fiberglass, 1372 
in specialty glass, 1386 
Barium minerals. See Barite 
Barium sulfate, 1463 
Barney Marble, 919 
Barytes. See Barite 
Basalt 
as crushed stone, 174 
as decorative stone, 899 
as dimension stone, 913-914 
in insulation, 1156 
Basic oxygen furnace, 572-573, 1391 
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Bassanite, 523-524 
Bauxite, 3, 17, 227-228 


abrasive applications, 239, 246-249, 247t., 
248f., 248r. 

activated alumina, 256 

African province, 234-235, 234f. 

alumina trihydrate, 253 

alumina trihydrate as filler, 253-255, 256 

alumina trihydrate as flame retardant, 255-256 

aluminum industry flow diagram, 228f. 

in aluminum production, 227, 228, 228f. 

for aluminum sulfate (alum), 250-251 

as anti-skid road aggregate, 253 

applications, 227 

Australia, 228, 235, 247 

and Bayer process, 227, 236-237, 237t., 
238-239 

beneficiation, 237—238 

blanket deposits, 232, 233f. 

and boehmite, 227, 228t., 229-230 

Brazil, 228, 242-243, 244, 251, 259 

calcined, 241-242, 242t., 243t. 

calcined alumina, 256-257 

carbonate deposits, 232 

Caribbean province, 232-233, 234f. 

as catalyst, 1087 

cement applications, 239, 249-250, 249. 

Central Urals—Kazakhstan province, 234, 
234f. 

chemical analysis of typical ore, by grade, 
239t. 

chemical applications, 239, 250-251, 252f. 

chemical composition of various calcined 
abrasive-grade ores, 247, 247t. 

China, 227, 228, 234, 234f,, 242-244, 247, 
259 

comparative chemical analysis of high-alumina 
and portland cements, 249-250, 249. 

demand (abrasive-grade ore), 247-249 

demand (cement-grade ore), 250 

demand (chemical-grade ore), 251 

demand (refractory-grade ore), 244—246 

detrital deposits, 232, 233f. 

and diaspore, 227, 228, 228t., 229-230 

in direct-reduction pellet coatings, 1402, 
1403t. 

discovery and naming, 228 

disposal of mud residues from alumina 
production, 258-259 

economic considerations (refractory-grade 
ore), 242 

environmental considerations, 258—259 

evaluation techniques, 236—237 

exploration, 236 

fused alumina, 257 

fusion technique for cement, 250 

future trends, 259 

and geologically young deposits, 229 

and gibbsite, 227, 228, 228t., 229-230, 251 

Ghana, 251 

Greece, 247 

Guinea, 228, 234-235 

Guyana, 227, 235-236, 242-243, 247, 251 

and Hall—Héroult process, 227 

in high-alumina cement, 249-250, 249t. 

ideal characteristics for metallurgical-grade, 
237, 237t. 

India, 247, 259 

in insulation, 1157 

interlayered deposits, 232, 233f. 

and iron and steel industry, 244 

Italy, 247 

Jamaica, 228, 232-233 

karst deposits, 232 
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as laterite, 229 
lateritic deposits, 232 
major world provinces, 232-236, 234f. 
Mediterranean province, 233-234, 234f. 
metallurgical grade, 227 
mineralogy, 229-232 
monohydrate, 232 
nonmetallurgical applications, 227-228, 
228f., 239 
North American province, 234f., 235 
open-pit mining, 237, 258 
physical properties, 232 
pocket deposits, 232, 233f. 
in portland cement, 249f., 250 
prices (abrasive-grade ore), 249 
prices (cement-grade ore), 250 
prices (chemical-grade ore), 251 
prices (refractory-grade ore), 246 
primary minerals in, 227, 228r. 
proppant applications, 252 
refractory applications, 239-246, 240t., 241t., 
242t., 2431., 245f,, 245¢., 1157 
reserves, 227, 229, 2291. 
silicate deposits, 232 
sintered alumina, 257 
sintering technique for cement, 250 
as slag adjuster, 251 
sources of supply (abrasive-grade ore), 247 
sources of supply (chemical-grade ore), 251 
sources of supply (refractory-grade ore), 
242-244 
South American province, 234f., 235-236 
South Asia—Australia province, 234f., 235 
specialty-grade alumina, 253-258, 254¢—255t., 
255t. 
and titania, 246-247 
transformation sequence of aluminum 
hydroxide minerals to alpha alumina, 
241, 241f. 
transportation, 257-258 
trihydrate, 232 
underground mining, 237 
United States, 235, 244 
U.S. imports and consumption, 244, 245f., 
245t., 247, 248f., 2487., 251, 252f. 
variability of sources, 229 
welding applications, 252-253 
world distribution, 231.—24+. 
world production, 228, 229, 230r., 2311. 
Baxter, Charles O., 482-483 
Bayer process, 227, 236-237, 237t. 
description, 238-239 
Beaulieu Group, 1138 
Becher process, 994, 995, 996-997 
Belarus 
mineral production, 36f. 
potash, 731-732 
Belgian silex, 153 
Belgium, mineral production, 36. 
Benefits of scale, 339 
Benin, mineral production, 36+. 
Bentonite, 336, 337, 337t., 339, 357 
as absorbent granules, 360 
acid activation, 365 
addition of soda ash, 365 
adhesives and sealants, 366 
Africa, 364 
appraisal of field and laboratory test results, 
364-365 
Argentina, 363 
Asia, 364 
Australia, 364 
as bleaching clay, 360 
Brazil, 363 
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calcium type, 357, 358 

Canada, 362f., 363 

as catalyst, 359 

in ceramics, 359, 366 

Chile, 364 

China, 364 

clarifying applications, 359 

as clay liner or barrier, 1229 

colors, 362 

in consumer products, 366 

cosmetic applications, 360-361, 1192 

defined, 357, 373 

as drilling mud or fluid, 358-360, 366, 1488, 
14897., 1491-1492 

drying, 365 

Europe, 364 

exploration, 364 

fluid (filtrate) loss test, 1234-1235, 1234f. 

foundry applications, 359, 360r. 

free swell test, 1234-1235, 1234f. 

and fuller’s earth, 358, 363, 377 

future trends, 367 

in geosynthetic clay liners, 367 

Germany, 364 

Greece, 364 

hectorite, 363 

history, 358 

India, 364 

in inks and paints, 359 

in iron ore pelletizing, 360, 1399-1400 

Italy, 364 

Japan, 364 

in lubricants and greases, 366 

marine and nonmarine environments, 362 

Mexico, 363 

mineralogical evaluation of deposits, 364 

mineralogy, 361—362 

mining, 365 

Morocco, 364 

nanocomposites, 367 

organoclays, 365-367 

origin, 362 

in paints and coatings, 365 

Peru, 363 

pharmaceutical applications, 360-361 

and pillared clays, 367 

potassium type, 357 

in printing inks, 365 

processing, 365 

in refractories, 366 

as sand bonding agent, 358, 359 

sizing, 365 

smectite component, 361-362, 361f., 361. 

sodium type, 357, 358-359 

South Africa, 364 

South America, 363-364 

southern, 357, 363 

Spain, 364 

Turkey, 364 

United Kingdom, 364 

United States, 357, 358, 362-363, 362f. 

uses, 358-359, 358r. 


uses based on rheological properties, 336, 337t. 


water washing, 365 
western, 357, 359, 362-363 
white, 339 
world distribution, 24+. 
Bentonite Producers Association, 338 
Berthier, Pierre, 228 
Bertrandite, 264, 268 
Beryl, 3 
Beryllium, 17, 263-264 
in alkaline igneous rocks, 265, 265t¢. 
alloys, 263, 270-271, 272 


alternative materials, 271 
Australia, 267 
in bertrandite, 264, 268 
beryllium hydroxide production, 268, 268f. 
beryllium metal production, 268-269, 271 
blood lymphocyte proliferation test (BLPT), 
272 
Brazil, 266-267, 269-270 
Canada, 267 
China, 264, 267, 270 
chronic beryllium disease, 271-272 
in coal, 265 
commercial outlook, 272 
copper-beryllium alloy production, 268, 2697., 
270 
density, 263 
depletion allowances, 271 
discovery and naming, 263 
environmental regulations, 272 
exploration, 267 
future trends, 272 
in greisen, 265, 265¢. 
industry structure, 269-271 
Kazakhstan, 264, 267 
limits to expansion of industry, 272 
major deposits, 265-267 
in metamorphic deposits, 264-265 
minerals, 264, 264t. 
mining, 267—268 
natural and anthropogenic sources of exposure 
to, 272 
oxide production, 269, 270f., 271 
pebble production, 268, 269f. 
in pegmatites, 264, 265r. 
powder production, 268-269, 270f. 
prices, 271 
products using, 263-264 
in quartz veins, 264 
in replacement deposits, 265, 265¢. 
reserves, 264. 
rigidity of, 263 
Russia, 267 
safety regulations, 271-272 
specifications, 270. 
tariffs, 271, 271t. 
United States, 264, 265-266, 269-271 
in volcanic rocks, 264, 265r. 
world distribution, 24+. 
world production, 264+. 
Berzelius, J.J., 1065 
Bessemer, Henry, 1379 
Bessemer process, 631 
Best practice, 138-139 
BET method. See Brunauer, Emmet, and Teller 
method 
Bhutan, mineral production, 36f. 
Biocides, 1314 
Biogenic minerals and rocks, 18-19 
Biotite, 637, 639t., 640 
chemistry and selected properties, 640r. 
and vermiculite, 1015, 1017, 1021 
Bismuth oxychloride, 1189 
Black Hills Bentonite, 1492 
Black, Joseph, 564 
Black lead. See Graphite 
Blanc fixe, 1298 
Boehmite, 227, 228t., 229-230 
BOF. See Basic oxygen furnace 
Bolivia 
lithium resources, 600, 601-602, 602f,, 604, 
604f., 604t. 
mineral production, 36r. 
soda ash, 868 
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Borax, 275, 866 
fused borax in brazing fluxes, 1430 
Borax Mining Co., 866 


Boron and borates, 20, 275, 295, 299, 300t.—301t. 


applications, 282-283 
associated minerals, 276 
in brazing fluxes, 1430 
from brines, 295, 298t. 
chemical properties, 276-277 
China, 275, 279, 280, 280f., 281 
and continental sediments, 277 
distribution of major deposits, 278—280 
evaluation of deposits, 281 
exploration techniques, 280-28 1 
in fertilizers, 1276-1277 
in fiberglass, 1371, 1373 
as flux, 275 
future outlook, 282-283 
government regulations, 282 
igneous and metamorphic deposits, 277—278 
Italy, 275 
Kazakhstan, 279, 280 
as lightweight, low-bulk-density commodity, 
282 
magmatic deposits, 277, 278 
marketing, 282 
mineralogy, 276 
minerals containing, 276, 277t. 
in Neogene lake sediments, 277 
North America, 275, 278 
open-pit mining, 281 
origin and modes of occurrence, 277-278 
permissible exposure limit, 282 
pricing, 282, 282r. 
processing, 28 1-282, 282r. 
products, 282-283 
Recent age deposits, 277 
Russia, 275, 280, 280f., 281 
in soaps, 283 
South America, 275, 278-279, 279f., 281 
in specialty glass, 1386-1387 
and springs, 277 
and subducted plate boundaries, 277 
tests, 276 
Tibet, 275 
transportation and distribution, 282 
Turkey, 275, 279-280, 280f., 281 
underground mining, 281 
United States, 275, 278, 281 
U.S. consumption, 277¢. 
U.S. production, imports, and exports, 276. 
world consumption, 277¢. 
world deposits, 275, 276f. 
world distribution, 24+. 
world production, 275, 276t. 
Boron carbide, 155 
Boron nitride, 156 
Bosch, Carl, 674 
Bosch, Karl, 1092 
Bosnia and Herzegovina, 36t. 
Botswana 
diamonds, 4197., 420 
mineral production, 36. 
soda ash, 862 
Brake materials 
graphite, 515,517 
wollastonite, 1035-1036 
Brazil 
asbestos, 196, 197 
ball clays, 353 
barite, 221 
bauxite, 228, 242-243, 244, 251, 259 
bentonite, 363 
beryllium, 266-267, 269-270 
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diamonds, 422 
fluorspar, 465 
glauconite, 500 
graphite, 508, 512-513 
iron ore production, 1393 
kaolin, 388, 389f., 3891. 
lithium resources, 608 
magnesite, 620 
mineral production, 36f. 
nepheline syenite, 661, 663/. 
phosphate rock, 709-710, 717 
potash, 731 
pyrophyllite, 758, 766 
rare earth elements, 773, 775-776, 780 
salt, 797 
soda ash, 868 
talc, 975 
titanium, 992 
and trucking, 96 
vein quartz, 844, 848 
Brazing. See Fluxes (fusion welding and brazing) 
Breccia, 1158 
Brick Industry Association, 1184 
Bricks, 1179 
and air pollution, 1184 
and architects, 1182 
boiling water absorption, 1181 
chippage, 1183 
clay processing for, 1180 
color variation, 183-1184 
colors, 1180, 1180f. 
compressive strength, 1181 
efflorescence, 1183 
face cracks, 1183 
facing, 1179f. 
forming, drying, and firing, 1180, 1181, 
1181f. 
freezing and thawing durability failures, 1183 
future trends, 1184 
Grade MW, 1181-1182 
Grade SW, 1181-1182 
initial rate of absorption, 1182 
and laborers, 1183 
manufacturers’ responsibility, 1183 
and masons, 1182, 1183f. 
and mortar discoloration, 1184 
physical properties, 1181-1182 
problems, 1183-1184 
quality control in manufacturing, 1182 
raw materials, 1180 
recycling and reclamation, 1182 
robots in manufacturing plants, 1181f. 
saturation coefficient, 1181-1182 
spalling, 1183 
standard brick equivalent, 1179 
standards, 1180 
U.S. production, 1179-1180 
water penetration, 1183 
Brines 
chemicals derived from, 295, 298t. 
and iodine, 542-543 
magnesia, 619 
magnesium chloride, 624, 624t. 
magnesium hydroxide from, 623, 623¢. 
Midland-type, 295, 298r. 
Owens Lake-type, 295, 298r. 
salt, 295, 298t., 794, 802 
Searles Lake—type, 295, 298r. 
Silver Peak—type, 295, 2981. 
Bromine, 285, 295, 299 
and Albemarle Corporation, 286-287 
analytical methods, 288 
in batteries, 291 
in biocides for water treatment, 290-291, 294 
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blowing-out process, 285, 289 
from brines, 295, 298r. 
brominated agricultural chemicals, 290 
brominated intermediates, 291 
bromine recovery units (BRUs), 289 
in bromobuty] rubber, 291 
chemical properties, 288-289 
China, 285, 293 
in coal desulfurization, 291 
Commonwealth of Independent States, 285 
corrosion, 291 
and Dead Sea Bromine Group, 285-286, 
286t., 287 
distribution in nature, 287-288 
drilling fluids, 290, 293-294 
environmental considerations, 292 
fire precautions, 292 
flame retardants, 290, 292, 293 
France, 285 
in gold processing, 291 
and Great Lakes Chemical Corporation, 287 
health hazards, 292 
history, 285 
India, 285 
Israel, 285-286, 288, 293 
Japan, 286 
Jordan, 286, 288, 293 
methyl bromide as toxic substance, 292 
mutual solubility of water and, 288, 288f. 
outlook and future trends, 293 
packaging, 291 
in pharmaceuticals, 291 
physical properties, 288, 288F. 
and potash, 728, 728f. 
pricing, 291 
processing methods, 289 
production from wastes, 289 
protective equipment for handling, 292 
reactions in water, 289 
reactions with hydrogen and metals, 288-289 
reactions with organic compounds, 289 
reserves, 288, 288r. 
specifications, 289, 290¢. 
steaming-out process, 289 
storage, 291-292 
transportation, 292 
United Kingdom, 286 
United States, 286, 286r., 293 
U.S. imports and exports, 286, 286r. 
U.S. supply and demand, 286, 286+. 
uses, 289-291 
world distribution, 24+. 
world production, 285-287, 287t. 
Bromochloromethane, 303-308 
Brookite, 988, 989r. 
Brown sand, 817 
Brucite, 616 
depletion allowance, 626 
geology, 619 
United States, 619 
Brunauer, Emmet, and Teller method, 977-978 
Brush Engineered Materials, 269, 270 
Brush Resources Inc., 267, 268, 269, 270 
Brush Wellman Inc., 269 
Building materials. See Construction materials 
Bulgaria 
mineral production, 36r. 
perlite, 687 
zeolites, 1049 
Bunsen, R., 599 
Burkina Faso, mineral production, 36t. 
Burma, mineral production, 36f. 
Burnt lime, 562 
in iron ore sintering, 1398 
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Burundi 

mineral production, 36f. 

rare earth elements, 778, 779-780 
Buty! lithium, 611 
By-product minerals, 22 


CAA. See Clean Air Act 
Cadmium, 1387 
Calcareous serpentine, 1139 
Calcined alumina, 256-257 
Calcite, 581, 581t., 582 
optical, 1198 
Calcium, 19 
Calcium carbonate, 5, 22, 561 
and added value, 62 
in adhesives, caulks, and sealants, 1282, 1283 
and cement, 1122-1126 
in ceramic tile, 1139 
in container glass, 1367, 1367t. 
in cosmetics, 1185, 1185t., 1189 
geology, 1127 
ground, 577 
mining and processing, 1284 
in paint and coatings, 1303 
in paper filling and coating pigments, 1287, 
1288-1289, 1290-1291, 1295-1297, 
1296t., 1297t. 
in specialty glass, 1387 
See also Ground calcium carbonate, 
Precipitated calcium carbonate 
Calcium chloride, 22 
Calcium fluoride. See Fluorspar 
Calcium metasilicates, 1032-1033. See also 
Wollastonite 
Calcium oxide, 157 
Calcium silicate, 1153 
Calcium sulfate. See Gypsum 
Caliche. See Nitrogen and nitrates 
Cambodia, mineral production, 36+. 
Cameroon, mineral production, 36r. 
Canada 
andalusite, 555 
asbestos, 196, 197, 206, 212 
barite, 221 
bentonite, 362f,, 363 
beryllium, 267 
diamonds, 419, 4191., 423-424, 429 
diatomite, 438-439, 440 
feldspars, 452 
fluorspar, 464 
garnets, 476 
graphite, 508, 511, 514 
gypsum, 520, 529 
industrial sand, 823 
iron ore production, 1393 
lithium resources, 607, 608-609 
magnesite, 620 
mineral production, 36f—37r. 
nepheline syenite, 658, 6587., 658t., 659-660, 
659t., 6601., 665f., 6651., 667, 667f. 
perlite, 687-688 
phosphate rock, 708, 718 
potash, 728-729, 729f. 
provincial geological surveys (website 
addresses), 595t. 
quartzite, 842-843, 842r. 
rare earth elements, 773, 776, 778 
salt, 797 
sandstone, 840-841 
silica pebble, 846 
soda ash, 864 
sodium sulfate resources, 881, 883, 889-890 
strontium minerals, 927 
sulfur, 943, 958, 959, 967 
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talc, 974-975 
titanium, 988, 992, 993 
vein quartz, 844-845 
vermiculite, 1019 
wollastonite, 1029, 1029r. 
zeolites, 1049 
Cape Verde, mineral production, 37¢. 
Carbon black, 1307 
in rubber, 1330 
Carbon dioxide 
as by-product of lime, 578 
discovery, 564 
Carbonate fillers, 5 
Carbonate rocks, 581 
as aggregates, 587-588, 588r. 
chemical properties and testing, 587 
chert as impurity, 582 
classification, 583, 583f., 584+. 
clay as impurity, 582 
color, 582 
distribution of deposits, 583-584 
impurities, 582 
mineralogy, 581-582 
origin, 583 
physical properties and testing, 581, 586-587 
silica in, 582 
solubility of minerals in hydrochloric acid, 
582 
specifications, 587-589 
thin-section analysis, 582 
and x-ray diffractometry, 582 
See also Dolomite, Limestone 
Carbonates, 14 
Carbon, three forms of, 508 
Cargill-IMC merger, 720 
Carmine, 1189 
Carnallite, 723, 725, 726-727 
Carolina Vermiculite, 1017-1018 
Catalysts, 1087 
active agent, 1087 
in alkylation, 1091 
in ammonia process, 1092 
in automotive exhaust control, 1093 
bauxite, 1087 
catalytic cracking additives, 1089-1090 
chemical (industrial applications), 1087, 
1092-1092 
in ethylene oxide production, 1092 
in fluid catalytic cracking (FCC), 1088-1089 
heterogeneous, 1087 
homogeneous, 1087 
in hydrocracking, 1090-1091 
in hydrogen production (steam reforming), 
1092 
in hydrogen sulfide removal (Claus process), 
1092 
in hydrogenation of fats, 1092 
in hydrotreating, 1090 
iron oxide, 1087 
in isomerization, 1091 
kieselguhr (diatomaceous earth), 1087 
materials, 1087-1088 
in polymerization, 1091 
in refining, 1087, 1088-1091, 1088r., 10897. 
in reforming, 1090 
in related refinery processes, 1091-1092 
in selective oxidation, 1092-1093 
support, 1087 
in terephthalic acid production, 1093 
Catalytic cracking additives, 1089-1090 
Caustic soda. See Sodium hydroxide 
CCLs. See Compacted clay liners 
C-E Minerals, 558 
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Celestite, 19, 20, 925, 925t. 
and sulfur, 944 
See also Strontium minerals 
Cellulosic binders, 1311 
Cement 
and alumina, 1122 
and argillaceous mineral resources, 
1126-1127, 1126¢. 
ASTM and AASHTO standards, 1122, 
1123t-1124t. 
automation and process control, 1132-1133, 
1135 
and bauxite, 249-250, 249r. 
blending and kiln feed, 1129 
and calcium carbonate resources, 1122-1126, 
1127 
capital cost of modern process plants, 1133 
in cementitious mixtures, 1023 
and clays, 1126-1127 
clinker, 1121 
colored, 1132 
crushing and screening, 1127 
defined, 1121 
and diatomite, 446 
in direct-reduction pellet coatings, 1402, 1403r. 
and dolomite, 1125 
and emission standards, 1133, 1134+. 
fuel firing systems, 1130-1132 
future trends, 1133-1135 
gray, 1132 
grinding, 1132 
and gypsum, 1121, 1143, 11442, 1151 
increasing size of plants, 1133-1135 
industry consolidation, 1135 
and iron oxide, 1122, 1126 
and lime, 1122 
and limestone, 1122-1126 
and magnesium carbonate, 1125 
manufacturing steps, 1128f. 
market, 1121-1122 
minerals required, 1122 
preblending, 1127 
preheater and precalciner systems, 1129-1130 
production costs, 1133 
production processes, 1127-1133, 1128f, 
1129f. 
and pyrophyllite, 764 
raw material storage and milling, 1127-1129 
raw materials, 1122-1127, 1125¢., 1126t. 
ready-mixed concrete as dominant U.S. 
industry sector, 1122 
and sand, 1126-1127 
semidry kiln systems, 1130 
and shale, 1126-1127 
and silica, 1122 
storage and shipping, 1132 
U.S. and Puerto Rico production, 1125¢. 
USS. imports, 1122 
waste materials as substitutes, 1127 
wet and long dry kiln processes, 1130, 1131f. 
white, 1132 
and zeolites, 1057 
See also Clinker, Portland cement, Pozzolans, 
Supplementary cementitious materials 
Cement—bentonite (CB) cutoff walls, 1231 
design and construction, 1244-1245, 1245r. 
quality control, 1245 
Central African Republic 
diamonds, 420 
mineral production, 37. 
Central America 
adobe and earthen construction, 1097, 1100 
diatomite, 439, 440 
talc, 975 
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Ceramics 
and andalusite, 553 
and ball clays, 350 
bentonite in, 359, 366 
ceramic ferrite magnets, 925, 929, 930 
clays, 3 
and feldspars, 458, 459 
and fluorspar, 470, 471 
gypsum in, 535-536 
insulation fibers, 1158 
and kyanite, 553 
and mullite, 553 
nepheline syenite in, 665r., 666, 1139, 
1355-1356 
organoclays in, 366 
raw materials, 61, 61t. 
and sand, 815-816, 816t., 826 
and sillimanite, 553 
and talc, 982-983 
tile, 1137-1138, 1139, 1140r., 1141 
wollastonite in, 1034, 1034+. 
and zircon, 1069 
See also Fine ceramics 
CERCLA. See Comprehensive Environmental 
Response, Compensation and Liability Act 
Cerium, 1387 
Cerium oxide, 157 
Cesium-based fluxes, 1430 
Chabazite, 1040, 1041, 1042f,, 1044-1045, 1047, 
1048, 1051, 1057-1058 
Bowie (Arizona) deposit as highest purity 
zeolite product in North America, 1059 
as ion-exchange product that does not degrade 
when exposed to radiation, 1059 
properties, 1054+. 
Chalk, 153 
Chamotte, 407 
Charcoal, 1087 
Chemetall Foote Mineral Company, 600 
Chemical Manufacturers Association, 1350 
Chemical minerals, 8, 61 
business characteristics, 62z. 
chemical evaporate minerals, 19-20 
major end uses and minerals for, 61. 
Chemical process aids, 61, 61¢. 
Chemical raw materials, 61, 61t. 
Chemicals, 295, 296t.—297t. 
environmental considerations, 303—308 
market traits of mineral sources, 295—299 
outlook, 308 
and salt brines, 295, 298r. 
Chemstar Crystalline Silica Panel, 1350 
Chert 
as impurity in carbonate rocks, 582 
as impurity in gypsum, 533 
as specialty silica material, 839 
Chevron, 484 
Chilean Instituto de Investigaciones Geologicas, 
600 
Chile 
bentonite, 364 
iodine, 541-542, 543, 544 
lithium resources, 600, 601-604, 602f,, 603f., 
604, 604r., 605-606, 605f. 
mineral production, 37t. 
nitrogen and nitrates, 671-672, 672t., 673f., 
673t., 676-677 
perlite, 688 
potash, 731 
sodium sulfate resources, 881, 886 
vein quartz, 845 
China 
adobe and earthen construction, 1101 
asbestos, 196, 212 
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ball clays, 354 
barite production and deposits, 219, 2191., 
221, 224 
bauxite, 227, 228, 234, 242-244, 247, 259 
bentonite, 364 
beryllium, 264, 267, 270 
boron and borates, 275, 279, 280, 280f., 281 
diamonds, 422 
effect on international trade, 54—55 
fluorspar, 463, 467, 471, 472 
garnets, 476-477 
graphite, 508, 513, 517 
gypsum, 520-521 
iodine, 543, 546 
iron ore production, 1393 
lithium resources, 600, 601-602, 606, 608 
magnesite, 616, 617-618, 620 
mineral production, 37¢. 
nepheline syenite, 663 
as net importer of minerals, 6 
olivine, 680 
palygorskite, 402-403, 404f. 
phosphate rock, 703, 712, 718-719 
potash, 733 
pyrophyllite, 755, 757-758, 757t., 764, 
765-766 
rare earth elements, 770-772, 77 1t., 773-774, 
7713f., T74f., T74t., 775f., 777-778, 779 
and refractories, 1474 
salt, 797, 810 
soda ash, 863 
sodium sulfate resources, 881, 885 
strontium minerals, 927 
sulfur, 943 
talc, 971, 976, 985 
titanium, 992, 1003 
and transportation, 95-96, 96f. 
wollastonite, 1030, 1030r. 
zeolites, 1049 
China Clay Producers Association, 338, 396-397 
Chlorides, 14 
in brazing fluxes, 1430 
from brines, 295, 298r. 
in fertilizers, 1277 
Chlorine, 295, 299-302 
salt in manufacture of, 80 
Chlorofluorocarbons, 303 
regulations, 471-472, 550 
Christmas Island, mineral production, 37. 
Chromite, 15, 309 
abundance, 311 
availability, 327-328, 3287. 
beneficiation, 313, 313f,, 313+. 
by-products and coproducts, 318 
in chemical industry, 314t., 320-322, 321f, 
321t., 322f. 
environmental regulations, 329-330 
exploration techniques, 312 
Finland, 328 
as foundry sand, 314?., 324, 1436-1437 
future trends, 331-332 
health factors, 328-329 
India, 325, 326, 328 
in insulation, 1157 
Kazakhstan, 311-312, 325, 326 
laterite deposits, 310, 311f. 
lode deposits, 310-311 
material flow from mining to end use, 318, 
319f. 
in metallurgical industry, 315¢—317t., 319-320 
mineralogy, 310, 310f,, 310¢. 
mining, 312-313, 313f,, 313¢. 
ophiolite complexes, 310, 311 
origin, 310-311 
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placer deposits, 310, 311f. 
podiform deposits, 310, 311 
prices, 326-327, 327f. 
processing, 312, 313f, 313¢. 
in refractory industry, 314t—315t., 322-324, 
323f., 1157 
reserves, 312, 312f. 
secondary deposits, 310 
South Africa, 311-312, 325, 326, 328 
specifications, 313-318, 314¢.-317t. 
stratiform deposits, 310, 311f. 
terminology, 309, 320 
U.S. consumption, 309, 318-319, 319f., 320f, 
325f,, 326 
US. production, 324f,, 325 
USS. stockpiling, 313, 328, 329f. 
uses, 318-324, 320f. 
world distribution, 24r.-25r., 311-312, 311f. 
world production, 325-326, 325f., 325t., 326f. 
Zimbabwe, 311, 328 
as zircon substitute, 1070-1071 
Chromium 
as alloying element, 309 
chemical production, 320-322, 321f., 321. 
China, 332 
content of magnesia, 628 
effluent regulations, 330 
emissions regulations, 330 
environmental regulations, 329-330 
as essential nutrient, 328-329 
ferroalloys, 313-318 
health factors, 328-329 
material flow from chromite mining to end 
use, 318, 319f. 
as pigment in ceramic tile, 1139 
safety regulations, 330-331 
solid waste regulations, 330 
in specialty glass, 1387 
and stainless steel, 309 
as toxic substance, 328, 329 
United States, 331-332 
USS. stockpiling, 313, 328, 329f. 
Chromium oxide 
as abrasive, 157 
in cosmetics, 1189 
Chrysotile. See Asbestos 
CIS. See Commonwealth of Independent States 
Classification schemes 
alphabetic, 7 
Berzelian, 7 
chemical or physical, 8, 61 
and commonalities and contrasts of minerals, 7 
economic, 9-10 
end-use, 9, 9f. 
genetic (based on geological processes), 7-8, 
9t., 13, 15, 16¢. 
hybrid, 10, 13 
limitations, 10 
miscellaneous, 10 
nonsilicates, 14 
silicates, 13 
tectonic, 8, 8f., 13 
Claus, C.F., 957 
Claus process, 957-958, 958f., 1092 
Clay liners and barriers, 1229 
and advection, 1235 
applications, 1231-1232 
attapulgite, 1229 
and attenuation, 1235-1236 
Atterberg limits, 1233-1234, 1233f. 
bentonite, 1229 
bentonite fluid (filtrate) loss test, 1234-1235, 
1234f. 
bentonite free swell test, 1234-1235, 1234f. 
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cement—bentonite (CB) cutoff walls, 1231, 
1244-1245, 1245+. 

clays used, 1229 

compacted clay liners, 1229-1230, 1237-1240, 
1238f, 1246 

and containment, 1229 

contaminant transport, 1235-1236, 1235. 

cutoff walls, 1230-1231, 1231f,, 1244-1245, 
1245t. 

and Darcy’s law, 1232, 1233f. 

and diffusion, 1235 

engineering properties for clays, 1232-1236 

environmental regulations, 1236-1237 

EPA regulations, 1236-1237 

field monitoring data, 1245-1246, 1246f. 

GCLs as replacements for CCLs, 1246 

geosynthetic clay liners, 1229, 1230, 1230f., 
1237, 1240-1244, 1241f,, 1242f, 
1243f.,, 1244f,, 1246 

hanging cutoff walls, 1230, 1231f. 

hazardous waste landfill regulations, 1236 

HELP model, 1238, 1238f. 

hydraulic conductivity, 1229, 1232-1233 

hydraulic conductivity regulations, 1236-1237 

illite, 1229 

kaolinite, 1229 

keyed-in cutoff walls, 1230, 1231f. 

landfill covers, 1231, 1236 

landfill liners, 1231-1232, 1236 

liquid limit, 1234 

mining applications, 1232 

moisture content and density, 1234 

particle-size distribution, 1233 

performance, 1245-1247 

permeability, 1232, 1233, 1233r., 1234, 
1245-1246, 1246f. 

plastic limit, 1233-1234 

plasticity index, 1234 

smectite, 1229 

and sealed double-ring infiltrometers 
(SDRIs), 1245-1246, 1246f. 

soil-bentonite (SB) cutoff walls, 1230, 
1244-1245, 1245+. 

soil—bentonite liners, 1230, 1237-1240, 
1238f., 1240f., 1240r. 

soil-cement-bentonite (SCB) cutoff walls, 
1231, 1244-1245, 1245r. 

solid waste landfill regulations, 1236 

state of practice, 1247 

state regulations, 1237 

surface impoundments, 1231 

thickness requirements, 1236 

types, 1229-1231 

worldwide regulations, 1237 

See also Compacted clay liners, Geosynthetic 
clay liners 


Clay Minerals, 337 

Clay Minerals Society, 337 

Clay Science, 337 

Clay Science Society of Japan, 337 
Clays, 18 


as abrasives, 153, 157 

as absorbents and desiccants, 1075, 
1077-1078, 1078¢., 1079-1081, 1083, 
1084 

in adhesives, caulks, and sealants, 1282 

applications, 336 

and applied technology, 341 

as asbestos substitute, 1219 

in bleaching, 360 

categorization, 338-341 

Category | (high-quality, high-technology), 
338-341, 339f. 

Category 2 (specialty), 338-341, 339f. 
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Category 3 (low-technology, moderate- 
quality), 338-341, 339f. 

Category 4 (low-quality), 338-340, 339f. 

and cement, 1126-1127 

chemical properties, 336-337 

composition types, 335 

decision to invest, 340f., 341¢. 

definitions, 335 

delineation and feasibility, 340f., 341r. 

exploration, 340f,, 3411. 

fat, 370 

in fertilizers, 1083 

as impurities in carbonate rocks, 582 

as impurities in gypsum, 523 

and indicated resource certainty, 339-340, 
339f. 

and inferred confidence, 339, 339f. 

in insulation, 1153, 1158 

lean, 370 

as lightweight aggregate, 184, 186, 188, 189 

marketable, 339f., 340 

and measured resource certainty, 339f. 340 

mineable in situ, 339f., 340 

mineral structures, 336 

moving from commissioning to full 
production, 341 

occurrence of clay minerals, 338 

organoclays, 365-367 

in paper filling and coating pigments, 
1297-1298, 1297t. 

physical properties, 336-337 

pillared, 367 

primary clay resources, 338 

process losses, 341 

processing technologies, 338 

project development flowsheet, 340f. 

properties for adobe and earthen construction, 
1096 

publications, 337-338 

reconnaissance, 340f., 3411. 

recoverable, 339f., 340 

relationship between category and annual 
tonnage, 339 

relationship between category and investment 
capital, 341 

relationship between category and 
preinvestment capital, 340-341 

relationship between category and resource 
confidence, 339-340, 339f. 

relationship between category and value, 340 

resource evaluation, 340f., 341 

risk reduction during development, 341 

role of categorization in assessing resources, 
339 

in rubber, 1331 

scale-up factors, 341 

secondary clay resources, 338 

societies, 337 

surface acidity (Lewis acidity), 1082 


uses based on inertness and stability, 336, 336. 


uses based on reactivity, 336 

uses of bentonites based on rheological 
properties, 336, 337t. 

uses of clay minerals based on adsorption 
properties and reactivity, 336, 337¢. 

uses of clay minerals based on rheological 
properties, 336, 336r. 

world production, 335-336, 336+. 

See also Attapulgite, Ball clays, Bricks, 
Ceramic clays, Clay liners and barriers, 
Common clays, Compacted clay liners, 
Fire clay, Geosynthetic clay liners, 
Hormite group, Kaolin, Nanoclays, 
Palygorskite, Refractory clays, 


Sepiolite, Serpentine group, Shale, 
Smectite, Specialty clays 
Clays and Clay Minerals, 337 
CLDRLI. See Lianyungang Design and Research 
Institute 
Clean Air Act, 121 
ambient standards, 121-122, 122r. 
and beryllium, 272 
best available control technology (BACT), 
125 
and cement plants, 1133 
and chromium emissions, 330 
construction permits, 124-125 
and crushed stone, 178 
enforcement, 126 
and flue gas desulfurization, 574-575, 578, 
1251, 1252, 1257 
and fly ash, 1170 
hazardous air pollutant (HAP) standards, 
123-124 
and lime plants, 578 
lowest achievable emission rate (LAER), 125 
maximum available control technology 
(MACT), 124 
mobile sources, 125 
new source performance standards (NSPSs), 
123, 124, 125 
new source review (NSR), 124 
nonattainment, 122-123, 125 
operating permits, 125 
prevention of significant deterioration (PSD), 
122-123, 125 
and sand and gravel mining, 166 
State Implementation Plans, 122 
Clean Water Act, 126-127 
best available demonstrated control 
technology (BDT), 126 
best available technology economically 
achievable (BAT), 126 
best conventional pollutant control technology 
(BCT), 126 
best practicable technology currently 
available (BPT), 126 
and crushed stone, 178 
dredge or fill permits, 127-128 
effluent guidelines and standards, 126 
enforcement, 128 
EPA jurisdiction, 127 
National Pollutant Discharge Elimination 
System (NPDES), 126 
NPDES permits, 127 
on oil and hazardous substances, 128 
and sand and gravel mining, 166 
water quality standards, 126-127 
whole effluent toxicity (WET) tests, 126 
Clinker, 1121 
compounds, 1121, 11214. 
cooling, 1130 
raw materials, 1126+. 
storage, 1132 
U.S. imports, 1122 
See also Cement 
Clinoptilolite, 1040, 1043, 1045-1052, 1057-1058 
as ion-exchange product that does not degrade 
when exposed to radiation, 1059 
properties, 1054+. 
Coal cinders, 184, 187 
Coatings. See Paint and coatings, Paper filling and 
coating pigment 
Cobalt, 1387 
Cobalt oxide, 1357 
Cogswell, William B., 859 
Colombia, mineral production, 37f. 
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Color 
bricks, 1180, 1180f., 1183-1184 
carbonate rocks, 582 
in cement, 1132 
common clays, 370 
and cosmetics, 1189-1192, 1189+. 
diamonds, 416, 428 
evaluation of paint and coatings, 1318 
in fine ceramics, 1360 
fluorspar, 462 
talc color measurement, 978 
vermiculite, 1015 
Columbium, 1071 
Common clays, 369 
as absorbents, 1077, 1078 
dry strength, 370 
green strength, 370 
markets, 370-371 
mineralogy, 369-370 
outlook, 371 
physical properties, 370 
plasticity, 370 
process flow sheet, 371 
production (U.S.), 370-371 
regulatory considerations, 371 
research, 371 
shrinkage, 370 
testing, 371 
uniform color, 370 
vitrification, 370 
Commonwealth of Independent States 
graphite, 513 
iodine, 542, 543, 546 
iron ore production, 1393 
perlite, 688 
potash, 731-732, 731f. 
sodium sulfate resources, 886-887 
strontium minerals, 928 
Compacted clay liners, 1229-1230, 1246 
construction, 1239 
design, 1237-1239 
economics and market conditions, 1239-1240 
equipment requirements, 1239 
HELP model, 1238, 1238f. 
moisture control in construction, 1239 
moisture—density relationships, 1237, 1238f. 
physical processing, 1239 
quality control in construction, 1239 
slope stability, 1239 
time of travel, 1238-1239 
water balance models, 1238, 1238f. 
Compafiia de Slaitre y Yodo de Chile, 671 
Comprehensive Environmental Response, 
Compensation and Liability Act, 130-131 
Concrete 
aggregates in, 1105, 1109, 1110-1111, 1117 
concrete block insulation, 1158 
diatomite in, 446 
iron oxide pigments in, 1457, 1461 
ready-mixed as dominant U.S. cement 
industry sector, 1122 
See also Cement, Pozzolans, Supplementary 
cementitious materials 
Congo. See Democratic Republic of the Congo 
Construction materials 
industrial sand in, 818 
iron oxide pigments in, 1457, 1461 
pyrophyllite in, 764 
See also Adobe and earthen construction, 
Bricks, Cement, Concrete, Construction 
sand and gravel, Crushed stone, 
Decorative stone, Dimension stone, 
Flooring materials, Gypsum plasters 
and wallboards, Roofing materials 
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Construction sand and gravel, 159 
alluvial deposits, 161 
from alluvial fans, 161 
bank-run (pit-run) gravel, 165 
chemical properties, 162 
defined, 159 
distribution (U.S.), 161f. 
environmental considerations, 166—167 
evaluation of deposits, 163-164 
foreign trade, 159 
future trends, 167 
geophysical surveys, 163-164 
glacial deposits, 160-161 
gross reserve tonnage, 164 
imports, 167 
impurities, 162-163 
from in situ weathered rock, 161-162 
from marine beaches and terraces, 161 
mining, 164-165 
net reserve tonnage, 164 
particle shape, 162 
particle size, 162 
permitting difficulties, 167 
pluvial lake deposits, 161 
porosity and pore structure, 162 
principle of the weakest point, 163 
processing, 165, 165f. 
properties, 162-163 
prospecting techniques, 163 
and reclamation, 167 
regulatory considerations, 165-166 
reserves, 160 
and silicosis, 167 
size distribution, 162 
specific gravity, 162 
specifications, 162 
“sterilization” of resource, 166 
substitutes, 160 
and sustainable resource management, 167 
technological advances, 167 
trend toward large business operations, 167 
U.S. production, 159, 160r. 
weathering, 162 
world production, 159-160 
See also Aggregates, Crushed stone 
Container glass, 1365, 1368 
competition with plastic, 1366, 1367, 1368 
environmental considerations, 1368 
industry consolidation, 1365-1366 
major producers and locations, 1365-1366, 
13661. 
markets, 1366-1367 
production, 1365 
raw material requirements, 1367-1368, 1367r. 
recycled (cullet), 1367-1368 
and soda ash, 873, 1367, 1367t. 
Contaminant transport, 1235-1236, 1235t. 
Copper 
fluxes in metallurgy, 1416 
lime in processing of, 573 
in specialty glass, 1387 
Coproducts, 5 
Corning Ware, 599 
Corporate social responsibility, 137 
Corundum, 22, 241 
as abrasive, 149 
Cosmetics, 1185 
additives in pressed powders, 1191. 
alumina in, 1189 
aluminum benzoate in, 1189 
bentonite in, 1192 
bismuth oxychloride in, 1189 
calcium carbonate in, 1185, 1185r., 1189 
carmine in, 1189 
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chromium oxide in, 1189 
for color, 1189-1192, 1189+. 
colorants, 1189 
composition of pressed powders, 11911. 
emulsifier selection, 1188 
emulsifier system, 1187-1188, 1188/ 
emulsion production, 1188-1189 
emulsion water phase, 1186-1187, 1186f. 
emulsions, 1185-1189 
eyeliners, 1191 
ferric ferrocyanide in, 1189 
foundation, 1190-1191, 1190¢., 1191+. 
industry structure, 1185 
iron oxide in, 1189 
kaolin in, 1185, 1185¢., 1189, 1190, 1191-1192 
lakes, 1189 
lead carbonate in, 1189 
lipstick and lip gloss, 1191 
mascara, 1191 
masks, 1191-1192, 1192r. 
mica in, 649-650, 1185, 1185¢., 1189, 1190, 
1191 
minerals in, 1185¢., 1189-1190 
muscovite in, 1185 
oil-phase emollients, 1187, 1187¢. 
regulatory considerations, 1192 
sericite in, 1185, 1185+. 
smectite clay in, 1185, 1185¢., 1186-1187, 
1186f., 1190, 1191, 1192 
surface treatments for minerals and pigments, 
1190 
talc in, 983, 1185, 1185¢., 1189, 1190, 1191, 
1192 
titanium dioxide in, 1189 
trends, 1192 
zinc oxide in, 1189 
Costa Rica, mineral production, 37. 
Coster, D., 1065 
Céte d’Ivoire, mineral production, 37¢. 
Countervailing duties, 55 
Courtois, Bernard, 541 
Crago double float process, 715-717, 716f. 
CRATerre. See International Centre for Earth 
Construction 
Croatia, mineral production, 37r. 
Crociodolite. See Asbestos 
Cronstedt, A.F., 1039 
Crossville Porcelain, 1139 
Crushed stone, 171 
and asbestos, 179 
basalt, 174 
blasting, 176 
chemical properties, 175 
cleavage, 174 
as construction aggregate, 171 
defined, 171 
distribution, 173, 173f. 
dolomite, 174 
environmental considerations, 178 
foreign trade, 172 
future trends, 179 
general properties, 173 
geologic origin, 172-173 
geophysical surveys, 175-176 
granite, 171, 173, 173f. 
hardness, 173-174 
as high-bulk, low-value commodity, 171 
igneous rocks, 174 
imports, 179 
limestone, 171, 173, 173f,, 174 
metamorphic rocks, 174 
mining, 176-177 
permitting, 179 
physical properties, 174 
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porosity, 174 
principle of the weakest point, 175 
processing, 177, 177f. 
prospecting techniques, 175-176 
and reclamation, 178-179 
regulations, 177-178 
reserves, 172 
sandstone, 174 
and silica hazards, 179 
and software, 179 
specific gravity, 174 
specifications, 174 
substitutes, 172 
and sustainable resource management, 179 
traprock, 171, 173, 173f. 
trend toward larger business operations, 179 
U.S. production, 171-172, 172t. 
volcanic rocks, 174 
weathering, 174-175 
world production, 172 
See also Aggregates 
Cryolite, 6, 461 
Cuba 
mineral production, 37¢. 
zeolites, 1049-1050 
Cutoff walls, 1230-1231, 1231f. 
design and construction, 1244-1245, 1245. 
quality control, 1245 
CWA. See Clean Water Act 
Cyclosilicates, 13 
Cyprus 
mineral production, 37¢. 
strontium minerals, 927 
Czech Republic 
ball clays, 350 
graphite, 513 
mineral production, 37¢. 
quartzite, 843 


DAE. See Distillate aromatic extracts 
Dal-Tile, 1138, 1139 
Danish flint pebbles, 153 
Darcy, Henry, 1232 
Darcy’s law, 1232, 1233f. 
Dead Sea Bromine Group, 285-286, 286f., 287 
Dearborn Chemical Company, 1024 
DeBeers, 429 
Decorative stone, 893 
aggregate, 893, 895-897, 895r., 1114 
and architects, 902 
ashlar, 897 
basalt, 899 
cantera, 902 
cast stone, 898 
classification, 893-894 
costs, 903 
crushed stone, 894, 896-897, 896. 
cultured-marble tiles, 898 
cut or dressed stone, 894, 897-898 
dash, 896, 902 
depletion allowance, 903 
dolostone, 899 
exposed aggregate, 896, 896/f., 902 
fieldstone, 894 
finishes, 900 
for fireplace rocks and hearthstones, 897 
flagstone, 894-895, 895f., 898, 901 
fused argillaceous rock, 896 
geology and distribution, 898-900 
gneiss, 900 
granite, 898-899 
limestone, 899 
manufacured by melting and frothing, 898 
marble, 899-900 


market, 903-904 

miscellaneous uses, 898 

for monuments and memorials, 897 

moss rock, 894, 894f., 900 

pegmatite, 899 

processing, 901 

production, 900-901 

quarrying, 901 

quartzite, 900 

river rock, 895, 895f. 

rough stone, 893, 894-895, 894f 

rubble, 896 

sales, 894 

sandstone and conglomerate, 900 

schist, 900 

scoria and cinder, 895-896, 895f. 

slate, 900 

specifications, 901-901 

for statuary and objets d’art, 897, 897f. 

substitutes, 903 

synthetic, 894, 898 

tariffs, 903 

terrazzo, 896-897, 897f., 902 

as tiles and paving blocks, 897-898, 898, 

901-902 

transportation, 903 

traprock, 899 

travertine, 899-900 

trend toward veneer and cladding over blocks, 

904 

trends, 903-905 

tuff, 899, 899f., 902 

uncrushed stone, 895 

varieties, 894 

as veneers, 898, 902, 904 

as wall cladding, 898, 902, 904 

as waste from quarrying, 893, 893f. 

zoning and land use considerations, 904 
Democratic Republic of the Congo 

diamonds, 420 

lithium resources, 608 

mineral production, 37¢. 

potash, 733 
Denmark, mineral production, 37¢.—38t. 
Desiccants. See Absorbents and desiccants 
Desulfovibrio desulfuricans, 946 
Detergents. See Soaps and detergents 
Deville, Sainte Claire, 228 
Diamonds, 3, 4, 15—17, 18, 415 

as abrasives, 149-150, 150f.,, 155-156 

Africa, 419-421, 4191. 

Angola, 419 

Australia, 22, 419¢., 421-422, 421f. 

ballas, 428 

and biogeochemical surveys, 426-427 

black, 416 

blue, 416 

bort, 416, 428 

Botswana, 419t., 420 

Brazil, 422 

brown, 416 

Canada, 419, 4197., 423-424, 429 

carat weight, 428 

carbonado, 416, 428 

Central African Republic, 420 

China, 422 

clarity, 428 

color, 416, 428 

conductivity, 417 

crystal habit, 415-416 

cubic, 415 

cut, 428 

Democratic Republic of the Congo, 420 

Diamond-View verification instrument, 429 
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dispersion, 416 

exploration, 424-427 

future, 420-421, 429 

gem, 428 

gemology, 427-428 

and geochemical surveys, 426-427 

and geomorphology, 425 

and geophysical surveys, 426 

Ghana, 420 

grading, 428 

green, 416 

Guinea, 420 

and heat, 417 

hydrophobicity (nonwettability), 417 

India, 422-423 

industrial uses, 428 

Ivory Coast, 420 

and kimberlite, 417-418, 418/,, 427 

and lamproite, 418, 427 

Lesotho, 420 

Liberia, 420 

and lineaments, 425 

luminescence, 417 

luster, 416 

Mali, 420 

milling, 427 

mineralogy, 415-417 

mining, 427 

Namibia, 419+., 420 

North American craton, 417f., 423-424, 423f, 
429 

octahedral, 415-416 

origin and occurrence, 417-418 

physical properties, 416-417 

pink, 416 

and placers, 418, 427 

purple, 416 

red, 416 

and remote sensing, 425-426 

Russia, 4197., 424 

Sierra Leone, 420 

South Africa, 4192., 420-421 

and stream-sediment sampling, 425 

Swaziland, 421 

synthetic, 25t., 155-156, 419, 428-429 

Tanzania, 421 

transparency, 416 

Venezuela, 424 

world distribution, 419-424 

world distribution (natural gems), 25t. 

world distribution (natural industrial), 25+. 

world production, 419, 419. 

yellow, 416 

Zimbabwe, 421 


Diaspore, 227, 228, 2287., 229-230 
Diatomaceous earth 


ASTM specifications and tests, 444 

as catalyst, 1087 

in insulation, 1153 

in paper filling and coating pigments, 1292 


Diatomite, 19 


as abrasive, 152 

as absorbent, 446, 1075, 1082 
Africa, 439, 439f,, 441 

as asbestos substitute, 1220 
Asia, 439, 439f., 441 
assemblages, 437f., 438f. 
calcination, 435 

Canada, 438-439, 440 

in cement, concrete, and asphalt, 446 
Central America, 439, 440 
chemical composition, 435, 435¢. 
chemical properties, 435-436 
consumption, 434-435 
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defined, 433 

depletion allowance, 447 

in drilling fluids, 1488-1489, 14897. 

and dynamite, 433 

Europe, 439, 440-441 

evaluation, 441-442 

exploration, 441 

as filler, 433, 437, 443, 444-446, 445r. 

in filtration, 433, 436-437, 443, 444, 445r., 
1337-1342, 1341t., 1344, 1347 

flux calcined grades, 433 

future, 448 

grades, 433, 444 

health and safety, 447-448 

in insecticides, 446 

in insulation, 1153, 1154 

as lightweight aggregate, 187 

marketing, 444-447 

Mexico, 440 

milling methods, 442 

mineralogy, 435 

mining methods, 442 

morphology, 436, 436f. 

natural grade, 433 

North America, 438-440, 439f. 

Oceania, 439, 439f,, 441 

origin, 437-438 

packaging, 447 

in paint and coatings, 1306 

physical properties, 433, 436-437 

pricing, 434, 4357., 446 

production and development costs, 447 

purity, 433 

regulatory issues, 448 

reserves, 435 

and silicosis, 447-448 

sintering, 437 

as soil amendment, 446, 1481 

South America, 439, 439f., 440 

straight calcined grade, 433 

substitutes, 446-447 

tariffs, 447 

taxes, 447 

terminology, 433 

testing and specifications, 443-444 

thermal processing methods, 442-443, 443f. 

trace elements, 435, 436r. 

transportation, 447 

United States, 434, 438-440, 439f,, 440f,, 


economic factors, 922 

evaluation of marketability, 921-922 

evaluation of soundness, 922 

fieldstone, 908 

flagstone, 908-909 

granite, 591, 909, 910, 911, 916, 919, 920, 
921 

greenstone, 913 

grinding, 918 

Interior Sedimentary Province, 920 

jet channeling, 915 

jetty stone, 908 

Lake Superior Crystalline Province, 920 

limestone, 591, 909, 912, 920, 921 

line drilling, 915 

marble, 591, 907f., 909, 910, 910f,, 913, 919, 
920, 921 

mill operations, 917-918 

mill stock slate, 910 

miscellaneous uses, 911 

monumental stone, 910 

nepheline syenite, 667 

paving blocks, 909 

polishing, 918 

quarry plan, 914 

quarrying, 914-918, 914f,, 915f 

quartzite, 848 

removing blocks from the quarry, 917, 917f. 

roofing slate, 910 

in rough construction, 908 

rubble, 908 

sandstone, 848, 911-912, 919, 920 

sawing slabs, 917-918 

secondary cuts, 918 

shaping, 918 

slate, 909, 910, 913, 920, 921 

soapstone, 913, 920, 921 

split-face ashlar, 910 

tile, 910 

travertine, 921 

U.S. deposits and reserves, 918-921 

water jet cutting, 916 

Western Province, 920-921 

wire saws using abrasives, 916 

world deposits, 921 

zeolites, 1055-1056 


production and sales (U.S.), 589-591, 589t., 
590t. 
regulatory and environmental considerations, 
626 
regulatory climate, 593-594 
rock bitting, 585 
in roofing materials, 1176 
and silicosis, 593 
as soil amendment, 1478-1480, 1479f,, 1479¢. 
in specialty glass, 1387 
specifications, 589 
and storm-water runoff, 593 
surface mining, 591 
surface sampling, 585 
transportation, 592-593 
underground mining, 591 
and wetland regulations, 593 
as zircon substitute, 1070-1071 
See also Fluxstone 
Dolostone, as decorative stone, 899, 
Dominican Republic, mineral production, 38¢. 
Donbas Clays JSC, 352 
Dow, Herbert, 285 
Dow Chemical Corporation, 1040 
Drilling muds and fluids, 1487, 1489r. 
asbestos in, 1488, 1489r. 
attapulgite in, 1488, 14897., 1491, 1492 
barite in, 223-224, 225, 1488, 14897., 1491, 
1491f. 
bentonite in, 358—360, 366, 1488, 14897., 
1491-1492 
bridging agents, 1487 
bromine in, 290, 293-294 
costs, 1493 
depletion allowances, 1493 
diatomite in, 1488-1489, 1489r. 
environmental regulations, 1493 
fuller’s earth, 378 
galena in, 1489, 14897. 
gilsonite in, 489, 1490, 1489r. 
graphite in, 1490, 1489. 
gypsum in, 1490, 14897¢. 
halite in, 1490 
hematite in, 1490, 14897., 1491, 1492 
ilmenite in, 1490, 14897. 
itabrite in, 1490, 14897. 


Distillate aromatic extracts, 1334 
Distribution. See World distribution 
Dolomite, 19 


1079 
uses, 444-446 
world deposits, 25t., 438-441, 439f. 
world production, 433-435, 434+. 
Dictionary of Geological Terms, 373 
Differential thermal analysis, 1054 
Diffusion, 1235 
Dimension stone, 591, 907, 909-910 
Appalachian Crystalline Province, 918-919, 
919f. 
ashlar, 910 
ASTM building stone specifications, 909, 
909t. 
ASTM definitions, 911 
Atlantic and Gulf Coastal Plain Province, 918 
automated tile making, 918, 918f. 
basalt, 913-914 
breaking and lifting, 916-917 
chain and belt saws, 916, 916f. 
channeling machines, 915 
curbing, 910-911 
cutting, 915-916 
defined, 907-908 
diamond wire saws, 916 
drilling and broaching, 915 
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in acid neutralization, 1206 

and cement, 1125 

chemical properties, 587, 1408-1409, 1412z. 
coring, 585, 585f. 

depletion allowance, 626 


in direct-reduction pellet coatings, 1402, 1403. 


dolomitic limestone in iron ore pelletizing, 
1400-1401 

evaluation and testing, 585-589 

exploration, 584-585 

in fertilizers, 1276 

in fiberglass, 1371-1372 

future trends, 594 

as impurity in gypsum, 522-523, 533 

in insulation, 1156, 1157 

in iron ore sintering, 1398 

and magnesite, 619, 626 

as metallurgical flux, 1405, 1406-1410, 
1408r. 

origin, 583 

phosphate, 719 

physical properties, 581, 586-587, 1409-1410, 
1412r. 

processing, 592 


and land use, 1493 

leonardite in, 1490, 14897., 1491, 1492 
limestone in, 1490, 1489+. 
lost-circulation materials, 1487 
lubricants, 1488 

magnetite in, 1490 

markets, 1493 

mica in, 648, 1490, 14897., 1491, 1492 
palygorskite in, 405 

perlite in, 1490, 1489r. 

plugs, 1488 

problems and future trends, 1493 
processing of minerals for, 1492 
proppants, 1488 

pyrite in, 1490-1491 

quartz sand in, 1491, 14897. 
sepiolite in, 405, 1491, 14897. 
siderite in, 1491, 14897. 

soda ash in, 1491, 1489r. 
specialty products, 1488 
specifications, 14897., 1493 
stabilizers, 1488 

suppliers, 1491-1492 

taxes, 1493 

testing, 1493 

thinners, 1487 

titanium in, 998 

transportation, 1493 
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ulexite in, 1491, 1489+. 
uses of minerals in, 1487-1488 
vermiculite in, 1491, 1489r. 
viscosifiers, 1487 
weighting agents, 1487 
Dry hiding power, 1318 
Drying oils, 1308 
Due diligence, 67, 77 
buyer’s, 68 
commodity minerals, 71¢. 
defined, 67 
environmental site assessment, 72-74 
financial, 74 
and financial valuation, 67, 75-77, 75f. 
human resources, 74—75 
legal and regulatory, 72 
marketing, 70-72, 71t. 
mining, 69 
procedure, 68 
processing, 69-70 
reasons for performing, 67 
reserves, 68-69, 68/. 
resources, 68f. 
seller’s, 68 
specialty minerals, 711. 
and sustainable development, 77 
technical, 68-69 
transportation, 70, 70f., 71t. 
when to do it, 67 
who does it, 67 
Dugarlite. See Vermiculite 
Dumonceau, Duhamel, 859 
Duties, 55—57, 55t. 
Duval Corporation, 943 
Dynamite, 433 


EAF. See Electric arc furnace 
Earthen construction. See Adobe and earthen 
construction 
Ecole d’ Architecture, 1098 
Ecuador, mineral production, 387. 
Egypt 
glauconite, 500 
mineral production, 387. 
nepheline syenite, 664, 664f. 
phosphate rock, 710, 718 
potash, 733 
sandstone, 841 
soda ash, 862 
vein quartz, 845 
1891 Act, 109 
El Paso Solar Energy Associaton, 1098 
El Salvador, mineral production, 387. 
Elastomers 
polymers as, 1327 
wollastonite in, 1036, 1036r. 
Elberton Granite Association, 916 
Electric arc furnace, 1391 
Electronic and optical materials, 1193 
calcite, 1198 
iron oxide pigments in, 1457 
minerals other than quartz, 1198-1201, 
1199t.—1200¢. 
quartz, 1193-1198, 1194¢., 1195f,, 1195+, 
1196f. 
quartz (high pure and ultra-high pure), 850, 
852, 856-857 
quartzite, 850, 852, 856-857 
rare earth elements, 785t., 786 
rubies, 1198 
specialty silica materials, 850, 852, 855-857 
zeolites, 1054 
Emery, 149 
Emission control, 1089-1090 


Environmental issues, 1 1—12, 22 
and road transportation, 97 
Environmental law, 121 
air quality, 121-126 
future outlook, 132 
and mining on federal land, 129-130 
National Environmental Policy Act, 125, 131 
remediation of contaminated sites, 130-131 
Toxic Substances Control Act (TSCA), 
131-132 
waste disposal, 128-130 
water quality, 126-128 
Environmental Protection Agency. See Clean Air 
Act, Clean Water Act, National 
Environmental Policy Act, Resource 
Conservation and Recovery Act, Toxic 
Substances Control Act 
Environmental site assessment, 72-74 
Epoxy resins, 1310 
Erionite, 1040, 1046-1047, 1051, 1057-1058 
fibrous, 1060f- 
as fibrous carcinogen, 1059 
misclassification of nonfibrous varieties as 
carcinogens, 1059 
nonfibrous, 1060f. 
Eritrea, mineral production, 387. 
Esan Eczacibasi Endustriyel Hammaddeler AS, 
352 
Estonia, mineral production, 387. 
Ethiopia 
mineral production, 38. 
potash, 733 
Ethylene oxide, 1092 
Euroacre, 351 
Europe 
adobe and earthen construction, 1095, 1101 
and asbestos, 197, 212 
ball clays, 350-353, 351f. 
bentonite, 364 
diatomite, 439, 440-441 
European Union trade policies, 55, 56-57, 
55t., 56f. 
feldspars, 452, 454t. 
fluorspar, 463, 464, 465-466 
garnets, 477 
industrial sand, 823-824 
iodine, 546 
microcrystalline silica, 1009 
nepheline syenite, 663 
salt, 797 
silica pebble, 846-847 
soda ash, 864 
sulfur, 958, 959 
talc, 975-976 
tripoli, 1009 
See also names of individual countries 
European Clay Group, 337 
Export licenses, 57 
Extractive Industry Transparency Initiative, 138 
EZ mine, 1053f. 


Fahey, Joseph J., 860 

Fair market value, 67 

FBC. See Fluidized bed combustion 

FCC. See Fluid catalytic cracking 

Federal Coal Mine Health and Safety Act, 109 

Federal Coal Mine Safety Act Amendments of 
1952, 109 

Federal Land Policy and Management Act of 
1976, 129 

Federal Metal and Nonmetallic Mine Safety Act 
of 1966, 109 

Federal Mine Safety and Health Act of 1977. See 
Mine Act 
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Federal Mine Safety and Health Review 
Commission, 110 
Administrative Law Judges (ALJs), 110, 114 
citations, 110 
contesting citations and penalties, 115 
enforcement provisions, 110-111 
and liability, 110 
penalties, 111-112 
withdrawal orders, 110-111 
See also Mine Act, Mine Safety and Health 
Administration 
Feldspar Corporation, 833, 834 
Feldspars, 451 
as abrasive, 153 
alaskite, 451, 455, 456, 457f. 
antiperthites, 451 
aplite, 455 
Asia, 452, 454t. 
barium, 456 
by-product minerals, 22 
Canada, 452 
in ceramic tile, 1139 
and ceramics, 458, 459 
and container glass, 1367, 1367t. 
Europe, 452, 454+. 
feldspar-quartz mixtures (sands), 455 
as fillers, 458-459 
in fine ceramics, 1355-1356, 1356t. 
in glass, 458, 459 
granite, 456 
and high pure and ultra-high pure quartz, 833 
marketing, 458-459 
Mexico, 452 
mineralogy, 455, 455t. 
mining, 456-457 
as most abundant mineral group, 451 
North America, 451-452 
outlook, 459 
in paint and coatings, 1305-1306 
pegmatites, 451, 456 
perthite, 451 
potassium, 456 
pricing, 459 
processing, 457-458 
production flowsheet, 457f. 
and silicosis, 459 
in specialty glass, 1388 
transportation, 459 
United States, 451-452, 452r., 4531., 454r., 
455-456 
uses, 458-459 
world distribution, 25t.—26t., 456 
world production and trade, 451, 452, 4541. 
See also Nepheline syenite 
Feldspathic sands, 17 
Ferrian-ilmenite, 988 
Ferric ferrocyanide, 1189 
Ferrochromium, 313-318 
Ferrochromium-silicon, 313-318 
Ferromanganese, 633, 633+. 
Ferromanganese-silicon, 633, 633+. 
Fertilizers, 1269 
absorbents and desiccants in, 1083 
advanced efficiency products, 1277-1278 
agricultural production and plant nutrient use, 
1269-1270, 1269f. 
best management practices, 1269 
boron, 1276-1277 
calcium in, 1275-1276, 1275t. 
chloride, 1277 
clays in, 1083 
glauconite as, 502, 503, 504 
International Fertilizer Industry Association 
statistics, 1271, 1272r. 
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iron, 1277 

lime in, 1275, 1275+. 

magnesium, 1276 

manganese, 1277 

micronutrients, 1276-1277 

molybdenum, 1277 

nitrogen and nitrates as, 671, 674, 675, 
676-677, 1271-1273, 1271¢., 1273f. 

nutrient application rates for corn, 1270, 1270f. 

and nutrient removal rates, 1270, 1270f. 

olivine, 681 

palygorskite in, 405 

phosphate rock in, 703, 705-707, 705f., 705¢., 
706t., 1273, 1274f., 1274¢. 

potash, 723, 736 

potassium, 1274, 1275¢. 

primary nutrients, 1271-1274 

raw materials, 61, 61t. 

regulations, 1277 

secondary nutrients, 1275-1276 

sepiolite in, 405 

sulfur, 1276 

U.S. expenditures for, 1269, 1270+. 

world agricultural production and production 
per capita, 1270, 1270f. 

zinc, 1277 


Feynman, Richard, 1441 
FGD. See Flue gas desulfurization 
Fiberglass, 1369 


acoustic applications, 1375 

aerospace and aircraft applications, 1377 

in air filtration, 1375-1376 

air handling system insulation, 1375 

aircraft insulation, 1375 

alkali in, 1371, 1373 

alkaline earth in, 1371-1372, 1373 

alternate compositions, 1374, 1374+. 

alumina in, 1372, 1373-1374 

appliance insulation, 1375 

automotive insulation, 1375 

barium carbonate in, 1372 

borates in, 1371, 1373 

building insulation products, 1374-1375 

chopped strand mats, 1376 

chopped strands, 1376 

continuous filament mats, 1376 

continuous process, 1370 

in corrosion resistance, 1377 

cryogenic applications, 1375 

cullet (recycled glass) in, 1372 

E-glass, 1372-1373, 1373t. 

electrical and electronic applications, 1377 

fiberization technologies, 1369-1370 

flame attenuation, 1370 

fluorspar in, 1372, 1374 

furnaces, 1369 

glass mat, 1376 

HVAC system insulation, 1375 

impurities, 1370 

in infrastructure, 1377 

insulation-grade, 1369, 1374-1376 

iron oxide as impurity, 1370, 1374 

marine applications, 1375, 1377 

market trends and forecasts, 1377-1378 

microfibers, 1376 

particle-size distribution, 1370 

pipe insulation, 1375 

raw materials for insulation fiberglass, 
1370-1372 

raw materials for textile fiberglass, 1372-1374 

recreational applications, 1377 

rotary fiberization, 1369-1370 

roving, 1376 

silica sources in, 1370-1371, 1373 
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sodium sulfate in, 1372 

synthetic materials in, 1372 

textile markets, 1376-1377 

textile-grade, 1369, 1376 

textiles in appliances and business equipment, 
1377 

textiles in construction, 1376-1377 

titanium oxide in, 1374 

in transportation market, 1376 

woven rovings, 1376 

yarn, 1376 

zinc oxide in, 1372 

zircon flour in, 1374 


Fieldstone, 894 
Filtration, 1337 


cake, 1345 

demand for minerals, 1349, 1349r. 

depth, 1345 

diatomite in, 433, 436-437, 443, 444, 445r., 
1337-1338, 1339, 1340, 1341, 1341+, 
1344, 1347 

distribution of major deposits of minerals 
used in, 1341 

garnets in, 478, 479 

glauconite in, 1343, 1348 

markets, 1349, 1349t. 

perlite in, 1337-1338, 1339, 1340, 1341, 
1341t., 1342, 1344, 1347 

pressure, 1345 

quartz gravel in, 850, 852 

rotary vacuum precoat filters, 1346 

sand, 818, 818¢. 

sand and gravel, 1339, 1340, 1341, 1343-1344 

silica sand, 1348 

specialty clays, 1342, 1347-1348 

specialty silica materials in, 850, 852, 854 

substitute materials, 1349 

testing for, 1344 

uses, 1344 

and waste disposal regulations, 1350-1351 


Financial valuation, 67, 75-77, 75f. 
Fine ceramics, 1353-1354, 1354f. 


ball clays in, 1355, 1356t. 

and blungers, 1357 

chemical resistance, 1358-1359 

classification of unglazed products, 1355+. 

and clay particle-size distribution, 1355f. 

cobalt oxide in, 1357 

color, 1360 

defects in glaze, 1361, 1361f,, 1362 

dry pressing (dust pressing), 1358 

drying, 1358 

economic trends (North America), 1362-1363, 
1363¢. 

electrical properties, 1360 

extrusion, 1357 

feldspar in, 1355-1356, 1356r. 

fillers, 1356, 1356f. 

firing, 1358, 1361-1362 

fluxes used in, 1355-1356 

forming methods, 1357-1358 

fumes (glaze mist), 1361 

glazes and glazing, 1353-1354, 1356-1357, 
1360-1362, 1361f. 

gloss, 1360 

heat work, 1361 

hematite in, 1357 

illite in, 1355, 1356+. 

kaolin in, 1354, 1355¢., 1356f. 

mechanical properties, 1358, 13597. 

montmorillonite in, 1355, 1356+. 

nepheline syenite in, 1355-1356 

physical properties, 1358, 1359r. 

plastic forming, 1357 


plastic pressing, 1357 
quartz inversion, 1356, 1356f. 
ram pressing, 1357 
raw materials and reactions on firing, 
1354-1357 
slip casting, 1357 
slurry, 1357 
thermal expansion, 1359, 1359f. 
thermal shock, 1359 
triaxial, 1353 
vitrification, 1353 
zircon in, 1357 
Fineness of grind, 1317 
Finland 
chromite, 328 
mineral production, 387. 
nepheline syenite, 663, 663f. 
phosphate rock, 713, 717 
wollastonite, 1030, 1031-1032 
Fire clay. See Refractory clays 
Flag States, 99-100, 105 
Flagstone, 894-895, 895f., 898, 901 
Flat glass 
additives for color, properties, and forming, 
1380-1381 
annealing, 1380 
architectural/commercial glass, 1382 
automotive glass, 1381-1382 
base batch ingredients, 1380, 13814. 
batch process, 1379 
batching, 1379 
Colburn process, 1379 
continuous process, 1379 
cutting and packing, 1380 
defined, 1379 
environmental concerns, 1380 
float glass, 1379 
float glass base, 1380, 1381¢. 
float glass products, 1381-1382 
forming in the bath, 1380 
Fourcault process, 1379 
future markets and trends, 1382 
history, 1379 
inspection, 1380 
melting, 1379-1380 
Pittsburgh process, 1379 
production locations (North America), 1380, 
1381¢. 
production techniques, 1379-1380 
raw materials, 1380-1381 
residential/window glass, 1382 
specialty products, 1382 
Flint 
as abrasive, 849-850 
pebble prices, 854 
as specialty silica material, 839 
Flooring materials, 1137 
carpet and rugs, 1137, 1138-1139 
ceramic tile, 1137-1138, 1139, 1140r., 1141 
industry consolidation, 1138, 1140-1141 
laminates, 1137-1138 
manufacturing locations, 1139 
raw materials, 1140, 1140r. 
resilient flooring, 1137, 1138, 1139 
specialty flooring, 1137, 1138, 1139 
U.S. sales, dollars (1999-2003), 1137¢. 
USS. sales, square footage (1999-2003), 
1137¢. 
wood, 1137-1138 
Florida Tile, 1138 
Flue gas desulfurization, 1251-1252, 1257 
acid rain control results, 1252 
by-product materials, 1256-1257 
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and Clean Air Act, 574-575, 578, 1251, 1252, 
1257 
dry scrubbing or dry alkali injection, 1253 
1254 
fluidized bed combustion, 1251, 1254-1255, 
1255f. 
lime and limestone reagent guidelines, 
1255-1256, 1256f. 
and magnesia, 628 
raw material requirements, 1255-1257 
semidry scrubbing, 1253 
soda ash in, 874 
and sulfur dioxide, 1251 
sulfur trioxide removal, 1251, 1254 
and synthetic gypsum, 519, 1145, 1256-1257 
technologies, 1252-1255, 1252r. 
use of lime in, 574-575, 578 
wet scrubbing, 1252-1253 
Fluid catalytic cracking, 1088-1089 
Fluidized bed combustion, 1251, 1254-1255, 
1255f. 
Fluorapatite, 461 
Fluorides 
in brazing fluxes, 1430 
fluorspar for hydrogen fluoride, 470 
Fluorine, 295, 302—303 
anomalies, 468 
elemental, 470-471 
and fluorspar, 462, 470-471 
Fluorspar, 17, 461 
acid grade, 469, 470 
Africa, 463, 466-467 
and aluminum, 472 
Argentina, 465 
Asia, 463, 467-468 
Australia, 468 
beneficiation methods, 469 
Brazil, 465 
breccia pipes, 463 
briquettes and pellets, 461, 470 
calcium content, 462 
Canada, 464 
in carbonatite and alkalic rock complexes, 463 
ceramic grade, 470, 471 
China, 463, 467, 471, 472 
and chlorofluorocarbon and 
hydrochlorofluorocarbon regulations, 
471-472 
colors, 462 
composition, 462 
and cone and drum separators, 469 
for elemental fluorine, 470-471 
Europe, 463, 464, 465-466 
exploration, 468 
in fiberglass, 1372, 1374 
as fillings in open spaces, 464 
fissure veins, 462-463 
fluorine content, 462 
as flux, 470, 471 
France, 465 
and froth flotation, 469 
as gangue mineral, 463 
Germany, 466 
hand sorting, 469 


hardness, 462 

for HF (hydrogen fluoride), 470 
history, 461 

index of refraction, 462 

India, 463, 467 

Italy, 466 

Kenya, 466 

in lake sediments, 464 
marketing, 470-471 
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as metallurgical flux, 1406, 1407, 14087., 
1411, 1412r. 

metallurgical grade, 470 

Mexico, 463, 464 

mills, 469, 470r. 

mining methods, 468-469 

modes of occurrence, 462-464 

Mongolia, 467-468 

Morocco, 466 

Namibia, 466-467 

North America, 464-465 

outlook, 472 

in pegmatites, 464 

product pricing, 471 

product specifications, 470 

replacement deposits, 463 

reserves, 461t., 462 

residual deposits, 463 

Russia, 468 

South Africa, 467 

South America, 465 

Spain, 466 

in specialty glass, 1388 

stockworks, 463 

stratiform deposits, 463 

Thailand, 468 

transportation, 471 

Tunisia, 46 

United Kingdom, 466 

United States, 462, 463, 464-465 

U.S. depletion allowances, 471 

U.S. imports for consumption, 4622. 

uses, 470-471 

Vietnam, 468 

world deposits, 26t., 464-468 

world production and trade, 461-462, 461f. 


Fluxes (fusion welding and brazing), 1423 


agglomerated, 1426 

alkalis in brazing fluxes, 1430 

bonded, 1426 

borates in brazing fluxes, 1430 

in brazing, 1428-1430, 14297. 

cesium-based, 1430 

chlorides in brazing fluxes, 1430 

constituents of brazing fluxes, 1429-1430, 
1429t. 

in coverings of shielded metal arc electrodes, 
1424-1425, 1424f. 

in electrogas welding, 1428 

in electroslag welding, 1427-1428, 1428f. 

elemental boron in brazing fluxes, 1430 

fluorides in brazing fluxes, 1430 


in flux cored wires, 1426-1427, 1426f., 1427r. 


function in welding, 1423-1424 

fused borax in brazing fluxes, 1430 

in fusion welding, 1423-1428, 1424+. 

minerals used in arc welding fluxes, 1424+. 

prospective welding uses, 1428 

sources of minerals for use in brazing fluxes, 
1430 

specifications for minerals used in welding 
fluxes, 1428, 1429r. 

in submerged arc welding, 1425-1427, 1425f, 
1426. 

welding health and safety considerations, 
1428 


Fluxes (metallurgy), 61, 61¢., 1405 


acid, 1406 

alumina, 1406 

ASTM tests, 1411, 14127. 
basic, 1406 

basicity, 1413 

boron and borates, 275 
chemical activities, 1411, 1413 


chemical and physical characteristics, 
1408-1411 

concept of, 1405 

in continuous casting, 1415-1416 

in copper metallurgy, 1416 

density, 1411, 1413 

and diatomite, 433 

dolomite, 1405, 1406-1410, 14087. 

economic factors, 1417-1418 

in electric-arc furnace steelmaking, 1415 

end users, 1407 

environmental regulations, 1418 

in external treatment of hot metal, 1414-1415 

in ferrous metallurgy, 1414-1416 

fluorspar, 470, 471, 1406, 1407, 14087., 1411, 
1412¢. 

future trends, 1418-1419 

general uses, 1405-1406 

and government regulations, 1418 

index values, 1413-1414 

industry structure, 1407-1408 

in iron blast furnaces, 1414 

in iron ore pelletizing, 1400-1402, 14017+., 
1402t. 

in iron ore sintering, 1397-1398, 1399r. 

in ladle metallurgy, 1415 

in lead metallurgy, 1416-1417 

lime, 1406, 1407, 1411 

limestone, 1405, 1406-1410, 14087. 

magnesia, 1406 

melting point, 1411, 1412 

neutral, 1406 

in nickel metallurgy, 1417 

in nonferrous metallurgy, 1416-1417 

olivine, 1406 

optical basicity, 1413-1414 

in oxygen steelmaking, 1415 

phosphorus, 1406 

pricing, 1407 

quartz, 1406 

sand and gravel, 1406 

silica, 1405, 1406, 1411 

and slag, 1406 

sources, 1406-1407 

sulfide capacity, 1413 

surface tension, 1411, 1413 

in tin metallurgy, 1417 

titanium in, 997, 998 

transportation, 1407 

types of, 1406 

U.S. imports and exports, 1408 

uses, 1414 

V-ratio, 1413 

viscosity, 1411, 1412-1413 

world production and consumption in iron and 
steel production, 14087. 

See also Metallurgy 


Fluxstone, 1406, 14087. 


as lightweight aggregate, 184 
See also Dolomite, Limestone 


Fly ash, 1162, 1166-1168, 1166f., 1167. 


and Clean Air Act, 1170 
as soil amendment, 14797., 1481, 1481f, 
1483-1484 


FMC Corporation, 600, 860, 869 

Foote Mineral, 600 

Forest Service, 130 

Foundry minerals, 617., 62 

Foundry sands, 816, 826-827, 1433 
and air pollution, 1439 
aluminum silicate, 1437-1438 
bank sands, 1434 
chromite, 314t., 324, 1436-1437 
consumption, 1438 
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environmental considerations, 1439 
gilsonite in, 490 
lake sands, 1434 
nonsilica sands, 1435-1438 
olivine, 681, 682, 683, 1437 
and permits, 1439 
prices, 1438-1439 
silica sands, 1433-1435, 1434f,, 1435¢. 
staurolite, 1438 
supply-and-demand considerations, 1439-1440 
transportation, 1439 
and water pollution, 1439 
zircon, 1069, 1435-1436 
and zoning and land use, 1439 
Frac sand. See Proppant sand 
France 
andalusite, 553, 555, 557-558 
ball clays, 350 
fluorspar, 465 
mineral production, 38¢. 
potash, 732 
talc, 975 
and trucking, 97 
zeolites, 1050 
Franklin, Benjamin, 519 
Frasch, Herman, 942, 955 
Frasch mining method, 942-943, 9471., 954, 
955-956, 956f- 
Freeport Sulphur Co., 943 
Fuller’s earth, 335, 373 
as absorbent, 1077, 1081 
and bentonite, 358, 363, 377 
as bleaching clay, 376, 378 
as cat litter, 375, 378, 380 
in cleaning, 374 
clumping clays, 377 
as drilling mud, 378 
dusting clays, 377 
exploration (drilling), 377 
Florida—Georgia district, 376 
gelling clays, 378 
gelling properties, 375, 376, 377f. 
granular clays, 378 
as grass growth aid, 378 
health and safety considerations, 380 
heavy or high-density clays, 377-378 
historical U.S. production and use, 374-375 
and hormite, 375, 375t. 
industrial group, 338 
marketing, 380 
mined land reclamation, 379 
mineralogy, 375 
Mississippi Embayment district, 376-377 
nonplasticity, 373 
as oil absorbent, 378 
open-pit mining, 378-379, 379f. 
origin, 375-376 
packaging, 380 
and palygorskite, 374, 375, 376, 377f., 380, 
401 
permitting and regulations, 379 
in pesticides, 378 
physical properties, 376 
processing, 379-380 
product performance standards, 378 
production, 374 
quality testing, 378 
in refining of oils, 374-375, 376, 378 
and sepiolite, 375, 401 
slaking clays, 378 
and smectite, 374, 375, 375t. 
terminology, 371 
transport, 380 
United States, 376-377 
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U.S. production and sales figures, 374+. 
U.S. sales by market use, 374+. 
Virginia district, 376 
western U.S., 377 
world distribution, 26t. 
world production, 374, 375t. 
Fused alumina, 257 
Fused aluminum oxide, 154-155 
Fused minerals, 53 
Fused quartz. See Quartz (high pure and ultra- 
high pure) 
Fused silica. See Quartz (high pure and ultra-high 
pure) 


G&W Base & Industrial Minerals (Pty) Ltd., 353 
Gabon, mineral production, 38¢. 
Gahn, Johan Gottlieb, 631 
Galena, 1489, 1489r. 
Gambia, mineral production, 387. 
Garnets, 3, 22, 475 
in abrasive blast media, 478 
as abrasive grains for water-jet cutting, 478 
as abrasives, 150-152, 151t., 157, 477-478, 
479-480 
almandine, 475, 475t., 477, 479 
andradite, 475, 475t., 477 
Australia, 476 
Canada, 476 
China, 476-477 
Europe, 477 
exploration and development, 477 
in filtration, 478, 479 
future trends, 479 
grossular, 475, 475t., 477 
as high-density medium in water filtration, 
478, 479 
India, 476 
major world deposits, 475-477 
markets, 477-478 
mineralogy, 475 
mining, 477 
modes of deposition and occurrence, 475 
pricing, 479 
processing, 477 
pyrope, 475, 475t., 477, 479 
South Africa, 476 
spessartine, 475, 475t. 
standards, 478-479 
as substitute for other minerals, 479-480 
and titanium, 1001 
United States, 476 
uvarovite, 475, 475t. 
varieties and properties, 475, 475t. 
Gaston County Dyeing Machine Company, 888 
GBFS. See Granulated blast furnace slag 
GCC. See Ground calcium carbonate 
GCLs. See Geosynthetic clay liners 
GE brightness. See General Electric brightness 
(GEB) 
Gemstones, 3 
General Chemical Co., 869 
General Electric brightness (GEB), 978, 1027 
General Mining Act of 1872, 166, 178, 379 
Geomembranes, 1229 
Georgia (country) 
mineral production, 387. 
perlite, 688 
Georgia Marble Company, 900-901 
Geosynthetic clay liners, 1229, 1230, 1230f., 
1237 
bentonite, 367 
chemical compatibility, 1242, 1243f. 
construction, 1242, 1243f,, 1244f. 
contaminant effects, 1242, 1243r. 
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designing with, 1241 
economics and market trends, 1244 
hydraulic performance, 1241, 1241f. 
interface shear strength, 1241-1242, 1242f. 
internal shear strength, 1242 
quality control, 1242-1244 
reinforced, 1240-1241 
as replacements for compacted clay liners, 
1246 
seam flow, 1241 
slope stability, 1241-1242 
unreinforced, 1240 
German Cooperation for Development 
Programme, 1098 
Germany 
ball clays, 350-351 
bentonite, 364 
fluorspar, 466 
graphite, 511,513 
kaolin, 390 
mineral production, 387. 
potash, 732 
pumice, 751 
sandstone, 841 
strontium minerals, 925-926, 927 
zeolites, 1050 
Getty Conservation Institute, 1097 
GGBES. See Ground, granulated blast furnace 
slag 
Ghana 
bauxite, 251 
diamonds, 420 
mineral production, 387. 
Gibbsite, 227, 228, 228r., 229-230, 251 
Gilson Asphaltum Company, 483 
Gilson, Samuel H., 481, 482-483 
Gilsonite, 481, 482. 
and airlift conveyance system, 488-489 
in asphalt paving, 490 
in asphalt roofing, 490 
and continuous mining machine, 489 
definitions, 481 
development history, 481-484 
drifts, 487-488 
in drilling fluids, 1490, 14897. 
drilling in exploration, 485 
drilling in mining, 487-488 
evaluation of deposits, 485-487 
exploration, 485 
as foundry sand additive, 490 
fusing (softening) temperature, 481, 484 
and gasoline, 483-484 
geographic distribution of users, 490 
geology, 484-485 
health and safety considerations, 491 
hydraulic mining, 484, 489 
and hydrocarbon classification, 481, 483f. 
in ink, 490 
jet, 481 
leasing and permitting regulations, 490-491 
in oil well cementing, 489-490 
as oil well drilling mud additive, 489 
operating costs, 490 
origin, 485 
packaging, 489 
in paint, 490 
pencillated, 481 
physical and chemical characteristics, 481, 
483t. 
pneumatic chipping hammers in mining, 488 
pricing, 490 
processing, 489 
resources, 484 
seconds, 481 
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selects, 481 
slope mining, 488 
underground mining, 487-489, 488f. 
U.S. production, 484 
uses, 489-490 
Utah deposits, 481, 482f 
world deposits, 485, 486¢.—487t. 
Glass 
as abrasive, 157 
feldspars in, 458, 459 
furnaces, 1369 
glass sand in roofing materials, 1176 
glauconite as polishing agent, 503 
manganese in, 631 
and nepheline syenite, 665t., 666, 667, 668 
rare earth elements in polishing, 785t., 786 
sand, 815-816, 816r., 826 
sodium sulfate in, 888 
strontium in faceplate glass for cathode-ray 
tubes, 925, 930, 933 
zircon in, 1069 
See also Container glass, Fiberglass, Flat 
glass, Glass and ceramic sand, Specialty 
glass 
Glass and ceramic sand, 815-816, 816¢., 826 
Glauber, Johann, 942 
Glauber’s process, 942 
Glauber’s salt, 879, 889, 890-891 
Glauconite, 495 
alternate materials, 504 
Australia, 500 
Brazil, 500 
catalytic properties, 503 
chemical composition, 496, 497t., 498r. 
clay fraction, 495 
in continuous regeneration (CR) process, 503 
dissolution market, 503 
Egypt, 500 
England, 500 
environmental regulations, 504 
evaluation of deposits, 501 
exploration, 501 
as fertilizer, 502, 503, 504 
in filtration, 1343, 1348 
former U.S.S.R., 500-501 
geology, 495, 495f. 
as glass-polishing agent, 503 
grains, 495-496, 496f. 
as hazardous waste absorbent, 503-504 
Hungary, 500 
in intermittent regeneration (IR) process, 503 
Israel, 500 
and land use regulations, 1350 
Lithuania, 500 
magnetic susceptibility, 501 
major world deposits, 499-501 
marketing and distribution, 504 
mineralogy, 495-498 
mining, 501 
New Zealand, 500 
occurrence and origin, 498-499 
in paints, 503 
Pakistan, 500 
potential uses, 503 
pricing, 504 
as process aid, 1339, 1340, 1341, 1343 
processing, 501-502 
purification, 502 
relationship with other phyllosilicate 
minerals, 498, 499f. 
as soil amendment, 503 
as soil conditioner, 503 
South Africa, 500 
specific gravity, 501 
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Switzerland, 500 
Thailand, 500 
thermal characteristics, 501 
United States, 499-500 
uses, 503 
Venezuela, 501 
in water softening, 502, 502t., 503 
in water treatment, 504 
West New Guinea, 501 
zoning and permits, 504 
Glebe Mines, 466 
Glen Canyon Dam, 1164 
Global Reporting Initiative, 138 
Globalization, 5 
Glycol, 1314-1315 
Gneiss, 900 
Goethite, 1455, 1455+. 
Gold, 573 
Goodyear, Charles, 1328 
Granite, 456 
commercial and scientific definitions, 911 
as crushed stone, 171, 173, 173f. 
as decorative stone, 898-899 
as dimension stone, 591, 909, 910, 911, 916, 
919, 920, 921 
in insulation, 1156 
in specialty flooring, 1139 
U.S. distribution, 173, 173f. 
GrantiFiandre, 1139 
Granular activated carbon, 1075, 1083 
Granulated blast furnace slag, 183, 186-187, 
188-190 
Graphite, 22, 507 
Africa, 512 
amorphous, 507, 511-512, 516 
artificial, 515 
as asbestos substitute, 1219-1220 
Australia, 512 
Austria, 511, 512 
in batteries, 515, 517 
in bearings, 515 
in brake linings, 515, 517 
Brazil, 508, 512-513 
by-products or coproducts, 516 
Canada, 508, 511, 514 
in carbon brushes, 515 
changes in consumption by end use, 517 
chemical properties, 508-509 
China, 508, 513, 517 
classes, 507 
Commonwealth of Independent States, 513 
contact metasomatic or hydrothermal deposits 
in marble, 512 
in crucibles, 515 
crystalline flake, 507-508, 516 
crystalline vein, 507 
crystallography, 508 
Czech Republic, 513 
disseminated flake, 507 
drilling, 514 
in drilling fluids, 1490, 14897. 
expanded, 515, 517 
exploration, 514 
flake graphite in marble, 511 
flake graphite in metamorphosed silica-rich 
sedimentary rocks, 509-511, 510f. 
in foundries, 515, 517 
in fuel cells, 517 
future trends, 517 
Germany, 511, 513 
grades and specifications, 516 
hardness, 508 
in heat sinks, 517 
history, 507 
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India, 512, 513 
lesser end uses, 517 
in lubricants, 515, 517 
Madagascar, 507, 508, 511, 513 
marketing, 515-516 
Mexico, 507, 508, 511-512, 513 
mineralogy, 508 
mining methods, 514 
New Zealand, 512 
Norway, 511,513 
ore impurities, 508 
origin and mode of occurrence, 509-512 
outlook, 517 
packaging and shipping, 516 
in packings, 515 
in pencils, 515, 517 
physical properties, 508 
powder, 517 
pricing, 516 
processing and beneficiation, 514-515 
in refractories, 515-516, 517 
regulatory and environmental considerations, 
517 
South Korea, 512, 513 
Sri Lanka, 507, 512, 514, 516 
substitutes, 516 
Sweden, 514 
synthetic, 507, 516, 517 
testing, 514 
Ukraine, 513 
United States, 510-511, 512, 514 
U.S. consumption and imports, 508, 508F. 
U.S. depletion allowance, 516-517 
U.S. import duties, 516 
veins filling fractures and cavities, 512 
world distribution, 26r. 
world production, 508, 508r., 509¢. 
world resources, 510t. 
Gravel 
defined, 159 
See also Construction sand and gravel 
Great Lakes Chemical Corporation, 287 
Greece 
bauxite, 247 
bentonite, 364 
magnesite, 620 
mineral production, 38¢.—39r. 
perlite, 688-689 
pumice, 751 
vein quartz, 845 
zeolites, 1050 
Greenland 
nepheline syenite, 661-663 
olivine, 53-54 
rare earth elements, 777 
Greensand. See Glauconite 
Greenstone, 913 
Grinding pebbles, 153-154 
Grossular garnet, 475, 475t., 477 
Ground calcium carbonate 
in adhesives, caulks, and sealants, 1282, 1283 
in carpeting, 1139 
in paper filling and coating pigments, 
1288-1289, 1290-1291, 12914., 
1295-1297, 1296t., 1297t. 
in plastics, 1321, 1322, 1324 
in resilient flooring, 1139 
in rubber, 1331 
in specialty flooring, 1139 
Ground, granulated blast furnace slag, 1162, 
1164, 1165-1166, 1165f,, 1166¢. 
Ground silica, 816-817, 817¢. 
Guadeloupe, mineral production, 39¢. 
Guatemala, mineral production, 391. 
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Guinea 
bauxite, 228, 234-235 
diamonds, 420 
mineral production, 39. 

Guyana 
bauxite, 227, 235-236, 242-243, 247, 251 
mineral production, 39. 
vein quartz, 845 

Gypsite, 522 

Gypsum, 19-20, 22, 519, 1143 
agricultural uses, 519, 534 
alabaster, 521-522 
alpha hemihydrate, 535, 536 
anhydrite as impurity in, 523 
anhydrous, 1151 
as asbestos substitute, 1220 
in baking industry, 534 
barge transportation, 537 
bassanite as impurity in, 523-524 
in beer brewing, 534 
beta hemihydrate, 535 
brine concentration, 524 
by-products and coproducts, 537-538 
calcined, 519, 535, 577, 1145-1147, 1146f. 
calcined industrial, 1151 
California, 528 
Canada, 520, 529 
carbonate-evaporite sabkha, 525 
and cement, 1121, 1143, 11447, 1151 
chemical properties, 524 
chert as impurity in, 533 
China, 520-521 
clay as impurity in, 523 
closure and decommissioning of mines, 538 
Colorado, 529 
construction uses, 1149-1150 
continental evaporites, 525-526 
deadburned, 536 
depletion allowance, 538 
as dihydrate form of calcium sulfate, 1143 
dolomite as impurity in, 522-523 
in drilling fluids, 1490, 1489r. 
drilling in evaluation, 531 
energy intensiveness of industry, 1149 
engineering properties, 524, 524t. 
evaluation of deposits, 519, 531-532 
evaporite precipitation, 524-525 
exploration, 530-531 
in food and pharmaceutical industries, 532, 

534, 536 

future trends, 1151-1152 
in glass manufacturing, 535 
gypsite, 522 
and halite, 524 
health and safety regulations, 538 
hemihydrate, 1145-1147, 11467. 
history, 519, 1143 
hydrology in exploration, 531 
impurities, 522-524, 533-534, 539 
Indiana, 528 
industrial uses, 1150-1151 
industry structure, 1143-1144 
insoluble anhydrite, 1147 
Towa, 528 
Tran, 520 
Kansas, 529 
land use and zoning considerations, 538 
limestone as impurity in, 522 
lithology, 521-522 
Mexico, 521, 529-530 
Michigan, 528-529 
mineralogy, 521 
mining, 532-533 
molding plaster, 1151 


mud-rich sabkha, 525 

Nevada, 528 

New Mexico, 529 

Oklahoma, 527 

origin and modes of occurrence, 524-526 

outlook and future trends, 538-539 

packaging, 537 

in paper filling and coating pigments, 1292 

physical properties, 524, 524t. 

plasters, 519 

pollution control, 538 

in portland cement, 534 

in pottery and ceramics, 535-536 

pricing, 536-537, 537t. 

processing, 533-534, 539, 1144-1147, 1144f. 

quality assurance and control in processing, 

533 

quarrying, 532, 538 

rail transportation, 537 

reclamation requirements, 538, 539 

recycling, 539 

rock gypsum, 522 

rock processing, 1144-1145 

sabkha evaporites, 524, 525 

salt-dome cap rock deposits, 526 

satin spar, 522 

selenite, 522 

ship transportation, 537 

as soil amendment and conditioner, 519, 534, 

1143, 14797., 1480, 1484 

soluble anhydrite, 1147 

soluble salts as impurities in, 523 

Spain, 520 

special milling for stucco, 1148 

specifications, 536 

stratigraphy in exploration, 530-531 

subaqueous evaporites, 524, 525 

and sulfur, 960-961 

synthetic, 519, 537, 539, 1145, 1256-1257 

Terra Alba, 534 

testing, 531-532 

Texas, 527-528 

topography in exploration, 531 

transportation, 537 

truck transportation, 537 

uncalcined industrial (raw gypsum), 1151 

underground mining, 532-533, 538 

United States, 520, 527-529 

U.S. imports, 520, 538-539 

uses, 519, 534-536 

Utah, 529 

vegetation in exploration, 531 

volcanogenic, 526 

wallboard, 519, 532f,, 533, 535, 536, 539 

world deposits, 26t.-27t., 526-527, 527t. 

world production, 520-521, 520. 

world trade, 1144 

Wyoming, 529 

See also Anhydrite 

Gypsum plasters and wallboards, 519, 535, 536, 

539, 1143 

aridized stucco, 1147 

and calcined gypsum, 1145-1146 

drying times, 1147-1148 

end uses, 1149-1150 

first-settle stucco, 1146-1147 

future trends, 1151-1152 

industry structure, 1143-1144 

installation, 1149f,, 1150f. 

Keenes cement, 1151 

minor applications, 1151 

patching plasters, 1151 

prevalence of wallboard, 1148 

prices, 1151, 11514, 1152r. 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 


All rights reserved. Electronic edition published 2009. 


processing and manufacturing flow diagram, 
532f., 533 

products, 1144+. 

slow-set plaster, 1147 

stucco, 1146-1147 

transportation, 1150f. 

wallboard plant process flow, 1148-1149, 
1148f, 1149f. 


Haber, Fritz, 674, 1092 
Haber—Bosch process, 671, 674 
Hafnium, 1065, 1071 
chemistry, 1065 
world reserves, 1066, 1067r. 
See also Baddeleyite, Zircon, Zirconium 
Halides, 14 
Halite. See Salt 
Hall—Héroult process, 227 
Halloysite, 339 
Hancock, Thomas, 1328 
The Handbook of Glass Manufacture, 1383 
Hanging cutoff walls, 1230, 1231f. 
Harmonized Commodity Description and Coding 
System, 447 

H.C. Spinks Clay Company, 344 

Heal, William, 1379 

Health. See Safety and health 

Heavy metals, 1265-1267, 1265¢., 1266f., 1266r., 
1267f. 

Hectorite, 339 

and bentonite, 363 
Hegman bar (Hegman drawdowns), 977 
Hegman fineness and size, 1317, 1318r. 
HELP model, 1238, 1238f. 

Hematite 
in drilling fluids, 1490, 14897., 1491, 1492 
in fine ceramics, 1357 
pigment, 1455, 1455¢. 
as titanium source, 988 
Heptahydrate, 880 
High price—high volume minerals and rocks, 9-10 
High price—low volume minerals and rocks, 4, 
9-10 

High pure quartz. See Quartz (high pure and ultra- 
high pure) 

Hinckley index, 384, 385f. 

Hitchcock, H.K., 1379 

Home Depot, 1138 

Honduras, mineral production, 39. 

Hormite 

as absorbent, 1339 

and fuller’s earth, 375, 375t. 

See also Palygorskite, Sepiolite 
Hosokawa Micron air classifying mills, 979 
HS. See Harmonized Commodity Description and 

Coding System 
Humates, 1477, 1479t., 1481-1482, 1482f 
Hungary 

glauconite, 500 

mineral production, 39. 

perlite, 689 

zeolites, 1050 
Hunter L-a-b, 978 
Hydrated lime, 561, 562 

in acid neutralization, 1206, 1209, 1209r. 

in insulation, 1153 

in iron ore pelletizing, 1400 
Hydraulic conductivity, 1229, 1232-1233. See 

also Permeability 
Hydrocarbon classification scheme, 481, 483f. 
Hydrocarbon solvents, 1311 
Hydrochlorofluorocarbon regulations, 471-472, 
550 
Hydrogen, 1092 
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Hydrogen sulfide, 936, 956, 957-958 
catalytic removal (Claus process), 1092 
Hydroxides, 14 


ICDA. See International Chromium Development 
Association 
Iceland 
mineral production, 39. 
perlite, 689 
Igneous intrusive minerals and rocks, 15-17 
as crushed stone, 174 
Igneous minerals and rocks, 8 
Illinois Clean Coal Institute, 371 
Illinois Department of Commerce and 
Community Affairs, 371 
Illinois State Geological Survey, 371 
Illinois—Kentucky Fluorspar District, 465 
Illite, 369, 369f. 
as clay liner or barrier, 1229 
in fine ceramics, 1355, 1356t. 
Ilmenite 
altered, 988, 989r. 
in drilling fluids, 1490, 1489r. 
recovery, 994 
separation, 994 
as titanium source, 987, 988, 988., 989, 9897r., 
999, 999f. 
world distribution of titanium concentrates, 
34t. 
IMA—NA. See Industrial Minerals Association— 
North America 
IMC Corp., 833 
IMC Global, 866 
IMDG Code. See International Maritime 
Dangerous Goods Code 
Imerys Minerals Ltd., 352, 355, 553 
In situ tonnage, 176 
Incoterms, 52, 52t. 
India 
ball clays, 354 
barite production and deposits, 219, 2191., 
221, 224 
bauxite, 247, 259 
bentonite, 364 
chromite, 325, 326, 328 
diamonds, 422-423 
fluorspar, 463, 467 
garnets, 476 
graphite, 512, 513 
iron ore production, 1393 
magnesite, 620-621 
mineral production, 391. 
perlite, 689 
phosphate rock, 713 
pyrophyllite, 758, 766 
sillimanite, 556 
soda ash, 863 
talc, 976 
titanium, 992 
vein quartz, 845 
wollastonite, 1030 
zircon, 1066 
Indonesia 
ball clays, 354-355 
iodine, 542, 546 
mineral production, 39¢. 
zeolites, 1050 
Industrial Minerals, 337 
Industrial minerals and rocks 
as building blocks of our way of life, 3 
and competition, 5 
coproducts, 5 
defined, 3, 49 
and economic development, 4 


© 2006 by the Society for Mining, Metallurgy, and Exploration. 


economic importance of, 49 
environmental issues, 5—6, 22 
future trends, 6 
history, 3-4 
and location, 4 
multiple uses of, 5 
pricing, 5, 51-52, 51t. 
specifications, 4-5 
substitution, 5, 22 
sustainable development, 6 
synthetics, 5 
trade and limited sources of supply, 53, 53¢. 
and transportation, 4 
See also Classification schemes, World 
distribution 
Industrial Minerals Association—North America, 
303 
Industrial sand, 815 
abrasives, 817 
Addy Quartzite, 821 
Appalachian Belt, 822 
Atlantic Coastal Plain, 822-823 
Australia, 824 
Bar River Formation, 823 
Baseline Formation, 820-821 
beach sands, 819-820 
Black Hand Sandstone, 821 
brown sand, 817 
in building materials, 818 
Canada, 823 
Clinch Formation, 822 
Cohansey Formation, 822 
defined, 815 
draglines, 825 
dredging, 825 
drill-and-blast mining, 825 
drilling in exploration, 824-825 
Eureka Quartzite, 821 
Europe, 823-824 
exploration, 824-825 
filtration sand, 818, 8187. 
Florida, 823 
fluvial sands and gravel, 820 
foundry sand, 816, 826-827 
glass and ceramic sand, 815-816, 816f., 826 
ground silica, 816-817, 817¢. 
Hickory Sandstone, 821 
Idaho Group, 820 
industry consolidation, 827 
in insulation, 1154 
Tone Formation, 820 
Jordan Sandstone, 822 
laboratory testing, 825 
land use issues, 830 
market trends, 826-827 
Massillon Sandstone, 821-822 
McLish Formation, 822 
McNairy Sand, 823 
Midcontinent (U.S.), 821-822 
mining with hydraulic monitors, 825 
mining with scrapers or bulldozers, 825 
mining, 825 
Mt. Wilson Formation, 823 
Oil Creek Formation, 822 
Oriskany Group, 822 
Oro Grande Quartzite, 820 
Pacific Coast, 819-820 
Pinehurst Formation, 822-823 
Potsdam Formation, 823 
pricing, 827 
processing, 825-826 
proppant sand, 817-818, 8177., 818¢., 827 
Puget Group, 820 
quartz component, 815 
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Quaternary Eolian Dunes, 820 
in recreation, 818 
Rocky Mountain Cordillera, 820 
Santiago Formation, 819, 8197. 
Saugus Formation, 819 
and silicosis, 827, 829-830 
St. Peter Sandstone, 818-819, 819¢., 821 
Sylvania Formation, 822 
transportation, 827 
underground mining, 825 
United States, 818-823, 819f. 
U.S. exports and imports, 828 
U.S. production, 826, 826t., 827, 828¢. 
uses and specifications, 815-818 
white sand, 817 
world production, 826, 826¢., 828-829, 829. 
Inks 
bentonite in, 359, 365 
gilsonite in, 490 
organoclays in, 365 
Inosilicates, 13 
Insulation, 1153 
acoustical, 1153 
and alumina, 1158 
and aluminosilicates, 1157 
and andalusite, 1157 
asbestos, 1158 
and basalt, 1156 
and bauxite, 1157 
and breccia, 1158 
and calcium silicate, 1153 
ceiling tile, 1158 
ceramic fibers, 1158 
and chromite, 1157 
and clays, 1153, 1158 
concrete block, 1158 
and diatomaceous earth, 1153 
and diatomite, 1153, 1154 
and dolomite, 1156, 1157 
foamed, 1158 
glass fiber, 1155-1156, 1156¢., 1159 
and granite, 1156 
and hydrated lime, 1153 
and industrial sand, 1154 
industry trends, 1159 
and kaolin, 1157, 1158 
and kyanite, 1157 
and lanthanum chromite, 1158 
and lightweight aggregates, 1157-1158 
and limestone, 1156 
and magnesite, 1157 
mineral wool, 1156, 1158 
and peridotites, 1156 
and perlite, 1153, 1154-1155, 1158 
and pumice, 1153, 1158 
and quartzite, 1156 
refractory, 1156-1157 
refractory fibers, 1158 
rock wool, 1156 
and shale, 1156, 1158 
and silica, 1153, 1157, 1158 
and sillimanite, 1157 
slag wool, 1156 
and slate, 1158 
thermal, 1153, 1159 
and tuff, 1158 
vermiculite, 1153, 1157, 1158 
and volcanic cinders, 1158 
and wollastonite, 1156 
and zircon, 1157 
and zirconia, 1158 
See also Fiberglass 
Integrated process control, 579 
Intermountain Chemical Co., 869 
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International Center for Aggregates Research, 
1118 
International Center for the Preservation and the 
Restoration of Cultural Property, 1098 
International Centre for Earth Construction, 1098 
International Chromium Development 
Association, 312, 329 
International Diatomite Producers Association, 
1350 
International Fertilizer Industry Association 
statistics, 1271, 1272t. 
International Institute for Conservation of 
Historic and Artistic Works, 1097 
International Maritime Dangerous Goods Code, 
106 
International Organization for Standardization, 
138 
International Ship and Port Security Code, 106 
International Ship Management Code, 106 
International trade, 49 
ad valorem duties, 56 
antidumping duties, 55-57, 55¢. 
changing supply sources, 53-54 
and China, 54-55 
countervailing duties, 55 
European Union policies, 55, 56-57, 55t., 56f. 
export licenses, 57 
and government trade policies, 55-58 
Incoterms, 52, 52t. 
and limited sources of supply, 53, 53¢. 
market geography, 49-50 
minimum import price, 56 
movement of minerals, 52-53, 53t. 
outlook, 59 
and pricing, 51-52, 51. 
resource taxes, 57 
shipping and freight rates, 58-59 
supply routes, 50, 50f., 51f. 
tariffs, 56 
tax rebates, 57 
trade agreements, 57-58 
trade bans, 57 
trade routes, 49 
Inversand Co., 503, 504, 1350 
Todine, 541 
in animal feeds, 548 
in biocides, 548 
blow-out process, 547 
from brines, 295, 298t., 542-543 
in catalysts, 548 
Chile, 541-542, 543, 544 
China, 543, 546 
as colorant, 548 
Commonwealth of Independent States, 542, 
543, 546 
depletion allowance, 549 
derived from iodate solution, 547 
desert evaporites, 541-542 
environmental considerations, 550 
Europe, 546 
exploration techniques, 546 
future trends, 550 
geology, 541-543 
health and safety, 549-550 
in health maintenance, 548 
Indonesia, 542, 546 
in iodophors, 548 
Japan, 542-543, 544 
and methamphetamines, 550 
mineralogy, 541-543 
mining, 546 
and nitrogen and nitrates, 676 
packaging, 549 
in pharmaceuticals, 548 
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in photography, 548, 550 
pollution control, 550 
prices, 549, 549f. 
product grades and specifications, 549 
production process, 546-547 
recycling, 549 
reserves, 541, 541t. 
and seaweed, 541, 546-547 
in stabilizers, 548 
substitutes, 549 
from subsurface brines, 542-543 
tariffs, 549, 549r. 
and thyroid health, 548 
transportation, 549 
United States, 542, 543, 543f,, 544f,, 544-545, 
545f. 
U.S. consumption, imports, and exports, 
548r., 549 
uses, 547-548 
in water purification, 550 
world distribution, 27t. 
world production, 541¢., 543-546, 545f. 
as x-ray contrast media, 547-548, 550 
zoning and permits, 550 
Tota. See Quartz (high pure and ultra-high pure) 
IPC. See Integrated process control 
Iran 
gypsum, 520 
magnesite, 621 
mineral production, 391.40. 
nepheline syenite, 663 
perlite, 689 
sodium sulfate resources, 881, 885-886 
strontium minerals, 925, 927 
Iraq 
mineral production, 40r. 
sulfur, 943, 951-953, 952f.,, 953f,, 967 
Treland 
mineral production, 40r. 
synthetic magnesia, 622 
Tron 
basic oxygen furnace, 572-573, 1391 
and bauxite, 244, 360 
and bentonite, 360 
direct reduced iron (DRI), 1391 
in fertilizers, 1277 
fluxes in production, 1397-1398, 1399t., 
1400-1402, 1401+., 14027., 1414-1416 
and GGBFS, 1166 
iron-bearing phlogopite, 1015 
iron-REE deposits, 770-772 
ore cars, 85 
pig iron, 1391 
pig iron and titanium, 1001 
production, 1391, 1391¢. 
recycling, 1418 
in specialty glass, 1387 
world ore market, 1392 
zero-valent iron in acid neutralization, 1208, 
1211 
See also Agglomeration processes, Fluxes 
(metallurgy), Steel 
Tron ore 
key producers, 1393 
as lightweight aggregate, 184 
lump, 1392, 1392r. 
North American supply, 1393 
pellets, 360, 1391, 1392, 1392r., 1393 
sinter, 1391, 1392, 1392r., 1393 
See also Agglomeration processes 
Iron oxide pigments, 1453 
from alkalis, 1457 
black, 1454, 1457, 1461f. 
brown, 1453, 1457 
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from by-products, 1457-1458 
chemical applications, 1461-1462 
chemical properties, 1454 
in concrete products and building materials, 
1457, 1461 
electronic applications, 1457, 1460 
environmental considerations, 1462 
goethite, 1455, 1455r. 
heavy metal content, 1462, 1463+. 
hematite, 1455, 1455+. 
from iron, 1457 
from iron salts, 1457, 1458, 1458f 
lepidocrocite, 1455, 14567. 
magnetic properties, 1454-1455, 1455f. 
in magnetic recording, 1461 
magnetite, 1455-1456, 14567. 
manufacturing from natural sources, 1456 
manufacturing processes for synthetics, 
1458-1460 
marketing, 1462 
oil absorption, 1454 
optical properties, 1454 
in paint and coatings, 1457, 1460 
particle shape, 1454 
particle size, 1454, 1456f. 
physical properties, 1454-1455 
from precipitation reactions, 1458-1459, 
1459f. 
prices, 1462 
products using naturals, 1456 
products using synthetics, 1460 
properties of synthetics, 1460, 1460f. 
and pyrites, 1456 
raw materials for synthetics, 1457-1458 
red, 1453, 1457, 1458, 1458f,, 1460f,, 1461f, 
1462, 1463+. 
from reduction of organic compounds, 
1459-1460 
in rouge, 1457 
in rubber, plastics, and related compounds, 
1457, 1461 
and siderites, 1456 
specifications, 1460, 14611. 
surface area, 1454 
synthetic, 1454, 1457-1462 
from thermal decomposition of iron salts, 
1458, 1458f 
trends and opportunities, 1462-1463 
USS. sales, 1462, 1462t., 14637. 
uses, 1456-1457 
yellow, 1453, 1457, 1458-1459, 1459f,, 1461f. 
Tron oxides, 17 
as abrasives, 156 
and brick firing, 1180 
as catalyst, 1087 
and cement, 1122, 1126 
in cosmetics, 1189 
in fiberglass, 1370, 1374 
as nanomaterial, 1442 
pigments (world distribution), 27.28. 
in rubber, 1332 
ISM Code. See International Ship Management 
Code 
Isocyanates, 1310 
Isolatek International, 1025 
Isomerization, 1091 
ISPS Code. See International Ship and Port 
Security Code 
Israel 
glauconite, 500 
mineral production, 40r. 
phosphate rock, 711 
potash, 733 
synthetic magnesia, 622 
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Itabrite, 1490, 14897. 

Italy 
asbestos, 196, 204 
bauxite, 247 
bentonite, 364 
boron and borates, 275 
fluorspar, 466 
mineral production, 40. 
olivine, 680, 682t. 
perlite, 689 
potash, 732 
pumice, 751 
quartzite, 843 
sandstone, 841 
strontium minerals, 927 
synthetic magnesia, 622 
talc, 975 
vein quartz, 845 
zeolites, 1050 

Ivory Coast, 420 


Jamaica 
bauxite, 228, 232-233 
mineral production, 40. 
Japan 
bentonite, 364 
iodine, 542-543, 544 
mineral production, 40. 
olivine, 680 
perlite, 689 
pyrophyllite, 755, 756, 756t., 764, 765 
strontium minerals, 927-928 
sulfur, 958, 959 
synthetic magnesia, 622 
zeolites, 1050-1051 
Jasper 
as abrasive, 849-850 
as dimension stone, 848 
prices, 854 
as specialty silica material, 839 
Jordan 
mineral production, 40. 
phosphate rock, 703, 711, 715, 717 
potash, 733 


Kainite, 723 
Kaolin, 5, 17, 22, 339, 383 

as abrasive, 153 

abrasiveness, 392 

as absorbent, 1077, 1078, 1078f.,, 1080, 1080f. 

in adhesives, caulks, and sealants, 1282, 
1283-1284 

air-float processing, 392f., 395 

Brazil, 388, 389f,, 389. 

brightness beneficiation, 393 

calcined, 383, 392f., 394, 394f. 

in ceramic tile, 1139 

chemical properties, 390, 390r., 391f. 

classification (fractionation), 393 

color, 390-391 

core drilling, 396, 396+. 

in cosmetics, 1185, 1185t., 1189, 1190, 
1191-1192 

definitions, 383-384 

degritting, 393 

delamination, 392t., 393-394, 394f. 

desanding, 393 

dewatering, 394 

distinguished from ball clay and fireclay, 383, 
383¢. 

drying, 394 

emission controls, 397-398 

exploration, 395-396 

feed preparation, 392 
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filler, 339 

in fine ceramics, 1354, 1355¢., 1356f. 

Georgia processing, 394-395 

Germany, 390 

health and safety considerations, 397 

and Hinckley index, 384, 385f. 

hydrous, 383 

industrial, 337 

in insulation, 1157, 1158 

market trends, 397 

mineralogy, 384, 384f. 

mining and processing, 1284 

in paint and coatings, 1304-1305 

in paper fillings and coatings, 396-397, 396t., 
397f., 1287, 1288-1290, 1291t., 


1292-1295, 1293+., 1294t., 1295f,, 1295¢. 


particle geometry, 391 
physical properties, 390-392 
in plastics, 1324 
primary, 383 
as process aid, 1339 
processing, 392, 392f. 
production regions, 338 
refining, 392-393 
as refractory, 1157, 1158 
relationship between mineral content and 
extraction method, 383, 384f. 
in resilient flooring, 1139 
theological properties, 391-392 
rock terms and definitions, 383-384, 385t. 
in rubber, 1331 
secondary, 383 
sedimentary, 383, 384, 385f., 387f. 
site remediation, 397 
soft and hard, 387, 387t. 
and sustainable development, 398 
United Kingdom, 389-390, 389r. 
United States, 386-388, 386f., 387f., 387t., 
388r., 389t., 395f. 
weathering alteration characteristics, 388, 
388¢. 
wet grinding, 393-394, 394f. 
world distribution, 28+. 
world production, 384-390, 386/f., 396-397 
Kaolinite, 336-337 
as absorbent, 1077 
in ball clay, 345 
as clay liner or barrier, 1229 
and pyrophyllite, 760 
in refractory clays, 407 
Kazakhstan 
asbestos, 196 
beryllium, 264, 267 
boron and borates, 279, 280 
chromite, 311-312, 325, 326 
glauconite, 500-501 
mineral production, 40r. 
potash, 732 
soda ash, 863-864 
sulfur, 959 
Keenes cement, 1151 
Kelly, John, 482 
Kentucky—Tennessee Clay Company, 344 
Kenya 
fluorspar, 466 
mineral production, 40r. 
rare earth elements, 776 
soda ash, 862 
titanium, 992 
and trucking, 96 
Kenyon, Asa L., 860 
Kerr-McGee Chemical Corp., 866 
Keyed-in cutoff walls, 1230, 1231f. 
K-feldspar, 5 
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Kieselguhr, 1087 
Kimberlite, 417-418, 418f, 427 
Klaproth, M.H., 1065 
Knoop hardness scale, 146, 146r. 
Korea. See North Korea, South Korea 
Kramet Private JSC, 352 
Kuwait, mineral production, 401411. 
Kyanite, 553 
in ceramics, 553 
chemical and physical properties, 553, 554t. 
depletion allowance, 559 
exploration and evaluation, 556-557 
future trends, 559 
in insulation, 1157 
massive, 555 
mineralogy, 553 
mining and processing, 557 
prices, 559 
quartzite, 553-555 
in refractories, 553, 558, 1157 
reserves, 559 
schists and gneisses, 555 
stockpiling, 559 
United States, 553-555, 557 
world deposits, 553-555 
world distribution, 28¢. 
world production, 553, 554f. 
Kyanite group, 22 
Kyanite Mining Corporation, 553, 558, 559 
Kyrgyzstan 
mineral production, 414. 
rare earth elements, 778 


Labradorite, 456 
Lampblack, 157 
Lamproite, 418, 427 
Langbeinite, 723 
Lanthanum chromite, 1158 
Laos, mineral production, 41f. 
Lascas, 1193 
cessation of U.S. mining and processing, 852, 
853 
and cultured quartz crystal, 852, 853-854 
prices, 856 
as specialty silica material, 839, 848 
US. import tariffs, 856 
Latvia, mineral production, 41+. 
L-D converter. See Basic oxygen furnace 
Lead 
fluxes in metallurgy, 1416-1417 
health issues, 1325 
in specialty glass, 1388 
Lead carbonate, 1189 
Lebanon, mineral production, 411. 
Leblanc, Nicolas, and process, 859, 871-872 
Leclanché, Georges, 631 
Leonardite 
in drilling fluids, 1490, 14894., 1491, 1492 
as soil amendment, 1477 
Lepidocrocite, 1455, 1456r. 
Lepidolite, 637, 6391., 640 
Lesotho, 420 
Leucoxene 
as titanium source, 987, 988, 989, 989r. 
world distribution of titanium concentrates, 
34t. 
Lexco, Inc., 484 
Lianyungang Design and Research Institute, 
718-719 
Liberia 
diamonds, 420 
mineral production, 41f. 
Libya, mineral production, 41f. 
Life-cycle assessment, 140 
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Lightweight aggregates, 181, 1106 


air-cooled, granulated, and expanded slag 
(GBFS), 183, 186-187, 188-190 

average unit value of various materials, 184, 
184¢. 

from by-products, 181, 186-187, 188-190 

clay, 184, 186, 188, 189 

coal cinders, 184, 187 

in concrete masonry units, 191 

in conditions conducive to settlement, 191 

consumption, 188-189 

in crocodile farming, 191 

diatomite, 187 

distinguished from normal-weight, 181 

dry weights, 182r. 

exfoliated vermiculite, 182, 183-184, 187, 
188, 190 

expanded perlite, 182, 184, 187, 188, 1887., 190 

finished products and specifications, 191 

flux stone, 184 

future outlook, 192-193 

government regulations, 192 

grading requirements, 182. 

grading requirements for insulating concrete, 
182, 183+. 

health problems, 192 

in highway construction, 191 

in insulating and fire-resistant materials, 191 

iron ore, 184 

in lightweight structural concrete, 191 

manufactured insulating ultra-lightweight, 
181, 187 

manufactured structural, 181, 186-187, 189 

marketing, 192 

and municipal waste, 187-188 

natural, 181, 184-186, 189 

prices, 188-189, 191-192 

pumice, 183, 184-185, 188, 747, 747f. 

scoria, 185 

shale, 184, 186, 188, 189 

slate, 184, 186, 188, 189 

structural, 181-184, 1827. 

transportation, 192 

U.S. production, 183, 183¢., 188 

values, 183-184, 184t. 

volcanic cinders, 185 

volcanic rocks, 185-186 

See also Aggregates 


Lime, 561 


as abrasive, 157 

in acid neutralization, 1206-1207, 1208-1209, 
1209r., 1210 

in agriculture, 575-576 

air quality considerations, 578 

in alkali manufacture, 574 

in alumina processing, 573 

annular shaft kilns, 569, 570f. 

in asphalt, 575 

available, 562 

by-products, 577-578 

calcimatic kilns, 570-571, 571f. 

calcination, 561-562, 562f., 568-569 

and calcium carbonate, 561 

and cement, 1122 

chemical properties, 562-563, 1410-1411 

in construction, 575, 579 

in copper processing, 573 

Corson explosion method, 572 

depletion allowance, 577 

dolomitic, 561 

environmental uses, 574-575 

feedlot applications, 576 

in fertilizers, 1275, 1275t. 

flash calciners, 571-572 
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flowsheet, 569f. 

in flue gas desulfurization, 574-575, 578, 
1255-1256 

fluo-solids kilns, 571, 572f. 

future trends, 578-579 

in gold processing, 573 

hard-burned, 563 

health and safety, 578 

history, 561, 563-564 

hydrated, 561, 562, 572 

hydration, 562, 572 

hydrators, 572 

in inorganic chemical manufacture, 574 

and integrated process control, 579 

kiln dust (LKD), 575, 577-578 

kiln types, 569-572 

and limestone, 561 

loss on ignition, 562 

magnesia processing, 573 

manufacture, 568-572 

marketing and uses, 572-576 

as metallurgical flux, 1406, 1407, 1411 

milk-of-lime (slurry), 563 

milling, 572 

in mortar, 575 

multiple shaft kilns, 569 

in nonferrous metallurgy, 573 

in organic chemical manufacture, 574 

packaging, 577 

permitting process, 578 

physical properties, 563, 563¢., 1411 

and precipitated calcium carbonate, 573 

pricing, 576-577, 576t. 

in pulp and paper industry, 573 

quicklime, 562-563 

reactivity of quicklime, 562 

recycling, 577 

rotary kilns, 569-570 

rotary preheater kilns, 570, 571f. 

slaked, 561 

soft-burned, 563 

as soil amendment, 575-576 

in soil treatment, 575 

specifications (ASTM), 576 

and statistical process control, 579 

in steelmaking, 572-573 

substitutes, 577 

in sugar refining, 575 

tariffs, 577 

testing, 576 

total, 562 

total oxides, 562 

transportation, 577 

twentieth-century trends, 579, 5791. 

Type N, 572 

Type S, 572 

U.S. imports and exports, 564 

U.S. production, 564, 565r. 

US. sales, 576t. 

US. trade, 564, 566r. 

vertical kilns, 569 

in water and wastewater treatment, 574, 
578-579, 1267 

in water softening, 1264-1265, 1264+., 1267, 
1267f. 

world production, 564, 567¢. 

See also Burnt lime, Hydrated lime 


Limestone, 18-19 


in acid neutralization, 1205—1206, 1209, 1210 
and cement, 1122-1126 

chemical properties, 587, 1408-1409, 1412r. 
classification, 584r. 

commercial and scientific definitions, 912 
and container glass, 1367, 1367t. 


coring, 585, 585f. 
as crushed stone, 171, 174 
as decorative stone, 899 
defined, 565 
as dimension stone, 591, 909, 912, 920, 921 
in direct-reduction pellet coatings, 1402, 1403r. 
dolomitic limestone in iron ore pelletizing, 
1400-1401 
and drilling, 567 
in drilling fluids, 1490, 1489. 
evaluation and testing, 585-589 
evaluation by decrepitation, 568 
evaluation by grade of rock, 568 
evaluation of infrastructure and land use for 
mining, 568 
exploration, 566-568, 584-585 
in fiberglass, 1371-1372 
in flue gas desulfurization, 1255-1256, 1256f. 
future trends, 594 
geology, 565-566 
geophysical methods of exploration, 567-568 
high-calcium, 1206 
imports, 594 
as impurity in gypsum, 522 
in insulation, 1156 
in iron ore pelletizing, 1401 
in iron ore sintering, 1397 
as metallurgical flux, 1405, 1406-1410, 
1408r. 
mineralogy, 565 
mining, 568 
multiple uses of, 5 
origin, 582-583 
physical properties, 586-587, 5861., 
1409-1410, 1412¢. 
processing, 592 
production and sales (U.S.), 589-591, 589t., 
590t. 
and reconnaissance geology, 566-567 
regulatory climate, 593-594 
rock bitting, 585 
in roofing materials, 1176-1177 
and silicosis, 593 
as soil amendment, 1478-1480, 1479f,, 1479. 
in specialty glass, 1387 
specifications, 587-589, 5897. 
and storm-water runoff, 593 
as substitute for lime, 577 
surface mining, 591 
surface sampling, 585 
transportation, 592-593 
U.S. distribution, 173, 173f. 
underground mining, 591 
and wetland regulations, 593 
world resources, 564—565 
See also Fluxstone 
Linde Company, 1039-1040, 1058 
Liquid limit, 1234 
LithChem International, 608 
Lithium, 15, 17, 20 
batteries, 610 
from brines, 295, 298r. 
butyl, 611 
geochemistry, 600-601 
metal form, 610 
ores and concentrates, 610 
in specialty glass, 1388-1389 
uses, 610-611 
world distribution, 287. 
Lithium bromide, 611 
Lithium carbonate, 599, 600, 602, 610, 611 
Lithium chloride, 599, 611 
Lithium diphosphate, 600 
Lithium hydride, 599 
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Lithium hydroxide, 599, 600, 610-611 

Lithium oxide, 1371 

Lithium resources, 599-600 
amblygonite, 601 
Argentina, 600, 601, 606, 608 
Australia, 607 


Bolivia, 600, 601-602, 602/., 604, 604f, 6047. 


Brazil, 608 
brines, 599, 600-607 
Canada, 607, 608-609 
Chile, 600, 601-604, 602f,, 603f., 604, 6041., 
605-606, 605f. 
China, 600, 601-602, 606, 608 
Democratic Republic of the Congo, 608 
eucryptite, 601 
future raw materials, 609 
hectorite, 600, 601 
igneous rocks, 600 
lepidolite, 599, 601 
markets, 609-610 
in nuclear weapons, 599 
obsidian, 600 
pegmatite, 599, 600, 607-608 
petalite, 600, 601 
prices, 611 
reserves, 609, 610f. 
Russia, 607-608 
sedimentary rocks, 600 
spodumene, 599, 600, 601 
Tibet, 600, 601-602, 606-607 
United States, 601-602, 602f., 603f,, 604, 
604t., 605, 608 
volcanic rocks, 600 
world production, 605-609 
Zimbabwe, 599, 607 
zinnwaldite, 599 
Lithium stearate, 599 
Lithopone, 1307 
Lithuania 
glauconite, 500 
mineral production, 41¢. 
Lizardite, 1219 
Low price—large volume minerals and rocks, 4, 
9-10 
Lowig, Carl, 285 


Macalloy Corp., 319-320 

Macedonia 
mineral production, 41f. 
perlite, 689 

Macintosh, Charles, 1333 

Madagascar 
graphite, 507, 508, 511, 513 
mineral production, 41f. 
titanium, 992 

Magnesia, 20, 615 
as abrasive, 157 
in acid neutralization, 1207 
by-products and coproducts, 626 
and chromium content, 628 
confusion of terminology, 615 
costs, 626 
environmental considerations, 626-628 
fused, 616 
future trends, 628 
grades and specifications, 626, 627f. 
high-grade, 615 
Treland, 622 
Israel, 622 
Italy, 622 
Japan, 622 
lime in processing of, 573 
magnesium-containing minerals and chemical 

composition, 615r. 
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as metallurgical flux, 1406 
Mexico, 622 

Netherlands, 622 

prices, 626, 627¢. 

processing, 623-624 
refractory, 615 

in specialty glass, 1389 
substitutes, 626 

synthetic, 622 

tariffs, 626, 628r. 

United States (brines and evaporates), 619 
U.S. production and trade, 616 
uses, 624-626 


Magnesite, 581, 5811., 615 


Australia, 619-620 

Austria, 620 

Brazil, 620 

Canada, 620 

caustic-calcined, 615, 616, 617f., 623, 624, 
626, 628 

China, 616, 617-618, 620 

cryptocrystalline, 618 

crystalline, 618 

dead-burned, 615, 616, 617f., 623, 624, 626, 
628 

defined, 615 

exploration, 623 

fume regulations, 627 

geology, 618-619 

Greece, 620 

India, 620-621 

in insulation, 1157 

Tran, 621 

mining, 623 

Nepal, 621 

North Korea, 616, 617, 621 

as refractory, 1157 

regulatory and environmental considerations, 
626 

reserves and resources, 617, 618r. 

Russia, 616, 617, 621 

Serbia and Montenegro, 621 

and silicosis, 627 

Slovakia, 621 

South Africa, 621 

Spain, 621-622 

Turkey, 617, 622 

United States, 619 

world deposits, 287.-29t., 619-622 

world production, 617-618, 618f. 


Magnesium 


from brines, 295, 2987. 
See also Magnesia, Magnesite 


Magnesium carbonate 


and cement, 1125 
depletion allowance, 626 


Magnesium chloride, 616 


depletion allowance, 626 

fume regulations, 627 
processing from brine, 624, 624+. 
uses, 625 


Magnesium hydroxide, 577, 616 


in acid neutralization, 1207 
from Michigan brine, 623, 623r. 
from seawater, 623, 623¢. 

uses, 624-625 


Magnesium limestones, 1206 
Magnesium oxide 


as abrasive, 157 
fume regulations, 627 


Magnesium sulfate, 616 


in fertilizers, 1276 
fume regulations, 627 





processing, 624 
uses, 625-626 


Magnetite 


in drilling fluids, 1490 
pigment, 1455-1456, 1456. 
as titanium source, 988 


Main Pass sulfur deposit, 948, 949f. 
Malagasy, 845 
Malawi 


rare earth elements, 773 
soda ash, 862 
strontium minerals, 928 


Malaysia 


ball clays, 355 
mineral production, 41¢. 


Mali 


diamonds, 420 
mineral production, 41f. 


Malvern Minerals, 1010, 1010f. 
Mandolite. See Vermiculite 
Mandoval, 1025 

Manganese, 17, 631 


alloys and specifications, 633, 633r., 634 

in batteries, 631, 634, 635 

and Bessemer process, 631 

changes in stockpiling and strategic reserves, 
634-635 

chemical and electrolytic processes, 634 

compound (MMT) as antiknock additive in 
gasoline, 634 

cuirasse, 632 

deposits, 632-633 

as essential nutrient, 634 

exploration, 633 

in feed supplements, 634 

in fertilizers, 1277 

geochemistry, 631-632 

in glass and pottery, 631 

and mercury emissions, 634 

mining and beneficiation, 633 

outlook, 635 

prices, 634 

production, 631, 632r. 

resources, 631, 632t. 

smelting, 633-634 

in specialty glass, 1387 

specifications, 634 

in steel, 631, 634-635 

world distribution, 29t. 


Marble 


commercial and scientific definitions, 913 

as decorative stone, 899-900 

as dimension stone, 591, 907f., 909, 910, 
910f., 913, 919, 920, 921 

in roofing materials, 1176, 1177 

in specialty flooring, 1139 


Marine transportation. See Ship and barge 


transportation 


Maritime Pollution Convention, 105, 106 
Marketing 


and added value, 62-63 

advertising and promotion, 63, 64 

chemical and physical minerals, 61-62, 61¢., 
62t. 

customer relations and sales, 63, 64 

distribution, 63, 64 

impact of emerging nations, 6 

as impetus for exploration, 5, 9 

industrial vs. consumer, 61, 61t. 

pricing, 63-64 

product planning/positioning, 63 

segmentation by end-use applicaton, 64, 65 

segmentation by geography, 64, 65 

segmentation by product, 64, 65 
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segmentation by purchasing method, 64-65 
strategy, 63-64 
Marl. See Glauconite 
MARPOL. See Maritime Pollution Convention 
Marrazzi, 1138 
Martinique, mineral production, 41. 
Mary Kay cosmetics, 1185 
Matel Raw Material Industry & Trade Company, 
352 
Material tracking, 140 
Mathiessen, A., 599 
Mauritania, mineral production, 411. 
Mauritius, mineral production, 41f. 
Mercury emissions, 1251-1252 
Metallogenic provinces, 14 
Metallurgical fluxes. See Fluxes (metallurgy) 
Metallurgy 
bauxite in, 227, 237, 237t. 
chromite in, 315t.-317¢., 319-320 
fluorspar in, 470 
lime in, 573 
olivine in, 681, 683 
specialty silica materials in, 849, 851 
wollastonite in, 1034 
Metamerism, 1306-1307 
Metamorphic minerals and rocks, 8, 20-22 
as crushed stone, 174 
Methamphetamines, 550 
Methyl! bromide, 303 
Mexico 
adobe and earthen construction, 1097, 1100 
barite, 221 
bentonite, 363 
diatomite, 440 
feldspars, 452 
fluorspar, 463, 464 
graphite, 507, 508, 511-512, 513 
gypsum, 521, 529-530 
mineral production, 41¢. 
nepheline syenite, 664 
perlite, 689-690 
phosphate rock, 708, 717 
salt, 797 
soda ash, 864-865 
sodium sulfate resources, 881, 882-883, 890 
strontium minerals, 925, 928 
synthetic magnesia, 622 
wollastonite, 1029-1030, 1029r. 
zeolites, 1051 
MHSA. See Mine Safety and Health 
Administration 
M-I SWACO, 1491, 1492 
Mica, 637 
as asbestos substitute, 1219 
aspect ratio, 650 
in auto tires, 648 
bench testing, 644 
biotite, 637, 639¢., 640, 640r. 
brightness, 650 
built-up, 637, 641-643, 643+. 
bulk density, 650 
capacitors, 643 
chlorite group, 640 
clintonite group, 640 
coated, 649, 650 
Code of Federal Regulations on powders as 
additives, 652 
in construction products, 648 
in cosmetics, 649-650, 1185, 1185z., 1189, 
1190, 1191 
depletion allowance, 651-652 
derivation and scope of term, 637 





in drilling fluids, 648, 1490, 14897., 1491, 1492 


dry-ground, 647-648 


dry-ground products, 648 

environmental regulations, 652 

evaluation, 644-647 

exploration, 644 

fabricated, 643 

feed characterization, 644-645 

fine-powdered and micronized, 647-648 

flake, 637-638, 643, 644, 646 

flotation, 645-646, 645f. 

flowsheet (sheet mica), 643f. 

fluid-energy mills, 647-648, 648f. 

future trends, 651 

geology and mineralogy, 638-643, 639. 

government stockpiles, 652 

gravity concentration, 646, 646f. 

grit content, 650 

ground, 637, 646-650, 647¢., 651f., 652 

hammer mills, 647, 647f. 

and high pure and ultra-high pure quartz, 833 

index of refraction, 650 

industry, 641-643 

lepidolite, 637, 639t., 640 

mica group, 639-640 

micanite/mica paper, 641-643, 6437. 

mining, 644 

moisture, 650 

Muller mills, 648-649, 649f. 

muscovite, 637, 639, 639t., 640. 

oil absorption, 650 

in paint and coatings, 648, 649, 1306 

percentage retained on 200 and 325 mesh, 650 

phlogopite, 637, 639, 6391., 640t. 

pilot-plant testing, 645 

in plastics, 648 

pneumatic concentration, 646, 647f. 

powder quality, 650 

preliminary testing, 645 

pricing, 650, 651t. 

production (ground mica), 650, 651 

reconstituted, 637 

as replacement for asbestos, 648 

in roofing materials, 648 

scrap, 637-638 

sheet, 637, 638, 6387., 641, 6411., 6427., 643f, 
644 

specific gravity, 650 

substitutes, 651 

surface area, 650 

surface modified with silane, 649 

synthetic, 637 

transportation, 650-651 

U.S. production (flake mica), 646, 647t. 

U.S. production and trade, 637-638, 637t., 
638¢. 

vermiculite, 637, 640-641 

in wallboard joint compounds, 648 

in welding rods, 648 

wet-ground, 648-649 

wet-ground products, 649-650 

world distribution, 291. 

world production, 638, 638t., 639¢. 

world reserves, 638, 638r. 

Zig Zag concentrator, 646, 647f. 


Microcrystalline silica, 1005 


defined, 1005 

Europe, 1009 

future trends, 1012 
markets, 1009, 1010 

in paints, 1010 

in plastics, 1010 

in rubber, 1010-1011 
Russia, 1009 

and silicosis, 1011-1012 
terminology, 1005-1006 
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United States, 1007-1009 
See also Tripoli 
Microemulsions, 1442 
Midcentury Process, 1093 
Middle Eastern adobe and earthen construction, 
1095, 1100, 1103 
Millar Western Industries Ltd., 889 
Mine Act, 109, 110, 119 
civil penalties associated with enforcement 
actions, 114 
compensation when mine is idled by 
withdrawal order, 118 
contesting citations and penalties, 115 
criminal penalties, 114-115 
definition of “mine”, 112 
definition of “operator”, 112-113 
enforcement actions against mine operators, 
114 
enforcement tools, 114-115 
jurisdiction, 112-113 
and liability, 110 
mine site plans, 114 
miners’ rights, 117-119 
notice-and-comment rulemaking, 113 
petition for relief from requirements of 
mandatory standards, 113-114 
preceding laws, 109-110 
protected work refusals, 118 
protection against discrimination, 117-118 
right to paid training, 119 
right to participate in litigation, 118 
rights to contact MSHA, 118 
safety and health standards, 113-114 
transfer rights, 118 
walk-around pay rights, 118 
See also Federal Mine Safety and Health 
Review Commission, Mine Safety and 
Health Administration 
Mine Safety and Health Administration, 110 
and accident and recovery, 111 
accident investigations, 116 
citations, 110 
enforcement provisions, 110-111 
and failure to abate, 111 
and Federal Mine Safety and Health Review 
Commission, 110-112 
and imminent danger, 110-111 
injunctions, 117 
inspections, 115-116 
investigations, 116-117 
miners’ rights to contact, 118 
Office of Assessments, 111 
and pattern of violations, 111 
penalties, 111-112 
posting requirements, 117 
record-keeping requirements, 117 
S&S violations, 111-112 
special assessments, 111 
special investigations under Sections 110(c) 
and 105(c), 116-117 
and untrained miners, 111 
unwarrantable failure, 112 
withdrawal orders, 110-111 
See also Federal Mine Safety and Health 
Review Commission, Mine Act 
Minera NYCO, 1029-1030. See also NYCO 
Minerals, Inc. 
Minera Sabater, 351 
Mineral Leasing Acts of 1917 and 1920, 282 
on gilsonite, 490 
Minerales y Productos Derivados, 466 
Mineraloids, 14 
Minerals Yearbooks, 1118 
Minimum import price, 56 


1532 


Industrial Minerals and Rocks 





Mining Engineering, 337 
Mining Law of 1872, 129-130 
Mining Minerals and Sustainable Development 
project, 134, 135 
Mirabilite, 879, 887 
Mississippi Embayment 
ball clays, 345, 347f. 
fuller’s earth, 376-377 
Mixed-application physical and chemical 
minerals, 10 
Mixed-application physical minerals, 10 
Mobil Oil Corporation, 1040 
Mohawk carpets, 1138 
Mohs hardness scale, 145-146, 173-174, 1175+. 
Moldova, mineral production, 411. 
Molybdenum, 1277 
Monazite, 1001 
Mongolia 
fluorspar, 467-468 
mineral production, 41f. 
phosphate rock, 712-713 
soda ash, 863 
Mongolia Minerals Corporation, 468 
Montmorillonite, 1355, 1356+. 
Montreal Protocol, 303-308 
Moonstone, 456 
Mordenite, 1040, 1043, 1044, 1047, 1049-1052, 
1057-1058 
fibrous nature, 1059 
misclassification of nonfibrous varieties as 
carcinogens, 1059 
Morocco 
barite production, 219, 219¢. 
bentonite, 364 
fluorspar, 466 
mineral production, 41¢. 
perlite, 690 
phosphate rock, 703, 705, 710, 710f:, 715 
potash, 733 
strontium minerals, 925 
Mosaic Company, 720, 735-736 
Moss rock, 894, 894f., 900 
Mozambique 
mineral production, 41¢. 
perlite, 690 
titanium, 992 
zircon, 1066 
Mud construction. See Adobe and earthen 
construction 
Mullite, 241, 553 
in ceramics, 553 
conversion of sillimanites to, 558 
future trends, 559 
prices, 559 
in refractories, 407, 553, 558-559 
stockpiling (fused synthetic), 559 
synthetic, 553, 558 
United States (synthetic production), 558 
world production, 553, 554f. 
as zircon substitute, 1071 





Municipal solid waste, 1260-1261, 1261f,, 12611. 


Muscovite, 637, 639, 639r. 
as asbestos substitute, 1218-1219 
chemistry and selected properties, 640. 
in cosmetics, 1185 

Mushet, Robert Forester, 631 


Nab-suk. See Pyrophyllite 
Namibia 
diamonds, 419+., 420 
fluorspar, 466-467 
mineral production, 41¢. 
sillimanite, 556 
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soda ash, 863 
vein quartz, 845 
Nanoclays, 1441, 1446 
bentonite, 367 
chemical properties, 1448 
classification of, 1446, 1446r. 
in-situ polymerization, 1447-1448 
intercalation and exfoliation of polymer-clay 
nanocomposites, 1446-1447, 1447f. 
mechanical properties, 1448 
melt intercalation, 1448 
nanocomposites, 367 
optical properties, 1448 
phyllosilicates, 1446, 1447f. 
polymer-clay nanocomposites, 1446-1447 
production techniques, 1447-1448 
smectite, 367 
solution polymerization, 1448 
structure, 1446 
thermal properties, 1448 
Nanocomposites. See Nanoclays 
Nanomaterials, 1441 
alumina, 1442 
and atomic force microscopes, 1441, 1444 
behavioral changes at nanoscale, 1441-1442 
bottom-up production, 1443-1444 
characterization methods, 1444 
chemical synthesis, 1443 
classification of, 1442, 1442r. 
dermal exposure to, 1445-1446 
electronic, optical, and magnetic properties, 
1442 
environmental considerations, 1445 
health considerations, 1445-1446 
and high-resolution transmission electron 
microscopes, 1444 
history, 1441 
industrial applications, 1444, 1444+. 
ingestion of, 1446 
inhalation of, 1445 
and inspiration from nature, 1445 
iron oxide, 1442 
linear nanostructures, 1442 
mechanical properties, 1442 
microemulsions, 1442 
and modeling and simulation, 1445 
nanoclays, 1441, 1446-1448, 1446r., 1447f. 
and nanoengineering, 1441 
and nanoindentation, 1444 
nanolayers, 1442 
nanoparticles, 1442, 1444 
nanorods, 1442 
nanotubes, 1442 
nanowires, 1442 
and particle nanotechnology, 1441 
production, 1443-1444 
and scanning tunneling microscopes, 1441, 
1444 
and semiconductors, 1442 
silica, 1442 
stabilization of nanoparticles, 1444 
synthesis using organized membrane, 
1443-1444 
thermal properties, 1442 
titania, 1442 
top-down production, 1443 
trends and opportunities, 1445 
and x-ray diffraction, 1444 
National Ambient Air Quality Standards, 1133, 
1134¢. 
National Brick Research Center, 1184 
National Emission Standards for Hazardous Air 
Pollutants, 123, 1184 
National Environmental Policy Act, 125, 131 
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National Forest Management Act, 130 
National Institute for Occupational Safety and 
Health, 329 
National Stone Association, 1118 
National Stone, Sand & Gravel Association, 1116, 
1118 
Natron, 860, 861-862 
Nauru 
mineral production, 411. 
phosphate rock, 713 
NEPA. See National Environmental Policy Act 
Nepal 
magnesite, 621 
mineral production, 414. 
Nepheline syenite, 15, 451, 653-654 
as abrasive, 666, 667 
Africa, 664 
alternative materials, 667 
in alumina and aluminum metal manufacture, 
667 
Brazil, 661, 663f. 
Canada, 658, 658f., 6581., 659-660, 659r., 
6601., 665f., 665¢. 
Canadian exports, 667, 667¢. 
in ceramics, 6651., 666, 1139, 1355-1356 
chemical properties, 655, 656. 
China, 663 
comparison of chemical compositions from 
different deposits, 657t. 
as dimension stone, 667 
economic factors, 667-668 
Egypt, 664, 664f. 
Europe, 663 
exploration, 664 
in fillers, 666 
Finland, 663, 663f. 
in glass, 665t., 666, 667, 668 
Greenland, 661-663 
Tran, 663 
Mexico, 664 
mineralogy, 654-655 
mining, 664 
Norway, 658-659, 659f., 659t. 
origin and geologic occurrence, 656 
outlook and future trends, 668 
in paints and coatings, 666, 667¢., 1305-1306 
Pakistan, 663 
petrographic classification diagram, 656f. 
physical properties, 6567. 
in pigments, 666 
prices, 667 
processing, 664-666 
production flow sheets, 665/. 
recycling, 668 
regulatory and environmental considerations, 
668 
in roofing granules, 666 
Russia, 657-658, 657f. 
Saudi Arabia, 663 
Scotland, 663 
in specialty glass, 1388 
structure, 655-656 
Sweden, 663 
terminology, 656 
transportation, 667 
Turkey, 663 
United States, 660-661, 660r., 6611., 662f. 
U.S. imports, 667, 668¢. 
world deposits, 653, 653t., 654, 6541., 655f., 
656-664 
world production, 653, 654, 655t. 
NESHAPs. See National Emission Standards for 
Hazardous Air Pollutants 
Nesosilicates, 13 
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Netherlands 
mineral production, 41f—42r. 
synthetic magnesia, 622 
Netherlands Antilles, mineral production, 42r. 
New Caledonia, mineral production, 42t. 
New Mexico, University of, 1098 
New Mexico Travertine, 900, 901, 901f,, 902f,, 
903f. 
New Pig Corporation, 1023 
New Zealand 
glauconite, 500 
graphite, 512 
mineral production, 42r. 
perlite, 690 
sandstone, 841 
zeolites, 1051 
Newlands Reclamation Project, 860 
NGK Metals Corp., 269 
Nicaragua, mineral production, 42r. 
Nickel 
fluxes in metallurgy, 1417 
in specialty glass, 1388 
Niger, mineral production, 42r. 
Nightingale, William T., 860 
1952 Act, 109 
1966 Metal/Nonmetal Act, 109 
1969 Coal Act, 109 
NIOSH. See National Institute for Occupational 
Safety and Health 
Nitrogen and nitrates, 20, 671 
accumulation in watersheds, 676 
air reverse drilling, 673 
ammonia production and products, 671, 675 
ammonia vapor hazards, 676 
and anhydrous sodium sulfate, 676 
caliche ore-based products, 675 
Chile, 671-672, 672t., 673f., 673t., 676-677 
demand trends, 676-677 
distribution of Chilean deposits, 673f. 
exploration techniques, 673 
as fertilizers, 671, 674, 675, 676-677, 
1271-1273, 1271t., 1273¢. 
future trends, 676-677 
geology, 672, 672f., 673f., 673t. 
in gunpowder, 671 
Haber—Bosch process, 671, 674 
industrial uses, 674-675 
and iodine, 676 
market channels, 677 
natural, 67 1-672 
open-pit mining, 673 
packaging, 675, 676t. 
pampas, 673f. 
pit sampling, 673 
potassium nitrate in industrial use, 674-675 
potassium sodium nitrate uses, 675 
prices, 676 
processing, 673-674 
product grades, 675 





quantity and destinations of Chilean imports, 


671-672, 672t. 
sodium nitrate uses, 674, 675, 676t. 
specifications, 676 
stratigraphical section of deposit, 672f. 
synthetic, 671 
transportation, 676 
weight percentages for common chemicals 
used in nitrate production, 672, 673t. 
world distribution, 297.—30t. 
world production (synthetic), 671 
Nobel, Alfred, 433 
North America 
boron and borates, 275, 278 
diatomite, 438-440, 439f. 


feldspars, 451-452 

fluorspar, 464-465 

pyrophyllite, 755 

talc, 973-975, 975t. 

See also Canada, Mexico, United States 
North American Chemical Co., 866 
North Korea 

magnesite, 616, 617, 621 

mineral production, 40r. 

zeolites, 1051 
Norway 

graphite, 511,513 

mineral production, 42. 


nepheline syenite, 658-659, 659f., 659t., 667 


olivine, 679-680 
quartzite, 843 
titanium, 988, 992, 993 
Novacite, 1010, 1010f. 
Novaculite, 1005, 1008 
as abrasive, 849-850 
as oilstones, files, and whetstones, 849, 851 
as predominant specialty silica stone, 853 
prices, 854 
processing, 848 
in refractories, 851, 852 
in silicon metal production, 849 
as specialty silica material, 839-840 
See also Microcrystalline silica, Tripoli 
NSSGA. See National Stone, Sand & Gravel 
Association 
Nuovo Mineraria Silius SpA, 466 


NYCO Minerals, Inc., 1028-1029, 1033. See also 


Minera NYCO 


Occidental Minerals Corporation, 1040 


Occupational Safety and Health Administration, 


329 
on chromium, 330-331, 331t. 
personal exposure limits (PELs), 827, 829 
Reference Exposure Levels (RELs), 829 
on silicosis, 827, 829-830 
Oceania 
ball clays, 353-355, 354f. 
diatomite, 439, 439f,, 441 
fluorspar, 468 
phosphate rock, 713 
See also Australia 
Oenslager, George, 1329 


Oil and gas industry. See Drilling muds and fluids, 


Petroleum refining 
Old Hickory Clay Company, 344 
Oleoresinous binders, 1308 
Olivine, 15, 679 


as candidate for sequestering CO2 emissions, 


682 


chemical composition from various deposits, 


682t. 
chemical properties, 679 
China, 680 
depletion allowance, 626 
exploration, 681 
as fertilizer, 681 
as foundry sand, 681, 682, 683, 1437 
future trends, 683 
geology, 679 
Greenland, 53-54 
in iron ore pelletizing, 1401 
in iron ore sintering, 1397-1398 
Italy, 680, 6821. 
Japan, 680 
and magnesia, 679, 681 
in metallurgy, 681, 683, 1406 
mineralogy, 679 
mining, 681 
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nonmetallurgical uses, 681-682 

Norway, 679-680 

physical properties, 679 

prices, 683 

recycling, 683 

as refractory, 681 

as slag conditioner, 681, 683 

Spain, 680 

specifications, 682 

substitutes, 682 

Turkey, 680 

United States, 680-681 

uses, 681-682 

world deposits, 679-681 

world production, 679, 680t. 

as zircon substitute, 1070-1071 
Oman, mineral production, 42r. 
Omnium Nord African, 466 
Onyx, 1139 
Opal, 1006. See also Microcrystalline silica 
Open-pit operations, 5 
Operator, defined, 112-113 
Organics, 14 
Organoclays 

adhesives and sealants, 366 

in ceramics, 366 

clay component, 366 

components, 366 

in consumer products, 366 

dry process, 367 

in lubricants and greases, 366 

in paints and coatings, 365 

polar activators, 366, 367f. 

in printing inks, 365 

processing, 367 

in refractories, 366 

surfactant component, 366 

wet process, 367 
Ornamental stone. See Decorative stone 
OSHA. See Occupational Safety and Health 

Administration 

Owens-Illinois, 1365-1366, 1366t. 
Oxides, 14 
Oxygenated solvents, 1311 


Pacific War, 671 

Paint and coatings, 1301 
acrylics in, 1309 
additives, 1301, 1312-1315 
alkyd resins in, 1308-1309 
amino resins in, 1310-1311 
antifoams in, 1314 
antiskinning agents, 1315 
architectural, 1315-1316 
associative thickeners, 1313 
barite in, 1305 
bentonite in, 359, 365 
and binder-to-mineral adhesion, 1302—1303 
binders, 1301, 1308-1311 
biocides in, 1314 
black pigments, 1307 
blocked isocyanates in, 1310 
calcium carbonate in, 1303 
carbon black in, 1307 
catalyzed moisture cures in, 1310 
cellulosic binders in, 1311 
coalescing agents, 1314 
color evaluation, 1318 
colored pigments, 1307 
conventional thickeners, 1312 
convertible, 1316 
corrosion inhibitors in, 1315 
critical pigment volume concentration 

(CPVC), 1301-1302, 1303 
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diatomite in, 1306 

dispersants in, 1312 

driers, 1313-1314 

dry-hiding-power test, 1318 

drying oils in, 1308 

epoxy resins in, 1310 

evaporative, 1316 

extender pigments, 1301, 1301-1306, 1303+, 
1304¢. 

feldspar in, 1305-1306 


white pigments, 1307 
wollastonite in, 1034-1035, 1305 
and zinc oxide, 1307 

Pakistan 
glauconite, 500 
mineral production, 42r. 
nepheline syenite, 663 
potash, 733 


pumice as filler in, 749 

pyrophyllite in, 764 

salt in, 805 

soda ash in, 875 

sodium sulfate in, 888 

structure, 1287-1288 

Western European consumption, 1299, 1299f. 
world production, 1287, 1287t., 1288f. 


quartzite, 843 
soda ash, 863 


Paraguay, mineral production, 42r. 
Parker, Samuel, 860 


Particles 
acid neutralization as coagulant aid for 
removal of, 1211 
size (vermiculite), 1019-1023 
size and shape (construction sand and gravel), 


strontium minerals, 925, 928 
Palabora Mining Company, 1019, 1025 
Palmer, Henry, 971 
Palmetto Vermiculite, 1017 
Palygorskite, 337, 401 


fineness-of-grind test, 1317 
flash rust inhibitors in, 1315 
gilsonite in, 490 

glauconite in, 503 

glycol in, 1314-1315 


Hegman fineness and size, 1317, 1318¢. 

hydrocarbon solvents in, 1311 

industrial, 1316 

iron oxide pigments in, 1457, 1460 

kaolin in, 1304-1305 

and lithopone, 1307 

metallic pigments in, 1307 

and metamerism, 1306-1307 

mica in, 648, 649, 1306 

microcrystalline silica in, 1010 

mineral thixotropes in, 1313 

minerals as fillers, 1301 

moisture-curing prepolymers in, 1309-1310 

nacreous pigments in, 1307-1308 

nepheline syenite in, 666, 667f., 1305-1306 

nonconvertible, 1316 

nonevaporative, 1317 

and oil absorption of extender pigment, 1303 

oleoresinous binders in, 1308 

organoclays in, 365 

oxygenated solvents in, 1311 

and particle size and shape of extender 
pigment, 1302 

perlite in, 1306 

photostabilizers in, 1315 

and pigment reactivity, 1306-1307 

pigment volume concentration (PVC), 
1301-1302, 1303 

pigments, 1301, 1306-1308 

plasticizers, 1314 

polyurethane resins in, 1309-1310 

pumice in, 749 

pyrophyllite in, 1306 

raw materials and categories, 1301 

theology modifiers in, 1312-1313 

silica in, 1305 

solids-content test, 1317 

solvent thickeners, 1313 

solvents, 1301, 1311-1312 

specific-gravity test, 1317 

specular-gloss test, 1318 

strontium in, 930 

styrene-butadiene binders in, 1309 

surfactants in, 1312 

talc in, 981-982, 1303-1304 

test methods, 1317-1318, 1319r. 

titanium dioxide in, 1301, 1306, 1307, 
1465-1467 

trends, 1318 

two-package systems in, 1310 

types, 1315-1317 

US. production by categories, 1301, 1302r. 

vinyl resins in, 1309 

viscosity test, 1318 

and volatile organic compounds, 1318 

and volume fraction of extender pigment, 
1301-1302 

water-reducible urethanes in, 1310 

wet-hiding-power test, 1318 
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applications, 405 

as absorbent, 1076, 1081-1082, 1339 

as asbestos substitute, 1219 

in cat litter, 405 

China, 402-403, 404f. 

in drilling muds, 405 

dust and air quality, 406 

in fertilizers, 405 

and fuller’s earth, 374, 375, 376, 377f., 380, 
401 

mineralogy, 401 

mining, 404 

origin, 401-402 

in pesticides, 405 

physical properties, 405 

process flow sheet, 404f. 

and reclamation, 405 

reserves, 405 

scanning electron micrograph of, 401 

Senegal, 403 

Spain, 404 

structure, 401, 402f. 

Ukraine, 404 

United States, 402, 403f. 

world deposits, 401, 403f. 


Panama, mineral production, 42t. 
Paper filling and coating pigments, 1287 


blanc fixe, 1298 

calcined clay in, 1297-1298, 1297t. 

calcium carbonate in, 1287, 1288-1289, 
1290-1291, 1295-1297, 1296r., 1297t. 

diatomaceous earth in, 1292 

future, 1299 

ground calcium carbonate in, 1288-1289, 
1290-1291, 1291t., 1295-1297, 1296r., 
1297t. 

gypsum in, 1292 

history, 1287 

kaolin in, 1287, 1288-1290, 1291+., 


1292-1295, 1293+., 1294t., 1295, 1295t. 


major pigments used, 1288-1289, 1289f. 

precipitated calcium carbonate in, 1288-1289, 
1298 

role of fillers, 1289-1292, 1290+. 

role of pigment properties in papermaking, 
1289 

role of pigments, 1292-1299, 1293r. 

satin white, 1298 

talc in, 981, 1288-1289, 1291, 1298 

titanium dioxide in, 1291-1292, 1298-1299, 
1466-1467 

Zeocros, 1292 

zeolites as, 1057 


Paper industry 


asbestos in, 208 

fibrous materials used in, 1287-1288 
leading producers, 1288, 1289t. 

lime in, 573 

paper grade types, 1288, 1288r. 


162 
size distribution (adobe and earthen 
construction), 1096-1097, 1097f. 
size distribution (clay liners and barriers), 
1233 
Peat, 1477, 1479t., 1482-1483, 1483f,, 14841. 
Pegmatites, 451, 456 
beryllium in, 264, 265t. 
as decorative stone, 899 
Pelletizing. See Agglomeration processes 
Pennzoil Sulphur Co., 943 
Performance minerals, 61¢., 62 
Peridotites, 1156 
Perlite, 18, 685 
as absorbent, 1076, 1082 
Algeria, 686 
Argentina, 686 
Armenia, 686—687 
as asbestos substitute, 1220 
Australia, 687 
Bulgaria, 687 
Canada, 687-688 
Chile, 688 
Commonwealth of Independent States, 688 
and crystalline silica regulations, 698-699 
crude, 694, 6941., 698 
in drilling fluids, 1490, 1489. 
end uses, 696-697, 696t. 
expanded, 685, 694-695, 695f., 698 
expanded as lightweight aggregate, 182, 184, 
187, 188, 188¢., 190 
expansion testing, 697-698, 697f. 
exploration, 693-694 
in filtration, 1337-1342, 13411., 1344, 1347 
foam (multicellular), 694-695, 695f. 
formation process, 685, 686f. 
future trends, 699 
geology, 685-686 
Georgia, 688 
granular, 685, 686 
Greece, 688-689 
Hungary, 689 
Iceland, 689 
India, 689 
in insulation, 1153, 1154-1155, 1158 
Tran, 689 
Italy, 689 
Japan, 689 
Macedonia, 689 
mapping and modeling in exploration, 694 
Mexico, 689-690 
microspheres (unicellular), 695, 695f., 695t., 
696-697, 6961., 698, 699 
Morocco, 690 
Mozambique, 690 
New Zealand, 690 
onionskin, 685, 686 
open-pit mining, 694 
packaging, 698 
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in paint and coatings, 1306 
Peru, 690 
Philippines, 690 
prices, 698 
processing, 694-695 
pumiceous, 685-686 
Russia, 690 
Saudi Arabia, 690 
Slovakia, 690 
as soil amendment, 1479+., 1480-1481 
South Africa, 690-691 
substitutes, 698 
testing of deposits, 697-698 
textures, 685-686 
Thailand, 691 
transportation, 698 
Turkey, 691 
Ukraine, 691 
United Kingdom, 691 
United States, 691-693, 6911., 6927., 1079 
USS. uses, 188¢. 
and volcanic activity, 685, 686f. 
water content, 685 
world deposits and production, 30r., 686-693, 
687t. 
Perlite Institute, 685, 697 
Permeability, 1232, 1233, 1233+., 1234, 
1245-1246, 1246f. 
See also Hydraulic conductivity 
Perrett, Michel, 942 
Peru 
bentonite, 363 
mineral production, 42r. 
perlite, 690 
phosphate rock, 710 
PET. See Polyethylene terephthalate 
Petroleum refining 
catalysts in related processes, 1091-1092 
catalysts in, 1087, 1088-1091, 1088r., 1089. 
and zeolites, 1055 
Phelps Dodge Corporation, 1040 
Philippines 
mineral production, 42r. 
perlite, 690 
Phillipsite, 1040, 1045 
misclassification of nonfibrous varieties as 
carcinogens, 1059 
Phlogopite, 637, 639, 6391. 
chemistry and selected properties, 640r. 
and vermiculite, 1015 
Phonolite, 653, 656. See also Nepheline syenite 
Phosphate rock, 19, 703-704 
Algeria, 710 
anionic flotation, 717 
and apatites, 707 
Australia, 703, 713, 715 
beneficiation of carbonaceous phosphates, 
718-719 
Brazil, 709-710, 717 
calcination, 703, 718 
Canada, 708, 718 
in carbonaceous ores, 707, 718-719 
chemical emissions, 720 
China, 703, 712, 718-719 
clayed, 707 
Crago double float process, 715-717, 716f. 
desliming, 714 
dragline mining, 713-714 
dredge mining, 714 
drilling and blasting, 714 
Egypt, 710, 718 
environmental considerations, 719-720 
in fertilizers, 703, 705-707, 705f., 705t., 
706t., 1273, 1274f,, 1274¢. 
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Finland, 713, 717 
flotation, 703-704 
future trends, 720 
haulage, 714 
high-dolomite phosphate, 719 
and hydrological systems, 720 
igneous geology, 707 
India, 713 
industry consolidation, 720 
Israel, 711 
Jordan, 703, 711,715, 717 
magnetic separation, 717—718 
Mexico, 708, 717 
mineralogy, 707 
Mongolia, 712-713 
Morocco, 703, 705, 710, 710f., 715 
Nauru, 713 
Oceania, 713 
onsite processing, 720 
Peru, 710 
phosphogypsum stacks, 720 
process water, 720 
processed phosphate production, 705-707, 
705f., 705t., 706t. 
production by country, 705t. 
public health issues, 720 
Russia, 703, 713, 713f., 717 
Saudi Arabia, 712 
sedimentary geology, 707 
Senegal, 710, 717 
in siliceous ores, 707 
South Africa, 703, 710-711, 7117, 717-718 
surface mining, 713-714 
sustainable mining, 720 
Syria, 712 
Togo, 710, 715 
Tunisia, 710, 711f. 
United States, 703-704, 705, 708-709, 708f., 
709t., 714-715, 719 
washing and sizing, 714—715 
waste clay ponds, 719-720 
Western Sahara, 710 
and wet phosphoric acid in production of 
synthetic gypsum, 1145 
world distribution, 30t., 703, 708-713 
world production, 704-705, 704+. 
Phosphates, 14, 22 
Phosphogypsum, 961 
Phosphorus, 1406 
Phyllosilicates, 13 
Physical minerals, 8, 61-62 
business characteristics, 62t. 
major end uses and minerals for, 611. 
Pig iron, 1391 
and titanium, 1001 
Pigments, 1453 
black, 1307 
colored pigments, 1307 
metallic, 1307 
nacreous, 1307-1308 
natural, 1453, 1455-1457 
nepheline syenite in, 666 
surface treatments for pigments used in 
cosmetics, 1190 
synthetic, 1453 
white, 1307 
world distribution of iron oxides, 271.—28r. 
See also Iron oxide pigments, Paint and 
coatings, Paper filling and coating 
pigments, Titania pigments 
Pike, Robert D., 860 
Pilkington Brothers, 1379 
Pittsburgh Metallurgical Corp., 320 
Plastic limit, 1233-1234 
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Plasticity index, 1234 
Plastics 
alternatives to mineral fillers, 1324-1325 
and asbestiform fibers, 1325 
asbestos in, 209 
asbestos substitutes in, 1224 
barriers to industry entry, 1323 
consumption of GCC in, 1322 
defined, 1321 
desired properties of fillers, 1323 
economic factors, 1323 
ground calcium carbonate in, 1321, 1324 
infrastructure of mineral-supplying industry, 
1323 
iron oxide pigments in, 1457, 1461 
kaolin in, 1324 
and lead health issues, 1325 
marketing and transportation of minerals for, 
1325 
mica in, 648 
microcrystalline silica in, 1010 
mineral fillers used in, 1321, 1322z. 
mining and processing of minerals for, 
1323-1324, 1324t. 
natural fillers, 1322 
polymers in, 1321 
prices for minerals used in, 1322, 1323+. 
processing, 1322 
pumice in, 749 
raw and intermediate materials for, 1323 
and silica health issues, 1325 
specifications, 1323, 1324 
supply and demand of minerals for, 1322, 
1322t. 
synthetic fillers, 1323 
talc in, 982, 1324 
trends, 1325 
types, 1321 
U.S. consumption of mineral fillers, 1322r. 
websites, 1325 
wollastonite in, 1035, 1035r. 
world consumption of mineral fillers, 1322r. 
Plinian-type eruptions, 745 
Plumbago. See Graphite 
Poland 
mineral production, 42r. 
potash, 732 
sulfur, 943, 951, 952f,, 967 
Polo, Marco, 275 
Polycor Group, 919 
Polyethylene terephthalate, 1366 
Polymerization, 1091 
Polymers 
as asbestos substitutes, 1220-1221, 1221t. 
as elastomers, 1327 
in plastics, 1321 
in sealants, 1281 
titania pigments in, 1466-1467 
Polyurethane resins, 1309-1310 
Porcelain, 157 
Pornon et Cie SARL, 350 
Portland cement, 2491., 250 
aggregates in portland cement concrete, 1105, 
1109, 1110-1111, 
clinker and gypsum, 1121 
defined, 1121 
and gypsum, 1121, 1143, 11442, 1151 
manufacturing steps, 1128f. 
old processes, 1131f. 
See also Cement 
Portugal 
mineral production, 42r. 
vein quartz, 845 
Potash, 20, 723 
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Argentina, 731 

Australia, 734 

Belarus, 731-732 

beneficiation, 735-736 

Brazil, 731 

and bromine profile from halite, 728, 728f. 

by-products and coproducts, 736 

Canada, 728-729, 729f. 

in chemical industry, 723 

Chile, 731 

China, 733 

Commonwealth of Independent States, 
731-732, 731f. 

Democratic Republic of the Congo, 733 

discovery in association with petroleum 
drilling, 728, 738 

dissolution—recrystallization, 736 

Egypt, 733 

electrostatic separation, 736 

England, 732 

environmental regulations, 738 

Ethiopia, 733 

evaluation of deposits, 728, 729t. 

evaporite deposits, 727 

exploration, 727—728 

as fertilizer, 723, 736 

flotation, 735-736 

forms, 723 

France, 732 

future trends, 739 

geology, 723-727 

Germany, 732 

Israel, 733 

Italy, 732 

Jordan, 733 

Kazakhstan, 732 

magnesium sulfate-poor deposits, 727, 727f. 

magnesium sulfate-rich deposits, 727, 727f. 

minerals, 723, 724t. 

Morocco, 733 

Pakistan, 733 

Poland, 732 

prices, 737 

processing, 735 

reflux depositional model, 723-725, 724f., 
725f. 

relationship of wealth to consumption of, 
736-737, 737f. 

reserves, 728, 729t. 

Russia, 732 

safety and health considerations, 738-739 

and salt domes, 727—728 

Saudi Arabia, 733 

and seawater evaporation, 725-726, 725f., 
726f., 726t. 

Siberia, 732 

solution mining, 734-735 

Spain, 733 

in specialty glass, 1389 

specifications, 736+. 

substitutes, 737-738 

Thailand, 733-734 

transportation, 737 

Ukraine, 732 

underground mining, 734 

United States, 729-731, 730f. 

U.S. consumption, 736-737, 737f. 

U.S. supply and demand, 737, 737f. 

world deposits, 30t., 728-734, 729t. 

world production, 737f. 

world supply and demand, 739 

PotashCorp, 735 
Potassium 
from brines, 295, 298r. 


feldspars, 456 
in fertilizers, 1274, 1275+. 
minerals, 20 
Potassium carbonate, 723 
Potassium chloride, 723 
Potassium magnesium sulfate, 723 
Potassium nitrate, 723 
Potassium oxide, 723 
in fiberglass, 1371 
Potassium sulfate, 723 
Potome, 351-352 
Pott, J.H., 631 
Pozzolans, 1161, 1162 
advantages, 1169-1170 
artificial, 1161-1162, 1164-1169 
classified by reactivity, 1162r. 
clays, 1161, 1163 


in concrete, 1163, 1164f,, 1165, 1168, 1169r. 


defined, 1161 
diatomite, 1151, 1163 
environmental and health considerations, 
1170 
fly ash, 1162, 1166-1168, 1166f., 11677. 
1170 
future trends, 1170-1171 
industry structure, 1163 
kaolin, 1163 
natural, 1161, 1163 
opal, 1161 
physical and chemical properties, 1162r. 
processing, 1163 
production, consumption, and prices (U.S.), 
1162r. 
pumice, 1163 
raw materials, 1163 
rice hull ash, 1162, 1168-1169 
shales, 1161, 1163 
silica fume, 1161-1162, 1164-1165, 1164f, 
1164¢., 1165f,, 1170 
specifications, 1163 
tuff, 1161, 1163 
uses and marketing, 1163 
volcanic ash, 1161 
world production, 1163, 1163+. 
Precipitated calcium carbonate, 573, 1282 
as abrasive, 157 
in adhesives, caulks, and sealants, 1282 
in paper filling and coating pigments, 
1288-1289, 1298 
in rubber, 1331 
Prepolymers, 1309-1310 
Principal chemical minerals, 10 
Principal fillers, 10 
Principal physical and chemical minerals, 10 
Process aids, 61¢., 62, 1337, 1337¢., 1343¢. 
barriers to industry entry, 1347 
chemical composition, 1339-1340, 1340r. 
costs, 1348-1349 
environmental and health considerations, 
1350 
glauconite, 1339, 1340, 1341, 1343 
industry structure, 1347-1348 
kaolin, 1339 
markets, 1349, 1349r. 
mineralogy, 1337-1339 
prices, 1348-1349 
problems, 1350 
smectite group, 1338-1339 
specialty clays, 1338, 1338, 1338r., 1339, 
1340-1341, 1342-1343, 1342r., 
1346-1347, 1351 
substitute materials, 1349, 1350 
trends, 1350 
uses, 1344-1347 
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See also Absorbents and desiccants, Binders, 
Filtration, Lubricants, Proppants, 
Rheological modifiers 

Project TERRA, 1099 
Proppant sand, 817-818, 817¢., 818¢., 827 
Proppants, 1337 

applications, 1347 

demand for, 1348 

markets, 1349 

sand and gravel, 1339, 1340, 1344 

substitute materials, 1350 

testing for, 1344 

Pseudorutile, 988, 989, 989r. 
PT Clayindo, 354 
Pumice, 18, 743 

as abrasive, 152, 747-748, 748f. 

as absorbent, 748 

in acid washing, 747-748 

air-fall deposits, 745 

alternative materials, 752 

architectural applications, 748-749, 749f. 

composition, 743 

in concrete block units, 747, 747f., 752 

deposit types, 745-746 

epiclastic deposits, 746 

fillers, 749 

as filtration aid, 749 

flows and domes, 745, 745f. 

future trends, 752-753 

Germany, 751 

Greece, 751 

in insulation, 1153, 1158 

Italy, 751 

as lightweight aggregate, 183, 184-185, 188, 
TAT, TATf. 

mineral rights, 752 

origin, 744-745 

physical characteristics, 743-744 

pyroclastic flows, 745 

statistics and terminology, 752 

in stonewashing, 747-748 

terminology, 743, 752 

Turkey, 751 

United States, 750-751, 7511. 

US. imports, 752 

uses, 746-749, 746t. 

vesicles, 743, 744f. 

world deposits, 30¢.—31t., 750-752, 750¢. 

world production, 752 

Pumicite, 743 

consumption statistics, 752 

as filtration aid, 749, 750f. 

uses, 748, 749 

PV. See Ground silica 
Pyrites 

in drilling fluids, 1490-1491 

and iron oxide pigments, 1456 

and sulfur, 936, 959, 960 

Pyroceram, 599 
Pyrope, 475, 475t., 477, 479 
Pyrophyllite, 22, 755 

in agricultural chemicals, 764 

Brazil, 758, 766 

in building materials, 764 

by-products, 765 

in cement, 764 

in ceramic tile, 1139 

chemical composition, 759t. 

chemical properties, 759-760 

China, 755, 757-758, 757t., 764, 765-766 

classification, 755, 756t. 

crystals, 758-759, 758f., 759f. 

depletion allowances, 765 

East Asian deposits, 760-761, 760f., 761. 
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environmental considerations, 765 

evaluation, 762 

exploration, 761-762 

future trends, 765-766 

geologic occurrence and genesis, 761 

in glass fiber, 764, 765t. 

health and safety issues, 765 

history, 755 

India, 758, 766 

industry, 764-765 

industry challenges, 764, 765 

Japan, 755, 756, 756t., 764, 765 

kaolin ores, 755, 756t. 

and kaolinite, 760 

Korea, 755 

massive aggregates, 758 

mineralogy, 758-759 

North America, 755 

open-pit mining, 762 

packaging, 762 

in paint and coatings, 1306 

in paper, 764 

physical properties, 760 

pollution control, 765 

in pottery and tile, 763 

prices, 764, 764+. 

processing, 762, 763f. 

product grades and specifications, 763-764 

pyrophyllite ores, 755, 756. 

and reclamation, 765 

refractory, 763 

reserves, 757t. 

Russia, 758, 759t., 760, 760f., 761, 766 

and satellite imagery, 761-762 

schistose structures, 758 

sericite ores, 755, 756t. 

South Africa, 755, 758, 766 

South America, 755 

South Korea, 756-757, 757t., 759t. 

specialized uses, 763 

substitutes, 764 

and talc, 755 

tariffs, 764-765 

transportation, 762-763 

underground mining, 762 

United States, 758 

uses, 763-764 

Vietnam, 758 

world deposits, 756, 757f., 760-761, 760f., 
761 f. 

world production, 755-756, 756t. 


Qatar, mineral production, 42r. 
Q-BOP. See Quelle Basic Oxygen Process 
Quartz 
as abrasive, 152 
AT-cut, 1193 
autoclaves, 1195f. 
in ball clay, 345 
Brazil, 1193 
crystal, 1193 
crystal industry segments, 1193-1194 
cultured crystal, 852-854, 855, 856, 
1193-1198, 1196f. 
cultured quartz growth conditions, 1195, 
1195t. 
defects in, 1196-1197 
developments in growth and technology, 
1197-1198 
as dielectric, 1193 
electrical (Dauphiné) twinning, 1196 
electronic and optical materials, 852, 
856-857, 1193-1198, 11947., 1195f, 
1195¢., 1196f. 


feldspar-quartz mixtures (sands), 455 

gravel in filtration, 850, 852 

gravel in refractories, 850-851 

growth rate on basal plane, 1197 

and industrial sand, 815 

low optical transmission loss, 1197 
measurement of viscoelastic materials, 1197 
as metallurgical flux, 1406 

microbalance, 1198 

natural electronic-grade crystals, 1193-1194 
optical (Brazil) twinning, 1196 

and piezoelectric effect, 1193 

pressure gage for high-impact conditions, 1197 
pressure transducer, 1197 

prices, 1194 

Q, 1195-1196 

in radio equipment, 1193 

sand in drilling fluids, 1491, 1489¢. 

seed crystals, 1195, 1195, 1196f. 

in specialty flooring, 1139 

surface waves on, 1198 

thermometer, 1197-1198 

U.S. imports, 1194 

U.S. production and consumption, 1194 

See also Lascas, Vein quartz 


Quartz (high pure and ultra-high pure), 833 


as by-product of mica and feldspar mining, 
833, 834f. 

costs, 837 

in electronics, 850, 856-857 

elemental limits, 835, 835t. 

evaluation, 835-836 

evaluation costs, 836 

exploration, 834-835 

future trends, 837 

Tota grade, 833, 834 

marketing considerations, 836 

markets, 833, 836-837 

North Carolina, 833, 834-835 

in optics, 852, 856-857 

processing, 833-834 

product specifications, 836, 836+. 

Quintas grade, 833, 834 

United States, 833 


Quartzite 


as abrasive, 849-850, 851 

in air preheaters, 850, 852 

Australia, 841-842 

Canada, 842-843, 842r. 

Czech Republic, 843 

as decorative stone, 900 

as dimension stone, 848 

in electronics, 850, 852, 856-857 

in insulation, 1156 

Italy, 843 

for lining acid tanks, towers, and trays, 850, 
852 

mining, 848 

Norway, 843 

in optics, 852, 856-857 

Pakistan, 843 

processing, 848 

in refractories, 850-851, 852 

in silicon metal production, 849, 849r. 

South Africa, 843 

as specialty silica material, 839 

Sweden, 843 

United States, 843-844 


Radionuclides, 1265-1267, 1265t., 1266f., 1266t., 
1267f. 
Radium, 1267, 1267f. 
Radon, 1102 
Rail transportation, 93, 95 
accessorial charges, 90-93 
assembly and disassembly of trains, 80 
bottom-dump gondolas, 84 
Class I: mainline railroads (U.S.), 79, 80-81 
Class II: regional railroads (U.S.), 80, 81 
Class III: short-line railroads (U.S.), 80, 81 
commodity, 88 
compared with road transportation, 95-98 
and competition, 81-82 
connecting air hoses, 87 
consignee, 88 
consignor, 88 
constructive placement, 88 
coupling cars, 87 
covered hoppers, 83, 84, 84f. 
demurrage charges, 89, 90, 91t. 
determining car type, 85-86 
determining freight rates, 86, 86f. 
differential pricing, 79 
diversion charges, 92 
dominance by large companies, 97 
drop-end gondolas, 84-85 
equipment (rolling stock), 82-85, 82f., 83f, 
84f,, 85f. 
establishing business relationship, 85 
furtherance charges, 90 
general rules and charges, 90 
gondolas (“scrap cars” and “‘bathtubs”), 82, 
82f,, 83f., 84-85, 85f. 
history, 79 
inflexibility of, 80 
intermediate switching charges, 93 
and Internet, 82 
interterminal switching charges, 93 
intraplant switching charges, 92 
intraterminal switching charges, 92-93 
iron ore cars, 85 
keep-full option, 88 
loading demurrage charges, 90, 91¢. 
molten sulfur cars, 84 
monitoring and tracing cars, 88 
as most viable transportation for minerals 
industry, 79-80 
new access, 85 
open access, 79 
open-top hoppers (“coal cars”), 82-83, 83f. 
ordering cars, 86-87 
order-in option, 88 
overloaded or overweight car charges, 91-92 
paying freight bills, 89 
pressure differential cars, 83-84, 84f. 
private railroads, 81 
problems in U.S. since 1980, 79 
and rainfall, 87 
receiving and loading cars, 87 
receiving loads, 88-89 
reciprocal switching charges, 92 
reconsignment charges, 92 
releasing empty cars, 89 
releasing loads and billing, 88 
side-dump gondolas, 85, 85f. 
spot-on-arrival option, 88 
Staggers Rail Act, 79, 93 


Quebec, 196, 203-204 
Quelle Basic Oxygen Process, 573 
Quicklime, 562 
in acid neutralization, 1206, 1209, 1209r. 
Quintas. See Quartz (high pure and ultra-high 
pure) 
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Standard Transportation Commodity Codes 
(STCC), 86 

storage charges, 90-91 

switching charges, 92—93 

tank cars, 84, 84f. 

tonnage and cost per ton mile (U.S., 2004), 79 


1538 


Industrial Minerals and Rocks 





trackage rights, 80 

unloading cars, 89 

unloading demurrage charges, 90, 91¢. 
weighing and reweighing charges, 91 


Rare earth elements, 18, 769-770, 769t. 


Africa, 776, 777, 778 

Australia, 770, 771t., 772, 774-775, 775f., 
7716, 777, 778, 779, 780 

in automotive catalysts, 785t., 786, 788 

biogeochemical prospecting, 780 

Brazil, 773, 775-776, 780 

Burundi, 778, 779-780 

calcination, 781 

Canada, 773, 776, 778 

carbonatite deposits, 772-773 

cerium, 769 

China, 770-772, 77 1t., 773-774, 773f., 774f., 
774t., T15f., 777-778, 779 

Chinese dominance of market, 786, 787, 788 

deposits in peralkaline igneous rocks, 776-777 

dissolution, 781 

drilling in exploration, 780 

in electronics, 785t., 786 

electrostatic processing, 781 

environmental concerns, 787—788 

exploration techniques, 780-781 

flotation, 781 

flow diagram (bastnasite), 782f. 

flow diagram (FX), 784f. 

flow diagram (loparite), 783 

flow diagram (monazite and xenotime), 782f. 

in fluid cracking catalysts, 786, 788 

future trends, 788 

gaseous chlorination, 781-782 

geochemical prospecting, 780 

geophysical exploration, 781 

in glass polishing, 785t., 786 

gravity processing, 781 

Greenland, 777 

heavy (HREEs), 769, 776-777 

iron-REE deposits, 770-772 

Kenya, 776 

Kyrgyzstan, 778 

lanthanide elements, 769-770 

lanthanum/gadolinium measure, 778, 779f. 

lateritic deposits, 773-776 

light (LREEs), 769 

lutetium, 769 

magnetic processing, 781 

in magnets, 785t., 786, 788 

Malawi, 773 

minerals containing, 770, 772t. 

open-pit mining, 781 

origin of deposits, 778-780 

in phosphors, 785¢., 786 

placer deposits, 776, 777f. 

placer mining, 781 

premethium, 769 

prices, 783-785, 784t., 785t. 

processing, 781-783, 782f., 783f. 

production, 770, 77 1t. 

production history, 770 

and radioactivity, 788 

and radiometric exploration, 780 

reserves, 788 

Russia, 776-777 

Saudi Arabia, 777 

South Africa, 773, 778 

specifications, 783, 784+. 

Sweden, 772, 777 

Tanzania, 773 

tariffs, 787, 787t. 

and thorium, 788 
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trenching, pitting, and dredging in 
exploration, 780 

Turkey, 773 

underground mining, 781 

United States, 770, 771t., 772-773, 774f., 
TTAt., T75f., 776, 777, 778, 779 

U.S. imports, 786 

uses, 785-787, 785t. 

vein deposits, 777-778 

Vietnam, 778 

world deposits, 31t., 770-778, 77 1f., 773f. 

in specialty glass, 1387-1388 

Raymond roller mills, 979, 979f. 


RCRA. See Resource Conservation and Recovery 


Act 
REE. See Rare earth elements 
Refractories, 10, 1156-1157, 1471 


and hexavalent chrome, 412 

improvements for energy efficiency, 411-412, 
412f. 

industries using, 409 

kaolinite as principal mineral in, 407 

mineralogy, 407 

occurrence and origin, 407-408 

product specifications, 407 

production steps, 409, 409f. 

research and development, 412-413 

synthetic raw materials, 411 

temperature regimes for industrial 
applications, 410f. 

and thermal control, 413 

and thermomechanical properties at elevated 
temperature, 413 

United States, 408 


acid, 1471-1472 

aluminosilicates, 1157 

andalusite, 553, 558, 1157 

basic, 1471-1472 

bauxite, 239-246, 240t., 2411., 242r., 243r., 
245f., 245t., 1157 

brick, 1472, 1474, 1474f. 

and China, 1474 

chromite, 1157 

classification, 1471-1472 

dolomite, 1157 

economic impact, 1474-1475 

fibrous, 1472 

future trends and outlook, 1475 

graphite, 515-516, 517 

importance of raw materials, 1471 

kaolin, 1157 

kyanite, 553, 558, 1157 

magnesia, 615 

magnesite, 1157 

manufacturing, 1472 

market value, 1473-1474, 1473f. 

markets, 1472-1473, 1473f. 

monolithic, 1472, 1474, 1475f. 

mullite, 553, 558-559 

neutral, 1471-1472 

novaculite, 851, 852 

olivine, 681 

physical forms, 1472 

prices, 1474, 1474t. 

principal, 10 

production and usage trends, 1474, 1474f., 
1475f. 

pyrophyllite, 763 

quartz gravel, 850-851 

quartzite, 850-851, 852 

sandstone in, 852 

sillimanite, 553, 558, 1157 

special, 1471-1472 

and steel industry, 1472-1473, 1473f. 

testing, 1472 

vein quartz, 850-851 

zircon, 1069, 1157 


Refractory clays, 407 


as absorbents, 1077, 1078 

and air pollution, 412 

applications, 409 

classification of refractory minerals, 409-411 

classifications, 412 

and crystalline silica exposure, 412 

and degradation mechanisms, 412 

distinguished from ball clay and kaolin, 383, 
383¢. 

exploration and evaluation, 408-409 

as fire clay, 407 

and formaldehyde, 412 

and furnace technologies, 409, 410r., 411+. 


world production, 408 
Regional Seismology Center for South America, 
1098 
Remediation. See Comprehensive Environmental 
Response, Compensation and Liability Act 
Resins 
alkyd, 1308-1309 
amino, 1310-1311 
epoxy, 1310 
polyurethane, 1309-1310 
vinyl, 1309 
Resource Conservation and Recovery Act, 128, 
130-131 
and Bevill Amendment, 128-129 
and Hazardous and Solid Waste Amendments 
(HSWA), 128, 129 
and high volume-—low hazard wastes, 128, 129 
and Solid Waste Disposal Act, 128 
and study of mining wastes, 128-129 
Resource taxes, 57 
Rheological modifiers 
applications, 1347 
demand for, 1348 
markets, 1349 
specialty clays, 1343, 1347-1348 
substitute materials, 1350 
testing for, 1344, 1345f. 
Rice hull ash, 1162, 1168-1169 
Risk assessment, 139-140 
River rock, 895, 895f. 
Road transportation, 95 
company size, 97-98 
compared with rail transportation, 95—98 
and consumer size, 97 
and environmental considerations, 97 
and infrastructure, 96-97 
intermodal trailers, 98, 98f. 
and location, 96 
and long distances, 95 
and overloaded trucks, 96 
and short distances, 95 
silo trucks, 98 
and smaller volumes, 95-96 
tank trucks, 98 
tipper trucks, 98 
tonnage and value (U.S.), 95 
truck types, 98 
trucking fleets owned by mineral producers, 
98 
versatility of, 98 
Roca, 1138 
Rock crystal, 839 
Rock gypsum, 522 
Rockwell hardness test, 146 
Rocky Mountain Rose Red, Inc., 916 
Roebuck, John, 942 
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Romania 
mineral production, 42t—43+. 
zeolites, 1051 
Roofing materials, 1173 
asphalt shingles, 1173-1174, 1174f. 
backdust granules, 1175-1176, 1175¢. 
carbonate, 1176, 1177 
dimension stone as roofing slate, 910 
dolomite, 1176 
dolomite as filler, 1176 
future trends, 1177 
glass sand, 1176 
headlap granules, 1175 
limestone, 1176-1177 
limestone as filler, 1176-1177 
marble, 1176, 1177 
mica, 648 
mineral filler, 1176-1177 
nepheline syenite in, 666 
prime granules, 1174-1175 
silica sand, 1176 
slag, 1176 
specialty categories, 1177 
talc, 983, 176 
top-surface granules, 1174-1175 
Roseki. See Pyrophyllite 
Rottenstone, 152, 153 
R.T. Vanderbilt Company, 1028, 1029, 1033 
Rubber, 1327 


vulcanization inhibitors (scorch retarders), 
1329 

wollastonite in elastomers, 1036, 1036t. 

zinc borate in, 1332 

and zinc oxide, 1329, 1332 


Rubies, 1198 
Russia 


asbestos, 196, 197 

baddeleyite, 1066 

beryllium, 267 

boron and borates, 275, 280, 280f., 281 
diamonds, 419t., 424 

fluorspar, 468 

glauconite, 500-501 

lithium resources, 607-608 
magnesite, 616, 617, 621 
microcrystalline silica, 1009 
mineral production, 43+. 
nepheline syenite, 657-658, 657f. 
perlite, 690 

phosphate rock, 703, 713, 713f,, 717 
potash, 732 

pyrophyllite, 758, 759¢., 766 

rare earth elements, 776-777 
strontium minerals, 925, 928 
sulfur, 958-959 

tripoli, 1009 

zeolites, 1051 


Rutile 


accelerators, 1329 

activators, 1329 

aluminum trihydrate in, 1332 

antimony oxide in, 1332 

asbestos in, 1331 

barite in, 1331 

carbon black in, 1330 

clays in, 1331 

compounding, 1328 

curing or vulcanization, 1328-1329 

and distillate aromatic extracts (DAE), 1334 

environmental and health considerations, 
1334 

finishing, 1333 

fire retardants, 1332 

forming, 1332-1333 

fumed (pyrogenic) silica, 1331 

ground calcium carbonate in, 1331 

iron oxide in, 1332 

iron oxide pigments in, 1457, 1461 

kaolin in, 1331 

microcrystalline silica in, 1010-1011 

miscellaneous fillers, 1332 

natural, 1327, 1333-1334 

nonreinforcing fillers, 1331-1332 

pigments, 1332 

precipitated calcium carbonate in, 1331 

precipitated silica in, 1330-1331 

processing aids, 1329-1330 

production, 1333-1334 

production processes, 1328-1333 

properties, 1333 

reinforcing fillers, 1330-1331 

salt in manufacture of, 805 

sepiolite in, 1331 

silica in, 1331-1332 

and silicosis, 1334 

and sulfur, 1329 

synthetic, 1327, 1328r., 1334 

in tires, 1333, 1334, 1334+. 

titanium dioxide in, 1332 

trends, 1334-1335 

uses, 1333 

and volatile organic compounds, 1334 


synthetic, 987, 988¢., 996, 999-1000, 1000f. 

as titanium source, 987, 988, 9887., 989-990, 
996, 989t., 998-1000, 999f,, 1000f. 

world distribution of titanium concentrates, 
34t. 

See also Pseudorutile 


Sachtleben Bergbau GmbH, 466 
Safety and health 
history of U.S. laws, 109-110 
See also Federal Mine Safety and Health 
Review Commission, Mine Act, Mine 
Safety and Health Administration 
Safety of Life at Sea Conventions, 100, 105, 106 
Saint Gobain, 1365-1366 
Salitre. See Nitrogen and nitrates 
Salt, 19, 793 
additives, 802 
Africa, 797 
ages of deposits, 796t. 
in agricultural industry, 805 
Asia, 797 
and automobile corrosion, 807, 807f., 807t. 
in baking, 804 
barge shipping, 809 
bedded deposits, 795-796, 796t. 
blocks, 802 
Brazil, 797 
brine, 794 
brine processing, 802 
by-product minerals, 22 
Canada, 797 
in canning, 804 
in chemical industry, 803-804 
China, 797, 810 
chloralkali industry, 804 
in chlorine manufacture, 80 
in dairy industry, 804 
domes, 796 
drilling and coring, 798 
environmental considerations, 809-810 
Europe, 797 
evaluation of deposits, 798-799 
evaluation of geologic factors, 798 
exploration and development, 797-799 
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and feed industry, 805 

in food processing industry, 804 

foreign trade, 808 

freighter shipping, 809 

future trends, 810 

in grain mill products, 804 

in groundwater, 795 

and gypsum, 524 

health considerations, 810 

halite in drilling fluids, 1490 

in highway deicing, 803, 806-808, 806f., 
806t., 807f., 807t., 810 

history, 793-794, 794f. 

industrial uses, 804-805 

institutional wholesale distributors, 808 

in lakes, 795 

major deposits, 796-797 

in meat packing, 804 

mechanical evaporation, 801 

in metal processing, 805 

Mexico, 797 

mineralogy, 794 

miscellaneous wholesalers and retailers, 808 

in oceans, 794-795 

in oil and gas exploration, 805 

packaging, 802 

pellets and pillows, 802 

pipelines, 809 

playa salts, 795 

and potash, 728, 728f. 

prices, 808 

processing, 801-802 

product forms, 802 

production (U.S.), 799t. 

in pulp and paper industry, 805 

rail transportation, 808-809 

recovery methods, 799-801 

recrystallizer process, 802 

rock, 794, 801 

rock salt mining (room-and-pillar), 799-800, 
800f. 

in rubber manufacture, 805 

Saltville, Virginia, 793, 794f. 

as seasoning agent, 804 

seawater evaporation, 801 

in sodium hydroxide (caustic soda and lye), 
804 

solar, 794, 801-802 

solar evaporation (inland), 801 

solid, 795-796 

solution mining, 800-801 

solutions, 794-795 

specifications, 802-803, 803+. 

storage, 809 

in synthetic soda ash, 804, 810 

in tanning and leather treatment, 805 

in textiles and dyeing, 805 

transportation, 808-809 

truck transportation, 809 

underground mining, 799-801 

United States, 796-797, 797f., 810 

U.S. government resale, 808 

U.S. imports and exports, 808, 809. 

vacuum pan, 794, 801, 802 

in water softening, 805-806 

world distribution, 31¢.—32r. 

world production, 803¢. 


Saltpeter. See Nitrogen and nitrates 
Saltpeter War, 671 
Sand 


and cement, 1126-1127 

defined, 159 

in filtration, 818, 8187. 

glass sand in roofing materials, 1176 
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See also Foundry sands, Industrial sand, Silica 
sands 
Sand and gravel 
as absorbents, 1077, 1079, 1082 
in filtration, 1339, 1340, 1344, 1345 
as metallurgical flux, 1406 
as proppants, 1339, 1340, 1344, 1347 
See also Construction sand and gravel 
Sandia National Laboratories, 1197 
Sandstone 
Canada, 840-841 
commercial and scientific definitions, 911-912 
as crushed stone, 174 
as decorative stone, 900 
as dimension stone, 848, 911-912, 919, 920 
Egypt, 841 
Germany, 841 
grindstones and pulpstones, 848, 852 
Italy, 841 
for lining acid tanks, towers, and trays, 850, 
852 
mining, 848 
New Zealand, 841 
processing, 848 
in refractories, 852 
as specialty silica material, 839 
United Kingdom, 841 
United States, 841 
Saskatchewan Minerals, 889 
Sassolite, 275 
Satin spar, 522 
Saudi Arabia 
mineral production, 43+. 
nepheline syenite, 663 
perlite, 690 
phosphate rock, 712 
potash, 733 
rare earth elements, 777 
Sawyer Technical Materials, LLC, 1195, 1195+. 
SBLs. See Soil-bentonite liners 
Scanning electron microscopy, 1054, 1067 
Scanning tunneling microscopes, 1441, 1444 
Scheele, Carl Wilhelm, 631 
Schist, 900 
SCMs. See Supplementary cementitious materials 
Scoria 
composition, 743 
as decorative stone, 895-896, 895f. 
defined, 743 
deposits, 746 
in insulation, 1158 
as lightweight aggregate, 185 
uses, 749-750 
Scotland, 663 
Seaboldt, Bert, 482, 483 
Searles, John Wemple, 866 
Sedimentary minerals and rocks, 8, 18 
Selenite, 522 
Selenium, 1388 
SEM. See Scanning electron microscopy 
Senegal 
mineral production, 43+. 
palygorskite, 403 
phosphate rock, 710, 717 
Sepiolite, 401 
as absorbent, 1076, 1081-1082, 1339 
applications, 405 
as asbestos substitute, 1219 
in cat litter, 405 
in drilling muds and fluids, 405, 1491, 14897. 
dust and air quality, 406 
in fertilizers, 405 
and fuller’s earth, 375, 401 
mineralogy, 401 
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mining, 404 
origin, 401-402 
in pesticides, 405 
physical properties, 405 
process flow sheet, 404f. 
and reclamation, 405 
reserves, 405 
in rubber, 1331 
Spain, 403-404 
structure, 401, 402/. 
United States, 402 
world deposits, 401-404, 403f. 
Serbia and Montenegro 
magnesite, 621 
mineral production, 437. 
zeolites, 1051 
Sericite 
in cosmetics, 1185, 1185r. 
and pyrophyllite, 755, 7567. 
Serpentine group 
as absorbents, 1080 
serpentine as asbestos substitute, 1218-1219 
Shale, 369 
as absorbent, 1077, 1078 
and cement, 1126-1127 
in insulation, 1156, 1158 
as lightweight aggregate, 184, 186, 188, 189 
mineralogy, 369-370 
outlook, 371 
Sharpening stones, 153 
Shaw Industries, 1138 
Shell Canadian, 1040 
Ship and barge transportation, 95, 96f., 99 
barging and logistics, 103, 103f 
brokers, 102-103, 106-107 
Capesize vessels, 99 
charter party, 101 
charterers, 100, 101 
classification societies, 100 
container/liner vessels, 99 
cruise/passenger vessels, 99 
deep-sea sector, 99-100 
dispute arbitration, 106 
dry-bulk vessels, 99, 100t., 102r. 
Flag States, 99-100, 105 
free in and out (FIO) terms, 105 
glossary, 107-108 
Handysize (Handymax-size) vessels, 99, 100 
IMDG (International Maritime Dangerous 
Goods) Code, 106 
International Maritime Organization (IMO), 
105 
Internet resources, 107 
ISM (International Ship Management), 106 
ISPS (International Ship and Port Security) 
Code, 106 
liquid bulk vessels (tankers), 99 
major commodity trades, 100, 101+. 
MARPOL (Maritime Pollution Convention), 
105, 106 
outlook and future trends, 106-107 
Panamax-size vessels, 99, 100 
parcels, 99 
Port States, 105 
SHINC (Sundays and holidays included), 102 
shoreside facilities, 101-102 
SOLAS (Safety of Life at Sea) Conventions, 
100, 105, 106 
specialized industrial vessels, 99 
TESS45 vessels, 101 
timecharter hire rates, 103-105, 104f.,, 105f. 
timecharter to voyage rate conversions, 
103-105 
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U.S. inland waterway system, 103, 103f., 
104t. 
vessel configurations, 100-101 
voyage freight rates, 103-105 
Shipping and freight rates, 58-59 
Sibelco Group, 354 
Siberia 
potash, 732 
soda ash, 863-864 
Siderites, 581, 5811. 
in drilling fluids, 1491, 1489. 
and iron oxide pigments, 1456 
Sierra Leone 
diamonds, 420 
mineral production, 43+. 
Silex 
as abrasive, 851 
Europe, 846-847 
as specialty silica material, 839 
Silica, 18 
as abrasive, 152-153 
and adhesives, caulks, and sealants, 1284 
amorphous, 1005—1006 
and barium mining with associated quartz, 
224 
and cement, 1122 
in carbonate rocks, 582 
in fiberglass, 1370-1371, 1373 
health issues and plastics, 1325 
in insulation, 1153, 1157, 1158 
as metallurgical flux, 1405, 1406, 1411 
as nanomaterial, 1442 
in paint and coatings, 1305 
removal in water treatment, 1267 
in rubber, 1330-1332 
in specialty flooring, 1139 
See also Microcrystalline silica, Quartz (high 
pure and ultra-high pure), Sand, Silica 
pebble, Silica sand, Specialty silica 
materials 
Silica fume, 1161-1162, 1164-1165, 1164f, 
1164t., 1165f. 
health considerations, 1170 
Silica Fume Association, 1164 
Silica gel, 1075, 1083-1084 
Silica pebble 
Canada, 846 
Europe, 846-847 
in silicon metal production, 849 
as specialty silica material, 840 
United States, 847 
Silica sands, 17 
as abrasives, 152 
bank sands, 1434 
consumption for foundry sand, 1435 
in container glass, 1367, 1367¢. 
in filtration, 1348 
as foundry sands, 1433-1435, 1434f,, 1435¢. 
lake sands, 1434 
in roofing materials, 1176 
as soil amendments, 1481 
in specialty glass, 1389 
thermal expansion, 1434f. 
world distribution, 32z. 
Silicates 
as dominant minerals, 13 
as process aids, 1337 
sheet silicates as asbestos substitutes, 
1218-1219 
subcategories, 13-14 
Silicomanganese, 633, 633¢. 
Silicon carbide, 154 
Silicon metal, 849, 8497., 855 
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Silicosis 
and abrasives, 157 
and absorbents and desiccants, 1084 
and construction sand and gravel, 167 
and crushed stone, 179 
and diatomite, 447-448 
and dolomite, 593 
and feldspars, 459 
and glauconite, 504 
and industrial sand, 827, 829-830 
and limestone, 593 
and magnesite, 627 
and microcrystalline silica, 1011-1012 
and perlite, 698-699 
and refractory clays, 412 
and rubber, 1334 
and specialty silica materials, 856 
and zeolites, 1059 
Sillimanite, 553 
Australia, 556 
in ceramics, 553 
chemical and physical properties, 553, 554+. 
future trends, 559 
India, 556 
in insulation, 1157 
massive, 556 
mineralogy, 553 
mining and processing, 558 
Namibia, 556 
in refractories, 553, 558, 1157 
reserves, 559 
schist, 556 
South Africa, 556, 558 
and titanium, 1001 
United States, 556 
world distribution, 327.—33t. 
world production, 553, 554f. 
Sintered alumina, 257 
Sintering 
abrasives, 155 
alumina, 257 
bauxite for cement, 250 
diatomite, 437 
iron ore. See Agglomeration processes 
Slag 
aggregates, 1106 
bauxite as adjuster, 251 
as lightweight aggregate, 183, 186-187, 
188-190 
in metallurgy, 1406 
olivine as conditioner, 681, 683 
in roofing materials, 1176 
synthetic, 1406 
titanium, 347., 988, 9887., 994-996, 1000, 
1000f. 
wool as insulation, 1156 
See also Granulated blast furnace slag; 
Ground, granulated blast furnace slag 
Slag Cement Association, 1164 
Slaked lime, 561 
Slate 
commercial and scientific definitions, 913 
as decorative stone, 900 
as dimension stone, 909, 910, 913, 920, 921 
in insulation, 1158 
as lightweight aggregate, 184, 186, 188, 189 
Slovakia 
magnesite, 621 
mineral production, 43+. 
perlite, 690 
zeolites, 1051 
Slovenia 
mineral production, 43+. 
zeolites, 1052 


“Smart” materials, 6 
SME, 337 
Smectite 


and natron, 860, 861-862 
new Asahi process, 873 
Ormiston Mining process, 873 


as absorbents, 1076, 1076r., 1080-1081 

as clay liner or barrier, 1229 

in cosmetics, 1185, 1185t., 1186-1187, 
1186f., 1190, 1191, 1192 

and fuller’s earth, 374, 375, 375t. 

nanocomposites, 367 

organoclays, 365-367 

as predominant component of bentonite, 
361-362, 361f,, 361f. 

as process aids, 1338-1339 


Smith, F.M. “Borax”, 275 
Soaps and detergents 


boron and borates in, 283 
soda ash in, 874 
sodium sulfate in, 888 


Soapstone, 971 


as dimension stone, 913, 920, 921 
See also Tale 


Societe Anonyme d’Entreprises Minieres, 466 
Société Generale de Recherches et d’Exploration 


Miniere, 465 


Soda ash, 859 


in acid neutralization, 1207, 1208, 1209r. 
Africa, 862-863 

Akso process, 873 

ammonium chloride process, 872-873 
Antarctica, 863 

Argentina, 868 

Argus brine process, 870-871, 871f. 
Asia, 863-864 

Australia, 864 

in bentonite processing, 365 
Bolivia, 868 

boring machines in mining, 869 
Botswana, 862 

Brazil, 868 

brine sampling, 869 

Canada, 864 

caprolactam pyrolysis, 872 

caustic carbonation process, 872 
chemical properties, 861 

China, 860, 863 

in container glass, 873, 1367, 1367t. 
continuous mining, 869 
distributors, 874-875 

in drilling fluids, 1491, 14897. 
drilling in evaluation, 868 

Egypt, 862 

electrolytic process, 872 

end uses, 873-875 

Europe, 864 

evaluation of deposits, 868-869 
exploration, 868 

in fiberglass, 1371 

in flue gas desulfurization, 874 
future outlook, 876 

Green River deposit, 860, 867, 867f. 
history, 859-860 

Hiils process, 873 

India, 863 

Kazakhstan, 863-864 

Kenya, 862 

Leblanc process, 859, 871-872 
longwall mining, 869 

Malawi, 862 

Mexico, 864-865 

mineralogy, 860-861 

minerals containing, 8614. 

mining, 869-870 

Mongolia, 863 

Namibia, 863 
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packaging, 875 
Pakistan, 863 
physical properties, 861 
prices, 875 
processing, 870-873 
in pulp and paper industry, 875 
room-and-pillar mining, 869 
sesquicarbonate and monohydrate trona 
processes, 871, 871f. 
Siberia, 863-864 
in soaps and detergents, 874 
and sodium bicarbonate, 873 
and sodium chromates, 874 
and sodium hydroxide (caustic soda), 873-874 
and sodium phosphates, 874 
and sodium sesquicarbonate, 874 
and sodium silicates, 874 
solution mining, 869-870 
Solvay process, 859-860, 872, 872f. 
South Africa, 863 
South America, 868 
in strontium mineral processing, 929 
Sudan, 863 
synthetic, 804, 810, 860, 871-873 
and thermonatrite, 860, 862 
Tibet, 863 
transportation, 875 
and trona, 859, 860, 860-861, 862 
Turkey, 864 
Uganda, 863 
United States, 859-860, 865-868, 865f., 867f. 
U.S. imports and exports, 875-876 
Venezuela, 868 
in water treatment, 875 
world deposits, 862-868 
world distribution, 33+. 
x-ray diffraction, 868 
Sodium, 295, 303 
from brines, 295, 298r. 
Sodium bicarbonate, 873 
Sodium carbonate, 19, 859. See also Soda ash 
Sodium chromates, 874 
Sodium dichromate, 320-321 
Sodium hydrogen carbonate, 1207 
Sodium hydroxide, 873-874 
in acid neutralization, 1207, 1208-1209, 
1209¢. 
salt in, 804 
Sodium minerals, 19-20 
Sodium nitrate, 674, 723 
Sodium phosphates, 874 
Sodium sesquicarbonate, 874 
Sodium silicates, 874 
Sodium sulfate, 19-20, 22 
consumption (1991-2003, U.S.), 888f. 
in detergents, 888 
in dyeing, 888 
end uses, 888 
in fiberglass, 1372 
in glass, 888 
in kraft paper, 888 
world distribution, 33+. 
Sodium sulfate resources, 879 
Africa, 886 
Antarctica, 887 
Argentina, 886, 890 
Canada, 881, 883, 889-890 
Chile, 881, 886 
China, 879, 885 
classification of deposits, 880 
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Commonwealth of Independent States, 
886-887 

and cooling, 880-881 

and evaporation, 880-881 

heptahydrate, 880 

Tran, 881, 885-886 


Solvay Group, 467 

Solvay Process Co., 860 
Somalia, mineral production, 437. 
Sorosilicates, 13 

Sorptive Minerals Institute, 338 
South Africa 


Mexico, 881, 882-883, 890 
mineralogy, 879-880 
minerals containing sodium sulfate, 879, 880r. 
mirabilite, 879, 887 
origin of deposits, 880-881 
physical properties, 879-880 
prices, 891 
processing, 889-891 
product specifications, 889 
Spain, 881-882, 890-891 
synthetic, 887-888 
thenardite, 879 
Turkey, 881, 885 
United States, 881, 883-885, 8847, 890 
world consumption, 888 
world production, reserves, and major 
deposits, 881-887, 882. 
Soil amendments, 1477 
defined, 1477 
diatomite, 446, 1481 
dolomite, 1478-1480, 1479f., 14791. 
environmental considerations, 1483-1484 
fly ash, 14792., 1481, 1481f,, 1483-1484 
glauconite, 503 
gypsum, 519, 534, 1143, 14797., 1480 
humates, 1477, 1479t., 1481-1482, 1482f 
leonardite, 1477 
lime, 575-576 
limestone, 1478-1480, 1479f,, 14797. 
organic, 1477, 1481-1483 
peat, 1477, 14791., 1482-1483, 1483f, 1484+. 
perlite, 1479r., 1480-1481 
production, consumption, and economic 
statistics, 1478t. 
properties, 1478, 1479. 
silica sand, 1481 
and soil types, 1477-1478 
sulfur, 1480 
trends and opportunities, 1484 
vermiculite, 1479r., 1480, 1483 
zeolites, 1479t., 1481 
Soil Conditioners, 1477 
Soil—bentonite cutoff walls, 1230 
design and construction, 1244-1245, 1245+. 
quality control, 1245 
Soil—bentonite liners, 1230, 1238f., 1240f., 1240r. 
construction, 1239 
design, 1237-1239 
economics and market conditions, 1239-1240 
equipment requirements, 1239 
HELP model, 1238, 1238f. 
moisture control in construction, 1239 
moisture—density relationships, 1237, 1238f. 
physical processing, 1239 
quality control in construction, 1239 
slope stability, 1239 
time of travel, 1238-1239 
water balance models, 1238, 1238f. 
Soil-cement—bentonite cutoff walls, 1231 
design and construction, 1244-1245, 1245¢. 
quality control, 1245 
Sol-Gel, 155 
SOLAS. See Safety of Life at Sea Conventions 
Solids content (coatings), 1317 
Soluble salts, 523 
Solvay, Alfred and Ernest, and process, 859-860, 
872, 872f. 
Solvay Chemicals, Inc., 869 
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andalusite, 553, 556, 557, 558 

asbestos, 196, 197, 204, 206 

baddeleyite, 1066 

bentonite, 364 

chromite, 311-312, 325, 326, 328 

diamonds, 419t., 420-421 

fluorspar, 467 

garnets, 476 

glauconite, 500 

magnesite, 621 

mineral production, 437. 

perlite, 690-691 

phosphate rock, 703, 710-711, 711f, 
717-718 

pyrophyllite, 755, 758, 766 

quartzite, 843 

rare earth elements, 773, 778 

sillimanite, 556, 558 

soda ash, 863 

titanium, 988, 992 

vein quartz, 845 

vermiculite, 1019, 1025 

zeolites, 1051 

zircon, 1066 


South African Land & Exploration Company, 467 
South America 


ball clays, 353 

bentonite, 363-364 

boron and borates, 275, 278-279, 279f., 281 
diatomite, 439, 439f., 440 

fluorspar, 465 

pyrophyllite, 755 

soda ash, 868 

talc, 975 

See also names of individual countries 


South Korea 


graphite, 512, 513 

mineral production, 40r. 

pyrophyllite, 755, 756-757, 757t., 759t. 
strontium minerals, 928 


Southwest Solar Adobe, 1098 
Southwest Vermiculite Co., Inc., 1025 
Spain 


adobe and earthen construction, 1095 
ball clays, 351-352 

bentonite, 364 

fluorspar, 466 

gypsum, 520 

magnesite, 621-622 

mineral production, 431.441. 

olivine, 680 

palygorskite, 404 

potash, 733 

sepiolite, 403-404 

sodium sulfate resources, 881-882, 890-891 
strontium minerals, 925, 928 

talc, 975 

vein quartz, 845 

zeolites, 1052 


SPC. See Statistical process control 
Specialty clays 


as absorbents and desiccants, 1076-1077, 
1076f., 1076t., 1077t., 1079-1081, 
1083, 1083¢., 1342, 1346, 1350 

in filtration, 1342, 1347-1348 

in pesticides, 1083 

as rheological modifiers, 1343, 1347-1348 


Specialty glass, 1383 


alumina in, 1386 

art glass, 1386 

barium carbonate in, 1386 

boron minerals and compounds in, 1386-1387 

cadmium in, 1387 

calcium carbonate in, 1387 

cathode-ray tubes, 1384-1385 

cerium in, 1387 

chromium in, 1387 

cleanliness of raw materials, 1389-1390 

cobalt in, 1387 

coloring oxides in, 1387 

copper in, 1387 

dolomite in, 1387 

feldspar in, 1388 

fluorspar in, 1388 

glass ceramics, 1385 

iron in, 1387 

laboratory ware, 1384 

lead in, 1388 

lighting, 1383-1384 

limestone in, 1387 

liquid crystal display glass, 1385 

lithium in, 1388-1389 

magnesia in, 1389 

manganese in, 1387 

minerals and chemicals used in, 1386-1389 

nepheline syenite in, 1388 

nickel in, 1388 

optical and ophthalmic glass, 1385 

packaging and transportation of raw materials, 
1389-1390 

pharmaceutical, 1384 

potash in, 1389 

rare earths in, 1387-1388 

selenium in, 1388 

silica sand in, 1389 

soda-lime table and cookware, 1385 

supplier considerations, 1390 

uranium in, 1388 

zirconium in, 1389 


Specialty silica materials, 839 


abrasive applications, 849-850, 851-852 

in air preheaters, 850, 852, 855 

alternative materials, 854-856 

chert, 839 

deburring media substitutes, 855 

depletion allowance, 856 

in electronics, 850, 852, 855-856 

exploration, 847-848 

in filtration, 850, 852, 854 

flint, 839 

future trends, 856-857 

grinding-mill lining and media substitutes, 
854-855 

grindstones and pulpstones, 848, 852, 855-856 

jasper, 839 

lascas, 839, 848 

for lining acid tanks, towers, and trays, 850, 
852, 855 

metallurgical applications, 849, 851 

mining, 848 

novaculite, 839-840 

in optics, 852, 856-857 

prices, 853-854, 853+. 

problems, 856 

processing, 848-849 

quartzite, 839 

in refractories, 850-851, 852 

rock crystal, 839 

sandstone, 839 

silex, 839 

silica pebble, 840 


Index 


1543 





in silicon metal production, 849, 8491., 851, 
855 
and silicosis, 856 
specifications, 849-851 
transportation, 854 
U.S. production, 853, 853r. 
uses, 851-853 
vein quartz, 839, 840 
world deposits, 840-847 
Specific gravity 
in calculation of weight, 176 
construction sand and gravel, 162 
crushed stone, 174 
of selected common rocks, 176+. 
testing for paint and coatings, 1317 
Specular gloss, 1318 
Spessartine, 475, 475t. 
Spezia, Giorgio, 1193 
Spinel minerals, 310, 310f, 310¢. 
SQM Holding, 671, 675 
caliche reserves, 673t. 
Sri Lanka 
graphite, 507, 512, 514, 516 
mineral production, 44+. 
titanium, 992 
vein quartz, 845 
St. Louis Gilsonite Company, 482-483 
Staggers Rail Act of 1980, 79, 93 
Standard brick equivalent, 1179 
Standard Oil, 483 
Standard State Zoning Enabling Act of 1922, 166, 
178 
Statistical process control, 579 
Stauffer Chemical Co., 866 
Staurolite 
as abrasive, 152 
as foundry sand, 1438 
Steam reforming, 1092 
Steatite, 971. See also Talc 
Steel 
basic oxygen furnace, 572-573, 1391 
and bauxite, 244 
electric arc furnace, 1391 
fluxes in production of 1408¢., 1414-1416 
and lime, 572-573 
and manganese, 631, 634-635 
production, 1391, 1391+. 
and refractory consumption, 1472-1473, 
1473f. 
stainless, 309 
tariffs, 1418 
as zircon substitute, 1071 
See also Agglomeration processes, Fluxes 
(metallurgy), Iron 
“Sterilization” of resource, 166 
STMs. See Scanning tunneling microscopes 
Stone. See Crushed stone, Decorative stone, 
Dimension stone 
Stratford Enterprises Company, 484 
Strong-Lite. See Vermiculite 
Strontianite, 925, 9251. See also Strontium 
minerals 
Strontium, 19 
in aluminum, 930 
in ceramic ferrite magnets, 925, 929, 930 
in electrolytic production of zinc, 930 
in faceplate glass for cathode-ray tubes, 925, 
930, 933 
in paints, 930 
in pyrotechnics, 925, 930 
radioactivity (strontium-90), 933 
uses, 925, 929-930, 930r. 
world distribution, 33+. 
as x-ray blocker, 929 
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Strontium carbonate, 925, 926 
production flow chart, 929f. 
world production, 927. 
Strontium minerals, 925 
Algeria, 926 
Argentina, 925, 926-927 
black ash processing method, 929 
Canada, 927 
China, 927 
Commonwealth of Independent States, 928 
Cyprus, 927 
future trends, 933 
Germany, 925-926, 927 
Tran, 925, 927 
Italy, 927 
Japan, 927-928 
Korea, Republic of, 928 
major world deposits and production, 925-929, 
926t., 931t. 
Malawi, 928 
Mexico, 925, 928 
Morocco, 925 
Pakistan, 925, 928 
physical properties, 925r. 
prices, 930 
processing, 929, 929f. 
Russia, 925, 928 
soda ash processing method, 929 
Spain, 925, 928 
Turkey, 925, 928 
United Kingdom, 925, 929 
United States, 925, 926 
U.S. exports and imports, 930-932, 9311., 
932t. 
Structural clay products. See Bricks 
Structural minerals, 617., 62 
Styrene-butadiene binders, 1309 
Sudan 
mineral production, 44+. 
soda ash, 863 
Sulfates, 14 
in container glass, 1367, 1367. 
as sulfur source, 936, 960-961 
Sulfides, 14 
Sulfur, 3, 19, 22, 295, 303, 304t.-305t., 935 
agricultural uses, 964 
alternatives, 966 
in asphalt paving, 965 
and barite, 944 
basic products, 935-942 
bioepigenetic deposits, 936, 954 
Boling dome, 946-948, 948f. 
broken, 936 
Canada, 943, 958, 959, 967 
and celestite, 944 
China, 943 
classification of deposits, 943 
Claus process, 957-958, 958f. 
in combination with base metals, 936 
combined, 959-961 
consumption outlook, 967 
in copper processing, 965 
crude, 936 
and Desulfovibrio desulfuricans, 946 
dust, 936-941 
emissions, 960, 966-967 
end uses, 962f., 963-965, 963. 
environmental considerations, 966-967 
Europe, 958, 959 
exploration techniques, 954-955 


ferrous and nonferrous sulfides, 936, 959-960 


in fertilizers, 1276 
flakes, 961 
formed, 936, 961-962 
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and Frasch mining method, 942-943, 947t., 
954, 955-956, 956f. 
friability, 961-962 
future trends, 967 
and Glauber’s process, 942 
granules, 961 
Gulf Coast salt domes, 944, 945f., 955-956 
history, 942-943 
hydrodynamic mining method, 956 
hydrogen sulfide, 936, 956, 957-958 
industrial uses, 964-965 
involuntary production, 935 
Traq, 943, 951-953, 952f,, 953f., 967 
Japan, 958, 959 
Kazakhstan, 959 
Main Pass deposit, 948, 949f. 
markets, 966 
mineralogy, 942 
in natural gas and petroleum, 936, 956-959, 
967 
in nickel processing, 965 
in oil sands, coal, oil shale, and tar sands, 936, 
956, 959 
open-pit mining, 955 
organic, 936, 956-959 
oxidative deposits, 953 
pastilles, 961 
Poland, 943, 951, 952f., 967 
prices, 966 
prills, 961 
production costs, 965-966 
in pyrites, 936, 959, 960 
recovered, 936, 956-959, 967 
recovery from sulfur dioxide emission control, 
960, 967 
refined, 962-963 
Russia, 958-959 
sales, by end use, 963+. 
in salt domes, 944-948, 945f,, 946f., 947¢., 
955-956 
slates, 961 
as soilamendment 1480 
solfatara-type deposits, 936 
sources, 935, 942r. 
stratiform deposits, 948-953, 954-955 
sulfate-reducing bacteria, 946 
and sulfates, 936, 960-961 
and sulfuric acid, 935, 941-942, 962f., 
963-964, 963t., 965t. 
supply and outlook, 962f., 967 
transportation, 966 
underground mining, 955 
United States, 942-943, 946-951, 948f, 
949f., 950f., 9S1f,, 958 
U.S. industry statistics, 957. 
uses with growth potential, 965 
volcanic deposits, 953-954 
voluntary production, 935, 967 
western Texas deposits, 949-951, 949f., 950f., 
95 If. 
world distribution, 331.—34t. 
world production, 936, 937t.—941t. 
Sulfur dioxide 
and flue gas desulfurization, 1251 
sulfur recovery from SO? emission control, 
960, 967 
Sulfuric acid, 22, 303, 306t.—3071., 941-942 
end uses, supply, and sales, 962/., 963-964, 
963t. 
and Glauber’s process, 942 
as indicator of industrial development, 935 
production flowsheet, 965r. 
Sunstone, 456 
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Superfund. See Comprehensive Environmental 
Response, Compensation and Liability Act 
Supplementary cementitious materials, 1161, 
1162 
advantages, 1169-1170 
classified by reactivity, 1162. 
in concrete, 1169t. 
defined, 1161 
future trends, 1170-1171 
ground, granulated blast furnace slag 
(GGBFS), 1162, 1164, 1165-1166, 
1165f., 1166¢. 
physical and chemical properties, 1162 
production, consumption, and prices (U.S.), 
1162r. 
Surficially altered minerals and rocks, 8, 17 
Suriname, mineral production, 44+. 
Sustainable development, 6, 133-134, 140 
and accessibility, 136 
and aggregates, 1117 
best practice, 138-139 
and chemical industry, 303 
and communication, 136 
and community benefits, 136 
and community engagement, 136 
and community feedback, 136 
and construction sand and gravel mining, 167 
corporate social responsibility, 137 
and crushed stone, 179 
defined, 134 
and due diligence, 77 
and economic value of resource, 136 
and executive support, 136 
and kaolin, 398 
life-cycle assessment, 140 
material tracking, 140 
and minerals, 135 
principles, 134-135 
and public trust, 136 
and rehabilitation of disturbed areas, 136 
risk assessment, 139-140 
“Seven Questions to Sustainability”, 138 
and social and environmental impacts, 136 
vs. sustainability, 133 
sustainable industrial minerals resource 
management, 135-137 
systems approach, 134 
transparency, 137-138 
and visibility, 136 
Swaziland 
asbestos, 197 
diamonds, 421 
mineral production, 44+. 
Sweden 
graphite, 514 
mineral production, 44+. 
nepheline syenite, 663 
quartzite, 843 
rare earth elements, 772, 777 
Switzerland 
glauconite, 500 
mineral production, 44+. 
Sylvite, 723, 725, 726-727 
Syria 
mineral production, 44+. 
phosphate rock, 712 


Taiwan, mineral production, 44+. 
Tajikistan, mineral production, 44+. 
Talc, 20, 22, 971 

Africa, 976 

in agricultural products, 983 

air classifiers, 980 

Alpine fluid energy mills, 979, 979f. 
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analytical techniques and measurements, 
977-978 

applications, 980-983, 98 If. 

as asbestos substitute, 1219 

Asia, 976 

in asphalt roofing shingles, 983, 1176 

Austria, 975 

beneficiation, 971, 977 

and BET method, 977-978 

Brazil, 975 

Canada, 974-975 

in caulking compounds, 983 

Central America, 975 

in ceramics, 982-983, 1139 

chemistry, 975t., 978 

China, 971, 976, 985 

color measurement, 978 

compaction, 980 

in construction products, 983 

in cosmetics, 983, 1185, 1185z., 1189, 1190, 
1191, 1192 

densification, 980 

dust regulations, 983-984, 985 

Europe, 975-976 

exploration, 976 

France, 975 

in friction products, 983 

froth flotation, 977 

future trends, 985 

and General Electric brightness (GEB), 978 

health and safety, 983-984, 985 

and Hegman bar, 977 

Hosokawa Micron air classifying mills, 979 

and Hunter L-a-b, 978 

India, 976 

Italy, 975 

loose bulk density (LBD), 978 

lump form, 977 

mafic origin, 972, 973 

major deposits, 973-976 

major suppliers, 20, 21f. 

markets, 981. 

metamorphic origin, 972-973 

metasedimentary origin, 972, 973 

micronizing (ultrafine grinding), 979 

milling, 977, 978-979, 979f. 

mineral, 972, 972f. 

mineralogy, 975t., 978 

mining, 976-977 

morphology index (MI), 978 

North America, 973-975, 975t. 

origins, 972-973 

packaging, 980 

packed bulk density, 978 

in paint and coatings, 981-982, 1303-1304 

in paper coatings and fillings, 981, 1288-1289, 
1291, 1298 

in paper pitch control, 981 

in pharmaceuticals, 983 

in plastics, 982, 1324 

production flowsheet, 978f. 

and pyrophyllite, 755 

Raymond roller mills, 979, 979f. 

reclamation, 977 

in resilient flooring, 983, 1139 

roller mills, 979, 979f. 

screens, 980 

shipping, 980 

sieving, 977 

size classificaiton, 980 

in slurry form, 980 

sorting technology, 977 

South America, 975 

Spain, 975 


surface area measurement, 977-978 
surface treatment, 980 
ultramafic origin, 972, 973 
United States, 971, 973-974 
U.S. imports and exports, 971 
U.S. production, 971 
value of deposits, 972 
in wastewater treatment, 983 
world distribution, 34+. 
world production and trade, 971, 984-985, 
9841. 
Taniguchi, Norio, 1441 
Tantalum, 1071 
Tanzania 
diamonds, 421 
mineral production, 44+. 
rare earth elements, 773 
Tariffs, 56 
Tax rebates, 57 
Tectosilicates, 13 
Tenneco Corporation, 1040 
Terephthalic acid, 1093 
TERRA Partners, 1099 
Texasgulf, 943 
Textiles 
asbestos in, 195, 209 
salt in, 805 
See also Fiberglass 
Thai Nguyen Mineral Company, 468 
Thailand 
ball clays, 355 
fluorspar, 468 
glauconite, 500 
mineral production, 44+. 
perlite, 691 
potash, 733-734 
Thenardite, 879-880 
Thermo Dynamics, Inc., 1195, 1195¢. 
Thermonatrite, 860, 862 
Thermoplastic barriers, 1229 
Thixotropes, 1313 
Thorium, 788 
Tiberon Minerals Ltd., 468 
Tibet 
boron and borates, 275 
lithium resources, 600, 601-602, 606-607 
soda ash, 863 
Tiff. See Barite 
Tin, 1417 
Tin oxide, 157 
Titania, 1442 
Titania pigments, 997, 1001-1002, 1003, 1453, 
1463-1464 
alternatives, 1467 
anatase, 1463, 1464 
brookite, 1464 
chloride process, 1464, 1465 
dispersability, 1464 
durability, 1464 
economic factors, 1465 
environmental considerations, 1467 
finishing processes, 1466-1467 
industry infrastructure, 1464 
in paint and coatings, 1301, 1306, 1307, 
1465-1467 
in paper filling and coating pigments, 
1291-1292, 1298-1299, 1466-1467 
particle-size distribution, 1464 
as Pigment White 6, 1463-1464 
in polymers, 1466-1467 
production, 1464 
raw and intermediate materials, 1464 
refractive index, 1464 
rutile, 1463, 1464 
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specifications, 1465-1466 

sulfate process, 1464, 1465 

surface treatment, 1464 

terminology, 1464 

trends and opportunities, 1467 

world consumption, 1465 

Titanium, 3, 18, 987 

in altered ilmenite, 988, 989r. 

in anatase, 988, 989r. 

Australia, 987-988, 991-992 

and Becher process, 994, 995, 996-997 

beneficiation, 994-997 

Brazil, 992 

in brookite, 988, 9897. 

and by-product minerals, 22 

by-products and coproducts, 1000-1001 

Canada, 988, 992, 993 

China, 992, 1003 

chloride slag pricing, 1000, 1000f. 

composite grains of minerals, 989 

concentrates (ilmenite, leucoxene, rutile, 
titaniferous slag), 34+. 

deposit types, 990-991, 990r. 

dredging, 993 

in drilling muds, 998 

dry mining, 993 

feedstock demand, 1001-1002, 1002r. 

feedstock production, 987-988, 987f., 987¢. 

feedstock supply, 988f, 1003 

in ferrian-ilmenite, 988 

in fluxes, 997, 998 

and garnet, 1001 

in hematite, 988 

identified resources, 991-993, 992r. 

in ilmenite, 987, 988, 9887., 989, 9897., 999, 
999f. 

ilmenite recovery, 994 

ilmenite separation, 994 

India, 992 

Kenya, 992 

in leucoxene, 987, 988, 989, 989t. 

long-term market outlook, 1003 

Madagascar, 992 

in magnetite, 988 

metal, 997, 998 

mineralogy, 988 

mining, 993 

and monazite, 1001 

Mozambique, 992 

Norway, 988, 992, 993 

open-pit mining, 993 

oxide in fiberglass, 1374 

physical characteristics of minerals present 
with ilmenite, 994, 994r. 

and pig iron, 1001 

pricing, 998-1000, 999f,, 1000f., 1001+. 

primary rock deposits, 990, 990. 

in pseudorutile, 988, 989, 989. 

in rutile, 987, 988, 9887., 989-990, 989r., 
998-999, 999f. 

sedimentary alluvial deposits, 990r., 991 

sedimentary coastal deposits, 990r., 991 

sedimentary deposits, 990-991, 990r. 

and sillimanite, 1001 

slag, 988, 9887. 

slag production, 994-995 

Sorel slag, 994 

source minerals, 988-990, 988r., 989r. 

South Africa, 988, 992 

Sri Lanka, 992 

supply and demand, 1001-1003, 10027., 
1003f. 

in synthetic rutile, 987, 9887., 996, 999-1000, 
1000f. 
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and titanium dioxide, 987, 997 
in titanohematite, 988 
in titanomagnetite, 988 
Ukraine, 992-993 
United States, 988, 993 
upgraded slag, 995-996, 1000 
uses, 997-998 
wet concentration of mineral sands, 993-994 
and zircon, 1000-1001, 1066, 1071 
as zircon substitute, 1071 
Titanium dioxide 
in cosmetics, 1189 
in resilient flooring, 1139 
in rubber, 1332 
as titanium source, 987 
See also Titania pigments 
Titanohematite, 988 
Titanomagnetite, 988 
Togo 
mineral production, 44+. 
phosphate rock, 710, 715 
Tonnage 
in situ, 176 
usable, 176 
Toprak Mining Company, 352 
Toxco, 608 
Toxic Substances Control Act, 131-132 
Trackhoes, 348, 348f. 
Trade agreements, 57-58 
Trade bans, 57 
Transparency, 137-138 
Transparency International, 138 
Transportation, 10 
intermodal, 98, 98f. 
See also Rail transportation, Road transporta- 
tion, Ship and barge transportation 
Traprock 
as crushed stone, 171, 173, 173f. 
as decorative stone, 899 
U.S. distribution, 173, 173f. 
Travertine 
as decorative stone, 899-900 
as dimension stone, 921 
Tremolite. See Asbestos 
Trinidad and Tobago, mineral production, 44f. 
Tripoli, 17, 1005 
as abrasive, 152-153, 1005, 1006-1007, 
1009-1010 
Arkansas tripolitic novaculite district, 1008 
defined, 1005 
Europe, 1009 
future trends, 1012 
markets, 1009-1010 
Missouri—Oklahoma border district, 1008 
production, 1006, 1006r. 
Russia, 1009 
SEM photograph, 1006: 
Southern Illinois district, 1007-1008 
United States, 1007-1009 
value and sales, 1006, 1006r. 
See also Microcrystalline silica 
Trona, 19 
physical and chemical properties, 861 
and soda ash, 859, 860, 860-861, 862 
TSCA. See Toxic Substances Control Act 
Tube-mill linings, 153 
Tuff 
as decorative stone, 899, 899f., 902 
in insulation, 1158 
Tunisia 
fluorspar, 46 
mineral production, 44+. 
phosphate rock, 710, 711f. 
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Turkey 
ball clays, 352 
bentonite, 364 
boron and borates, 275, 279-280, 280f., 281 
magnesite, 617, 622 
mineral production, 44+. 
nepheline syenite, 663 
olivine, 680 
perlite, 691 
pumice, 751 
rare earth elements, 773 
soda ash, 864 
sodium sulfate resources, 881, 885 
strontium minerals, 925, 928 
and trucking, 97, 97f. 
zeolites, 1052 
Turkmenistan, mineral production, 45t. 
Tyson, Isaac Jr., 309 


Uganda 
mineral production, 45¢. 
soda ash, 863 
Uintahite. See Gilsonite 
Ukraine 
ball clays, 352 
glauconite, 500-501 
graphite, 513 
mineral production, 45¢. 
palygorskite, 404 
perlite, 691 
potash, 732 
titanium, 992-993 
zeolites, 1052 
Ulexite, 1491, 14897. 
Ultra-high pure quartz. See Quartz (high pure and 
ultra-high pure) 
Unified Soil Classification System, 1233 
Unimin Corporation, 344, 833, 834, 836 
Unimin Specialty Minerals Inc., 1010, 10117. 
Union Carbide, 1040, 1052, 1057-1058 
Union Sulphur Company, 942, 955 
Unisil, 355 
United Arab Emirates, mineral production, 45r. 
United Kingdom 
ball clays, 352-353, 353t., 354¢. 
bentonite, 364 
fluorspar, 466 
glauconite, 500 
kaolin, 389-390, 3897. 
mineral production, 45¢. 
perlite, 691 
potash, 732 
sandstone, 841 
strontium minerals, 925, 929 
and trucking, 97 
United States 
adobe and earthen construction, 1095-1102, 
1095f., 1096f., L098f.,, 1099f., 1100f., 
1101f,, 1102f. 
andalusite, 556 
asbestos, 197, 204 
ball clays, 344-350 
barite, 219, 2197., 220, 222, 222f,, 223, 224 
bauxite, 235, 244 
bentonite, 357, 358, 362-363, 362f. 
beryllium, 264, 265-266, 269-271 
boron and borates, 275, 276t., 277t., 278, 281 
diatomite, 434, 438-440, 439f,, 440f., 1079 
feldspars, 451-452, 452t., 453¢., 454r., 
455-456 
fluorspar, 462, 463, 464-465 
fuller’s earth, 376-377 
garnets, 476 
glauconite, 499-500 
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graphite, 510-511, 512, 514 
gypsum, 520, 527-529 
industrial sand, 818-823, 819f. 
inland waterway system, 103, 103f., 104+. 
iodine, 542, 543, 543f,, 544f,, 544-545, 545f. 
iron ore production, 1393 
kaolin, 386-388, 386/f., 387f., 387t., 3887., 
389t., 395f. 
kyanite, 553-555, 557 
lithium resources, 601-602, 602f,, 603f., 604, 
604t., 605, 608 
magnesite, 619 
microcrystalline silica, 1007-1009 
mineral production, 45+. 
nepheline syenite, 660-661, 6601., 6617., 662f. 
olivine, 680-681 
palygorskite, 402, 403f. 
perlite, 691-693, 6911., 692t., 1079 
phosphate rock, 703-704, 705, 708-709, 
708f., 709t., 714-715, 719 
potash, 729-731, 730f. 
pumice, 750-751, 751t. 
pyrophyllite, 758 
quartz (high pure and ultra-high pure), 833, 
834-835 
quartzite, 843-844 
rare earth elements, 770, 771t., 772-773, 
T74f., 774t., 775f., 776, 777, 778, 779 
salt, 796-797, 797f., 810 
sandstone, 841 
sepiolite, 402 
silica pebble, 847 
sillimanite, 556 
soda ash, 859-860, 865-868, 865/., 867f. 
sodium sulfate resources, 881, 883-885, 
884f., 890 
state and national geological surveys (website 
addresses), 595t. 
strontium minerals, 925, 926 
sulfur, 942-943, 946-951, 948f,, 949f., 950f., 
951f., 958 
synthetic mullite, 558 
talc, 971, 973-974 
titanium, 988, 993 
tripoli, 1007-1009 
vein quartz, 845-846, 848 
vermiculite, 1017-1019, 1018f. 
wollastonite, 1028-1029, 1032 
zeolites, 1043-1048, 1043f. 
zircon, 1066 
ranium, 1388 
rethanes, 1310 
ruguay, mineral production, 45r. 
.S. Army Corps of Engineers, 127-128 
carbonate rock testing, 586 
.S. Borax, Inc., 303, 870 
.S. Bureau of Indian Affairs, 379 
.S. Bureau of Land Management, 130, 379 
.S. Clay Producers Traffic Association, 338 
.S. Code of Federal Regulations, 652 
.S.S.R., former, mineral production, 45t. See 
also Commonwealth of Independent States, 
Russia 
sable tonnage, 176 
SCS. See Unified Soil Classification System 
te tribe, 482, 483 
varovite, 475, 475t. 
zbekistan 
glauconite, 500-501 
mineral production, 45¢. 
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Value-added. See Added value 
van der Waals radii, 1085 
Vauquelin, Louis Nicolas, 263, 309 
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Vein quartz 
Angola, 844 
Brazil, 844, 848 
Canada, 844-845 
Chile, 845 
Egypt, 845 
Greece, 845 
Guyana, 845 
India, 845 
Italy, 845 
Malagasy, 845 
mining, 848 
miscellaneous deposits, 846 
Namibia, 845 
Portugal, 845 
processing, 848 
in refractories, 850-851 
South Africa, 845 
Spain, 845 
as specialty silica material, 839, 840 
Sri Lanka, 845 
United States, 845-846, 848 
Venezuela, 845 
Venezuela 
diamonds, 424 
glauconite, 501 
mineral production, 451.467. 
soda ash, 868 
vein quartz, 845 
Vermiculite, 17, 637, 640-641, 1015 
as asbestos substitute, 1218-1219 
bag yield, 1024 
basal d-spacing, 1016-1017 
and biotite, 1015, 1017, 1021 
Canada, 1019 
in cementitious mixtures, 1023 
chemical analysis, 1015-1016, 1016+. 
classification schemes, 1021 
in coatings and films, 1023-1024 
color, 1015 
in construction boards, 1023 
crystal structure, 1016 
in drilling fluids, 1491, 14897. 
dry beneficiation, 1021, 1022/. 
exfoliated as lightweight aggregate, 182, 
183-184, 187, 188, 190 
exploration, 1019-1021 
in friction materials, 1023 
in gasketing material, 1024 
hardness, 1015 
health issues, 192, 1024 
industrial applications, 1023-1024 
industry trends, 1024-1025 
in insulation, 1153, 1157, 1158 
interlayer water, 1015, 1016-1017 
and iron-bearing phlogopite, 1015 
markets, 1024 
mineralogy, 1015-1017 
mining, 1021 
new products, 1024-1025 
origin, 1017 
particle size, 1019-1023 
prices, 1024 
processing, 1022 
as soil amendment, 1479t., 1480, 1483 
South Africa, 1019, 1025 
specific gravity, 1015 
specifications and testing, 1022-1023 
thermal exfoliation, 1022, 1023, 1023r., 1024 
USS. production, 1017-1019, 1018f 
uses, 1023-1024 
wet beneficiation, 1021, 1022f. 
world distribution, 34+. 
world production, 1017, 1018f, 1019, 1020+. 


Vermont Quarries Company, 919 
Vermont Verde Antique International, 919 
Vickers indenter, 146 
Vietnam 
ball clays, 355 
fluorspar, 468 
mineral production, 467. 
pyrophyllite, 758 
rare earth elements, 778 
Vinaceglass Imex, 355 
Vinyl resins, 1309 
Virginia Vermiculute, 1017-1018 
Viscosity (paint and coatings), 1318 
VOCs. See Volatile organic compounds 
Volatile organic compounds 
and adhesives, caulks, and sealants, 1284 
and paint and coatings, 1318 
in rubber, 1334 
Volcanic cinder, 743 
alternative materials, 752 
composition, 743 
deposits, 746 
in insulation, 1158 
as lightweight aggregate, 185 
physical characteristics, 743-744 
uses, 746, 749 
vesicles, 743, 744f. 
Volcanic extrusive minerals and rocks, 18 
as crushed stone, 174 
Volcanic rocks 
beryllium in, 264, 265¢. 
as crushed stone, 174 
as lightweight aggregate, 185-186 
as lithium resource, 600 
terminology, 743 
von Arkel, A.E., 1065 
von Hevesy, A.K., 1065 
von Liebig, Justus, 723 


Walker, George F., 1023 
Washington, George, 519, 723 
Waste products 
in acid neutralization, 1207-1208 
as cement substitutes, 1127 
as industrial raw materials, 3 
from quarries as decorative stone, 893, 893f. 
Wastewater treatment, 1259, 1263, 1267-1268 
acid neutralization in, 1208-1210, 1212 
composition of untreated wastewater, 1259, 
1260t. 
lime in, 574, 578-579 
and municipal solid waste, 1260-1261, 
1261f,, 1261¢. 
production by industry, 1259, 1260r. 
removal or destruction of bacteria, 1268, 
1268f. 
sludge treatment, 1260, 1260f. 
talc in, 983 
wastewater sources, 1259, 1259r. 
Water Quality Act of 1965, 166, 178 
Water softening 
acid neutralization in, 1211 
glauconite in, 502, 502t., 503 
lime in, 1264-1265, 1264+. 
lime softening in removal of inorganic 
contaminants, 1267, 1267f. 
lime-soda process in radium removal, 1267, 
1267f. 
salt in, 805-806 
zeolites in, 1264 
Water treatment, 1259 
acid neutralization in, 1211-1212 
aggregates in, 1114 
chemicals used in, 1261¢., 1262r., 1263, 1264 
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coagulation, 1265 
garnets in filtration, 478, 479 
glauconite in, 504 
iodine in, 550 
lime in, 574, 578-579 
maximum contaminant levels and goals, 
1259-1260, 12607. 
neutralization of acid water, 1267 
purification, 1265 
regulatory framework, 1263-1264 
removal of heavy metals and radionuclides, 
1265-1267, 1265t., 1266f., 1266r., 
1267f. 
silica removal, 1267 
soda ash in, 875 
treatment processes, 1264, 1264+. 
water and sanitation progress and goals, 1263, 
1263¢. 
water parameters and related impurities, 
1259t. 
worldwide access to safe water supply and 
sanitation facilities, 1263, 1263r. 
Waterborne transportation. See Ship and barge 
transportation 
WBB Espaijia SA, 351 
WBB Fuchs, 350 
WEBB Minerals Ltd., 352, 354, 355 
Webb, Thomas H., 1015 
Welding. See Fluxes (fusion welding and brazing) 
Well drilling materials. See Drilling muds and 
fluids 
Wells, Roger C., 860 
West New Guinea, 501 
Western Alkali Corp., 860 
Western Sahara, 710 
Westvaco Chemical Corp., 860 
Wet hiding power, 1318 
Wheel-marking systems, 147, 147f., 150f. 
White sand, 817 
Whitewares. See Fine ceramics 
Wickham, Henry, 1333 
Witherite, 219, 223 
Wohler, Friedrich, 263 
Wollaston, W.H., 1027 
Wollastonite, 22, 1027 
acicular crystal habit, 1027 
as asbestos substitute, 1220 
brightness and whiteness, 1027 
by-products and copoducts, 1031-1032 
Canada, 1029, 1029r. 
in ceramics, 1034, 1034t. 
chemical properties, 1027, 1028. 
chemically modified, 1031 
China, 1030, 1030r. 
demand, 1033 
dry processing, 1031—1032f. 
evaluation of deposits, 1031 
exploration, 1030-1031 
Finland, 1030, 1031-1032 
in fire-resistant products, 1033-1034 
fluorescence, 1027 
in friction brake materials, 1035-1036 
future outlook, 1036 
high-aspect-ratio grades, 1031 
India, 1030 
in insulation, 1156 
loss on ignition, 1027 
markets, 1033-1036 
in metallurgy, 1034 
Mexico, 1029-1030, 1029r. 
milled grades, 1031 
mineralogy, 1027 
mining, 1031 
open-pit mining, 1031 
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origin and mode of occurrence, 1027-1028 

in paints and coatings, 1034-1035, 1305 

in plastics, 1035, 1035¢. 

phosphorescence, 1027 

physical properties, 1027, 1028r. 

pricing, 1033 

processing, 1031, 1032. 

in rubber-related elastomers, 1036, 1036t. 

specifications, 1031 

supply, 1033 

synthetic, 1032-1033 

underground mining, 1031 

United States, 1028-1029, 1032 

U.S. consumption, 1033 

wet processing, 1031—1032f. 

world deposits and production, 1028—1030 
Wonderstone. See Pyrophyllite 
World distribution, 13, 22-46 

anthropogenic influences, 14 


of industrial minerals by commodity, 23¢.—34+. 


of industrial minerals by country, 35t—46r. 
and metallogenic provinces, 14 
and uneven production, 14-15, 15f. 

World Survey of Phosphate Deposits, 708 

W.R. Grace & Company, 1017, 1023, 1024, 1025, 

1058 
Wurtz, Henry, 481 
WYO-BEN Corporation, 1492 


X-ray diffraction 
and carbonate rocks, 582 
and nanomaterials, 1444 
and soda ash, 868 
and zeolites, 1052, 1053-1054 
X-rays 
iodine as contrast media, 547-548, 550 
strontium as blocker, 929 
zircon and x-ray microprobe, 1067 
XRD. See X-ray diffraction 


Yelashi. See Pyrophyllite 
Yemen, mineral production, 46f. 
Yitrium, 777 


Zambia, mineral production, 46t. 
Zemex, 833 
Zeocros, 1292 
Zeolites, 5, 17, 22, 1039 
as adsorbents, 1041, 1083 
in agricultural products, 1055 
Alabama-—Mississippi, 1043 
Alaska, 1043 
alternate materials, 1058 
in animal nutrition, 1055 
in aquaculture, 1055 
Argentina, 1049 
Arizona, 1043-1045, 1044f. 
Australia, 1049 
Breck’s classification, 1040, 1041+. 
Bulgaria, 1049 
burial metamorphic deposits, 1042, 1043 
by-products and coproducts, 1055 
California, 1045-1046 
Canada, 1049 
as catalysts, 1055, 1090-1091 
cation exchange properties, 1041-1042 
in cement, 1057 
and chabazite, 1040, 1041, 1042f,, 
1044-1045, 1047, 1048, 1051, 1054r., 
1057-1058 
characterization testing, 1055 


chemical properties, 1039, 1041-1042, 1041t. 


China, 1049 
classification, 1040, 10411. 
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and clinoptilolite, 1040, 1043, 1045-1052, 
1054t., 1057-1058 

closed system deposits, 1042-1043 

Colorado, 1046 

Cuba, 1049-1050 

deep marine deposits, 1042, 1043 

dehydration/rehydration, 1042 

depletion allowance, 1058 

as desiccants, 1055 

differential thermal analysis, 1054 

as dimension stone, 1055-1056 

dust, 1059 

environmental regulations, 1058-1059 

and erionite, 1040, 1046-1047, 1051, 
1057-1058 

exploration techniques, 1052 

fibrous, 1059 

France, 1050 

future trends, 1059 

in gas separation, 1056 

Germany, 1050 

Greece, 1050 

in heat exchange, 1057 

history, 1039-1040 

Hungary, 1050 

hydrothermal or hot spring deposits, 1042, 
1043 

Idaho, 1046 

Indonesia, 1050 

ion-exchange applications, 1056, 1058, 1059 

Italy, 1050 

Japan, 1050-1051 

markets, 1057-1058 

medical and personal care applications, 1056 

Mexico, 1051 

mineralogy, 1040-1041 

mining, 1052-1053, 1053f. 

misclassification of nonfibrous varieties as 
carcinogens, 1059 

as molecular sieves, 1039 

Montana, 1046 

and mordenite, 1040, 1043, 1044, 1047, 
1049-1052, 1057-1058 

in natural gas purification, 1056 

Nevada, 1046-1047 

New Mexico, 1047 

New Zealand, 1051 

North Korea, 1051 

in nuclear waste treatment and handling, 
1056-1057 

in odor control, 1057 

open molecular structure of chabazite, 1041, 
1042f. 

open system deposits, 1042, 1043 

optical microscopy, 1054 

Oregon, 1047-1048 

origin, 1042-1043 

as paper fillers, 1057 

in petroleum refining, 1055 

and phillipsite, 1040, 1045 

physical properties, 1039, 1042 

in pozzolans, 1057 

prices, 1058 

processing, 1053 

Romania, 1051 

Russia, 1051 

scanning electron microscopy, 1054 

Serbia, 1051 

in sewage treatment, 1057 

and silicosis, 1059 

Slovakia, 1051 

Slovenia, 1052 

as soil amendment, 1479r., 1481 

in solar energy, 1057 
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South Africa, 1051 

South Dakota, 1048 

Spain, 1052 

specifications, 1053 

in stack gas cleanup, 1057 

synthetic, 1058 

testing, 1053-1055 

Texas, 1048 

transportation, 1058 

Turkey, 1052 

Ukraine, 1052 

United States, 1043-1048, 1043f. 

uses, 1039, 1055-1057 

Utah, 1048 

in water softening, 1264 

weathered zone deposits, 1042, 1043 

world production, 1048-1052 

Wyoming, 1048 

and x-ray diffraction, 1052, 1053-1054 

zoning and land use considerations, 1058 
Ziegler Chemical & Mineral Corporation, 484 
Zimbabwe 

asbestos, 196, 204, 206 

chromite, 311, 328 

diamonds, 421 

lithium resources, 599, 607 

mineral production, 467. 
Zinc 

in fertilizers, 1277 

strontium in electrolytic production of, 930 
Zinc borate, 1332 


Zinc oxide 


in cosmetics, 1189 

in fiberglass, 1372 

and paint and coatings, 1307 
and rubber, 1329, 1332 


Zinc sulfide, 1463 
Zircon, 54 


alternative materials, 1070-1071 

analytical methods, 1067 

Australia, 1066 

in ceramics, 1069, 1357 

consumption by geographical region, 1070f- 

dredging, 1067 

drilling, 1067 

dry mining, 1067 

and Earth Resource Technology Satellite 
(ERTS) imagery, 1066 

evaluation of deposits, 1067 

exploration, 1066-1067 

in fine ceramics, 1357 

flour in fiberglass, 1374 

as foundry sand, 1069, 1435-1436 

and geiger counters, 1066 

geology, 1066 

in glass, 1069 

grades, 1068 

and grain counting, 1067 

and heavy minerals separation, 1067 

and hot acid leach (HAL) process, 1068 

India, 1066 

in insulation, 1157 

markets, 1069-1070, 1070f- 
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Mozambique, 1066 
outlook, 1071 
physical properties, 1065-1066, 1065+. 
prices, 1071 
processing, 1067-1068, 1069 
in refractories, 1069, 1157 
removal of coatings, 1068 
and scanning electron microscopy, 1067 
and scintillometers, 1066 
separation from sands, 1067 
South Africa, 1066 
specifications, 1068 
supply and demand, 1070f. 
and titanium, 1000-1001, 1066, 1071 
United States, 1066 
uses, 1068-1069, 1069f. 
and wet analysis, 1067 
world reserves, 1066, 1067t. 
and x-ray microprobe, 1067 
and zircon upgrading process (ZUP), 1068 
See also Baddeleyite, Hafnium, Zirconium 
Zirconia, 1158 
Zirconium, 18, 1065 
chemistry, 1065 
mineral concentrates, 34+. 
in specialty glass, 1389 
world reserves, 1066, 1067t. 
See also Baddeleyite, Hafnium, Zircon 
Zoning regulations, 166, 178 
Zonolite. See Vermiculite 
Zonolite Company, 1017, 1018 


